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SYSTEM AND METHOD FOR PROTEIN CORONA SENSOR ARRAY FOR EARLY
DETECTION OF DISEASES

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This Application claims priority to U.S. Provisional Application 62/435,409
filed December 16, 2016, the contents of which are incorporated by reference in its

entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
[0002] N/A

INCORPORATION BY REFERENCE

[0003] All publications, patents, and patent applications mentioned in this
specification are herein incorporated by reference to the same extent as if each
individual publication, patent, or patent application was specifically and individually

indicated to be incorporated by reference.

BACKGROUND OF THE INVENTION

[0004] The field of the invention is related to sensor arrays for the detection and
diagnosis of different disease states, particularly, the invention relates to the ability to
diagnose or prognose diseases or disorders.

[0005] The earlier a disease is diagnosed, the more likely that the disease can be
cured or successfully managed leading to a better prognosis for the patient. When you
treat a disease early, you may be able to prevent or delay problems from the disease and
may improve the outcomes for the patient, including extending the patient's life and/or
quality oflife.

[0006] Early diagnosis of cancer is crucial, as many types of cancers can be
successfully treated in their early stages. For example, five-year survival after early
diagnosis and treatment of breast, ovarian, and lung cancers is 90%, 90%, and 70%,
respectively, compared to 15%, 5%, and 10% for patients diagnosed at the most
advanced stage of disease. Once cancer cells leave their tissue of origin, successful
treatment using available established therapeutics becomes very unlikely. Although
recognizing the warning signs of cancers and taking prompt action may lead to early

diagnosis, the majority of cancers [e.g., lung) show symptoms only after cancer cells
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have already invaded the surrounding tissues and metastasized throughout the body.
For example, more than 60% of patients with breast, lung, colon, and ovarian cancer
havc conccaled or cven mctastatic colonies by the time thcir cancers arc dctected.
Therefore, there is an urgent need for development of an effective approach for early
detection of cancer. Such an approach should have the sensitivity to identify a cancer
at various stages and the specificity to give a negative result when the person being
tested is free of the cancer. There have been extensive efforts to develop methods
for early detection of cancers; although huge numbers of risk factors and biomarkers
have been introduced, a broadly relevant platform for early detection of a wide range
of cancers remains elusive.

[0007] As various types of cancers can change the composition of blood plasma—
even in their early stages—one promising approach for early detection is molecular
blood analysis for biomarkers. Although this strategy has already worked for a few
cancers (like PSA for prostate cancer), there are not yet specific biomarkers for early
detection of the majority of cancers. For such cancers (c.g., lung), none of the defined
candidate circulating biomarkers has been clinically validated, and very few have
reached late-stage clinical development. Therefore, there is an urgent need for novel

approaches to improve our ability to detect cancer at very early stages.

SUMMARY OF THE INVENTION

[0008] The present invention provides a sensitive versatile sensor array for
detection of a wide range of diseases and disorders and determination of discase states
in a subject. The uniqucncss of thc prcsent invention is the combination of this
recognition of a biomolecular fingerprint from a sample from a subject and the ability to
determine a disease state for that subject on a continuum of health.

[0009] In some aspect, the invention provides a sensor array comprising a plurality
of sensor elements, wherein the plurality of sensor elements differ from each other in at
least one physiocochemical property and the plurality of sensor elements comprises at
least two sensor elements. In some aspects, each sensor element is able to bind a
plurality of biomolecules in a sample to produce a biomolecule corona signature,
wherein each sensor element has a distinct biomolecule corona signature from the
other. In some aspects, the sensor element is a nanoscale sensor element.

[0010] In somc aspccts, thc plurality of scnsor clements produccs a plurality of
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biomolecule corona signatures when contacted by the sample, wherein the combination
of the plurality of biomolecule corona signatures produces a biomolecule fingerprint for
the sample.

[0011] In some aspects, the sensor elements are linked to the substrate.

[0012] In some aspects, the sensor elements are discrete elements (regions) on a
substrate, plate or chip having topological and functional differences where each
distinct element (region) produces a distinct biomolecule corona signature. Together,
the substrate, chip or array itself forms the sensor array and provide the biomolecule
fingerprint for the sample.

[0013] In some aspects, the invention provides methods of detecting a disease state
in a subject comprising: obtaining a sample from the subject; contacting the sample
with a sensor array, wherein the sensor array comprises a plurality of sensor elements,
wherein the plurality of sensor elements differ from each other in at least one
physiocochemical property and the plurality of sensor elements comprises at least two
sensor elements, and determining a biomolecule fingerprint associated with the sample,
wherein the biomolecule fingerprint may differentiate the disease state of the subject.
In some aspects, the method further comprises comparing the biomolecule fingerprint
of the sample to a panel of biomolecule fingerprints associated with a plurality of
disease states to determine which disease state is associated with the sample.

[0014] In another aspect, the invention provides a method of determining a
biomolecule fingerprint associated with at least disease state or at least one disease or a
disorder, the method comprising the steps of: (a) obtaining a samples from at least two
subjects diagnosed with the disease state or the at least one disease or disorder; (b)
contacting cach samplec with a sensor array described herein, and (c) determining a
biomolecule fingerprint for the sensor array that is associated with the disease state or
at least one disease or disorder. In some aspects, step (c¢) further comprises detecting
the composition of the biomolecule corona of each sensor element, wherein the
combination of the composition of each biomolecule corona between the different
sensor elements produce the biomolecule fingerprint associated with the sample. In
other aspects, step (c) comprises dissociating the biomolecule corona from each sensor
element and assaying the plurality of biomolecules of each biomolecule corona, wherein
the combination of biomolecules assayed produced the biomolecule fingerprint.

[0015] In yet another aspect, the invention provides a method of diagnosing or
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prognosing a disease or disorder in a subject, comprising obtaining a sample from a
subject; contacting the sample with a sensor array described herein to produce a
biomolecule fingerprint, comparing the biomolecule fingerprint to a panel of
biomolecule fingerprints associated with a plurality of diseases or disorders; and
diagnosing or prognosing the disease or disorder.

[0016] In yet another aspect, the invention provides a method of identifying a
pattern of biomarkers associated with a disease or disorder, the method comprising: (a)
obtaining a samples from at least two subjects diagnosed with the disease or disorder
and at least two control subjects; (b) contacting each sample with a sensor array to
produce a plurality of biomolecule corona for each subject, and (¢) comparing the
composition of the plurality of biomolecule corona of the subjects with the disease or
disorder to the composition of the plurality of biomolecule corona of the control
subjects to determine a pattern ofbiomarkers associated with the disease or disorder.
10017] In some aspects, the disease or disorder is cancer, endocrine disorder,
cardiovascular disease, inflammatory disease or a neurological disease.

[0018] In one aspect, the disease or disorder is cancer.

[0019] In another aspect, the disease or disorder is cardiovascular disease. In one
aspect, the cardiovascular disease is coronary artery disease (CAD).

[0020] In a further aspect, the disease or disorder is a neurological disorder. In one
aspect, the neurological disorder is Alzheimer's disease.

[0021] In some aspects, the invention provides a kit for diagnosing or prognosing a
disease or disorder, the kit comprising: a sensor array comprising a plurality of
nanoscale sensor elements, wherein the plurality of sensor elements differ from each
other in at least one physiocochemical property and the plurality of sensor elements
comprises at least two sensor elements.

[0022] In other aspects, the invention provides kit for determining and/or detecting
at least one biomarker associated with a disease or disorder, comprising at least one
sensor array comprising a plurality of sensor elements, wherein the plurality of sensor
elements differ from each other in at least one physiocochemical property and the
plurality of sensor elements comprises at least two sensor elements.

[0023] In yet another aspect, the invention provides a method of distinguishing
states of a complex biological sample of a subject using a plurality of particles having

surfaces with different physicochemical properties, wherein the method comprises:
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exposing the complex biological sample to the plurality of particles to permit binding of
proteins of the complex biological sample to the plurality of particles, wherein a pattern

of binding of protcins amongst thc plurality of particles diffcrs bascd on the
physicochemical properties of the surfaces of the particles; defining a biomolecule
fingerprint representative of proteins that bind to the plurality of particles; and
associating the biomolecule fingerprint with a biological state of the subject.

[0024] In another aspect, the invention provides a sensor array comprising a
plurality of particles having surfaces with different physicochemical properties, wherein
proteins of a complex biological sample bind to the plurality of particles upon exposure
of the complex biological sample to the plurality of particles, wherein a pattern of
binding of the proteins amongst the plurality of particles depends on the
physicochemical property of a surface of the particle.

[0025] In yet a further aspect, the invention provides a sensor array comprising a
plurality of liposomes, wherein the plurality of liposomes differ in at least one protein-
binding property defined by a lipid-based surface of each liposome; wherein the lipid-
based surface of ecach liposome contacts a subset of proteins of a sample at a lipid-
protein interface, thereby binding the subset of proteins to produce a pattern of protein
binding; wherein the pattern of protein binding of a first liposome is different than the
pattern of protein binding of a second liposome differing from the first liposome in said
at least one protein-binding property.

[0026] In another aspect, the invention provides a method of identifying a
biological state of a subject using a plurality of liposomes differing in at least one
protein-binding property defined by a lipid-based surface of each liposome, wherein the
mcthod compriscs: cxposing the samplc to the plurality of liposomeces to permit binding
of proteins of the sample to the plurality of liposomes, wherein a pattern of binding of
the proteins differs amongst liposomes with different protein-binding properties;

separating the proteins from the liposomes; defining a biomolecule fingerprint of the
proteins separated from the liposomes; and associating the biomolecule fingerprint

with a state of the complex biological sample of the subject.

[0027] The foregoing and other aspects and advantages of the invention will appear

from the following description. In the description, reference is made to the
accompanying drawings which form a part hereof, and in which there is shown by way

of illustration a preferred embodiment of the invention. Such embodiment does not
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necessarily represent the full scope of the invention, however, and reference is made

therefore to the claims and herein for interpreting the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] The patent or application file contains at least one drawing executed in color.
Copies of this patent or patent application publication with color drawing(s) will be
provided by the Office upon request and payment ofthe necessary fee.

[0029] FIG. 1. Scheme of one embodiment showing an example of study design ofthe
protein corona pattern approach for cancer detection. Three types of liposomes are
incubated with plasma of healthy people and cancer patients, and the protein corona
pattern forming on each liposome in each subject's plasma (healthy and different
cancers) is characterized by liquid chromatography-tandem mass spectrometry (LC-
MS/MS). The formation of protein coronas on the three liposomes results in the
enrichment of an overlapping but distinct pool of selected plasma proteins, and the
enriched proteins are the bases for subsequent multivariate analysis. Via classification
approaches, the important proteins in the corona patterns were identified and used to
predict cancers using both blind plasmas and cohort samples to test the accuracy of the
multi-nanoparticle protein corona nanosystem. 29 human subjects (25 cancerous
patients, i.e., 5 patients per 5 cancer Lypes; and 4 healthy subjects) representing 261
distinct runs of LC-MS/MS (3 liposomes, 29 subjects, 3 replicates) were used to train a
classification model. 16 human subjects (3 patients per 5 cancer types; and 1 healthy
subject) of blind plasma and 144 distinct runs of LC-MS/MS (3 liposomes, 16 subjects, 3
replicates) were used for cancer prediction, ie., to test the classification model. 15
human subjects (5 patients per 3 cancer types) of cohort plasma representing 135
distinct runs of LC-MS/MS (3 liposomes, 15 subjects, 3 replicates) were used for very
early cancer prediction as well.

[0030] FIG. 2A. TEM images of liposomes with their size distribution profiles.

[0031] FIG. 2B. Physicochemical properties of different liposomes before and after
interactions with human plasma from patients with different diseases. DLS and Zela-
Potential data on various liposomes before interactions with human plasma and corona
complexes free from excess plasma, obtained following incubation with plasma from
healthy and cancer patients (Pdi: Polydispersity index from cumulant fitting).

[0032] FIG. 2C. Classification of the identified corona proteins from liposomes
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according to their physiological functions in human plasma of healthy individuals and of
patients having different types of cancers (the data presented reflect a calculation from
five biological plasmas per group and three technical replicates per plasma)

[0033] FIG. 3A. Classification of identified coronas by sensor array elements
according to their physiological functions including acute phase, in human plasma of
healthy subjects and patients having different types of cancers.

[0034] FIG. 3B. Classification of identified coronas by sensor array elements
according to their physiological functions, including coagulation in human plasma of
healthy subjects and patients having different types of cancers.

[0035] FIG. 3C. (Classification of identified coronas by sensor array elements
according to their physiological functions, including immunoglobulins in human plasma
ofhealthy subjects and patients having different types of cancers.

[0036] FIG. 3D. Classification of identified coronas by sensor array elements
according to their physiological functions, including lipoproteins in human plasma of
healthy subjects and patients having different types of cancers.

[0037] FIG. 3E. Classification of identified coronas by sensor array elements
according to their physiological functions, including tissue leakage in human plasma of
healthy subjects and patients having different types of cancers.

[0038] FIG. 3F. C(lassification of identified coronas by sensor array elements
according to their physiological {unctons, including complement proteins in human
plasma ofhealthy subjects and patients having different types of cancers.

[0039] FIG. 3G. Classification of identified coronas by sensor array elements
according to their physiological functions, including other plasma proteins in human
plasma of healthy subjects and patients having different types of cancers.

[0040] FIG. 4A. Predictor discovery and contribution from each individual predictor
to separation of each class by PLS discrimination analysis. Predictor exploration by
weighted VIP was performed by adding the ranked variables to the PLS-DA model one
by one and calculating the classification error for internal cross-validation (10-fold).
Decreasing the classification error led to the discovery of a minimal set of 69 predictors
with the highest possible importance for separating each class from the others. The
contribution of each individual marker (o separation of each class based on the PLS
discrimination analysis. VIP plot ranking markers of 69 selected variables for their

contribution to separation of each class from PLS discrimination analysis. VIP score >1
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indicates important protein leading to good prediction of class membership, whereas
variables with VIP scores <1 indicate unimportant proteins for each class.

[0041] FIG. 4B depicts the results for the 69 variables for glioblastoma.

[0042] FIG. 4C. Depicts the VIP values for the 69 variables for meningioma.

100431 FIG. 4D. Depicts the VIP values for the 69 variables for lung cancer.

[0044] FIG. 4E. Depicts the VIP values for the 69 variables for myeloma.

[0045] FIG. 4F. Depicts the VIP Values for the 69 variables for pancreatic cancer.
[0046] FIG. 5A. PLS-DA plot showing the separation of different cancerous samples
from each other and from controls. PLS score-plot obtained using PLS-toolbox,
projecting the objects into the subspace created by the 1st, 2nd, and 3rd latent variables
of the model.

[0047] FIG. 5B. PLS-DA plot showing the separation of different cancerous samples
from each other and from controls. Objects displayed where the 4th and 5th latent
variables of the model are shown. As can be seen, meningioma and glioblastoma cases
were not separated in three dimensions appropriately, but they can be separated in the
fourth and fifth dimensions of the PLS model.

[0048] FIG. 5C. Assignation map obtained by CPANN with all variables and selected
variables. (C) The assignation map obtained by training of a CPANN network (8x8
neurons) using whole data set (1823 variables). The mapping quality is not good and
there are conflicts of different types of cancer in term of mapping.

[0049] FIG. 5D. Assignation map attained by training of a CPANN network (8x8
neurons) using 69 variables. High dimensional input vectors (samples) are mapped on a
two-dimensional network of neurons, preserving similarity and topology. Colors
indicate the similarity of a neuron to a specific type of input vector (class type). This
map also demonstrates the importance of the predictor selection step and the effect of
deletion of non-informative and irrelevant predictors on the model quality.

[0050] FIG. 5E. Dendrogram depicting the 51 proteins identified as capable of
distinguishing among the six groups of cancer.

[0051] FIG. 5F. The 51 proteins identitfied as capable of distinguishing among the six
groups are presented in a 'Heat Map' generated with an unsupervised cluster algorithm
(Agglomerative HCA with furthest neighbor linkage). Visual inspection of both the
dendrogram (FIG. 5E) and heat map (FIG. 5F) demonstrates cancer-specific protein

corona signature and clear clustering of six groups of samples (five groups of cancerous
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samples plus normal samples) and also expected similarities among five patients from
each group. The heat map also indicates substantial differences in the patterns of
variables (markers) of different cancers (each column represents a patient, and each
row represents a protein). Higher and lower protein levels are indicated in red and
green, respectively.

[0052] FIG. 6A. PLS score-plot obtained by considering 69 important markers,

projecting the cohort objects into the subspace created by the Ist and 2nd latent

variables ofthe model.

[0053] FG. 6B. PLS-DA Model is generated using 8 variables projecting the cohort
objects into the subspace created by the 1st and 2nd latent variables of the model, with
excellent statistics.

[0054] FIG. 6C. The assignation map obtained by training of a CPANN network (8x8
neurons) using 69 important markers.

[0055] FIG. 6D. Thc assignation map obtaincd by training of a CPANN nctwork (8x8
neurons) using only 8 markers without any misclassifications. Sample numbers are
indicated on each neuron.

[0056] FIG. 7A. Schematic representation of study outline. Informative variable

selection and classification model building.

[0057] FIG. 7B. The protein name and ID of 69 selected variables are listed. Some of
the proteins were present in the protein corona of more than one liposome (DOPG,
DOTAP and CHOL are denoted by fonts: Italic and underline font, bold font, and Plain
font, respectively).

[0058] FIG. 7C. The disease-specific biomarkers covered as significant variables by
the proposed models.

[0059] FIG. 8A. Receiver operating characteristic (ROQC) plot derived from PLS-DA
based on the top 69 ranked variables for control. ROC plot of sensitivity (True Positive
Rate, Y-axis) versus 1 - specificity (False Positive Rate, X-axis) based on a PLS-DA built
upon the 69 markers with the highest contribution for six classes (control, glioblastoma,

meningioma, myeloma, pancreas, lung).

[0060] FIG. 8B. Receiver operating characteristic (ROC) plot derived from PLS-DA
based on the top 69 ranked variables for glioblastoma. ROC plot of sensitivity (True
Positive Rate, Y-axis) versus 1 - specificity (False Positive Rate, X-axis) based on a PLS-

DA built upon the 69 markers with the highest contribution for six classes (control,
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glioblastoma, meningioma, myeloma, pancreas, lung).

[0061] FIG. 8C. Receiver operating characteristic (ROC) plot derived from PLS-DA
based on the top 69 ranked variables for meningioma. ROC plot of sensitivity (True
Positive Rate, Y-axis) versus 1 - specificity (False Positive Rate, X-axis) based on a PLS-
DA built upon the 69 markers with the highest contribution for six classes (control,
glioblastoma, meningioma, myeloma, pancreas, lung).

[0062] FIG. 8D. Receiver operating characteristic (ROC) plot derived from PLS-DA
based on the top 69 ranked variables for myeloma. ROC plot of sensitivity (True Positive
Rate, Y-axis) versus 1 - specificity (False Positive Rate, X-axis) based on a PLS-DA built
upon the 69 markers with the highest contribution for six classes (control, glioblastoma,
meningioma, myeloma, pancreas, lung).

[0063] FIG. 8E. Receiver operating characteristic (ROC) plot derived from PLS-DA
based on the top 69 ranked variables for pancreas. ROC plot of sensitivity (True Positive
Ratec, Y-axis) versus 1 - specificity (False Positive Ratc, X-axis) based on a PLS-DA built
upon the 69 markers with the highest contribution for six classes (control, glioblastoma,
meningioma, myeloma, pancreas, lung).

[0064] FIG. 8F. Receiver operating characteristic (ROC) plot derived from PLS-DA
based on the top 69 ranked variables for lung. ROC plot of sensitivity (True Positive
Rate, Y-axis) versus 1 - specificity (False Positive Rate, X-axis) based on a PLS-DA built
upon the 69 markers with the highest contribution [for six classes (control, glioblastoma,
meningioma, myeloma, pancreas, lung).

[0065] FIG. 9A. Schematic representation of unfolding a three-way data matrix into
atwo-way matrix.

[0066] FIG. 9B. Assignation map obtained by CPANN (14x14) trained using 90
samples (replicates) with all 1823 variables. Sample numbers are indicated on each
neuron. The neuron color (assigned label) is decided based on the similarity between
the class label (a 6x1 binary vector) and the weight vector in the output layer of the
corresponding neuron. Despite using all biomarkers, there are some distinct similarities
between samples of the same cancer class. Replicated samples are also mapped on
adjacent or the same neurons

[0067] FIG. 9C. Classification error of CPANN map was calculated at different map
size using 10-fold cross validation.

[0068] FIG. 9D. The CPANN network has 69 weight layers, which is equal to the
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number of variables used to train the model. The it weight layer reflects the effect of the
ith variable (biomarker) on the pattern ofthe assignation map.

[0069] FIG. 9E The corrclation of thc assignation map and 69 wcight laycrs (wcight
maps) can be calculated and could help identify the biomarkers related to each cancer
class. It can also be visually decided; similarity can be monitored by absolute value of
Correlation Coefficient of two maps.

[0070] FIG. 9F. The correlation of the assignation map and 69 weight layers (weight
maps) can be calculated and could help identify the biomarkers related to each cancer
class. It can also be visually decided; similarity can be monitored by absolute value of
Correlation Coefficient of two maps.

[0071] FIG. 10A. Protein importance for classification vs. percentage of proteins
adsorbed on protein corona nanosystem. Panels (a)-(c) illustrate the importance of the
obscrved protein-liposome  intcractions (Variables') in predicting specific cancers.
Proteins are grouped by their physiological functions. Panels (d)-(f) illustrate the
percentage of proteins adsorbed on each liposome. The protein-liposome groups that
emerge as relevant to the prediction of a cancer are highly distinct across cancers
(panels (a)-(c)). Moreover, this distinction is substantially more pronounced than the
variance in the percentage of proteins adsorbed on the liposomes across those cancers
(panels (d)-(f)).

[0072] FIG. 10B. Venn diagram showing the number of unique proteins identified in
the corona composition of each liposome and their combinations (the table at right
presents the same data numerically).

[0073] FIG. I0C. Variable importance for classification. Each row indicates the
importancc of a specific protcin. The thrcc dots on cach row corrcspond to the
importance of the observed interaction with each of the three liposomes. Horizontal
lines straddling the dots indicate the 25th and 75th percentiles of the importance across
classifiers trained on 1000 random draws of the training set from the data. These
confidence intervals indicate the "stability' of the trained model in terms of the protein-
liposome interactions upon which it crucially relies, with respect to random draws of
data.

[0074] FIG. 11. Weighted averages of protein-liposome interactions classify cancers.
Distribution of the absolute z-scores for each patient group, histogrammed across the

100 most abundant proteins (gray) and previously identified biomarkers (white with

11

PREOMICS EXHIBIT 1002
Page 618 of 1861



WO 2018/112460 PCT/US2017/067013

black dots). The long black bar corresponds to the z-score for a linear combination of
the protein-liposome interactions. A large z-score for a specific protein-liposome

intcraction indicates that the group 'scparatcs’ from thc rcst of the patients in that
particular interaction. The figure consequently indicates that whereas no individual
protein-liposome interaction suffices to classify any of the cancers, their weighted
combinations induce a separation ofbetween 2 and 2.5 standard deviations.

[0075] FIG. 12, Multi-liposomes concentrate low-abundance and rare proteins.
Protein corona contribution vs. known plasma concentration, plotted on log-log scale.
Each point represents a single protein and liposome, with corona contribution for each
disease and healthy individuals, and both corona contribution and plasma
concentration are normalized with respect to albumin. Plasma concentrations vary over
10 orders of magnitude, while the liposome array detects these same proteins over 4-5
orders of magnitude. Corona contributions of proteins whose plasma concentration is
unknown/unreported are plotted in the red area to the right.

10076] FIG. 13. Examples of the types of nanoscale sensor elements that can be used
for some embodiments of the sensor arrays. Different types of nanoparticles (e.g.,
organic, inorganic, and polymeric nanoparticles) with various physicochemical
properties (e.g., different, surface propertics, sizes, and shapes) can be used as sensor
elements. Sensor array can be created by minimum two elements to an unlimited
number of elements.

[0077] FIG. 14. Example of one method of collection of corona coated particles in in
vitro, ex vivo, and in vivo conditions. The particles get incubated with biological fluids
(e.g., plasma of patients with different type of disease) and the corona coated particles
get collected and stored for analysis.

[0078] FIG. 15A. Examples of conjugation of nano-object materials (with different
physicochemical properties) to substrates (with different physicochemical properties)

to make a protein corona sensor array chip (A) before interactions with protein source
(e.g., human plasma of various disease). The specific protein corona will form on the
surface of nano-objects, with different physicochemical properties. The substrates may
also get coated by several types of proteins, which have negligible effects on the
detection efficacy of the chip.

[0079] FIG. 15B. Examples of conjugation of nano-object materials (with different

physicochemical properties) to substrates (with different physicochemical properties)
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to make a protein corona sensor array chip after interactions with protein source (e.g.,
human plasma of various disease).

[0080] FIG. 16A. Examples of protein corona sensor array chip with nano-
curvatures (produced by wide variety of available approaches like lithography and mold
casting), with different physicochemical properties, before interactions with protein
source (e.g., human plasma of various disease). The specific protein corona will form on
the surface of nano-objects, with different physicochemical properties. The substrates
may also get coated by several types of proteins, which have negligible effects on the
detection efficacy ofthe chip.

[0081] FIG. 16B. Examples of protein corona sensor array chip with nano-
curvatures (produced by wide variety of available approaches like lithography and mold
casting), with different physicochemical properties after interactions with protein
source (e.g., human plasma of various disease). The specific protein corona will form on
the surface of nano-objects, with different physicochemical properties. The substrates
may also get coated by several types of proteins, which have negligible effects on the
detection efficacy ofthe chip.

[0082] FIG. 17A. Examples of conjugation of nano-object materials (with different
physicochemical properties) to substrates (with different physicochemical properties)
to make a protein corona sensor array micro/nano fluidic chip before and (b) after
interactions with protein source (e.g., human plasma of various disease). The specific
protein corona will form on the surface of nano-objects, with different physicochemical
properties. The substrates may also get coated by several types of proteins, which have
negligible effects on the detection efficacy ofthe chip.

[0083] FIG. 17B. Examples of conjugation of nano-object materials to substrates to
make a protein corona sensor array micro/nano fluidic chip after interactions with
protein source (e.g., human plasma of various disease). The specific protein corona will
form on the surface of nano-objects, with different physicochemical properties.

[0084] FIG. 18A. Examples of protein corona sensor array micro/nano fluidic chip
with nano-curvatures (produced by wide variety of available approaches like
lithography and mold casting), with different physicochemical properties, before
interactions with protein source (e.g., human plasma of various disease).

[0085] FIG. 18B. Examples of protein corona sensor array micro/nano fluidic chip

with nano-curvatures (produced by wide variety of available approaches like
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lithography and mold casting), with different physicochemical properties, after
interactions with protein source (e.g., human plasma of various disease).

[0086] FIG. 19A. Examples of conjugation of random-ordercd nano-objcct materials
(with different physicochemical properties) to substrates (with different
physicochemical properties) to make a protein corona sensor array chip (A) before
interactions with protein source (e.g., human plasma of various disease).

[0087] FIG. 19B. Examples of conjugation of random-ordered nano-object materials
(with different physicochemical properties) to substrates (with different
physicochemical properties) to make a protein corona sensor array chip (b) after
interactions with protein source (e.g., human plasma of various disease).

[0088] FIG. 20A. Examples of protein corona sensor array chip with random-
ordered nano-curvatures (produced by wide variety of available approaches like
lithography and mold casting), with different physicochemical properties, (A) before
interactions with protein source (e.g.., human plasma of various disease).

[0089] FIG. 20B. Examples of protein corona sensor array chip with random-
ordered nano-curvatures with different physicochemical properties (b) after
interactions with protein source (e.g., human plasma of various disease).

[0090] FIG. 21A. Examples of conjugation of random-ordered nano-object materials
(with different physicochemical properties) to substrates (with different
physicochemical properties) to make a protein corona sensor array micro/nano [luidic
chip (A) before interactions with protein source (e.g., human plasma of various disease).
[0091] FIG. 21B. Examples of conjugation of random-ordered nano-object materials
to substrates to make a protein corona sensor array micro/nano fluidic chip (b) after
intcractions with protcin source (e.g., human plasma of various discasc).

[0092] FIG. 22A. Examples of protein corona sensor array micro/nano fluidic chip
with random-ordered nano-curvatures (produced by wide variety of available
approaches like lithography and mold casting), with different physicochemical
properties, (A) before interactions with protein source (e.g., human plasma of various
disease).

[0093] FIG. 22B. Examples ol prolein corona sensor array micro/nano fluidic chip
with random-ordered nano-curvatures with different physicochemical properties after
interactions with protein source (e.g., human plasma of various disease).

[0094] FIG. 23. Example of conjugation of nanoparticles to the silica substrate
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surface (as representative substrate) via the amidation reaction between the amino
groups on silica substrate surface and carboxylic acid groups on nanoparticle surface.
[0095] FIG. 24. Example of conjugation of nanoparticles to the silica substrate
surface (as representative substrate) via the ring-opening reaction between the epoxy
groups on silica substrate surface and amino groups on nanoparticle surface.

[0096] FIG. 25. Example of conjugation of nanoparticles to the silica substrate
surface (as representative substrate) via the Michael Addition reaction between the
maleimide groups on silica substrate surface and thiol or amino groups on nanoparticle
surface.

[0097] FIG. 26. Example of conjugation of nanoparticles to the silica substrate
surface (as representative substrate) via the urethane reaction between the isocyanate
groups on silica substrate surface and hydroxyl or amino groups on nanoparticle
surface.

[0098] FIG. 27. Example of conjugation of nanoparticles to the silica substrate
surface (as representative substrate) via the oxidation reaction between the thiol
groups on silica substrate surface and the ones on nanoparticle surface.

[0099] FIG. 28. Example of conjugation of nanoparticles to the silica substrate
surface (as representative substrate) via the "Click” chemistry between azide groups on
silica substrate surface and alkyne groups on nanoparticle surface.

[00100] FIG. 29. Example of conjugation of nanoparticles to the silica substrate
surface (as representative substrate) via the thiol exchange reaction between 2-
pyridyldithiol groups on silica substrate surface and thiol groups on nanoparticle
surface.

[00101] FIG. 30. Example of conjugation of nanoparticles to the silica substrate
surface (as representative substrate) via the coordination reaction between boronic
acid groups on silica substrate surface and diol groups on nanoparticle surface.

[00102] FIG. 31. Example of conjugation of nanoparticles to the silica substrate
surface (as representative substrate) via the UV light-irradiated addition reaction
between C=C bonds on silica substrate surface and C=C bonds on nanoparticle surface.
[00103] FIG. 32. Example of conjugation of nanoparticles to the gold substrate surface
(as representative substrate) via Au-thiol bonds.

[00104] FIG. 33 Example of conjugation of nanoparticles to the gold substrate surface

(as representative substrate) via the amidation reaction between the carboxylic acid
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groups on gold substrate surface and the amino groups on nanoparticle surface.

[00105] FIG. 34. Example of conjugation of nanoparticles to the gold substrate surface
(as representative substrate) via "Click"” chemistry between the azide groups on gold
substrate surface and the alkyne groups on nanoparticle surface.

[00106] FIG. 35. Example of conjugation of nanoparticles to the gold substrate surface
(as representative substrate) via urethane reaction between the NHS groups on gold
substrate surface and the amino groups on nanoparticle surface.

[00107] FIG. 36. Example of conjugation of nanoparticles to the silica substrate
surface (as representative substrate) via the ring-opening reaction between the epoxy
groups on gold substrate surface and amino groups on nanoparticlesurface.

[00108]  FIG. 37. Example of conjugation of nanoparticles to the gold substrate surface
(as representative substrate) via the coordination reaction between boronic acid groups
on silica substrate surface and diol groups on nanoparticle surface.

[00109] FIG. 38. Example of conjugation of nanoparticles to the gold substrate surface
(as representative substrate) via the UV light-irradiated addition reaction between C=C
bonds on gold substrate surface and C=C bonds on nanoparticle surface.

[00110] FIG. 39. Example of conjugation of nanoparticles to the gold substrate surface
(as representative substrate) via the "Ligand-Receptor”" interaction between biotin on
gold substrate surface and avidin on nanoparticle surface.

[00111]  FIG. 40. Example ol conjugation ol nanoparticles (o the gold substrate surlace
(as representative substrate) via the "Host-Guest" interaction between a-cyclodextrin
(a-CD) on gold substrate surface and adamantine (Ad) on nanoparticle surface.

[00112] FIG. 41. Dissociation of proteins from the surface of nanoparticles and their
corona composition analysis. Analysis of the protein corona sensor array data with
supervised and unsupervised approaches to identify and discriminate diseases.

[00113] FIG. 42 Example of sensor array with random order nanoscale sensor
elements for fluorescence or luminescence readout.

[00114] FIG. 43. Example of sensor array with order nanoscale sensor elements for
fluorescence or luminescence readout.

[00115]  FIG. 44A. Characterization of bare polystyrene and silica nanoparticles with
dilferent [unctionalization (none, amine modiflication (NH2) and carboxyl modilication
(COOH)), showing the three different polystyrene nanoparticles (non-functionalized, P-

NH2 and P-COOH) used, their sizes, DLS and zeta potential ofthe bare particles.
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[00116] FIG. 44B. Characterization of bare polystyrene and silica nanoparticles with
different functionalization (none, amine modification (NH2) and carboxyl modification
(COOH)), showing the three different silica nanoparticles (non-functionalized, S-NH2
and S-COOH) used, their sizes, DLS and zeta potential.

[00117]  FIG. 44C. Characterization of bare polystyrene and silica nanoparticles with
different functionalization (none, amine modification (NH2) and carboxyl modification
(COOH})), showing TEM of bare polystyrene nanoparticle.

[00118] FIG. 44D. Characterization of bare polystyrene and silica nanoparticles with
different functionalization (none, amine modification (NH2) and carboxyl modification
(COOH)), showing TEM of bare silica nanoparticles.

[00119] FIG. 45A. Characterization of protein corona-coated polystyrene and silica
nanoparticles with different functionalization (none, amine modification (NH2) and
carboxyl modification (COOH)), showing the sizes, DLS and zeta potential of the protein-
corona loaded polystyrene nanoparticles.

[00120] FIG. 45B. Characterization of protein corona-coated polystyrene and silica
nanoparticles with different functionalization (none, amine modification (NH2) and
carboxyl modification (COOH)), showing the sizes, DLS and zeta potential of the protein-
corona loaded silica nanoparticles.

[00121] FIG. 45C. Characterization of protein corona-coated polystyrene and silica
nanoparticles with dilferent [unctionalization (none, amine modification (NH2) and
carboxyl modification (COOH)), showing TEM of protein-corona loaded polystyrene
nanoparticles.

[00122] FIG. 45D. Characterization of protein corona-coated polystyrene and silica
nanoparticles with different functionalization (none, amine modification (NH2) and
carboxyl modification (COOH)), showing TEM of protein-corona loaded silica
nanoparticles.

[00123]  FIG. 46. A diagram of the type of cancer plasma samples screened with the
polystyrene and silica nanoparticles.

[00124] FIG. 47. Protein corona profiles of polystyrene and silica nanoparticles (100
nm) with plain, amine-modified and carboxyl-modified surfaces after incubation with
plasma of patients having different cancers, analyzed by SDS PAGE.

[00125]  FIG. 48. Protein corona profiles of polystyrene and silica nanoparticles (100

nm) with plain, amine-modified and carboxyl-modified surfaces after incubation with
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plasma ofhealthy individuals as analyzed by SDS-Page

[00126] FIG. 49. Plot depicting the separation of patients with cancer from the
healthy individuals using a sensor array ofthe present invention.

[00127]  FIG. 50A. Characterization of polystyrene and silica nanoparticles used for
CAD screening, showing profile of bare, CAD, NO CAD, and CONTROL treated
nanoparticles.

[00128] FIG. 50B. Characterization of polystyrene and silica nanoparticles used for
CAD screening, showing zeta potential for the different groups of nanoparticles.

[00129] FIG. 50C. Characterization of polystyrene and silica nanoparticles used for
CAD screening, showing TEM ol the different nanoparticle in the CAD screen.

[00130] FIG. 51A. Protein concentrations of different protein corona from analysis of
the CAD, NO CAD, and no risk for CAD (CONTROL) nanoparticles, showing Bradford
assay ofprotein concentrations ofthe different protein coronas.

[00131] FIG. 51B. Protcin concentrations of diffcrent protcin corona from analysis of
the CAD, NO CAD, and no risk for CAD (CONTROL) nanoparticles, showing personalized
protein corona profiles have been analyzed and compared through 1D-SDS-PAGE.
[00132] FIG. 51C. Protein concentrations of different protein corona from analysis of
the CAD, NO CAD, and no risk for CAD (CONTROL) nanoparticles, showing gel analysis
by densitometry determined differences in the amount of protein in the CAD, NO CAD
and CONTROL PCs.

[00133] FIG. 52. Bars depicting the differences in the percentage contribution of the
top 20 abundant proteins in the PCs.

[00134] FIG. 53. Plot depicting the classification of the subject into CAD, NO CAD and
CONTROL by analysis of the fingerprints produced by the protein-coated corona
nanoparticles.

[00135] FIG. 54A. Synthetic and biological identity of nanoparticles after incubation
in Alzheimer's disease plasma. Nanosight nanoparticles tracking analysis (size).
Polystyrene nanoparticles before and after coating with AD protein coronas. Bare
nanoparticles are 90-100 nm and homogenous in size. AD PC-coated nanoparticles are
bigger and less homogenous in size. Intensity profiles and scatter plot of each
measurements are reported. Values are average =+ SD (n=3).

[00136] FIG. 54B. Synthetic and biological identity of nanoparticles after incubation

in Alzheimer's disease plasma. Nanosight nanoparticles tracking analysis (size). Silica
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nanoparticles before and after coating with AD protein coronas. Bare nanoparticles are
90-100 nm and homogenous in size. AD PC-coated nanoparticles are bigger and less
homogenous in size. Intensity profiles and scatter plot of each measurements are
reported. Values are average = SD (n=3).

[00137] FIG. 55. TEM analysis. Nanoparticles before and after coating with AD
protein coronas have been analyzed by transmission electron microscopy to evaluate
potential changes in morphology and size. P: polystyrene; PN: polystyrene-NH2, PC:
polystyrene-COOH; s:silica; SN: silica-NI-h; SC: silica-COOH. All the nanoparticles show a
size increase following incubation in plasma.

[00138] FIG. 56. SDS-PAGE gels and densitometric analysis of the bands. Loading
order: P, P-NH,, P-COOH, s, S-NH,, S-COOH where P: polystyrene; PN: polystyrene-NH2,
PC: polystyrene-COOH; s: silica; SN: silica-NH2; SC: silica-COOH. Personalized protein
corona profiles have been analyzed and compared through SDS-PAGE. Four
rcpresentative  gels of Alzheimer's protcin corona and onc healthy protcin corona arc
showed. Intensity of bands relative to plasma proteins adsorbed on nanoparticles was
analyzed by Imagel (y-axis: intensity, Xx-axis: molecular weight).

[00139] FIG. 57. Classification of healthy and AD disease. The white dots are AD and
black dots are healthy samples.

[00140] FIG. 58. SDS-Page gel analysis of silica nanoparticle of different diameters
using the same volume loaded (10ul, left) or same amount (10 ug, right).

[00141] FIG. 59. Scheme showing the conducted experiments to probe the existence
of nucleic acids in biomolecular corona.

[00142] FIG. 60. Agarose gel analysis of nucleic acid binding to three different
nanoparticles.

[00143] FIG. 61. Analysis of nucleic acid content in plasma.

[00144] FIG. 62. Analysis of nucleic acid amounts associated with biomolecule corona
of a nanoparticle when protein was dissociated from the corona by urea.

[00145] FIG. 63. Analysis of nucleic acid amounts associated with biomolecule corona
of a nanoparticle when corona proteins were not dissociated from the surface of the
particles.

[00146] FIG. 64. Analysis of nucleic acid amounts associated with biomolecule corona
of a nanoparticle when nucleic acids first purified from plasma with purification kit and

then incubated with nanoparticles.
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[00147] FIG. 65. Schematic diagram of a method of distinguishing states of a complex
biological sample.

[00148] FIG. 66. Schematic diagram of a computcr systcm.

DETAILED DESCRIPTION OF THE INVENTION

[00149] The present invention has been described in terms of one or more preferred
embodiments, and it should be appreciated that many equivalents, alternatives,
variations, and modifications, aside from those expressly stated, are possible and within
the scope of the invention.

[00150] The present invention provides sensor arrays and methods of use for the
prognosis, diagnosis and detection of a disease state in a subject. The sensor array of
the present invention differs from known scnsor arrays that involve individual scnsors
that detect specific biomolecules. In the present sensor array, the biomolecules do not
have to be known, as the system does not rely on the presence or absence of a specific
biomolecules or amounts of specific disease markers. This new sensor array is able to
detect changes in the compositions of the biomolecule corona associated with the
different sensor elements. This ability to detect relative changes or patterns (either the
actual biomolecules associated with the different sensor elements or in the amounts
and/or conformations of each biomolecule associated with each sensor element) allows
for determining a unique biomolecule fingerprint for each array. This biomolecule
fingerprint can stratify different health and disease states of subjects. In some
embodiments, the biomolecular fingerprint is not only able to differentiate between
hcalthy subjccts and subjccts in various diffcrent stages of a discasc or disorder but also
to determine a pre-disease state in a subject where the subject will develop the disease
or disorder at a later time. This is significantly different and novel over systems in the
art that measure or detect specific biomarkers associated with a disease or disorder to
provide a predisposition (e.g. a chance or likelihood) of developing the disease. The
present sensor and methods is able to detect a disease before any signs or symptoms, in
other words, can pre-diagnose the disease before any specific signs or symptoms
appear.

[00151] The uniqueness of the present invention is the combination of this
recognition of a biomolecular fingerprint from a sample from a subject and the ability to

determince a discasc state for that subjcct on a continuum of health.
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[oo1s52] The present invention is based on work by the inventors that have shown
that the surface of sensor elements, e.g. nanoparticles, is rapidly covered with a layer of
diffcrent biomolccules, including protcins, to form a "biomolecule corona” when
contacted with a biological sample They type, amount, and categories of the
biomolecules that make up these biomolecule corona are strongly related to the
physicochemical properties of the sensor elements themselves and the complex
interactions between the different biomolecules themselves and the sensor elements.
These interactions lead to the production of a unique biomolecule corona signature for
each sensor element. In other words, depending on which biomolecules interact with
the sensor element not only influences the makeup of the biomolecule corona but also
can alter which other different biomolecules can also interact with that specific sensor
element.

roo1531 Different sensor elements each with their own biomolecule corona signature
can be contacted with a sample to produce a unique biomolecule fingerprint for that
sample. This fingerprint can then be used to determine a disease state of a subject.
Embodiments of the invention will be discussed in more detail below.

[oo154] The present invention provides sensor arrays comprising, consisting
essentially of or consists of a plurality of sensor elements wherein the plurality of
sensor elements differ from each other in at least one physiocochemical property. In
some embodiments, each sensor element is able to bind a plurality of biomolecules in a
sample to produce a biomolecule corona signature. In some embodiments, each sensor
elements has a distinct biomolecule corona signature.

[00155] The plurality of sensor elements when contacted with a sample produces a
plurality of biomolccule corona signaturcs which togcther form a biomolccule
fingerprint. The "biomolecule fingerprint" is the combined composition or pattern of
biomolecules of at least two biomolecule corona signatures for the plurality of sensor
elements.

[0o156] As used herein, the term "sensor element” refer to elements that are able to
bind to a plurality of biomolecules when in contact with a sample and encompasses the
term "nanoscale sensor element”. In one embodiment, the sensor element is an element
from about 5 nanometer to about 50000 nanometer in at least one direction. Suitable
sensor elements include, for example, but not limited to a sensor element from about

5nm to about 50,000 nm in at least one direction, including, about 5 nm to about 40000
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nm, alternatively about 5 nm to about 30000 nm, alternatively about 5 nm to about
20,000 nm, alternatively about 5 nm to about 10,000 nm, alternatively about 5nm to
about 5000 nm, altcrnatively about 5 nm to about 1000 nm, altcrnatively about 5 nm to
about 500 nm, alternatively about 5 nm to 50 nm, alternatively about 10 nm to 100 nm,
alternatively about 20 nm to 200 nm, alternatively about 30 nm to 300 nm, alternatively
about 40 nm to 400 nm, alternatively about 50 nm to 500 nm, alternatively about 60 nm
to 600 nm, alternatively about 70 nm to 700 nm, alternatively about 80 nm to 800 nm,
alternatively about 90 nm to 900 nm, alternatively about 100 nm to 1000 nm,
alternatively about 1000 nm to 10000 nm, alternatively about 10000 nm to 50000 nm
and any combination or amount inbetween (e.g. 5Snm, 10nm, 15 nm, 20 nm, 25 nm,
30nm, 35nm, 40nm, 45 nm, 50nm, 55nm, 60 nm, 65 nm, 70nm, 80nm, 90 nm, 100 nm,
125 nm, 150 nm, 175 nm, 200 nm, 225 nm, 250 nm, 275 nm, 300 nm, 350 nm, 400 nm,
450 nm, 500 nm, 550 nm, 600 nm, 650 nm, 700 nm, 750 nm, 800 nm, 850 nm, 900 nm,
1000 nm, 1200 nm, 1300 nm, 1400 nm, 1500 nm, 1600nm, 1700 nm, 1800 nm, 1900
nm, 2000nm, 2500 nm, 3000 nm, 3500nm, 4000 nm, 4500 nm, 5000 nm, 5500 nm, 6000
nm, 6500 nm, 7000 nm, 7500 nm, 8000 nm, 8500 nm, 9000 nm, 10000 nm, 11000nm,
12000nm, 13000nm, 14000nm, 15000 nm, 16000 nm, 17000 nm, 18000nm, 19000 nm,
20000nm, 25000nm, 30000 nm, 35000 nm, 40000 nm, 45000 nm, 50000 nm and any
number inbetween). A nanoscale sensor element refers to a sensor element that is less
than 1 micron in at least one direction. Suitable examples of ranges of nanoscale sensor
elements include, but are not limited to, for example, elements from about 5 nm to
about 1000 nm in one direction, including, from example, about 5 nm to about 500 nm,
alternatively about 5nm to about 400 nm, alternatively about 5 nm to about 300 nm,
altcrnatively about 5 nm to about 200 nm, altcrnatively about 5 nm to about 100 nm,
alternatively about 5 nm to about 50 nm, alternatively about 10 nm to about 1000 nm,
alternatively about 10 nm to about 750 nm, alternatively about 10 nm to about 500 nm,
alternatively about 10 nm to about 250 nm, alternatively about 10 nm to about 200 nm,
alternatively about 10 nm to about 100 nm, alternatively about 50nm to about 1000 nm,
alternatively about 50 nm to about 500 nm, alternatively about 50 nm to about 250 nm,
alternatively about 50 nm to about 200 nm, alternatively about 50 nm to about 100 nm,
and any combinations, ranges or amount inbetween (e.g. 5Snm, 10nm, 15 nm, 20 nm, 25
nm, 30nm, 35nm, 40nm, 45 nm, 50nm, 55nm, 60 nm, 65 nm, 70nm, 80nm, 90 nm, 100
nm, 125 nm, 150 nm, 175 nm, 200 nm, 225 nm, 250 nm, 275 nm, 300 nm, 350 nm, 400
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nm, 450 nm, 500 nm, 550 nm, 600 nm, 650 nm, 700 nm, 750 nm, 800 nm, 850 nm, 900
nm, 1000 nm, etc.). In reference to the sensor arrays described herein, the use of the
term scnsor clement includes the usc of a nanoscalc scnsor clement tor the sensor and
associated methods.

(001571 The term "plurality of sensor elements" refers to more than one, for example,
at least two sensor elements. In some embodiments, the plurality of sensor elements
includes at least two sensor elements to at least 1000 sensor elements, preferably about
two sensor elements to about 100 sensor elements. In suitable embodiments, the array
comprises at least two to at least 100 sensor elements, alternatively at least two to at
least 50 sensor elements, alternatively at least 2 to 30 sensor elements, alternatively at
least 2 to 20 sensor elements, alternatively at least 2 to 10 sensor elements,
alternatively at least 3 to at least 50 sensor elements, alternatively at least 3 to at least
30 sensor elements, alternatively at least 3 to at least 20 sensor elements, alternatively
at least 3 to at least 10 sensor clements, alternatively at least 4 to at least 50 sensor
clements, alternatively at least 4 to at least 30 sensor elements, alternatively at least 4
to at least 20 sensor elements, alternatively at least 4 to at least 10 sensor elements, and
including any number of sensor elements contemplated in between (e.g., at least 2, 3, 4,
5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30,
31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 60, 70, 80, 90,
100, 110, 120, 130, 140, 150, 160, 170, 180, 190, 200, 225, 250, 300, 350, 400, 450, 500,
550, 600, 650, 700, 750, 800, etc.). In some embodiments, the sensor array comprises at
least 6 sensor elements to at least 20 sensor elements, alternatively at least 6 sensor
elements to at least 10 sensor elements.

(ooiss] The tcrm "plurality of nanoscalc scnsor clements” rcfers to morc than one,
for example, at least two nanoscale sensor elements. In some embodiments, the
plurality of nanoscale sensor elements includes at least two nanoscale sensor elements
to at least 1000 nanoscale sensor elements, preferably about two nanoscale sensor
elements to about 100 nanoscale sensor elements. In suitable embodiments, the array
comprises at least two to at least 100 nanoscale sensor elements, alternatively at least
two to at least 50 nanoscale sensor elements, alternatively at least 2 to 30 nanoscale
sensor elements, alternatively at least 2 to 20 nanoscale sensor elements, alternatively
at least 2 to 10 nanoscale sensor elements, alternatively at least 3 to at least 50

nanoscale sensor elements, alternatively at least 3 to at least 30 nanoscale sensor
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elements, alternatively at least 3 to at least 20 nanoscale sensor elements, alternatively
at least 3 to at least 10 nanoscale sensor elements, alternatively at least 4 to at least 50
nanoscale sensor elements, alternatively at least 4 to at least 30 nanoscale sensor
elements, alternatively at least 4 to at least 20 nanoscale sensor elements, alternatively
at least 4 to at least 10 nanoscale sensor elements, and including any number of
nanoscale sensor elements contemplated in between (e.g., atleast 2,3,4,5,6,7,8,9, 10,
11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34,
35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 60, 70, 80, 90, 100, 110, 120,
130, 140, 150, 160, 170, 180, 190, 200, 225, 250, 300, 350, 400, 450, 500, 550, 600, 650,
700, 750, 800, etc.).

[00159] As used herein, the term "biomolecule corona" refers to the plurality of
different biomolecules that are able to bind to a sensor element. The term "biomolecule
corona" encompasses 'protein corona" which is a term used in the art to refer to the
proteins, lipids and other plasma components that bind nanoparticles when they come
into contact with biological samples or biological system. For use herein, the term
"biomolecule corona" also encompasses both the soft and hard protein corona as
referred to in the art, see, e.g., Milani et al. "Reversible versus Irreversible Binding of
Transferring to Polystyrene Nanoparticles: Soft and Hard Corona" ACS NANO, 2012,
6(3), pp. 2532-2541; Mirshafiee et al. "Impact of protein pre-coating on the protein
corona composition and nanoparticle cellular uptake” Biematerials vol. 75, Jan 2016 pp.
295-304, Mahmoudi et al. "Emerging understanding of the protein corona at the nano-
bio interfaces" Nanotoday 11(6) Dec. 2016, pp. 817-832, and Mahmoudi et al. "Protein-
Nanoparticle Interactions: Opportunities and Challenges” Chem. Rev., 2011, 111(9), pp.
5610-5637, the contents of which are incorporated by reference in their entireties. As
described in the art, adsorption curve shows the build-up of a strongly bound
monolayer up to the point of monolayer saturation (at a geometrically defined protein-
to-NP ratio), beyond which a secondary, weakly bound layer is formed. While the first
layer is irreversibly bound (hard corona), the secondary layer (soft corona) exhibits
dynamic exchange. Proteins that adsorb with high affinity form what is known as the
"hard" corona, consisting of tightly bound proteins that do not readily desorb, and
proteins that adsorb with low affinity form the "soft” corona, consisting of loosely
bound proteins. Soft and hard corona can also be defined based on their exchange times.

Hard corona usually shows much larger exchange times in the order of several hours.
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See, e.g., M. Rahman et al. Protein-Nanoparticle Interactions, Spring Series in Biophysics
15, 2013, incorporated by reference in its entirety.

[oo160] The tcrm "biomolecule corona signaturc” rcfers to the composition, signaturc
or pattern of different biomolecules that are bound to cach separate sensor element.
The signature not only refers to the different biomolecules but also the differences in
the amount, level or quantity of the biomolecule bound to the sensor element, or
differences in the conformational state of the biomolecule that is bound to the sensor
clement. It is contemplated that the biomolecule corona signatures of each sensor
elements may contain some of the same biomolecules, may contain distinct
biomolecules with regard to the other sensor elements, and/or may differ in level or
quantity, type or confirmation of the biomolecule. The biomolecule corona signature
may depend on not only the physiocochemical properties of the sensor element, but
also the nature of the sample and the duration of exposure. In some cases, the
biomolecule corona signature is a protein corona signature. In another casc, the
biomolecule corona signature is a polysaccharide corona signature. In yet another case,
the biomolecule corona signature is a metabolite corona signature. In some cases, the
biomolecule corona signature is a lipidomic corona signature.

[0ooi161] In some embodiments, the biomolecule corona signature comprises the
biomolecules found in a soft corona and a hard corona. In some embodiments, the soft
corona is a soft protein corona. In some embodiments, the hard corona is a hard protein
corona.

(001621 The term "biomolecule” refers to biological components that may be involved
in corona formation, including, but not limited to, for example, proteins, polypeptides,
polysaccharidcs, a sugar, a lipid, a lipoprotcin, a mctabolitc, an oligonuclcotidc,
metabolome or combination thereof. It is contemplated that the biomolecule corona
signatures of each sensor elements may contain some of the same biomolecules, may
contain distinct biomolecules with regard to the other sensor elements, and/or may
differ in level or quantity, type or confirmation of the biomolecule that binds to each
sensor clement. In one embodiment, the biomolecule is selected from the group of
proteins, nucleic acids, lipids, and metabolomes.

(001631 In some embodiments, the sensor array comprises, consists essentially of or
consists of a first sensor element that produces a first biomolecule corona signature and

at least one second sensor element that produces at least one second biomolecule
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corona signature when the sensor array is contacted with a biological sample. A
biomolecule fingerprint is the combination of the first biomolecule signature and the at
Icast onc sccond biomolccule signaturc. It is contcmplated that thc biomolccule
signature can be made from at least two biomolecule corona signatures to as many
different biomolecule signatures are assayed, e.g. at least 1000 different biomolecule
corona signatures. The biomolecule corona may be assayed separately for each sensor
clement to determine the biomolecule corona signature for each element and combined
to determine the biomolecule fingerprint or the two or more biomolecule corona can be
assayed at the same time to develop the biomolecule fingerprint at once.

[00164] In some embodiments, the biomolecule fingerprint includes at least two
biomolecule corona signatures. In some embodiments, the biomolecule fingerprint
includes at two biomolecule corona signatures to at least 1000 biomolecule corona
signatures, preferably about two biomolecule corona signatures to about 100
biomolecule corona signatures. In suitable embodiments, the biomolecule fingerprint
comprises at least two to at least 100 biomolecule corona signatures, alternatively at
least two to at least 50 biomolecule corona signatures, alternatively at least 2 to 30
biomolecule corona signatures, alternatively at least 2 to 20 biomolecule corona
signatures, alternatively at least 2 to 10 biomolecule corona signatures, alternatively at
least 3 to at least 50 biomolecule corona signatures, alternatively at least 3 to at least 30
biomolecule corona signatures, alternatively at least 3 to at least 20 biomolecule corona
signatures, alternatively at least 3 to at least 10 biomolecule corona signatures,
alternatively at least 4 to at least 50 biomolecule corona signatures, alternatively at
least 4 to at least 30 biomolecule corona signatures, alternatively at least 4 to at least 20
biomolcculc corona signaturcs, altcrnatively at Icast 4 to at Icast 10 biomolcculc corona
signatures, and including any number of biomolecule corona signatures contemplated
in between (e.g., at least 2, 3,4, 5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21,
22,23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45,
46, 47, 48, 49, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190, 200,
225, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, etc.).

(001651 Advances in proteomic analyses using mass spectrometry have offered new
insights into the changes that take place across the spectrum of health and disease
including early-stage cancer. Yet the sensitivity and specificity of mass spectrometry

approaches have not been adequate for robust early detection of cancers in part due to

26

PREOMICS EXHIBIT 1002
Page 633 of 1861



WO 2018/112460 PCT/US2017/067013

the high noise created by the 10000 of proteins comprising the human proteome, with
estimated concentrations spanning 35-50 mg/ml for albumin to 1-10 pg/ml for some
cytokincs. The cxisting tcchnologics have required a tradc-off between the depth of
coverage and the throughput of processing of plasma proteins. Several attempts have
been made to substantially increase the current low levels of protein detection,
including depletions of highly abundant proteins, isobaric labeling at the peptide level
for multiplexed relative quantification, post-depletion plasma fractionation strategies,
biomarker harvesting techniques, mathematical approaches for analyzing high-quality
data sets, and multiplexed workflow (i.e., a combination of approaches). Despite such
efforts, mass-spectrometry approaches to plasma proteomics have not met with robust
success in the early detection of cancers. In fact no prior study, proteomic or otherwise,
has reported accurate prediction and classification of a range of cancers, including the
earliest pre-symptomatic stages. The present sensor array has provided the first
detection system that accurately predicts and classifies a disease state, including pre-
symptomatic disease state for a number of different diseases.

[oo166] Prior attempts have tried to use the "disease-specific protein corona” to
identify one cancer type using gel electrophoresis and changes in aggregation size of
nanoparticles. However, as we show in the Examples below, the subtle differences in the
protein corona at the surface of one type of nanoparticle were not sufficient for robust
and accurate identification and discrimination of cancers with acceptable prediction
accuracy, mainly due to the persistent issue of inadequate proteomic coverage. The
sensory array described herein is able to accurately classify disease states. Not only it is
able to predict the disease state, but it is also able to classify patients who are pre-
symptomatic of the discasc (e.g. Alzhcimer's) or classify paticnts according to the type
of disease (e.g. type of cancer).

foo1671 To materially enhance the capacity of the protein corona for robust and
accurate cancer detection with excellent prediction capacity, the inventors developed a
sensor array (sometimes referred to herein as a Protein Corona Nanosystem or sensor
array nanosystem). Compared with previous approaches limited to the surface of a
single nanoparticle, it provides significantly more comprehensive proteomics data over
a wider dynamic range of plasma protein concentrations. The sensor array allows for
the sampling a complex biological sample (e.g., human plasma sample) using multi-

nanoparticles with different physicochemical properties to significantly increase the
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number and range of both low- and high-abundance proteins identified without protein

depletion. This effectively reduces the noise in the vast proteomic information available,
vielding more-accurate ecarly differentiation of the proteomic signature that is
characteristic of a disease. In addition, because of the combination of protein-

nanoparticle and protein-protein interaction that is uniquely derived using the sensor
array, each type of protein may be present in different concentrations on the surface of
different nanoparticles, providing additional proteomic information. The use of multi-
nanoparticles with different physicochemical properties is mainly driven by our recent
findings that even small alterations to the physicochemical properties of nanoparticles

can elicit dramatic but reproducible changes in the protein corona composition.

[oo168] The present sensor array has a sensitivity and dynamic range of ten (10)
orders of magnitude in terms of protein detection using mass-spectroscopy approaches.

The present assay is able to detect proteins that are found in the sub-ng range within a
sample. This assay or approach has a much greater dynamic range than current assays
for measuring proteins within a sample. For example, mass spectrometry only has a
dynamic range 4-6 order of magnitude. This novel sensor array has the ability to sample
a greater dynamic range than has previously been achievable. The present sensor array
allows for detection and determination of low abundant and rare proteins that we not
previously able to be detected.

[00169] The term "sample" refers to a biological sample or a complex biological
sample obtained from a subject. Suitable biological samples include, but are not limited
to, biological fluids, including, but not limited to, systemic blood, plasma, serum, lung
lavage, cell lysates, menstrual blood, urine, processed tissue samples, amniotic fluid,
cerebrospinal fluid, tears, saliva, semen and the like. In a preferred embodiment, the
sample is a blood or serum sample. Blood plasma contains several thousands of
different proteins with twelve orders of magnitude differences in the concentrations of
these proteins. The present sensor array is able to detect changes within these blood
samples over time or over disease states ofthe subject.

[0o170] In some embodiments, the biological fluids or complex biological samples are
prepared by methods and kits known in the art. For example, some biological samples
(e.g. menstrual blood, blood samples, semen, etc.) may first be centrifuged at low speed
to remove cell debris, blood clots and other cellular components that may interfere with

the array. In other embodiments, for example, tissue specimens may be processed, e.g.
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tissue samples may be minced or homogenized, treated with enzymes to break up the
tissue and/or centrifuged to remove cellular debris allowing for the assaying and
extraction of the biomolecules within the tissue samples. Suitable methods of isolating
and/or properly preparing and storing blood samples are known in the art, and may
include, but are not limited to, the addition of an anti-coagulant agent.

[00171] Suitable sensor elements include, but are not limited to, for example,
particles, such as organic particles, non-organic particles or combinations thereof. In
some embodiments the particles are, for example, nanoparticles, microparticles,
micelles, liposomes, iron oxide, graphene, silica, protein-based particles, polystyrene,
silver, and gold particles, quantum dots, palladium, platinum, titanium, and
combinations thereof. In some embodiments, nanoparticles are liposomes. One skilled
in the art would be able to select and prepare suitable particles. In some preferred
embodiments, the sensor elements are nanoscale sensor elements. Suitable nanoscale
sensor elements are less than 1 micron in at least one direction. In some aspects, the

nanoscale sensor elements are less than about 100 nm in at least one direction.

Overview

[00172] The present disclosure provides a method of detecting a disease state using a
biomolecule corona nanosystem. In one embodiment, the method comprises detecting
a disease-specific protein corona.

SensorArrays

[00173] FIG. 65 shows an exemplary scheme of the presently disclosed array system.
As shown at step 1 of FIG. 65, a complex biological sample (e.g., blood 704) can be
collected from a subject 702 expressing a biological state 703 (e.g., a disease state, for
example before any physical symptoms of the disease and/or during early and
intermediate stages of a disease). Suitable biological samples 704 include, but are not
limited to, biological fluids, including, but not limited to, systemic blood, plasma, serum,
lung lavage, cell lysates, menstrual blood, urine, processed tissue samples, amniotic
fluid, cerebrospinal fluid, tears, saliva, semen and the like. In a preferred embodiment,
the sample is a blood or serum sample. In some embodiments, plasma 706 of can be
separated from blood cells 708 of subjects expressing a biological state 703 (e.g. healthy
people (non-disease state) and cancer patients (disease state), as shown at step 2 of

FIG. 65.
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[00174] Next, as shown at step 3 of FIG. 65, a complex biological sample (e.g., plasma
706) can be incubated with a sensor array 710 comprising a plurality of particles 712
with different physicochemical properties. The plurality of particles 712 can be
incubated with the plasma 706 to allow biomolecules in the plasma 706 (c.g., proteins in
the plasma 706) to bind to one or more of the particles 712. Subsequently, as shown at
step 4 of FIG. 65, the biomolecules (e.g. proteins) bound to the particles 712 can be
isolated in a protein solution 714 for further analysis, for example to determine the
compositions of the proteins bound to each type of particle 712 (e.g., anionic, neutral
and cationic particles 712).

[00175] The protein solution 714 can be characterized by, for example as shown at
step 5 of FIG. 65, liquid chromatography-tandem mass spectrometry (LC-MS/MS) 716.
Proteins identified using LC-MS/MS 716 can then be analyzed at step 6 of FIG. 65 to
determine a biomolecule fingerprint 718 (e.g. representative of proteins, nucleic acids,
lipids and polysaccharides that bind to one or more of particles 712) associated with the
biological state 703.

[00176] At step 7 of FIG. 65, a computer 720 (e.g., computer system 101 in FIG. 66)
can be used to associate a biomolecule fingerprint 718 (e.g., protein fingerprint) with a
biological state 703 (e.g. health state, disease state). For example, analysis of a
biomolecule fingerprint 718 (e.g. protein fingerprint) of at least two samples (e.g.
complex biological samples such as plasma 706) can be conducted with a computer
system 720 to generate an association 722 between the biological state 703 and the
biomolecule fingerprint 718 (at step 8 of FIG. 65). The generation of association 722
can be by an association analysis or statistical classification using methods known in the
art, including, but not limited to, a wide variety of supervised and unsupervised data
analysis and clustering approaches such as hierarchical cluster analysis (HCA), principal
component analysis (PCA), Partial least squares Discriminant Analysis (PLS-DA),
machine learning (also known as random forest), logistic regression, decision trees,
support vector machine (SVM), k-nearest neighbors, naive bayes, linear regression,
polynomial regression, SVM for regression, K-means clustering, and hidden Markov
models, among others. In other words, the biomolecule fingerprint 718 of each sample
(e.g. plasma 706) are compared/analyzed (e.g. using a computer 720) with each other to
determine with statistical significance what patterns are common between the

individual fingerprints to determine a biological state that is associated with the
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biomolecule (e.g. protein) fingerprint 718.

[00177] The association 722 can link the biomolecule fingerprint 718 (e.g., protein
fingerprint) to a wide variety of biological states 703. For example, comparison of
biomolecule fingerprints 718 between a subject 702 diagnosed with a disease (i.c.,
biological state 703 is a disease state) and a subject 702 not diagnosed with the disease
(i.e., biological state 703 is a non-disease state) can give rise to an association 722
between the biomolecule fingerprint 718 of the subject 702 with the disease and the
disease state. Such an association 722 between the biomarker fingerprint 718 and the
disease state (i.e., biological state 703) can in some embodiments be determined very
early during the progression of a disease (i.e., before any physical symptoms of the
disease manifest and/or before diagnosis ofthe disease) or at later times during disease
progression.

[00178] Other examples of biological states 703 that can be associated with a
biomolecule fingerprint 718 include responsiveness or non-responsiveness (o a drug or
pharmaceutical, level of activation of the immune system (c.g.. due to exposure of a
subject to an exogenous antigen), susceptibility of a subject to adverse effects associated
with administration of a drug, and identification of a subject's potential to exhibit an
allergic reaction to administration ofa particular composition or substance.

Computer Control Systems

[00179] The present disclosure provides computer control systems that are
programmed to implement methods of the disclosure. FIG. 66 shows a computer
system 100 that is programmed or otherwise configured to associate a biomolecule
fingerprint 718 with a biological state 703. This determination, analysis or statistical
classification is done by methods known in the art, including, but not limited to, for
example, a wide variety of supervised and unsupervised dala analysis and clustering
approaches such as hierarchical cluster analysis (HCA), principal component analysis
(PCA), Partial least squares Discriminant Analysis (PLS-DA), machine learning (also
known as random forest), logistic regression, decision trees, support vector machine
(SVM), k-nearest neighbors, naive bayes, linear regression, polynomial regression, SVM
for regression, K-means clustering, and hidden Markov models, among others. The
computer system 100 can perform various aspects of analyzing the biomolecule
fingerprints 718 of the present disclosure, such as, for example, comparing/analyzing

the biomolecule corona of several samples to determine with statistical significance
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what patterns are common between the individual biomolecule coronas to determine a
biomolecule fingerprint 718 that is associated with the biological state 703. The
computer system can be used to develop classifiers to detect and discriminate different
biomolecule fingerprints 718 (c.g., characteristic of the composition of a protein
corona). Data collected from the presently disclosed sensor array can be used to train a
machine learning algorithm, specifically an algorithm that receives array measurements

from a patient and outputs specific biomolecule corona compositions from each patient.
Before training the algorithm, raw data from the array can be first denoised to reduce
variability in individual variables.

[00180] Machine learning can be generalized as the ability of a learning machine to
perform accurately on new, unseen examples/tasks after having experienced a learning
data set.  Machine learning may include the following concepts and methods.
Supervised learning concepts may include AODE,; Artificial neural network, such as
Backpropagation, Autocncodcrs, Hopficld nctworks, Boltzmann machines, Restricted
Boltzmann Machines, and Spiking neural networks; Bayesian statistics, such as Bayesian
network and Bayesian knowledge base; Case-based reasoning; Gaussian process
regression; Gene expression programming; Group method of data handling (GMDH);
Inductive logic programming; Instance-based Ilearning; Lazy Ilearning; Learning
Automata; Learning Vector Quantization; Logistic Model Tree; Minimum message length
(decision trees, decision graphs, etc.), such as Nearest Neighbor Algorithm and
Analogical modeling; Probably approximately correct learning (PAC) learning; Ripple
down rules, a knowledge acquisition methodology; Symbolic machine learning
algorithms; Support vector machines; Random Forests; Ensembles of classifiers, such as
Bootstrap aggregating (bagging) and Boosting (meta-algorithm); Ordinal classification;
Information  fuzzy mnetworks (IFN); Conditional Random Field; ANOVA: Linear
classifiers, such as Fisher's linear discriminant, Linear regression, Logistic regression,

Multinomial logistic regression, Naive Bayes classifier, Perceptron, Support vector
machines; Quadratic classifiers; k-nearest neighbor; Boosting; Decision trees, such as
C4.5, Random forests, ID3, CART, SLIQ, SPRINT; Bayesian networks, such as Naive
Bayes; and Hidden Markov models. Unsupervised learning concepts may include;
Expectation-maximization algorithm; Vector Quantization; Generative topographic map;
Information bottleneck method; Artificial neural network, such as Self-organizing map;

Association rule learning, such as, Apriori algorithm, Eclat algorithm, and FP-growth
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algorithm; Hierarchical clustering, such as Single-linkage clustering and Conceptual
clustering; Cluster analysis, such as, K-means algorithm, Fuzzy clustering, DBSCAN, and
OPTICS algorithm; and Outlier Detection, such as Local Qutlier Factor. Semi-supervised
learning concepts may include; Generative models; Low-density separation; Graph-
based methods; and Co-training. Reinforcement learning concepts may include;
Temporal difference learning; Q-learning; Learning Automata; and SARSA. Deep
learning concepts may include; Deep belief networks; Deep Boltzmann machines; Deep
Convolutional neural networks; Deep Recurrent neural networks; and Hierarchical
temporal memory.

[00181] The computer system 100 depicted in FIG. 66 is adapted to implement a
method described herein. The system 100 includes a central computer server 101 that
is programmed to implement exemplary methods described herein. The server 101
includes a central processing unit (CPU, also "processor") 105 which can be a single core
processor, a multi corc proccssor, or plurality of proccssors for parallel processing. The
server 101 also includes memory 110 (c.g., random access memory, read-only memory,
flash memory); electronic storage unit 115 (e.g. hard disk); communications interface
120 (e.g., network adaptor) for communicating with one or more other systems; and
peripheral devices 125 which may include cache, other memory, data storage, and/or
electronic display adaptors. The memory 110, storage unit 115, interface 120, and
peripheral devices 125 are in communication with the processor 105 through a
communications bus (solid lines), such as a motherboard. The storage unit 115 can be a
data storage unit for storing data. The server 101 is operatively coupled to a computer
network ("network”) 130 with the aid of the communications interface 120. The
network 130 can be the Internet, an intranet and/or an extranect, an intranet and/or
extranet that is in communication with the Internet, a telecommunication or data
network. The network 130 in some cases, with the aid ofthe server 101, can implement
a peer-to-peer network, which may enable devices coupled to the server 101 to behave
as a client or a server.

[00182] The storage wunit 115 can store files, such as subject reports, and/or
communications with the data about individuals, or any aspect of data associated with
the present disclosure.

[00183] The computer server 101 can communicate with one or more remote

computer systems through the network 130. The one or more remote computer
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systems may be, for example, personal computers, laptops, tablets, telephones, Smart
phones, or personal digital assistants.

[oois4] In somc applications thc computcr systcm 100 includes a single scrver 101.
In other situations, the system includes multiple servers in communication with one
another through an intranet, extranet and/or the internet.

[oo18s] The server 101 can be adapted to store measurement data or a databasc as
provided herein, patient information from the subject, such as, for example, medical
history, family history, demographic data and/or other clinical or personal information
of potential relevance to a particular application. Such information can be stored on the
storage unit 115 or the server 101 and such data can be transmitted through a network.

[ooise6] Methods as described herein can be implemented by way of machine (or
computer processor) executable code (or software) stored on an electronic storage
location of the server 101, such as, for example, on the memory 110, or electronic
storage unit 115. During use, the code can be executed by the processor 105. In some
cases, the code can be retrieved from the storage unit 115 and stored on the memory
110 for ready access by the processor 105. In some situations, the electronic storage
unit 115 can be precluded, and machine-executable instructions are stored on memory
110. Alternatively, the code can be executed on a second computer system 140.

[oo187]1 Aspects of the systems and methods provided herein, such as the server 101,
can be embodied in programming. Various aspects of the technology may be thought of
as "products” or "articles of manufacture" typically in the form of machine (or
processor) executable code and/or associated data that is carried on or embodied in a
type of machine readable medium. Machine-executable code can be stored on an
clectronic storage unit, such memory (e.g., rcad-only mcemory, random-acecss memory,
flash memory) or a hard disk. "Storage” type media can include any or all of the tangible
memory of the computers, processors or the like, or associated modules thereof, such as
various semiconductor memories, tape drives, disk drives and the like, which may
provide non-transitory storage at any time for the software programming. All or
portions of the software may at times be communicated through the Internet or various
other telecommunication networks. Such communications, for example, may enable
loading of the software from one computer or processor into another, for example, from
a management server or host computer into the computer platform of an application

server. Thus, another type of media that may bear the software elements includes
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optical, electrical, and electromagnetic waves, such as used across physical interfaces
between local devices, through wired and optical landline networks and over various
air-links. The physical clecments that carry such wavces, such as wircd or wircless likes,
optical links, or the like, also may be considered as media bearing the software. As used
herein, unless restricted to non-transitory, tangible "storage" media, terms such as
computer or machine "readable medium" can refer to any medium that participates in
providing instructions to a processor for execution.

[00188] The computer systems described herein may comprise computer-executable
code for performing any of the algorithms or algorithms-based methods described
herein. In some applications the algorithms described herein will make use of a memory
unit that is comprised of at least one database.

[00189] Data relating to the present disclosure can be transmitted over a network or
connections for reception and/or review by a receiver. The receiver can be but is not
limited to the subject to whom the report pertains; or to a caregiver thereof, e.g.. a
health care provider, manager, other health care professional, or other caretaker; a
person or entity that performed and/or ordered the analysis. The receiver can also be a
local or remote system for storing such reports (e.g. servers or other systems of a "cloud
computing' architecture). In one embodiment, a computer-readable medium includes a
medium suitable for transmission of a result of an analysis of a biological sample using
the methods described herein.

[00190] Aspects of the systems and methods provided herein, such as the computer
system 101 in FIG. 66 can be embodied in programming. Various aspects of the
technology may be thought of as "products” or "articles of manufacture” typically in the
form of machinc (or proccssor) cxccutable code and/or associatcd data that is carricd
on or embodied in a type of machine readable medium. Machine-executable code can
be stored on an electronic storage unit, such as memory (e.g., read-only memory,
random-access memory, flash memory) or a hard disk. "Storage” type media can
include any or all of the tangible memory of the computers, processors or the like, or
associated modules thereof, such as various semiconductor memorics, tape drives, disk
drives and the like, which may provide non-transitory storage at any time for the
software programming. All or portions of the software may at times be communicated
through the Internet or various other telecommunication networks. Such

communications, for example, may enable loading of the software from one computer or
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processor into another, for example, from a management server or host computer into
the computer platform of an application server. Thus, another type of media that may
bear the software elements includes optical, electrical and electromagnetic waves, such
as used across physical interfaces between local devices, through wired and optical
landline networks and over various air-links. The physical elements that carry such
waves, such as wired or wireless links, optical links or the like, also may be considered
as media bearing the software. As used herein, unless restricted to non-transitory,

tangible "storage" media, terms such as computer or machine "readable medium" refer
to any medium that participates in providing instructions to a processor for execution.

[00191] Hence, a machine readable medium, such as computer-executable code, may
take many forms, including but not limited to, a tangible storage medium, a carrier wave
medium or physical transmission medium. Non-volatile storage media include, for
example, optical or magnetic disks, such as any of the storage devices in any
computer(s) or the like, such as may be used to implement the databases, ctc. shown in
the drawings. Volatile storage media include dynamic memory, such as main memory
of such a computer platform. Tangible transmission media include coaxial cables;
copper wire and fiber optics, including the wires that comprise a bus within a computer
system. Carrier-wave transmission media may take the form of electric or
electromagnetic signals, or acoustic or light waves such as those generated during radio
frequency (RF) and infrared (IR) data communications. Common forms of computer-
readable media therefore include for example: a floppy disk, a flexible disk, hard disk,
magnetic tape, any other magnetic medium, a CD-ROM, DVD or DVD-ROM, any other
optical medium, punch cards paper tape, any other physical storage medium with
patterns of holes, a RAM, a ROM, a PROM and EPROM, a FLASH-EPROM, any other
memory chip or cartridge, a carrier wave transporting data or instructions, cables or
links transporting such a carrier wave, or any other medium from which a computer
may read programming code and/or data. Many of these forms of computer readable
media may be involved in carrying one or more sequences of one or more instructions

to a processor for execution.

Physicochemical Properties

[00192] In some embodiments, the plurality of sensor elements comprises, consists

essentially of, or consists of a plurality of particles, wherein each particle is
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differentiated for each other by at least one physiocochemical property such that each
sensor element has a unique biomolecule corona signature when placed in contact with
thc samc sample.

(001931 The physiocochemical property of the sensor element found in an array refer
to, for example, the composition, size, surface charge, hydrophobicity, hydrophilicity,
surface functionality (surface functional groups), surface topography, surface curvature
and shape. The term composition encompasses the use of different types of materials
and differences in the chemical and/or physical properties of materials, for example,
conductivity of the material chosen between the sensor elements.

[oo194] Surface curvature is generally determined by the nanoparticle size. Thus, at a
nanometer scale, as the size of the nanoparticles changes, the surface curvature of the
particle changes, and this change of the surface curvature affects the binding selectivity
of the surface. For example, at certain curvature, the surface of the particle may have a
binding affinity for a specific type of biomolecule where a different curvature will have a
different binding affinity and/or a binding affinity for a different biomolecule. The
curvature can be adjusted to create a plurality of sensor elements with altered affinity
for different biomolecules. A sensor array can be created including a plurality of sensor
elements having different curvatures (e.g. different sizes) which results in a plurality of
sensor elements each with a different biomolecule corona signature.

[oo19s5] Surface morphology may also be modified by methods such as patterning the
surface to provide different affinities, engineering surface curvatures on multiple length
scales and the like. Patterning the surface is provided by, for example, forming the
sensor elements by block polymerization in which the at least two blocks have different
chemistrics, forming the nanoparticles using mixturcs of at Icast two diffcrent polymers
and phase separating the polymers during polymerization, and/or cross-linking the
separate polymers following phase separation. Engineered surface curvature on
multiple length scales is provided, for example, by employing Pickering emulsions
(Sacanna et al. 2007) stabilized by finely divided particles for the synthesis of
nanoparticles. In some embodiments, finely dividend particles are selected from, for
example, silicates, aluminates, titanates, metal oxides such as aluminum, silicon,
titanium, nickel, cobalt, iron, manganese, chromium, or vanadium oxides, carbo blacks,
and nitrides or carbides, e.g., boron nitride, boron carbide, silicon nitride, or silicon

carbide, among others.
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[0oo196] For example, the sensor elements including nanoscale sensor elements may
each be functionalized to have different physicochemical properties. Suitable methods
of functionalizing the sensor elements are known in the art and depend on composition
of the sensor element (e.g. gold, iron oxide, silica, silver, etc.), and include, but not
limited to, for example aminopropyl functionalized, amine functionalized, boronic acid
functionalized, carboxylic acid functionalized, methyl functionalized, N-succinimidyl
ester functionalized, PEG functionalized, streptavidin functionalized, methyl ether
functionalized, triethoxylpropylaminosilane  functionalized, thiol functionalized, PCP
functionalized, citrate functionalized, lipoic acid functionalized, BPEI functionalized,
carboxyl functionalized, hydroxyl functionalized, and the like. In one embodiment, the
nanoparticles may be functionalized with an amine group (-NH2 or a carboxyl group
(COOH). In some embodiments, the nanoscale sensor elements are functionalized with
a polar functional group. Non-limiting examples ofthe polar functional group comprise
carboxyl group, a hydroxyl group, a thiol group, a cyano group, a nitro group, an
ammonium group, an imidazolium group, a sulfonium group, a pyridinium group, a
pyrrolidinium group, a phosphonium group or any combination thereof. In some
embodiments, the functional group is an acidic functional group (e.g., sulfonic acid
group, carboxyl group, and the like), a basic functional group (e.g., amino group, cyclic
secondary amino group (such as pyrrolidyl group and piperidyl group), pyridyl group,
imidazole group, guanidine group, etc.), a carbamoyl group, a hydroxyl group, an
aldehyde group and the like. In some embodiments, the polar functional group is an
ionic functional group. Non-limiting examples of the ionic function group comprise an
ammonium group, an imidazolium group, a sulfonium group, a pyridinium group, a
pyrrolidinium group, a phosphonium group. In some embodiments, the sensor
elements are functionalized with a polymerizable functional group. Non-limiting
examples of the polymerizable functional group include a vinyl group and a
{(meth)acrylic group. In some embodiments, the functional group is pyrrolidyl acrylate,
acrylic acid, methacrylic acid, acrylamide, 2-(dimethylamino)ethyl methacrylate,
hydroxyethyl methacrylate and the like.

[00197] In other embodiments, the physiocochemical properties of the sensor
elements may be modified by modification of the surface charge. For example, the
surface can be modified to provide a net neutral charge, a net positive surface charge, a

net negative surface charge, or a zwitterionic charge. The charge of the surface can be
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controlled either during synthesis of the element or by post-synthesis maodification of
the charge through surface functionalization. For polymeric nanoparticles, differences
in charge can be obtained during synthesis by using different synthesis procedures,

different charged comonomers, and in inorganic substances by having mixed oxidation

states.
Nanoparticles
[00198] In some embodiments, the particles are nanoparticles. In some

embodiments, the particles are liposomes. The liposomes may comprise any lipid
capable of forming a particle. The term "lipid" refers to a group of organic compounds
that are esters of fatty acids and are characterized by being insoluble in water but
soluble in many organic solvents. Lipids are usually divided in at least three classes: (1)
"simple lipids" which include fats and oils as well as waxes; (2) "compound lipids"
which include phospholipids and glycolipids; and (3) "derived lipids" such as stcroids.
In one embediment, the liposome comprises one or more cationic lipids or anionic
lipids, and one or more stabilizing lipids. Suitable liposomes are known in the art and

include, but are not limited to, for example, DOPG (l,2-dioleoyl-sn-glycero-3-phospho-

(I'-rac-glycerol), DOTAP(1,2-Dioleiyl-3 trimethylammonium-propane)- DOPE
(dioleoylphosphatidylethanolamine), CHOL (DOPC-Cholesterol), and combinations
thereof.

[00199] The lipid-based surface of a liposome can contact a subset of biomolecules
(e.g., proteins) of a complex biological sample (e.g., plasma, or any sample having a
complex mix of biomolecules such as proteins and nucleic acid and at least one of a
polysaccharide and lipid) at a lipid-biomolecule (e.g. protein) interface, thereby binding
the subset of proteins to produce a pattern of biomolecule (e.g. protein) binding.

[00200] In one embodiment, the liposome comprises a cationic lipid. As used herein,
the term ‘“cationic lipid" refers to a lipid that is cationic or becomes cationic
(protonated) as the pH is lowered below the pKofthe ionizable group ofthe lipid, but is
progressively more neutral at higher pH values. At pH values below the pK, the lipid is
then able to associate with negatively charged nucleic acids. In certain embodiments,
the cationic lipid comprises a zwitterionic lipid that assumes a positive charge on pH
decrease. Jn certain embodiments, the liposomes comprise cationic lipid. In some

embodiments, cationic lipid comprises any of a number of lipid species which carry a
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net positive charge at a selective pH, such as physiological pH. Such lipids include, but
are not limited to, N,N-dioleyl-N,N-dimethylammonium chloride (DODAC); N-(2.,3-
dioleyloxy)propyl)-N,N,N-trimethylammonium chloride (DOTMA); N,N-distearyl-N,N-

dimethylammonium bromide (DDAB); N-(2,3-dioleoyloxy)propyl)-N,N,N-
trimethylammonium chloride (DOTAP); 3-(N-(N',N'-dimethylaminoethane)-
carbamoyl) cholesterol (DC-Choi), N-(1-(2,3-dioleoyloxy)propyl)-N-2-
(sperminecarboxamido)ethyl)-N,N-dimethy- lammonium trifluoracetate (DOSPA),

dioctadecylamidoglycyl carboxyspermine (DOGS), L,2-dioleoyl-3-dimethylammonium
propane  (DODAP), N,N-dimethyl-2,3-dioleoyloxy)propylamine (DODMA), N-(1,2-
dimyristyloxyprop-3-yl)-N,N-dimethyl-N-hydroxyethyl ammonium bromide (DMRIE),
1,2-dioleoyl-sn-3-phosphoethanolamine (DOPE), N-(1-(2,3-dioleyloxy)propyl)-N-(2-
(sperminecarboxamido)ethyl)-N,N-dimethy- lammonium  trifluoroacetate (DOSPA),
dioctadecylamidoglycyl carboxyspermine (DOGS), and 1,2-ditetradecanoyl-sn-glycero-
3-phosphocholinc  (DMPC). The following lipids arc cationic and havc a positive charge
at below physiological pH: DODAP, DODMA, DMDMA, I,2-dilinoleyloxy-N,N-
dimethylaminopropane (DLinDMA), 1,2-dilinolenyloxy-N,N-dimethylaminopropane
{(DLenDMA). In some embodiment, the lipid is an amino lipid.

[00201] In certain embodiments, the liposome comprises one or more additional
lipids which stabilize the formation of particles during their formation.  Suitable
stabilizing lipids include mneutral lipids and anionic lipids. The term "neutral lipid"
refers to any one of a number of lipid species that exist in either an uncharged or
neutral zwitterionic form at physiological pH. Representative neutral lipids include
diaclphosphatidylcholines, diacylphosphatidylethanolamines, ceramides,

sphingomyelins, dihydro sphingomyelins, cephalins, and cerebrosides. Exemplary

neutral lipids  include, for example, distearoylphosphatidylcholine (DSPO),
dioleoylphosphatidylcholine (DOPC), dipalmitoylphosphatidylcholine (DPPC),
dioleoylphosphatidylglycerol (DOPG), dipalmitoylphosphatidylglycerol (DPPG),
dioleoyl-phosphatidylethanolamine (DOPE), palmitoyloleoylphosphatidyl choline
(POPC), palmitoyloleoyl-phosphatidylethanolamine (POPE) and dioleoyl-
phosphatidylethanolamine 4-(N-maleimidomethyl)-cyclohexane-1-carboxylate (DOPE-

mal), dipalmitoyl phosphatidyl ethanolamine (DPPE), dimyristoylphosphoethanolamine
(DMPE), distearoyl-phosphatidylethanolamine (DSPE), 16-0-monomethyl PE, 16-0-
dimethyl PE, 18-1-trans PE, l-stearioyl-2-oleoyl-phosphatidyethanol amine (SOPE), and
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1,2-dielaidoyl-sn-glycero-3-phophoethanolamine (transDOPE). In one embodiment, the
neutral lipid is 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPO).
[00202] The term ‘"anionic lipid" refers to any lipid that is negatively charged at

physiological pH. These lipids include phosphatidylglycerol, cardiolipin
diacylphosphatidylserine, diacylphosphatidic acid, N-
dodecanoylphosphatidylethanolamines, N-succinylphosphatidylethanolamines, N-
glutarylphosphatidylethanolamines, lysylphosphatidyiglycerols,

palmitoyloleyolphosphatidylglycerol (POPG), and other anionic modifying groups
joined to neutral lipids. In certain embodiments, the liposome comprises glycolipids
(e.g., monosialoganglioside GM.sub.l). In certain embodiments, the liposome comprises
a sterol, such as cholesterol. In certain embodiments, the liposome comprises an
additional, stabilizing-lipid which is a polyethylene glycol-lipid. Suitable polyethylene
glycol-lipids include PEG-modified phosphatidylethanolamine, PEG-modified
phosphatidic acid, PEG-modificd ccramides (e.g.. PEG-CerCl14 or PEG-CerC20), PEG-
modified dialkylamines, PEG-modified diacylglycerols, PEG-modified dialkylglycerols.
Representative polyethylene glycol-lipids include PEG-c-DOMG, PEG-c-DMA, and PEG-s-
DMG. In one embodiment, the polyethylene glycol-lipid is N-[(methoxy poly(ethylene

glycol).sub.2000)carbamyl]-1,2-dimyristyloxlpropyl-3-amine (PEG-c-DMA). In omne
embodiment, the polyethylene glycol-lipid is PEG-c-DOMG).

[00203] Suitable liposomes may be solid lipid nanoparticles (SLN) which can be made
of solid lipid, emulsifier and/or water/solvent. SLN may include, but are not limited to, a
combination of the following ingredients: triglycerides (tri-stearin), partial glycerides
(Imwitor), fatty acids (stearic acid, palmitic acid), and steroids (cholesterol) and waxes
{cetyl palmitate). Various emulsifiers and their combination (Pluronic F 68, F 127) have
been used to stabilize the lipid dispersion. Suitable ingredients for the use in preparing
SNL sensor elements include, but are not limited to, e.g., phospholipids, glycerol,
poloxamer 188, soy phosphatidyl choline, compritol, cetyl palmitate, PEG 2000, PEG
4500, Tween 85, ethyl oleate, Na alginate, ethanol/butanol, tristearin glyceride, PEG
400, isopropyl myristate, Pluronic F68, Tween 80, trimyristin, tristearin, trilaurin,
stearic acid, glyceryl caprate as Capmul®MCM CIO, theobroma oil, triglyceride coconut
oil, 1-octadecanol, glycerol behenate as Compritol® 888 ATO, glycerol palmitostearate

as Precirol® ATO 5, and cetyl palmitate wax and the like.

[00204] Tn some embodiments, the plurality of sensor elements comprise, consist
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essentially of, or consist of a plurality of half particles of different geometric shapes
which can be made by molding technology, 3D printing or 4D printing. Suitable half
particles are known in the art, and include, but are not limited to halt and partial
particles in any geometric shape, for example, spheres, rods, triangles, cubes and
combinations thereof. Suitably, in one embodiment, the plurality of half particles have
different physicochemical properties made by 3-D printing.

[00205] In some embodiments, the sensor elements, including nanoscale sensor
elements, are made by 3D or 4 D printing. Suitable methods of 3D and 4D printing of
sensor elements, including nanoscale sensor elements are known in the art. Suitable
material for 3D and 4D printing include, but is not limited to, e.g., plastics and synthetic
polymers (e.g., poly-ethylene glycol-diacrylate (PEG-DA), poly (e-caprolactone) (PCL),
poly(propylene oxide (PPO), poly(ethylene oxide) (PEQ) etc.), metals, powders, glass,
ceramics, and hydrogels. Suitable shapes made by 3D or 4D printing include, but are
not limited to, for example, full or partial spheres (e.g. 3/4 or half spheres), rods, cubes,
triangles or other geometrical or non-geometrical shapes.

[00206] 3D printing techniques include, but are not limited to, microextrusion

printing, inkjet bioprinting, laser-assisted bioprinting, stereolithography,

omnidirectional printing, and stamp printing.

[00207] In some embodiments, the nanoscale sensor elements are nanoparticles.

Suitable nanoparticles are known in the art and include, but are not limited to, for
example, natural or synthetic polymers, copolymers, terpolymers (with the cores being
composed of metals or inorganic oxides, including magnetic cores). Suitable polymeric
nanoparticles include, but are not limited to, e.g., polystyrene; poly(lysine), chitosan,
dextran, poly(acrylamide) and its derivatives wusch as N-isopropylacrylamide, N-
tertbutylacrylamide, N,N-dimethylacrylamide, polyethylene glycol, poly(vinyl alcohol),
gelatin, starch, degradable (bio)polymers, silica and the like.

[00208] In various embodiments, the core of the nanoparticles can include an organic
particle, an inorganic particle, or a particle including both organic and inorganic
materials. For example, the particles can have a core structure that is or includes a metal
particle, a quantum dot particle, a metal oxide particle, or a core-shell particle. For
example, the core structure can be or include a polymeric particle or a lipid-based
particle, and the linkers can include a lipid, a surfactant, a polymer, a hydrocarbon

chain, or an amphiphilic polymer. For example, the linkers can include polyethylene
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glycol or polyalkylene glycol, e.g., the first ends of the linkers can include a lipid bound
to polyethelene glycol (PEG) and the second ends can include functional groups bound
to the PEG. In these methods, the first or second functional groups can include an amine
group, a maleimide group, a hydroxyl group, a carboxyl group, a pyridylthiol group, or
an azide group.

[00209] In certain embodiments, the nanoparticles can comprise polymers that
include, for example, a sodium polystyrene sulfonate (PSS), polyethylene oxide (PEO),
polyoxyethylene glycol, polyethylene glycol (PEG), polyethylene imine (PEI), polylactic
acid, polycaprolactone, polyglycolic acid, poly(lactide-co-glycolide polymer (PLGA),
cellulose ether polymer, polyvinylpyrrolidone, vinyl acetate, polyvinylpyrrolidone-vinyl

acetate copolymer, polyvinyl alcohol (PVA), acrylate, polyacrylic acid (PAA), vinyl
acetate, crotonic acid copolymers, polyacrylamide, polyethylene phosphonate,

polybutene phosphonate, polystyrene, polyvinylphosphonate, polyalkylene, carboxy
vinyl polymer, sodium alginatc, carragccnan, xanthan gum, gum acacia, Arabic gum,
guar gum, pullulan, agar, chitin, chitosan, pectin, karaya gum, locust bean gum,
maltodextrin, amylose, corn starch, potato starch, rice starch, tapioca starch, pea starch,
sweet potato starch, barley starch, wheat starch, hydroxypropylated high amylose
starch, dextrin, levan, elsinan, gluten, collagen, whey protein isolate, casein, milk
protein, soy protein, keratin, or a gelatin, or a copolymer, derivative, or mixture thereof.

[00210] In other embodiments, the polymer can be or include a polyethylene,
polycarbonate, polyanhydride, polyhydroxyacid, polypropylfumerate, polycaprolactone,
polyamide, polyacetal, polyether, polyester, poly(orthoester), polycyanoacrylate,
polyvinyl alcohol, polyurethane, polyphosphazene, polyacrylate, polymethacrylate,

polycyanoacrylate, polyurea, polystyrene, or a polyamine, or a copolymer, derivative, or
mixture thereof.

[00211] In some embodiments, the present disclosure provides nanoparticles
comprising biodegradable polymers. The non-limiting exemplary biodegradable
polymers can be poly-p-amino-esters (PBAESs), poly(amido amines), polyesters
including poly lactic-co-glycolic acid (PLGA), polyanhydrides, bioreducible polymers,

and other biodegradable polymers. In some embodiments, the biodegradable polymer

comprises 2-(3-aminopropylamino)ethanol end-modified poly(l,4-butanediol

diacrylate-co-4-amino- 1-butanol), (1-(3 -aminopropyl) -4-methylpiperazine end-

modified poly(l.4-butanediol diacrylate-co-4-amino-1-butanol), 2-(3-
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aminopropylamino)ethanol end-modified poly(l,4-butanediol diacrylate-co-5 -amino-1-
pentanol), (I-(3-aminopropyl)-4-methylpiperazine end-modified poly(l,4-butanediol
diacrylate-co-5 -amino- 1-pentanol), 2-(3 -aminopropylamino)ethanol end-moditied
poly(l,5 pentanediol diacrylate-co-3-amino-l-propanol), and (I-(3-aminopropyl)-4-
methylpiperazine-end-modified poly(L,5 pentanediol diacrylate-co-3-amino-1-

propanol).

Array Substrates

[00212] In some embodiments, the sensor array comprises a substrate. Regardless of
the identity ofthe sensor element, this invention can be embodied by a matrix of sensor
elements immobilized on, connected with and/or coupled to a solid substrate. The
substrate may comprise, consist essentially of or consist of polydimethylsiloxane
(PDMS), silica, gold or gold coated substrate, silver or silver coated substrate, platinum
or platinum coated substrate, zinc or zinc coated substrate, carbon coated substrate and
the like. One skilled in the art would be able to select an appropriate substrate for the
sensor array. In some embodiments, the sensor elements and the substrate are made of
the same element, for example, gold. In some embodiments, the substrate and sensor
elements (e.g. nanoparticles) form a chip.

[00213] In some embodiments, the plurality of sensor elements comprises a single
surface, plate or chip containing (wo or more discrete sensor elements (regions) with
topological differences that allows for discrete biomolecule corona formation at each
discrete element (region). The surface plate or chip may be fabricated to include the
two or more discrete elements (regions) by the methods described herein. The discrete
regions may be raised surfaces of differing geometric shapes, differing sizes or differing
charges or other topological differences that result in discrete sensor elements with
ability to form discrete biomolecule coronas.

[00214] In some embodiments, the sensor elements are non-covalently attached to
the substrate. Suitable methods of non-covalent attachment are known in the art and
include, but are not limited to, for example, metal coordination, charge interaction,
hydrophobic-hydrophobic interaction, chelation and the like. In other embodiments,
the sensor elements are covalently attached to the substrate. Suitable methods of
covalently linking the sensor elements and the substrates include, but are not limited to,

for example, click chemistry, irradiation, and the like.
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[00215] For purposes of illustration only, methods of attaching the sensor elements,
e.g. nanoscale sensor elements, to substrates is demonstrated in FIGS. 23-40. For
example, sensor elements may be conjugated to a substrate (e.g. silica substrate) via the
amidation reaction between the amino groups on silica substrate surface and carboxylic
acid groups on nanoparticle surface (FIG. 23), via the ring-opening reaction between
the epoxy groups on silica substrate surface and amino groups on nanoparticle surface
(FIG. 24), via the Michael Addition reaction between the maleimide groups on silica
substrate surface and thiol or amino groups on nanoparticle surface (FIG. 25), via the
urethane reaction between the isocyanate groups on silica substrate surface and
hydroxyl or amino groups on nanoparticle surface (FIG. 26), via the oxidation reaction
between the thiol groups on silica substrate surface and the ones on nanoparticle
surface (FIG. 27), via the "Click" chemistry between azide groups on silica substrate
surface and alkyne groups on nanoparticle surface (FIG. 28), via the thiol exchange
reaction between 2-pyridyldithiol groups on silica substrate surface and thiol groups on
nanoparticle surface (FIG. 29), via the coordination reaction between boronic acid
groups on silica substrate surface and diol groups on nanoparticle surface (FIG. 30), via
the UV light-irradiated addition reaction between C=C bonds on substrate surface and
C=C bonds on nanoparticle surface (FIG. 31) and the like. Suitable methods of
conjugating sensor elements to gold substrate are known in the art and include, for
example, conjugation via Au-thiol bonds (FIG. 32), via the amidation reaction belween
the carboxylic acid groups on gold substrate surface and the amino groups on
nanoparticle surface (FIG. 33), via "Click" chemistry between the azide groups on gold
substrate surface and the alkyne groups on nanoparticle surface (FIG. 34), via urethane
reaction between the NHS groups on gold substrate surface and the amino groups on
nanoparticle surface (FIG. 35), via the ring-opening reaction between the epoxy groups
on gold substrate surface and amino groups on nanoparticle surface (FIG. 36), via the
coordination reaction between boronic acid groups on silica substrate surface and diol
groups on nanoparticle surface (FIG. 37), via the UV light-irradiated addition reaction
between C=C bonds on gold substrate surface and C=C bonds on nanoparticle surface
(FIG. 38), via the "Ligand-Receptor” interaction between biotin on gold substrate
surface and avidin on nanoparticle surface (FIG. 39), via the "Host-Guest" interaction
between a-cyclodextrin (a-CD) on gold substrate surface and adamantine (Ad) on

nanoparticle surface (FIG. 40), and the like.
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[00216] In another example, so-called "click chemistry” can be used to attach the
functional surface groups to the core structures ofthe nanoparticles (see, e.g., the Sigma
Aldrich catalog and U.S. Pat. No. 7,375,234, which arc both incorporatcd hcrcin by
reference in their entireties). Of the reactions comprising the click chemistry field, one
example is the Huisgen 1,3-dipolar cycloaddition of alkynes to azides to form 1.4-
disubsituted-1,2,3-triazoles. The copper (I)-catalyzed reaction is mild and very efficient,
requiring no protecting groups, and requiring no purification in many cases. The azide
and alkyne functional groups are generally inert to biological molecules and aqueous
environments. The triazole has similarities to the ubiquitous amide moiety found in
nature, but unlike amides, is not susceptible to cleavage. Additionally, they are nearly
impossible to oxidize or reduce.

[00217] The plurality of sensor elements may be attached to the substrate randomly
or in a distinct pattern. The sensor elements may be substantially uniformly positioned.
The pattern of the arranged sensor elements may vary according to the pattern in which
the sensor elements are attached to the substrate. Each sensor element is separated by
a distance. The distance between the sensor elements (e.g. nanoparticles) arranged on
the substrate may vary depending on the length of the linker used to attach or other
fabrication conditions. According to various embodiments, the plurality of sensor
elements on the array can be fabricated having a desired inter-element distance and
pattern. Suitable distinct patterns are known in the art, including, but not limited to,
parallel lines, squares, circles, triangles and the like. Further, the sensor elements may
be arranged in rows, or columns. In some embodiments, the substrate is a flat
substrate, in other embodiments, the substrate is in the form of microchannels or
nanochanncls. For illustrative purposcs only, suitablc cmbodiments arc described in
FIG. 15-22. The sensor elements may be contained within microchannels or
nanochannels that restrict or control the flow of the sample through the sensor array.
Suitable microchannels can range from 10 pun to about 100 pn in size.

[00218] In some embodiments, non-limiting examples of the plurality of sensor
clements include, but are not limited to, (a) a plurality of sensor elements made of the
same material but differing in physiochemical properties, (b) a plurality of sensor
elements where one or more sensor element is made of a different material with the
same or differing physiochemical properties, (c) a plurality of sensor elements made of

the same material differing in size, (d) a plurality of sensor elements made of different
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material with relatively the same size; (e) a plurality of sensor elements made of
different material and made of different sizes, (f) a plurality of sensor elements in which
ecach element is made of a different material, (g) a plurality of sensor elements having
different charges, among others. The plurality of sensor elements can be in any suitable
combination of two or more sensor elements in which each sensor element provides a
unique biomolecule corona signature. For example, the plurality of sensor elements

may include one or more liposome and one or more nanoparticle described herein. In
one embodiment, the plurality of sensor elements can be a plurality of liposomes with
varying lipid content and/or varying charges (cationic/anionic/neutral). In another

embodiment, the plurality of sensors may contain one or more nanoparticle made of the
same material but of varying sizes and physiochemical properties. In another

embodiment, the plurality of sensors may contain one or more nanoparticle made of
differing materials (e.g. silica and polystyrene) with similar or varying sizes and/or

physiochemical  properties (e.g. modifications, for example, -NH2, -COOH
functionalization) . These combinations are purely provided as examples and are non-
limiting to the scope of the invention.

[00219] The angle of curvature on the surface of the particles can change depending

on the size of the particles. This change in angle of curvature in turn changes the
surface area to which proteins may attach and interact with each other on the particles.
As shown in FIG. 58, increasing the size of the particle results in a change in the amount
of protein bound and also in the pattern of proteins attached to the different sized
nanoparticles (in this example, the SDS-PAGE analysis of proteins on nanoparticles of
diameters of 0.1 pin, 3 uim and 4 pun are shown).

[00220] The novelty of the sensor array is it not only can detect different proteins

between the different sensor elements, but the ability to compare the levels of the same
protein between the different sensor elements. For example, not to be bound by any
theory but in order to illustrate the uniqueness of the present sensory array, a
theoretical example is described. In some embodiments, the sample is contacted with a
first sensor element A, a second sensor element B, and a third sensor element c,
wherein each sensor element produces a distant protein corona signature (i.e., A’, B' and
C’). The compositions of each protein corona signature A', B' and C can be different
from one another. In some embodiments, A' B' and C can comprise the same protein

but in a different amount, which can provide additional proteomic information not
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obtainable by characterizing the sample with previously known approaches. In other
words, each unique corona protein information from each nanoparticle serves as unique
variablcs, and thercfore provides morce data protcomics data. For example, albumin may
be found in the protein corona signature of only one sensor eclement A, in the signature
of two sensors, e.g. A and B, Band Cor A and ¢, or in all three sensor biomolecule
signatures (A, B, C). Further, the sensor array does not just determine the presence or
absence of the protein, e.g., albumin, but it also can determine the comparison of the
amount of the protein from one sensor to the other. For example, albumin may be
found at concentration Xin the signature of A, the concentration of 1/3X in sensor B and
at a concentration of 2X in sensor Cfor a specific biomolecule fingerprint. In another
biomolecule fingerprint, the same protein, albumin, could be found in 3 different
concentrations, for example, 1/8X in sensor D, 3X in sensor E and 1/4 Xin sensor F.
Thus, a plurality of sensors gives not only a data point for the concentration of a protein,
but there can be a comparison of the concentration of the protein between two or more
sensors. Further, the concentration or rare or low-abundant proteins can be compared
to the concentration of a known protein providing further data regarding the protein
coronas. For example, for illustrative purposes, the concentration of an unknown
protein, e.g. protein z, may be compared to the amount of a known protein, e.g. albumin
in the different biomolecule coronas. For example, Zmay be found at a ratio to albumin
of 1:8 on sensor A, 1:50 on sensor B, and not present on sensor C. FIG. 12 provides an
analysis of the comparison of rare proteins to albumin concentration within protein
coronas analyzed. Thus, statistical analysis can take both the presence of a protein, the
relative concentration between cach sensor element, and the concentration of a rare or
low-abundant protcin as comparcd to a known protcin of a particular concentration
when analyzing the data.

[00221] In some embodiments, a channel is formed by lithography, etching,
embossing, or molding of a polymeric surface. In general, the fabrication process may
involve one or more of any of these processes, and different parts of the array may be
fabricated using different methods and assembled or bonded together.

[00222] Lithography involves use of light or other form of energy such as electron
beam to change a material. Typically, a polymeric material or precursor (e.g.
photoresist, a light-resistant material) is coated on a substrate and is selectively

exposed to light or other form of energy. Depending on the photoresist, exposed regions
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of the photoresist either remain or are dissolved in subsequent processing steps known
generally as "developing.” This process results in a pattern of the photoresist on the
substrate. In some embodiments, the photoresist is used as a master in a molding
process. In some embodiments, a polymeric precursor is poured on the substrate with
photoresist, polymerized (i.e. cured) and peeled off.

[00223] In some embodiments, the photoresist is used as a mask for an etching
process. For example, after patterning photoresist on a silicon substrate, channels can
be etched into the substrate using a deep reactive ion etch (DRIE) process or other
chemical etching process known in the art (e.g. plasma etch, KOH etch, HF etch, etc.).
The photoresist is removed, and the substrate is bonded to another substrate using one
of any bonding procedures known in the art (e.g. anodic bonding, adhesive bonding,
direct bonding, eutectic bonding, etc.). Multiple lithographic and etching steps and
machining steps such as drilling may be included as required.

[00224] In some embodiments, a polymeric substrate may be heated and pressed
against a master mold for an embossing process. The master mold may be formed by a
variety of processes, including lithography and machining. The polymeric substrate is
then bonded with another substrate to form channels and/or a mixing apparatus.
Machining processes may be included if necessary.

[00225] 1In some embodiments, a molten polymer or metal or alloy is injected into a
suitable mold and allowed to cool and solidify for an injection molding process. The
mold typically consists of two parts that allow the molded component to be removed.
Parts thus manufactured may be bonded to result in the substrate.

[00226] In some embodiments, sacrificial etch may be used to form channels.
Lithographic techniques may be used to pattern a material on a substrate. This material
is covered by another material of different chemical nature. This material may undergo
lithography and etch processes, or other machining process. The substrate is then
exposed to a chemical agent that selectively removes the first material. Channels are
formed in the second material, leaving voids where the first material was present before
the etch process.

[00227] 1In some embodiments, microchannels are directly machined into a substrate
by laser machining or CNC machining. Several layers thus machined may be bonded
together to obtain the final substrate.

[00228] In some embodiments, the width or height of each channel ranges from
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approximately 1 wn to approximately 1000 wn. In some embodiments, the width or
height of each channel ranges from approximately 5 pun to approximately 500 pn. In
somc cmbodiments, the width or height of cach channcl ranges from approximatcly 10
wun to approximately 100 wm. In some embodiments, the width or height of each
channel a ranges from approximately 25 wn to approximately 100 pn. In some
embodiments, the width or height of each channel ranges from approximately 50 pin to
approximately 100 pun. In some embodiments, the width or height of each channel
ranges from approximately 75 pn to approximately 100 pn.In some embodiments, the
width or height of each channel ranges from approximately 10 pun to approximately 75
wn. In some embodiments, the width or height of each channel ranges from
approximately 10 wun to approximately 50 wn. In some embodiments, the width or
height of each channel ranges from approximately 10 un to approximately 25 pun.
[00229] In some embodiments, the maximum width or height of a channel is
approximately 1 pun, approximately 5 pin, approximately 10 wn, approximately 20 pn,
approximately 30 pn, approximately 40 pwn, approximately 50 pun, approximately 60
wun, approximately 70 wn, approximately 80 pin, approximately 90 pun, approximately
100 win, approximately 250 pun, approximately 500 puin, or approximately 1000 pun.
[00230] In some embodiments, the width of each channel ranges from approximately
5 wn to approximately 100 pm. In some embodiments, the width of a channel is
approximately 5 pun, approximately 10 pun, approximately 15 pn, approximately 20 pn,
approximately 25 pun, approximately 30 pun, approximately 35 pun, approximately 40
wn, approximately 45 pun, approximately 50 un, approximately 60 wn, approximately
70 wn, approximately 80 wn, approximately 90 wun, or approximately 100 pun.

(002311 In somec cmbodiments, the height of cach channel ranges from approximatcly
10 wn to approximately 1000 pin. In some embodiments, the height of a channel is
approximately 10 wwm, approximately 100 pn, approximately 250 win, approximately
400 wn, approximately 500 wm, approximately 600 n, approximately 750 pun, or
approximately 1000 . In specific embodiments, the height of the channel(s) through
which the sample flows is approximately 500 uwn.In specific embodiments, the height of
the channel(s) through which the sample flows is approximately 500 .

[00232] In some embodiments, the length of each channel ranges from approximately
100 wn to approximately 10 cm. In some embodiments, the length of a channel is

approximately 100 mn, approximately 1.0 mm, approximately 10 mm, approximately
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100 mm, approximately 500 mm, approximately 600 mm, approximately 700 mm,
approximately 800 mm, approximately 900 mm, approximately 1.0 cm, approximately
1.1 cm, approximatcly 1.2 cm, approximatcly 1.3 cm, approximatcly 1.4 cm,
approximately 1.5 cm, approximately 5 cm, or approximately 10 cm. In specific
embodiments, the length of the channel(s) through which the sample flows is
approximately 1.0 cm. In specific embodiments, the length of the channel(s) through

which the sample flows is approximately 1.0 cm.

Biomolecule Corona Nanosystem

[00233] Provided herein is biomolecule corona nanosystem or sensor arrays
comprising, consisting essentially of or consists of a plurality of sensor elements
wherein the plurality of sensor elements differ from each other in at least one
physiocochemical property. In some embodiments, a plurality of sensor elements are a
plurality of nanoparticles. In some embodiments, a plurality of nanoparticles are a
plurality of liposomes. In some embodiments, each sensor element is able to bind a
plurality of biomolecules in a complex biological sample to produce a biomolecule
corona signature. In some embodiments, each sensor elements has a distinct
biomolecule corona signature.

[00234] The biomolecule corona signature refers to the composition, signature or
pattern of different biomolecules that are bound to each separate sensor element or
each nanoparticle. In some cases, the biomolecule corona signature is a protein corona
signature. In another case, the biomolecule corona signature is a polysaccharide corona
signature. In yet another case, the biomolecule corona signature is a metabolite corona
signaturc. In somc cases, the biomolccule corona signaturc is a lipidomic corona
signature. The signature not only refers to the different biomolecules but also the
differences in the amount, level or quantity of the biomolecule bound to the sensor
element or the nanoparticle, or differences in the conformational state of the
biomolecule that is bound to the sensor element or the nanoparticle. It is contemplated
that the biomolecule corona signatures of each sensor elements may contain some of
the same biomolecules, may contain distinct biomolecules with regard to the other
sensor elements or nanoparticles, and/or may differ in level or quantity, type or
confirmation of the biomolecule. The biomolecule corona signature may depend on not

only the physiocochemical properties of the sensor element or the nanopaprticle, but
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also the nature of the sample and the duration of exposure. In some embodiments, the
biomolecule corona signature comprises the biomolecules found in a soft corona and a
hard corona.

(002351 In some embodiments, the sensor array comprises, consists essentially of or
consists of a first sensor element that produces a first biomolecule corona signature and
at least one second sensor element or at least one nanoparticle that produces at least
one second biomolecule corona signature when the sensor array is contacted with a
complex biological sample. A biomolecule fingerprint is the combination of the first
biomolecule signature and the at least one second biomolecule signature. It is
contemplated that the biomolecule signature can be made from at least two biomolecule
corona signatures to as many different biomolecule signatures are assayed, e.g. at least
1000 different biomolecule corona signatures. The biomolecule corona can be assayed
separately for each sensor element to determine the biomolecule corona signature for
each element each nanoparticle, or each liposome and combined to determine the
biomolecule fingerprint or the two or more biomolecule corona can be assayed at the
same time to develop the biomolecule fingerprint at once.

[00236] The biomolecule fingerprint can distinguish between different possible
biological states (e.g., disease states) of a subject. In some embodiments, the
biomolecule fingerprint is associated with the development of a disease or disorder
and/or is able associated with a disease state of the subject.

[00237] In some embodiments, the biomolecule fingerprint is able to determine a
disease state for a subject. The term "disease state" for a subject as used herein refers
to the ability of sensor array of the present technology to be able to differentiate
between the different states of a discasc within a subject. This term cncompasscs a pre-
disease state or precursor state of a disease or disorder (a state in which the subject
may not have any outward signs or symptoms of the disease or disorder but will
develop the disease or disorder in the future) and a disease state in which the subject
has a stage of the disease or disorder (e.g., an early, intermediate or late stage of the
disease or disorder). In other words, the disease state is a spectrum that encompasses a
continuum regarding the health of a subject with respect to a disease or disorder. The
array of the present invention is able to distinguish different diseases states for a
subject by determining a biomolecule fingerprint which can be compared to differing

biomolecule fingerprints that are associated with different disease states on the
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spectrum and to healthy subjects. In another example, the biomolecule fingerprint may
be associated with a pre-disease state or precursor disease state, in which the subject
appcars hcalthy at the timc with no outward signs or symptoms of a discasc, but will
develop the disease in the future. In another example, the biomolecule fingerprint may
indicate that the subject has the disease, and is able to distinguish if the disease is in the
early, intermediate or late stages by the unique biomolecule fingerprint associated with
cach stage.

[00238] As discussed above, the disease state also includes a precursor state of a
disease or disorder. This precursor state is a state in which the subject does not have
any outward signs or symptoms of the disease or disorder (although there may be
submacro changes within the biomolecules of the subject found in their blood or other
biological fluids) but will develop the disease or disorder in the future. This precursor
state can also be described as a state in which the first pathological changes of a disease
are seen, e.g. changes in the biomolecule fingerprint of a biological sample from the
patient.

[00239] Another example of a biological state is a healthy, non-disease state. The
array can also determine a specific biomolecule fingerprint associated with a healthy,
non-disease state, where the subject will not develop the disease in the future. In this
case, the subject has no evidence at the time of the test that they either have the disease
or will develop the disease in the future.

[00240] Herein the term "biological state” encompasses any biological characteristic
of a subject which can be manifested in a biological sample as defined herein. A
biological state can be detected using the methods disclosed herein where two subjects
who differ in the biological statc manifcst thosc diffcrences in the composition of a
sample. For example, a biological state includes a disease state of a subject. A disease
state can be detected when the disease state gives rise to changes in the molecular
composition (e.g., level of one or more proteins) of a sample of a subject expressing the
disease state relative to a sample of a subject not having the disease state (i.e., where the
biological state is a healthy state or non-disease state).

[00241] Another example of a biological state is a level of responsiveness ol a subject
to a particular therapeutic treatment (e.g. administration of one or a combination of
drugs or pharmaceuticals). In some embodiments, a biological state is responsiveness

(e.g., with respect to a particular threshold of analysis) of a subject to a particular drug.
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In another embodiment, a biological state is non-responsiveness (e.g., with respect to a
particular threshold of analysis) of a subject to a particular drug. In some embodiments,
the level of responsivencss of a subject to a drug (i.e., biological statc of responsivencss
to the drug or biological state of non-responsiveness to the drug) is associated with
factors such as variability in metabolism or pharmacokinetics of the drug between
subjects.

[00242] Another example of a biological state is the level of immune response
exhibited by a subject. In some embodiments, the biological state can be increased
immune response. In other embodiments, the biological state can be decreased immune
response. Immune response can differ between subjects as a result of a number of
variables. For example, immune response can differ between subjects as a result of
differing exposure to an exogenously introduced antigen (e.g. associated with a virus or
bacteria), as a result of differences in their susceptibility to an autoimmune disease or
disorder, or secondarily as a result of a response to other biological states in a subject
(c.g., disease states such as cancer).

[00243] Other examples of biological states that can be associated with a biomolecule
fingerprint include susceptibility of a subject to adverse effects associated with
administration of a drug, and identification of a subject's potential to exhibit an allergic
reaction to administration of a particular composition or substance.

[00244] The innovation in this sensor arrays and associated methods differ from the
current methods of detecting or measuring the presence or absence or levels of certain
biomarkers to predict if a subject may have a pre-disposition or likelihood of developing
a disease or disorder at a very early stages of the disease, before any signs or symptoms
can bc monitored can be assaycd. Suitably, the array is able to differentiate the health
of the subject from no disease or disorder, having a precursor of a disease or disorder,
and having the disease or disorder. However, the invention is not limited to those
embodiments and covers the spectrum of other disease states that may occur within the
continuum of health and disease of a subject.

[00245] Further, the innovation of the present invention sensor arrays can be
demonstrated by the following examples. The sensor array of the present invention is
very sensitive and able to detect not only changes in small amounts of biomolecules
within a sample, but rely on the interactions between the biomolecules. For example,

not to be bound by any theory but in order to illustrate the uniqueness of the present
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sensory array, a theoretical example is described. 1, for example, biological samples
are collected from a subject over time (e.g., before any signs and symptoms of the
discasc, prc-discasc statc and during carly and intcrmediatc stages of a discasc). In
these samples, by just measuring a level of a biomolecule X in the sample (c.g.
quantitation of amount) it may be found that the concentration does not alter over the
different disease states. Thus, measuring biomolecule X would not be a useful marker
for the disease However, using the present sensor array, although the level of
biomarker Xmay be the same, the interaction of biomolecule X with other biomolecules,
Y and z, may change the composition of the protein corona signature associated with
the sample over time and samples. For example, biomarker X may change its
association from associating with biomolecule Y to biomolecule 7, or over time
interaction of X with Y and Z leads to a conformational change in X. This type of
changes, that does not change the overall concentration but will change the unique
biomolecule fingerprint associated with the disease state (that includes biomolecule X)
would allow for the distinction and association with other disease states. This would
not be discovered if you use methods of the art of just measuring the quantitation of
biomolecule X within the sample, as this level stayed the same throughout the entire
disease. This is an unexpectedly highly specific and useful assay not seen before. With
this assay, biomarkers of a disease that would not previously been characterized as
biomarkers can be determined including, patterns of biomarkers, as these marker may
not change in absolute amounts within the samples, but will have a consistent and
measurable change with regard to the interaction with the sensor elements in the
sensor array. The ability to distinguish patterns by analysis of the biomolecule corona
allows for the ability to associatc these patterns with different discasc statcs.

[00246] As discussed above, the present sensor array has the ability to detect proteins
over ten order of magnitude, which is a higher sensitivity than any previously described
methods. The uniqueness ofthe present sensor array is found in the ability of the array
to detect proteins regardless of the level of concentration within the sample. The assay
relies on the ability of the biomolecule (e.g. protein), known or unknown, within the
sample to interact with the sensor elements, and to interact differently and at different
amounts with different sensor elements and also to interact with the other
biomolecules associated with the sensor element. This in turn, allows for there to be the

ability to detect low-abundance and rare proteins even in the presence of high abundant
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proteins (such as albumin) within the sample. As demonstrated in FIG. 12 of Example
1, the ability of the senor array to detect concentrations over 10 order of magnitude
cven in the presence of high abundant protcins has been shown. Further, the scnsor
array is also able to detect proteins with unknown/unreported plasma concentrations,
which previously have not been found with current methods. One unique feature
among others of the present sensor array is the ability of the present system to be able
to detect low-abundant proteins and rare proteins. The present sensor array can be
used to not only determine a disease state (no disease, pre-disease, or early and late
stage disease) but in some cases to distinguish between subtypes of diseases (e.g.
distinguish between different types of cancer, e.g. lung cancer, breast cancer, myeloma,

etc).

Detection Methods

[00247] The present sensor array may be used in a variety of methods described
herein. The ability to determine a unique biomolecule fingerprint for samples provides
a novel and innovative means to measure a specific disease state in a subject. These
biomolecule fingerprints can be used to determine the disease state of a subject,
diagnosing or prognosing a disease in a subject or identifying unique patterns of
biomarkers that are associated with a disease state or a disease or disorder. For
example, the changes in the biomolecule fingerprint in a subject over time (days,
months, years) allows for the ability to track a disease or disorder in a subject (e.g.
disease state) which may be broadly applicable to determination of a biomolecule
fingerprint that can be associated with the early stage of a disease or any other disease
statc. As discusscd above, the ability to dctcet a discasc carly on, for cxample cancer,
even before it fully develops or metastasizes allows for a significant increase in positive
outcomes for those patients and the ability to increase life expectancy and lower
mortality associated with that disease. Therefore, the sensor array of the present
invention provides a unique opportunity to be able to develop biomolecule fingerprints
associated with the pre-stages or precursor states of the disease.

[00248] It is understood that even before a disease has progressed into showing any
measurable signs or symptoms, that at the macroscopic level, there are changes taking
place within the body and biological systems of a subject. Being able to recognize these

early pre-disease signs contemplated by use of the sensor array of the present
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invention. The inventors have found that by comparing the biomolecule fingerprint ofa
subject during different times of a disease state (e.g. before a disease has shown
symptoms and dcveloped, after carly signs or symptoms of the discasc, and/or at latc
stages of the disease) provides a unique biomolecule fingerprint linked to the different
disease states linked to the disease progression. In other words, a biomolecule
fingerprint can be determined that would allow one to be able to identify subjects that
are going to develop a disease at a later time. This would allow for early monitoring and
early treatment, greatly improving the outcome of the subject diagnosed with the
disease.

[00249] In some embodiments, a method of detecting a disease or disorder in a
subject are provided. The method comprises the steps of (a) obtaining a sample from
the subject; (b) contacting the sample with a sensor array as described herein, and (c)
determining a biomolecule fingerprint associated with the sample, wherein the
biomolecule fingerprint differentiates the health of subject in a disease state, for
example, from no disease or disorder, having a precursor of a disease or disorder, and
having disease or disorder.

[00250] The step of determining a biomolecule fingerprint associated with the sample
may comprise detecting the biomolecule corona signature for at least two sensor
elements, wherein the combination of the at least two biomolecule corona signatures
produces the biomolecule fingerprint. In some embodiments, the biomolecule corona
signatures of the at least two sensor elements are assayed separately and the results
combined to determine the biomolecule fingerprint. In some embodiments the
biomolecule corona signatures of the at least two elements are assayed at the same time
or in the samc sample.

[00251] In some embodiments, the method of determining the biomolecule
fingerprint comprises detecting and determining the biomolecular corona signatures of
the at least two sensor elements. In some embodiments, this step can be done by
separating the plurality of biomolecules attached to each sensor element (e.g.
separating the biomolecule corona from the sensor element) and assaying the plurality
ol biomolecules Lo determine the composition of the plurality of biomolecule coronas Lo
determine a biomolecule fingerprint. Depending on the design of the array, in some
instances the composition of each biomolecule corona signature of each sensor element

is assayed independently, and the results are combined to produce the biomolecule
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fingerprint (e.g. each sensor element is in a separate channel or compartment wherein
the specific composition of the biomolecule corona for that specific sensor element can
be separately analyzed (e.g. either by detaching the biomolecules and assaying by mass
spectrometry and/or chromatography or by detecting the plurality of biomolecules still
attached to the sensor element by fluorescence, luminescence or other means). In
another embodiment, the at least two sensor elements are on the same array and the
composition ofthe biomolecule corona for the at least two sensor elements is assayed at
the same time by dissociating the biomolecule corona from both sensor elements into
one solution and assaying that solution to determining a biomolecule signature. This
later method would be the method of choice ifusing a chip array technology.

[00252] Methods of assaying the plurality of biomolecules that make up the
biomolecule corona signature or the biomolecule fingerprint are known in the art and
include, but are not limited to, for example, gel-electrophoresis, liquid chromatography,
mass spectrometry, nuclear magnetic resonance spectroscopy (NMR), fourier transform
infrared spectroscopy (FTIR), circular dichroism, Raman spectrometry, and a
combination thereof. In a preferred embodiment, the assay is by liquid
chromatography, mass spectrometry or a combination thereof.

[00253] In a preferred embodiment, the sensor assay is a non-label array.

[00254] In some embodiments, it is contemplated that labelled arrays may be used,
wherein a corona signature is able (o be determined as a change is signal (e.g.
fluorescence, luminescence, charge, colormetric dyes). Suitable example is shown in
FIG. 42 and 43. For example, an array may include chemically responsive colorants in a
printable formulation for detection and identification of biomolecules based on the
equilibrium interactions with the biomolecules and responsive dyes.

[00255] In some embodiments, the sensor element comprises a complex with a first
component and a polymer fluorophore or other quencher component chemically
complementary to the first component where such a complex having an initial
background or reference fluorescence. Once the first component comes into contact
with the biomolecule corona, it will effect the quenching of the fluorophore and this
change in fluorescence can be measured. After the sensor is irradiated and/or excited
with a laser, the effect and/or change in fluorescence for each sensor element can be
measured and compared to the background fluorescence to produce the biomolecule

fingerprint.
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[00256] The sensor arrays and methods described herein can be used to determine a
disease state, and/or prognose or diagnose a disease or disorder. The diseases or
disorders contemplated include, but are not limited to, for example, cancer,
cardiovascular disease, endocrine disease, inflammatory disease, a neurological disease
and the like.

[00257] In one embodiment, the disease or disorder is cancer. In suitable
embodiments, the sensor array and methods described herein is not only able to
diagnose cancer (e.g. determine if a subject (a) does not have cancer, (b) is in a pre-
cancer development stage, (c¢) is in early stage of cancer, (d) is in a late stage of cancer)
but in some embodiments is able to determine the type of cancer. As demonstrated in
the examples below, a sensor array comprising six sensor elements was able to
accurately determine the disease state of the presence or absence of cancer.
Additionally, the Examples demonstrate that a sensor array comprising six sensor
clements was able to distinguish between different cancer types (e.g. lung cancer,
glioblastoma, meningioma, myeloma and pancreatic cancer).

[00258] The term "cancer” and "tumor" as used herein interchangeably and are meant
to encompass any cancer, neoplastic and preneoplastic disease that is characterized by
abnormal growth of cells. Cancer may, for example, be selected from the group
consisting of lung cancer, pancreas cancer, myeloma, myeloid leukemia, meningioma,
glioblastoma, breast cancer, esophageal squamous cell carcinoma, gastric
adenocarcinoma, prostate cancer, bladder cancer, ovarian cancer, thyroid cancer,
neuroendocrine cancer, colon carcinoma, ovarian cancer, head and neck cancer,
Hodgkin's Disease, non-Hodgkin's lymphomas, rectum cancer, urinary cancers, uterine
cancers, oral cancers, skin cancers, stomach cancer, brain tumors, liver cancer, laryngeal
cancer, esophageal cancer, mammary tumors, fibrosarcoma, myxosarcoma,
liposarcoma, chondrosarcoma, osteogenic  sarcoma, chordoma, angiosarcoma,
endotheliosarcoma, Ewing's sarcoma, squamous cell carcinoma, basal cell carcinoma,
adenocarcinoma, sweat gland carcinoma, sebaceous gland carcinoma, papillary
carcinoma, papillary adenocarcinomas, cystandeocarcinoma, medullary carcinoma,
bronchogenic carcinoma, renal cell carcinoma, hepatoma, bile duct carcinoma,
choriocarcinoma, seminoma, embryonal carcinoma, Wilms' tumor, cervical cancer,
testicular tumor, endometrial cancer, lung carcinoma, small cell lung carcinoma, bladder

carcinoma, epithelial carcinoma, glioblastomas, neuronomas, craniopharingiomas,
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schwannomas, glioma, astrocytoma, meningioma, melanoma, neuroblastoma,

retinoblastoma, leukemias and lymphomas, acute lymphocytic leukemia and acute
myelocytic polycythemia vera, multiple myeloma, Waldenstrom's macroglobulinemia,

and heavy chain disease, acute nonlymphocytic leukemias, chronic lymphocytic
leukemia, chronic myelogenous leukemia, childhood-null acute lymphoid leukemia
(ALL), thymic ALL, B-cell ALL, acute megakaryocytic leukemia, Burkitt's lymphoma, and
T cell leukemia, small and large non-small cell lung carcinoma, acute granulocytic
leukemia, germ cell tumors, endometrial cancer, gastric cancer, hairy cell leukemia,
thyroid cancer and other cancers known in the art. In a preferred embodiment, the
cancer is selected from the group consisting of lung cancer, pancreas cancer, myeloma,
myeloid leukemia, meningioma, glioblastoma, breast cancer, esophageal squamous cell
carcinoma, gastric adenocarcinoma, prostate cancer, bladder cancer, ovarian cancer,
thyroid cancer, and neurcendocrine cancer.

[00259] As uscd hercin, the tcrms "cardiovascular discasc" (CVD) or "cardiovascular

disorder" are used to classify numerous conditions affecting the heart, heart valves, and
vasculature (e.g., veins and arteries) of the body and encompasses diseases and
conditions including, but not limited to atherosclerosis, myocardial infarction, acute
coronary syndrome, angina, congestive heart failure, aortic aneurysm, aortic dissection,
iliac or femoral aneurysm, pulmonary embolism, atrial fibrillation, stroke, transient

ischemic attack, systolic dysfunction, diastolic dysfunction, myocarditis, atrial
tachycardia, ventricular fibrillation, endocarditis, peripheral vascular disease, and
coronary artery disease (CAD). Further, the term cardiovascular disease refers to
subjects that ultimately have a cardiovascular event or cardiovascular complication,
referring to the manifestation of an adverse condition in a subject brought on by
cardiovascular disease, such as sudden cardiac death or acute coronary syndrome,
including, but not limited to, myocardial infarction, unstable angina, aneurysm, stroke,
heart failure, non-fatal myocardial infarction, stroke, angina pectoris, transient ischemic
attacks, aortic aneurysm, aortic dissection, cardiomyopathy, abnormal cardiac
catheterization, abnormal cardiac imaging, stent or graft revascularization, risk of
experiencing an abnormal stress test, risk of experiencing abnormal myocardial
perfusion, and death.

[00260] As used herein, the ability to detect, diagnose or prognose cardiovascular

disease, for example, atherosclerosis, can include determining if the patient is in a pre-
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stage of cardiovascular disease, has developed early, moderate or severe forms of
cardiovascular disease, or has suffered one or more cardiovascular event or
complication associated with cardiovascular disease.

[00261] Atherosclerosis (also known as arteriosclerotic vascular disease or ASVD) is a
cardiovascular disease in which an artery-wall thickens as a result of invasion and
accumulation and deposition of arterial plaques containing white blood cells on the
innermost layer ofthe walls of arteries resulting in the narrowing and hardening of the
arteries. The arterial plaque is an accumulation of macrophage cells or debris, and
contains lipids (cholesterol and fatty acids), calcium and a variable amount of fibrous
connective tissue. Diseases associated with atherosclerosis include, but are not limited
to, atherothrombosis, coronary heart disease, deep venous thrombosis, carotid artery
disease, angina pectoris, peripheral arterial disease, chronic kidney disease, acute
coronary syndrome, vascular stenosis, myocardial infarction, aneurysm or stroke.
[00262] For illustrative purposes, in one embodiment the sensor arrays may
distinguish the different stages of atherosclerosis, including, but not limited to, the
different degrees of stenosis in a subject.

[00263] Further, for illustrative purposes only, the examples below demonstrate the
use of a sensor array to detect the different state of coronary artery disease. A sensor
array containing six sensor elements was able to distinguish subjects with CAD as
diagnosed by coronary angiography, patients with symptoms that had healthy coronary
vessels (NO CAD), patients with restenosis (reoccurrence of CAD after treatment) and
healthy subjects with no risk factors (FIG. 53). The present sensor array was sensitive
enough to detect the difference between people who ad symptoms of coronary artery
disease but did not have stenosis of the arteries (e.g. NO CAD vs CAD groups). This
provides a novel diagnostic CAD test that can be used as a non-invasive screening for at
risk patients.

[00264] The term "endocrine disease" is used to refer to a disorder associated with
dysregulation of endocrine system of a subject. Endocrine diseases may result from a
gland producing too much or too little of an endocrine hormone causing a hormonal
imbalance, or due to the development of lesions (such as nodules or tumors) in the
endocrine system, which may or may not affect hormone levels. Suitable endocrine
diseases able to be treated include, but are not limited to, e.g., Acromegaly, Addison's

Disease, Adrenal Cancer, Adrenal Disorders, Anaplastic Thyroid Cancer, Cushing's
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Syndrome, De Quervain's Thyroiditis, Diabetes, Follicular Thyroid Cancer, Gestational
Diabetes, Goiters, Graves' Disease, Growth Disorders, Growth Hormone Deficiency,
Hashimoto's Thyroiditis, Hurthle Cell Thyroid Cancer, Hyperglycemia,
Hyperparathyroidism, Hyperthyroidism, Hypoglycemia, Hypoparathyroidism,

Hypothyroidism, Low Testosterone, Medullary Thyroid Cancer, MEN 1, MEN 2A, MEN
2B, Menopause, Metabolic Syndrome, Obesity, Osteoporosis, Papillary Thyroid Cancer,
Parathyroid Diseases, Pheochromocytoma, Pituitary Disorders, Pituitary Tumors,
Polycystic Ovary Syndrome, Prediabetes, Silent, Thyroiditis, Thyroid Cancer, Thyroid
Diseases, Thyroid Nodules, Thyroiditis, Turner Syndrome, Type 1 Diabetes, Type 2
Diabetes, and the like.

[00265] As referred to herein, inflammatory disease refers to a disease caused by
uncontrolled inflammation in the body of a subject. Inflammation is a biological
response of the subject to a harmful stimulus which may be external or internal such as
pathogens, nccrosed cells and tissues, irritants ctc. Howcever, when the inflammatory
response becomes abnormal, it results in self-tissue injury and may lead to various
diseases and disorders. Inflammatory diseases can include, but are not limited to,
asthma, glomerulonephritis, inflammatory  bowel disease, rheumatoid arthritis,
hypersensitivities, pelvic inflammatory  disease, autoimmune  diseases, arthritis;
necrotizing enterocolitis (NEC), gastroenteritis, pelvic inflammatory disease (PID),
emphysema, pleurisy, pyelitis, pharyngitis, angina, acne vulgaris, urinary tract infection,
appendicitis, bursitis, colitis, cystitis, dermatitis, phlebitis, rhinitis, tendonitis, tonsillitis,
vasculitis, autoimmune diseases; celiac disease; chronic prostatitis, hypersensitivities,

reperfusion injury; sarcoidosis, transplant rejection, vasculitis, interstitial cystitis, hay
fever, periodontitis, atherosclerosis, psoriasis, ankylosing spondylitis, juvenile
idiopathic  arthritis, Behcet's disease, spondyloarthritis, uveitis, systemic lupus
erythematosus, and cancer. For example, the arthritis includes rheumatoid arthritis,
psoriatic arthritis, osteoarthritis or juvenile idiopathic arthritis, and the like.

[00266] Neurological disorders or neurclogical diseases are used interchangeably and
refer to diseases of the brain, spine and the nerves that connect them. Neurological
diseases include, but are not limited to, brain tumors, epilepsy, Parkinson's disease,
Alzheimer's disease, ALS, arteriovenous malformation, cerebrovascular disease, brain
aneurysms, epilepsy, multiple sclerosis, Peripheral Neuropathy, Post-Herpetic

Neuralgia, stroke, frontotemporal dementia, demyelinating disease (including but are
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not limited to, multiple sclerosis, Devic's disease (i.e. neuromyelitis optica), central
pontine myelinolysis, progressive multifocal leukoencephalopathy, leukodystrophies,
Guillain-Barre syndrome, progressing inflammatory neuropathy, Charcot-Marie-Tooth
disease, chronic inflammatory demyelinating polyneuropathy, and anti-MAG peripheral
neuropathy) and the like. Neurological disorders also include immune-mediated
neurological disorders (IMNDs), which include diseases with at least one component of
the immune system reacts against host proteins present in the central or peripheral
nervous system and contributes to disease pathology. IMNDs may include, but are not
limited to, demyelinating disease, paraneoplastic neurological syndromes, immune-
mediated encephalomyelitis, immune-mediated autonomic neuropathy, myasthenia
gravis,  autoantibody-associated encephalopathy, and acute disseminated
encephalomyelitis.

[00267] In a non-limiting example, the Examples below provide a method of
diagnosing Alzheimer's in a patient using the sensor array and methods described
herein. The sensor array was not only able to accurately distinguish between patients
with or without Alzheimer's disease, but was also able to detect patients who were pre-
symptomatic and developed Alzheimer's disease several years after the screening (as
determined by cohort plasmas). This provides advantages of being able to treat a
disease at avery early stage, even before development ofthe disease.

[00268] The sensor arrays and methods of the present invention in some
embodiments are able to detect a pre-disease stage of a disease or disorder. A pre-
disease stage is a stage at which the patient has not developed any signs or symptoms of
the disease. A pre-cancerous stage would be a stage in which cancer or tumor or
cancerous cells have not be identified within the subject. A pre-neurological disease
stage would be a stage in which a person has not developed one or more symptom of
the neurological disease. The ability to diagnose a disease before one or more sign or
symptom of the disease is present allows for close monitoring of the subject and the
ability to treat the disease at a very early stage, increasing the prospect of being able to
halt progression or reduce the severity ofthe disease.

[00269] The sensor arrays and methods of the present invention in some
embodiments are able to detect the early stages of a disease or disorder. Early stages of
the disease refers to when the first signs or symptoms of a disease may manifest within

a subject. Usually diseases able to be caught in either pre-disease development or in the
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early states are easier to treat and provide a more positive outcome for the patient. For
example, for cancer, the early stages of a disease may include stage O and stage 1 cancer.
Stage O cancer dcescribes the cancer in situ, which mcans "in place” signitying that thc
cancer is still located in the place it started and have not spread to nearby tissues. This
stage of cancer is often highly curable, usually by removing the entire tumor with
surgery. Stage 1 cancer is usually a small cancer or tumor that has not grown deeply
into nearby tissuc and has not spread to lymph nodes or other parts of the body.
Further, early stage of a disease may be a stage at which there are no outward signs or
symptoms. For example, in Alzheimer's disease an early stage may be a pre-
Alzheimer's stage in which no symptoms are detected yet the patient will develop
Alzheimer's months or years later.

[00o270] In some embodiments, the sensor arrays and methods are able to detect
intermediate stages of the disease. Intermediate states of the disease describe stages of
the disease that have passed the first signs and symptoms and the patient is
experiencing one or more symptom of the disease. For example, for cancer, stage 11 or
Il cancers are considered intermediate stages, indicating larger cancers or tumors that
have grown more deeply into nearby tissue. In some instances, stage Il or Il cancers
may have also spread to lymph nodes but not to other parts of the body.

(0o271] Further, the sensor arrays and methods are able to detect late or advanced
stages of the disease. Late or advanced stages of the disease may also be called "severe"
or "advanced" and usually indicates that the subject is suffering from multiple
symptoms and effects of the disease. For example, severe stage cancer includes stage
IV, where the cancer has spread to other organs or parts of the body and is sometimes
referred to as advanced or mctastatic cancer.

(002721 In some embodiments, the methods of the present technology include
comparing the protein fingerprint of the sample to a panel of protein fingerprints
associated with a plurality of diseases and/or a plurality of disease states to determine
if the sample indicates a disease and/or disease state. For example, samples can be
collected from a population of subjects over time. Once the subjects develop a disease
or disorder, the present invention allows for the ability to characterize and detect the
changes in biomolecule fingerprints over time in the subject by comparing the
biomolecule fingerprint of the sample from the same subject before they have

developed a disease to the biomolecule fingerprint of the subject after they have
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developed the disease. In some embodiments, samples can be taken from cohorts of
patients who all develop the same disease, allowing for analysis and characterization of
the biomolecule fingerprints that are associated with the different stages ofthe disease
for these patients (e.g. from pre-disease to disease states).

[00273] For illustrative purposes only, the examples have shown that the methods
and sensor arrays of the present invention are able to distinguish not only between
different types of cancers, but also between the different stages of the cancer (e.g. early
stages of cancer).

[00274] Methods of determining a biomolecule fingerprint associated with at least
one disease or disorder and/or a disease state are contemplated. The methods
comprise the steps of obtaining a sample from at least two subjects diagnosed with the
at least one disease or disorder or having the same disease state; contacting each
sample with a sensor array described herein to determining a biomolecule fingerprint
for each sensor array, and analyzing the fingerprint of the at least two samples to
determine a biomolecule fingerprint associated with the at least one disease or disorder

and/or disease state.

Classification of Biomolecule Corona

[00275] The method of determining the biomolecule fingerprint associated with the
disease or disorder and/or disease stale include the analysis ol the biomolecule
fingerprints of the at least two samples. This determination, analysis or statistical
classification is done by methods known in the art, including, but not limited to, for
example, a wide variety of supervised and unsupervised data analysis, machine
learning, deep learning, and clustering approaches including hierarchical cluster
analysis (HCA), principal component analysis (PCA). Partial least squares Discriminant
Analysis (PLS-DA), random forest, logistic regression, decision trees, support vector
machine (SVM), k-nearest neighbors, naive bayes, linear regression, polynomial
regression, SVM for regression, K-means clustering, and hidden Markov models, among
others. In other words, the biomolecule fingerprint of each sample are
compared/analyzed with each other to determine with statistical significance what
patterns are common between the individual fingerprints to determine a biomolecule
fingerprint that is associated with the disease or disorder or disease state.

[00276] Generally, machine learning algorithms are used to construct models that
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accurately assign class labels to examples based on the input features that describe the
example. In some case it may be advantageous to employ machine learning and/or deep
lcarning approachces for the mcthods described hercin. For example, machine lcarning
can be used to associate the biomolecule fingerprint with various disease states (e.g. no
disease, precursor to a disease, having early or late stage of the disease, etc.). For
example, in some cases, on¢c or more machine learning algorithms are employed in
connection with a method of the invention to analyze data detected and obtained by the
biomolecule corona and biomolecule fingerprints derived therefrom. For example, in
one embodiment, machine learning can be coupled with the sensor array described
herein to determine not only if a subject has a pre-stage of cancer, cancer or does not
have or develop cancer, but also to distinguish the type of cancer.

[00277] The Examples below have shown the ability of the sensor array described
herein to determine the disease state for a number of different diseases, including,
cancer, cardiovascular disease and neurological disecase (e.g. Alzheimer's disease) with
statistical significance. This assay is not limited to these specific embodiments, as the
sensor array can be applied to a variety of discases and disease states as described
herein.

[00278] In some embodiments, the method includes obtaining samples from control
subjects which are contacted with the sensor array to produce a control biomolecule
fingerprint. These control biomolecule fingerprints can then be used to compare to the
biomolecule fingerprints of the subjects with a disease or disorder and/or specific
disease state to determine a biomolecule fingerprint specific to that disease or disorder
and/or specific discase state.

[00279] The mcthod may include, for example, obtaining control samplc from at Icast
one control subject, contacting the control sample with the sensor array to produce a
plurality of control biomolecule corona, and assaying the plurality of biomolecules of
cach control biomolecule corona. The method may further comprise comparing the
plurality of biomolecules of the plurality of control biomolecule corona with the
plurality of biomolecules of the plurality of biomolecule corona from the subject with
the disease or disorder to determine a biomolecule fingerprint associated with the at
least one disease or disorder.

[00280] Methods of diagnosing or prognosing a disease or disorder are also

contemplated. The methods comprise obtaining a sample from a subject; contacting
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the sample with a sensor array to produce a biomolecule fingerprint, and comparing the
biomolecule fingerprint to a panel of biomolecule fingerprints associated with a
plurality of discascs or disorders; and diagnosing or prognosing the discasc or disorder.
(002811 In some embodiments, methods of identifying patterns of biomarkers or
specific biomarkers associated with a disease or disorder are contemplated. Suitable
methods, include, for example, preforming the methods described above (e.g. obtaining
a samples from at least two subjects diagnosed with the disease or disorder and at least
two control subjects; contacting each sample with the sensor array to produce a
biomolecule fingerprint, and comparing the biomolecule fingerprint of the subjects with
the disease or disorder to the biomolecule fingerprint of the control subjects to
determine at least one pattern and/or biomarker associated with the disease or
disorder. Suitable, the method may comprise at least 2 disease subjects and at least two
control subjects, alternatively at least 5 disease subjects and at least 5 control subjects,
alternatively at least 10 disease subjects and at least 10 control subjects, alternatively at
least 15 disease subjects and at least 15 control subjects, alternatively at least 20
disease subjects and at least 20 control subjects, and includes any variations in between
(e.g. disease subjects from at least 2-100, and control subjects from at least 2-100).
[00282] In some embodiments, the arrays and methods allow for the determination of
a pattern of biomarkers associated with the disease state or disease or disorder or, in
some embodiments, specific biomarkers that are associated with the disease or
disorder. Not only will biomarkers that may be associated with a disease state be able
to be identified, for example, biomarkers listed herein, but new biomarkers or patterns
of biomarkers that may be associated with a disease state or a disease or disorder may
be dctermined. As discussed above, somc biomarkers or patterns of biomarkers for a
specific disease or disorder may be a change in a biomolecule associated with the
sensor array of the present invention and differ from what is usually referred to as
biomarkers in the art, e.g., and increase expression of a specific biomolecule associated
with a disease. As discussed above, it may be the interaction of a biomolecule, e.g.
biomolecule x, with other biomolecules, e.g. biomolecule Y and z, that results in the
ability to associate with a specific disease stale and may not correlate with any change
in the absolute concentration of biomarker Xin the sample over time or disease state.
Thus, a melecule that would not in the conventional sense be considered a biomarker

since it does not change in absolute concentration in a sample from the pre-disease to
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disease state, may in view of the present disclosure be considered a biomolecule as its
relative changes that are measured by the array of the present invention are associated

with a disease state. In other words, it may be an increase or decrease in the interaction

of biomolccule X (duc to the interactions of X with the scnsor clements and other
biomolecules in the sample) with the array that provides a signal that a biomarker is
associated with a disease state.

[00283] Suitable cancer biomarkers include, but are not limited to, for example, AHSG
(a2-HS -Glycoprotein), = AKR7A2 (Aflatoxin Bl aldehyde reductase), AKT3 (PKB Yv),
ASGR1 (ASGPR1), BDNF, BMPl (BMP-1), BMPER, C9, CA6 (Carbonic anhydrase VI),
CAPG (Cap@G), CDHI1 (Cadherin-1), CHRDLI1 (Chordin-Like 1), CKB-CKM- (CK-MB), CLIC1
(chloride intracellular  channel 1), CMA1 (Chymase), CNTN1 (Contactin-1), COL18Al
(Endostatin), CRP, CTSL2 (Cathepsin V), DDC (dopa decarboxylase), EGFR (ERBB1),
FGA-FGB-FGG (D-dimer), FN1 (Fibronectin FN1.4), GHR (Growth hormone receptor),

GPI (glucose phosphate isomerase), HMGB1 (HMG-1), HNRNPAB (hnRNP A/B), HP
(Haptoglobin, Mixcd Typc), HSP90OAA1 (HSP 90a), HSPA1A (HSP 70), IGFBP2 (IGFBP-2),
1GFBP4 (IGFBP-4), 1L12B-1L23A (1L-23), ITIH4 (Inter-a-trypsin inhibitor heavy chain
H4), KIT (SCF sR), KLK3-SERPINA3 (PSA-ACT), LICAM (NCAM-LI), LRIG3, MMPI12
(MMP-12), MMP7 (MMP-7), NME2 (NDP kinase B), PA2G4 (ErbB3 binding protein

Ebpl), PLA2G7 (LpPLA2/PAFAH), PLAUR (suPAR), PRKACA (PRKA C-a), PRKCB (PKC-
B-11), PROK1 (EG-VEGF), PRSS2 (Trypsin-2), PTN (Pleiotrophin), SERPINA1 (al-

Anlitrypsin), STC1 (Stanniocalcin-1), STX1A (Syntaxin 1A), TACSTD2 (GA733-1
protein), TFF3 (Trefoil factor 3), TGFBI (BIGH3), TPI1 (Triosephosphate isomerase),

TPT1 (Fortilin), YWHAG (14-3-3 protein 7v), YWHAH (14-3-3 protein eta), prostate

cancer biomarkers, for example, PSA, Pro-PSA, PHI, PCA3, TMPRSS3:ERG, PCMT, MTEN,
brcast canccer markers, for cxample, cpidermal growth factor rcceptor 2 (HER2)
oncogene, melanoma biomarker BRAF, lung cancer biomarker EML4-ALK, A2MLI1, BAX,
Cl10ort47, Clorfl62, CSDA, EIFC3, ETFB, GABARAPL2, GUK1, GZMH, HISTIH3B, HLA-A,
HSP90AA1, NRGN, PRDX5, PTMA, RABAC1, RABAGAPIL, RPL22, SAP 18, SEPWI1, S0XI,
EGFR, EGFRVIIIL, apolipoprotein  Al, apolipoprotein  CIIL myoglobin, tenascin C, MSHO6,
claudin-3, claudin-4, caveolin-1, coagulation factor III, CD9, CD36, CD37, CD53, CD63,
CDS81, CD136, CD147, Hsp70, Hsp90, Rabl3, Desmocollin-1, EMP-2, CK7, CK20, GCDF15,
CD82, Rab-5b, Annexin V, MFG-E&, HLA-DR, a miR200 microRNA, MDC, NME-2, KGF,

PIGF, Flt-3L., HGF, MCP1, SAT-1, MIP-1-b, GCLM, OPG, TNF RII, VEGF-D, ITAC, MMP-10,
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GPI, PPP2R4, AKRIBI, AmylA, MIP-1b, P-Cadherin, EPO and the like. For example,

biomarkers for breast cancer include, but are not limited to, ER/PR, HER-2/neu, and the
like. Biomarkers for colorectal cancer include, but are not limited to, for example, EGIR,
KRAS, UGT1Al, and the like. Biomarkers associated with leukemia/lymophoma  include,
but are not limited to, e.g., CD20 antigen, CD30, FIPILI-PDGFRalpha, PDGEFR,
Philladelphia Chromosome (BCR/ABL), PML/RAR alpha, TPMT, UGT1Al, and the like.
Biomarker associated with lung cancer include but are not limited to, e.g., ALK, EGFR,
KRAS and the like. Biomarkers are known in the art, and can be found in, for example,

Bigbee W, Herberman RB. Tumor markers and immunodiagnosis. In: Bast RC Jr., Kufe
DW, Pollock RE, et al., editors. Cancer Medicine. 6th ed. Hamilton, Ontario, Canada: BC
Decker Inc., 2003; Andriole G, Crawford E, Grubb R, et al. Mortality results from a
randomized prostate -cancer screening trial. New England Journal of Medicine 2009;
360(13):1310-1319; Schroder FH, Hugosson J, Roobol MIJ, et al. Screening and prostate-

cancer mortality in a randomized FEuropean study. New England Journal of Medicine
2009; 360(13):1320-1328; Buys SS, Partridge E, Black A, et al. Effect of screening on
ovarian cancer mortality: the Prostate, Lung, Colorectal and Ovarian (PLCO) Cancer
Screening Randomized Controlled Trial. JAMA 2011; 305(22):2295-2303; Cramer DW,
Bast RC Jr, Berg CD, et al. Ovarian cancer biomarker performance in prostate, lung,
colorectal, and ovarian cancer screening trial specimens. Cancer Prevention Research

2011; 4(3):365-374; Sparano JA, Gray RJ, Makower DF, et al. Prospective validation ofa
21-gene expression assay in breast cancer. New England Journal of Medicine 2015; First
published online September 28, 2015. doi: 10.1056/NEJMoal510764, incorporated by
reference in their entireties.

[00284] Suitable, these methods can be used to determine biomarkers associated with
cancer. For example, in one embodiment the cancer is glioblastoma, and wherein the
biomarker is selected from the group consisting of HABP1, VINC, C03, ITIH2, ITIHI,
C07, FHRS, CBPN, ALBU, PLMN, C04A, PRDX2, VWF, C4BPA, APOB, HBB, CNDPI1, CRP,
SAA4, APOE, CSCL7 and combinations thereof. In another embodiment, the cancer is
meningioma, and wherein the biomarker is selected from the group consisting of FCN3,
RET4, HABP2, CBPN and combinations thereof. In another embodiment, the cancer is
pancreatic cancer and wherein the biomarker is selected [rom the group consisting ol
KNGI1, IC1, CBPB2, TRFE, GELS, CXCL7, HPTR, PGK1, AACT, LUM, APOE, FIBB, APOA?2,
A1BG, ATAT,LBP, APOA1, H4, FIBG and combinations thereof. In another embodiment,
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the cancer is lung cancer and the biomarker is selected from the group consisting of
Cc00, CRP, sAA4, APOAI1l, Al1AT, GELS and combinations thereof. In another

embodiment, the cancer is myeloma and the biomarker is ALBU.

[00285] Biomarkers may also bc associated with the cardiovascular  discasc  which
are known 1in the art and include, but are not limited to, lipid profile, glucose, and
hormone level and physiological biomarkers based on measurement of levels of
important biomolecules such as serum ferritin, triglyceride to HDLp (high density
lipoproteins)  ratio, lipophorin-cholesterol ratio, lipid-lipophorin  ratio, LDL cholesterol

level, HDLp and apolipoprotein levels, lipophorins and LTPs ratio, sphingolipids,

Omega-3 Index, and ST2 level, among others. Suitable biomarkers for cardiovascular

disease can be found in the art, for example, but not limiled to, in van Holten et al.
"Ciculating Biomarkers for Predicting Cardiovascular Disease Risk; a Systemic Review
and Comprehensive Overview of Meta-Analyses” PLoS One, 2013 8(4): e62080,

incorporated by reference in its entirety.

[00286] Biomarkers may also bc associated with a ncurological discasc. Suitable
biomarkers are known in the art and include, but are not limited to, e.g., AB1-42, t-tau
and p-tau 181, a-synuclein, among others. See, e.g., Chintamaneni and Bhaskar
"Biomarkers in Alzheimer's Disease: A Review" ISRN Pharmacol. 2012. 2012: 984786.

Published online 2012 Jun 28, incorporated by reference in its entirety.

[00287] Biomarkers for inflammatory diseases are known in the art and include, but
are not limited (o, e.g., cylokines/chemokines, immune-related elfectors, acute-phase

proteins  [C-reactive protein  (CRP) and serum amyloid A (SAA)], reactive oxygen species
(ROS) and reactive nitrogen species (RNS), prostaglandins and cyclooxygenase (COX)-
related factors, and mediators such as transcription factors and growth factors , which
can include, for ecxample, C-recactive protcin (CRP), S100, LIF, CXCL1, CXCL2, CXCLA4,
CXCLS5, CXCL8, CXCL9, CXCL10, CCL2, CCL23, IL-1B, IL-IRa, TNF, IL-6, 1L-10, IL-17A, IL-
17F, IL-21, IL-22, IFNy, CXCR1, CXCR4, CXCRS, GM-CSF, GM-CSFR, G-CSF, G-CSFR, EGF,
VEGFA, LEP, SAAIl, VCAMI, CRP, MMPI, MMP3, TNFRSFIA, RETN, CHI3L1, antinuclear

antibodies (ANA), rheumatoid factor (RF), antibodies against cyclic citrullinated peptide

(anti-CCP)] and for chronic IBD (fecal calprotectin), among others. Suitable biomarkers

for inflammatory bowel disease, for example, include CRP, ESR, pANCA, ASCA, and fecal
calprotectin. See, e.g., Yi Fengming and Wu Jianbing, "Biomarkers of Inflammatory

Bowel Disease,” Disease Markers, vol. 2014, Article 1D 710915, 11 pages, 2014.
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doi:10. 1155/2014/710915, incorporated by reference in its entirety.

[00288] The terms "individual," "subject,” and "patient” are used interchangeably

herein irrespective of whether the subject has or is currently undergoing any form of
treatment. As used herein, the term "subject” generally refers to any vertebrate,

including, but not limited to a mammal. Examples of mammals including primates,
including simians and humans, equines (e.g., horses), canines (e.g., dogs), felines,
various domesticated livestock (e.g., ungulates, such as swine, pigs, goats, sheep, and the
like), as well as domesticated pets (e.g., cats, hamsters, mice, and guinea pigs).
Preferably, the subject is a human.

[00289] The arrays and methods described herein can be used under a number of
different conditions to provide the desired biomolecule fingerprint. For example, the
size of the sensor elements, the rate of flow of the sample through the sensor, the time
of incubating the sensor array with the sample and the temperature at which the sensor
array is incubated can all be changed to provide a reproducible biomolecule fingerprint.
Suitable sizes of the sensor element include nanoscale sensor elements that have less
than one micron in at least one direction.

[00290] Suitable time for incubating the array or plurality of sensor elements include,
at least a few seconds, e.g. at least 10 seconds to about 24 hours, for example at least
about 10 seconds, at least about 15 seconds, at least about 20 seconds, at least about 25
seconds, at least about 30 seconds, at least about 40 seconds, at least about 50 seconds,
at least about 60 seconds, at least about 90 seconds, at least about 2 minutes, at least
about 3 minutes, at least about 4 minutes, at least about 5 minutes, at least about 6
minutes, at least about 7 minutes, at least about 8 minutes, at least about 9 minutes, at
Icast about 10 minutes, at lcast about 15 minutcs, at lcast about 20 minutcs, at lcast
about 25 minutes, at least about 30 minutes, at least about 45 minutes, at least about 50
minutes, at least about 60 minutes, at least about 90 minutes, at least about 2 hours, at
least about 3 hours, at least about 4 hours, at least about 5 hours, at least about 6 hours,
at least about 7 hours, at least about 8 hours, at least about 9 hours, at least about 10
hours, at least about 12 hours, at least about 14 hours, at least about 15 hours, at least
about 16 hours, at least about 17 hours, at least about 18 hours, at least about 19 hours,
at least about 20 hours, and include any time and increment in between (e.g. 10
seconds, 11, 12, 13, 14, 15, 15, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32
33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 535, 56,
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57, 58, 59, 60 seconds, etc.; 1 minute, 2, 3,4,5,6,7,9,10, 11, 12, 13, 14, 15, 15, 17, 18,
19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42,
43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59. 60, etc.; 1 hour, 2 hours, 3,
hours, 4, hours, 5 hours, 6 hours, 7 hours, 8 hours etc.)

[00291] Further, the temperature at which the assay is performed can be determined
by one skilled in the art, and incudes temperatures between about 4 °C to about 40 °C,
alternatively from about 4 *C to about 20 °C, alternatively from about 10°C to about 15
°C, alternatively from about 10 °C to about 40 °C, for example, at about 4 °C, about 5 °C,
about 6°C, about 7 °C, about 8 °C, about 9°C, about 10°C, about 11 °c, about 12 °C, about
13°C, about 14 °cC, about 15°C, about 16°C, about 17 °C, about 18°C, about 19°C, about
20°C, about 21 °c, about 22 °C, about 25°C, about 30°C, about 35 °C, about 37°C, etc.
Suitable, the assay may be performed at room temperature (e.g. around about 37°C, for
example from about 35 °C to about 40°C).

[00292] The methods of the present invention may comprise contacting the sample
with the sensor array. The contacting of the sample with the sensor array may be using
any suitable flow rate in which the sample can flow over the sensor array. In some
aspects, the flow velocity of the streams, the Reynolds number, or the relative cross
sectional areas of the flow streams can be altered to provide adequate contact between
the sample and the sensor array.

[00293] For example, in embodiments using a nanochannel or microchannel the cross
sectional area of the first stream can be more than 1% of the cross sectional area of the
channel. In another example, the cross-sectional area ofthe first stream can be less than
90% of the cross sectional area of the channel. The cross sectional area ratio can be 10:1
to 1:10, 1:5to 5:1, 1:3 to 3:1, 1:2 to 2:1 or 1:1.

[00294] 1In certain other circumstances, the flow of the sample over the array has a
Reynolds number at the location of the introduction of the sample of between 300 and
1,000,000. In some instances, the location of the introduction of the sample is a

nanochannel or microchannel.

Kits

[00295] Aspects of the present disclosure that are described with respect to methods
can be utilized in the context of the sensor array or kits discussed in this disclosure.

Similarly, aspects of the present disclosure that are described with respect to the sensor
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array and methods can be utilized in the context of the kits, and aspects of the present
disclosure that are described with respect to Kits can be utilized in the context of the
methods and sensor array.

[00296] This disclosure provides kits. The kits can be suitable for use in the methods
described herein. Suitable kits include a kit for determining a biomolecule fingerprint
for a sample comprising a sensor array as described herein. In one aspect, the kit
provides a sensor array comprising at least two sensor elements which have differing
physiocochemical properties from each other. In some aspects, the kits provides a
comparative panel of biomolecule fingerprints in order to use the biomolecule
fingerprint to determine a disease state for the subject. In some aspects, instructions on
how to determine the biomolecule fingerprint are included. In some suitable
embodiments, the sensor arrays are provided as chip arrays in the kit.

[00297] In other aspects, kits for determining a disease state of a subject or
diagnosing or prognosing a disease in a subject are provided. Suitable kits include a
sensor array comprising at least two sensor elements which have differing
physiocochemical properties from each other to determining a biomolecule fingerprint.
Further, the kit may further include a comparative panel of biomolecule fingerprint of
different disease states or different diseases or disorders. Instructions on determining
the biomolecule fingerprint and analysis are provided.

[00298] It should be apparent to those skilled in the art that many additional
modifications beside those already described are possible without departing from the
inventive concepts. In interpreting this disclosure, all terms should be interpreted in the
broadest possible manner consistent with the context. Variations of the term
"comprising” should be interpreted as referring to elements, components, or steps in a
non-exclusive manner, so the referenced elements, components, or steps may be
combined with other elements, components, or steps that are not expressly referenced.
Embodiments referenced as "comprising" certain elements are also contemplated as
"consisting essentially of and "consisting of those elements. The term "consisting
essentially of and "consisting of should be interpreted in line with the MPEP and
relevant Federal Circuit's interpretation. The transitional phrase "consisting essentially
of limits the scope of a claim to the specified materials or steps "and those that do not
materially affect the basic and novel characteristic(s)' of the claimed invention.

"Consisting of is a closed term that excludes any element, step or ingredient not
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specified in the claim.

[00299] The following non-limiting examples are included for purposes of illustration
only, and are not intended to limit the scope of the range of techniques and protocols in
which the compositions and methods ofthe present invention may find utility, as will be

appreciated by one of skill in the art and can be readily implemented.

EXAMPLES

EXAMPLE LA. Label-Free Sensor Array for Early Detection of Cancer

[00300] The present Example provides a label-free sensor array for early detection of
various cancers. The sensor array consists of three different cross-reactive liposomes
with various surface charges (i.e., cationic (DOPG (l,2-dioleoyl-sn-glycero-3-phospho-
(I'-rac-glycerol)), anionic (DOTAP(1,2-Dioleoyl-3-trimethylammonium-propane)-
DOPE(dioleoylphosphatidylethanolamine)), and neutral (CHOL (DOPC-Cholesterol)),
whose protein corona composition changes in response to their interactions with the
plasma of patients who have different types of various cancers, ie., lung, pancreas,
myeloma, meningioma, and glioblastoma. Although no single protein corona
composition is specific for any one cancer type, the changes in the corona composition
pattern provide a unique "fingerprint” [or each type ol cancer.

Hard corona profiles of the sensor array elements using plasma from patients with
cancers at early, intermediate, and advanced stages. The composition of the protein
corona that forms on the surface of sensor array elements (nanoparticles) is strongly
dependent on the physicochemical properties of those nanoparticles and, at the same
time, can be strongly affected by the type of disease present in the donor of the human
plasma used for incubation. The size and charge of the corona-coated nanoparticles,
after incubation with plasma from patients with five different types of cancers (e,
glioblastoma multiforme, lung cancer, meningioma, multiple myeloma, and pancreatic
cancer) and healthy individuals (see Table 1), were probed using dynamic light
scattering (DLS/Nanosight) and wransmission electron microscopy (TEM), and the
results demonstrated that the physicochemical properties of the corona-coated

nanoparticles depended substantially on the type of cancer (FIG. 2A,B)-
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Table 1. General information on patients (and their cancer types] whose plasma was

used in this study.

CANCER
PATIENT LABEL | AGE | GENDER CAMCER STAGE STAGE
CATEGURY
HEALTHY 1 43 S
HEALTHY 2 54 L S et
HEALTHY 3 67 S et
HEALTHY 4 69 1 A et
HEALTHY 3 61 e B
PANCREAS 1 81 M TNM: ¢T4 N+M+ Advanced
PANCREAS 2 76 M TNM: T2 N+ Moderate
PANCREAS 3 60 F TNM: ¢T4 N+ Advanced
PANCREAS 4 75 M TNM: ¢T3 N+M+ Advanced
PANCREAS 5 61 F TNM: ¢T3 N+M+ Advanced
PANCREAS 6 71 F TNM: ¢T3 N+ Advanced
PANCREAS 7 61 M TNM: ¢T3 N+ Advanced
PANCREAS 8 67 M TNM: ¢T3 N+ Advanced
LUNG 1 45 F TNM: TIA NO MO Early
LUNG 2 24 M TNM: TIA NO MO Early
LUMG 3 44 F TNM: TIA NO MO Early
LUNG 4 48 F TNM: TIA NO MO Early
LUNG 5 40 M TNM: TIA NO MO Early
LUNG 6 47 F TNM: TIA NO MO Early
LUNG 7 51 M TNM: TIA NO MO Early
LUNG 8 32 F TNM: TIA NO MO Early
MYELOMA 1 Onset I (32% Plasma cells in Moderate
41 F Bone Marrow; Monoclonal
fgG-k)
MYELOMA 2 Onset § (28% Plasma cells in Early
60 F Bone Marrow; Monoclonal
1gG-k)
MYELOMA 3 Omnset | (8% Plasma cells in Early
57 F Bone Marrow; Monoclonal
1e(3-k)
MYELGMA 4 Onset (9% Plagma cells in Early
63 M Bone Marrow; Monoclonal
IgG-k)
MYELOMA 5 Onset 1 {(42% Plasma cells n Moderate
73 M Bone Marrow, Monoclonal
19(G-k)
MYELOMA 6 46 F Onset § (15% Plasma cells in Early
Bone Marrow; Monoclonal
fe(-L)
MYELOMA 7 36 F Onset I (44% Plasma cells in Early
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Bone Marrow; Monoclonal
IgG-L}
MYELOMA S 70 F Onset [ {27% Plasma cells m Early
Bone Marrow; Monoclonal
1oG-1)
GLIOBLASTOMA 1 58 M WHO 4 Advanced
GLIOBLASTOMA 2 75 M WHO 4 Advanced
GLIOBLASTOMA 3 76 M WHO 4 Advanced
GLIOBLASTOMA 4 73 M WHO 4 Advanced
GLIOBLASTOMA S 76 F WHO 4 Advanced
GLIOBLASTOMA 6 62 M WHO 4 Advanced
GLIOBLASTOMA 7 48 M WHO 4 Advanced
GLIOBLASTOMA R 56 M WHO 4 Advanced
MENINGIOMA | 82 F WHO 2 Moderate
MENINGIOMA 2 50 F WHG 2 Moderate
MENINGIOMA 3 a0 M WHG 2 Moderate
MENINGIOMA 4 67 M WHQO 2 Moderate
MENINCGIOMA 3 6 M WHGO 2 Moderate
MENINGIOMA 6 84 M WHO 2 Early
MENINGIOMA 7 58 F WHO 2 Early
MENINGIOMA 3 70 M WHO 2 Early

[00301] Quantitative evaluation of the total protein adsorbed onto the nanoparticles
was performed via the BCA or NanoOrange assay, and the results showed significant
differences in the amounts of adsorbed proteins after incubation in plasma from
patients with various types of cancers (FIG. 2B). The quantitative evaluation of the total
protein adsorbed on the surface of liposomes showed strong dependency of protein
amount on cancer type (FIG. 2B). The protein corona composition at the surface of
three liposomes was evaluated by liquid chromatography-mass spectrometry (LC-
MS/MS) in which the abundance of 1,800 known proteins was defined. The contribution
of individual proteins and their categories [i.e., complement, coagulation, tissue leakage,
lipoproteins, acute phase, immunoglobulins, and other plasma proteins) to the corona
composition were defined (FIG. 2C; FIG. 3A-F). These results demonstrated significant
associations between the protein composition and not only the cancer type but also the
type of sensor element /i.e., type of nanoparticle).

[00302] According to an extensive body of literature, there are considerable
relationships between cancer development and variations in complement, coagulation,

tissue leakage, lipoproteins, acute phase, and immunoglobulins. Therefore, the cross-
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reaclive interacions ol these protein calegories with nanoparticles may provide unique
"fingerprints” for each type of cancer, which may facilitate cancer identification and
discrimination. Consequently, one would expect the protein corona sensor array to
cross-reactively adsorb a wide range of proteins involved in cancer induction and
development that could be used for cancer identification and discrimination.

[00303]1 Develop supervised classification analysis to identify and discriminate
among cancers using the protein corona sensor array outcomes. In order to
investigate whether protein corona fingerprints (PCFs) of various sensor elements
could be utilized as a biosensors and form unique patterns for different diseases, we
have applied focused classification approaches to proteomic data on three liposomes'
protein corona composition (cationic, anionic, and neutral). Details of the methods are
described in the Methods section. A weighted-variable importance in the projection
(VIP) score is introduced and applied for ranking of variables based on partial least
squares discriminant analysis (PLS-DA) as a linear projection method. Selection of the
most relevant variables (proteins) in building the classification model can be guided by
a set of obtained ranked wvariables. In this regard, top ranked variables were added to
the model one by one, and the classification error of the PLS-DA model was monitored.
We observed that the classification model has the minimum error by using only the top
69 features (FIG. 4A). The new 69-dimensional feature space was successfully used to
discriminate 30 samples belonging (o six classes by PLS-DA with a high classilication
accuracy (0.97) using leave-one-out and 10-fold cross-validation (FIG. 4A,B). The
classification parameters are given in Table 2. The contribution of each single selected
protein to the separation of each cancer group (VIP) is plotted on the y- and x- axis,
respectively, to provide a visual representation of the relative specificity of the findings
(FIG. 4B-F). The proteins with higher VIP scores could be considered the best
informative or diagnostic set to discriminate each disease from controls and from

among all cancer categories.

Table 2. Classification results obtained from two developed and non-linear models for

six groups of samples.

Models/ PLS-DA, i CPANN (8+8)
classification 10 fold CV, 10 fold CV
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parameters LV=5
20 itervation
1 1.00 1.00
2 0.96 0.96
o 3 1.00 1.00
Specificity (CV) 4 1.00 1.00
5 1.00 1.00
6 1.00 1.00
i 1.00 1.00
2 1.00 1.00
o 3 1.00 0.80
Sensitivity {CV} 7 T o
5 1.00 1.00
6 1.00 1.00
1 0.00 0.00
2 0.03 0.02
3 0.00 0.00
Class error {CV)
4 0.00 0.00
5 0.00 0.00
6 0.00 0.00
1} Control 2} Glioblastoma 2} Meningioma 4] Myeloma &)
Pancreas 6} Lung cancers

[00304] PLS-DA and counter propagation artificial neural network (CPANN) were
then applied to the selected variables, and whole samples as supervised classification,
linear, and non-linear approaches, respectively. It should be noted that the primary data
set with all variables before variable selection, has poor discrimination and could not be
separated into six groups.

[00305] Next, to further verify and analyze the data, we decided to take advantage of a
non-linear classification method. Visualizing the feature space can help us understand

the hidden structures and topological relationships among the patterns. To reduce the
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dimensionality of the feature space while preserving the topological relation in the data
structure, the CPANN (a supervised variant of self-organizing maps/SOM) was used to
learn and predict the class membership of the patterns, simultaneously producing a
two-dimensional map of neurons and provide valuable information (from a non-linear

approach) about the data structure. Details of the CPANN are provided in the Methods
section. Different sizes for the CPANN map were checked using 10-fold cross-validation;

a map including 64 (8x8) neurons was chosen due to the minimum classification error

(FIG. 9C). Moreover, the topological structure of data in the high-dimensional space is
reflected in the assignation map produced by CPANN (FIG. 5C,D). Considering the
similarity of the neurons to the input vectors, the map can be partitioned into six
distinct zones related to different type of cancers and control samples. Samples with the
same class label are mapped onto nearby or the same neurons, which means that the
selected variables provide information valuable in discriminating the samples in the
feature space. The relative position and orientation of six zones on the map can
contribute qualitative information on the similarities between types of cancers. To
represent the effect of variable selection on the quality of mapping, another CPANN was
traincd with all 1823 wvariables, and thc recsulting map shows that the sclected
biomarkers (variables) play an important role in discriminating among cancer types
and classifying them properly (FIG. 5C,D).

[00306] On the basis of the obtained results, both linear and non-linear models
showed high accuracy, deduced from their acceptable specificity, sensitivity, and class
error values. Consistent with these findings, unsupervised clustering (HCA) based on 69
markers was able to strongly separate, various type of cancerous and control samples
(FIG. 5E-F). As can be seen in FIG. 5, there is close similarity between the glioblastoma
and meningioma groups of samples, implying difficulty in discrimination, most probably
related to similar plasma proteomics patterns in these two brain cancers. These results

reflect the fact that the plasma concentrations of many proteins in the corona differ
considerably, not only among subjects with different types of cancers, but among
healthy individuals as well.

[00307] To illustrate the biosensors' capability for pattern recognition, a set of
analyscs was pcrformed on the data obtaincd from individual nanoparticlecs. As
expected, the pattern of cancer-specific fingerprints could not be extracted solely from

each nanoparticle’s PCF. We found that pattern-recognition techniques applied to
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protein abundance in the protein corona formed on three different liposomes (cationic,
anionic, and neutral) correctly distinguished not only cancerous from control samples,
but also each type of cancer under consideration from the others.

[00308] Identification o proteins with crucial roles in cancer detection and
discrimination as promising biomarkers for specific types of cancers. The use of
biomarkers both before cancer diagnosis (in risk assessment and screening/early
detection) and after diagnosis (in monitoring therapy, selecting additional therapy, and
detecting recurrence) would yield substantial therapeutic and health-economic benefits.
To understand the potential biological relevance of the 69 selected proteins that
discriminate cancerous samples, we manually searched through previously published
reports in PubMed on protein biomarkers of specific types of cancers that are
upregulated or downregulated according to different disease stages. The resulting data
were compared with the selected proteins in the model to identify matched markers
and determine the biological relevance of the proposed model. Interestingly, we noted
significant numbers of biomarkers specific to five investigated groups of cancers among
the selected predictors that had been reported as specific cancer biomarkers (FIG. 7B).
[00309] The high specificity of the selected markers for discriminating among the five
groups of cancers, which derives from the introduced protein corona sensor array
approach, demonstrates a significant correlation with the work now under way in the
complex cancer proteomics space; therefore this strategy not only provides a basis for
cancer prediction but also translates that promise into reality. It is noteworthy that the
discrimination between different groups occurs as a result of several predictors (and
not individual biomarkcrs) that change simultancously in a systcmatic manncr, forming
patterns unique to each specific type of cancer. On the basis of this evidence, the most
informative predictors selected by the proposed model that have not already been
reported as cancer-specific biomarkers may have great potential as new diagnosis
biomarker candidates. To define their role in cancer development, the variation and
functionality of these promising candidates in cancer patients should be carefully
monitored. By focusing on the unique patterns derived from huge numbers of subjects
via a set of informative predictors, researchers should be able to predict cancers at
different stages more accurately than is possible using current methods.

[00310] Cohortdata analysis. To probe the capacity of this innovative sensor array

for very early detection of cancers, we used cohort plasma from healthy people who
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were diagnosed with one of the five types of cancers several years after plasma
collection. Using the cohort samples, we evaluated whether our proposed models, both
linear and non-linear, with 69 selected predictors could be utilized for cancer
prediction.

[00311] To this end, the values related to 69 variables were put into the model, and
the class membership of each cohort object was predicted given the fixed optimum
parameters values. It is noteworthy that 19 variables (proteins), out of the 69 variables,
were absence in the proteomics profile of protein corona sensor array of cohort
samples; therefore their amount in the validation data matrix was zero. Interestingly,
both linear and non-linear models provided good predictions for all five samples. The
observed distance between training and cohort samples (FIG. 6A,B), most probably
influenced by zero values that were added to data matrix for those 19 absent variables.
As shown in FIG. 6C, D, the cohort samples were placed in the correct neuron related to
Glioblastoma in the CPANN map. METHODS

[00312] Liposomes. Cholesterol (Choi) was purchased from Sigma Aldrich (St Louis,
MO, USA). DOPC (dioleoylphosphatidylcholine), DOPE
(dioleoylphosphatidylethanolamine), DOPG (1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-
glyccrol)), and DOTAP (1,2-Diolcoyl-3-trimcthylammonium-propanc) wcre purchascd
from Avanti Polar Lipids (Alabaster, AL, USA). DOPG, DOTAP-DOPE (1:1 molar ratio)
and DOPC-Chol (1:1 molar ratio) liposomes were prepared by dissolving appropriate
amounts of lipids 9:1 (v/v) in chloroform:methanol. The chloroform: methanol mixture
was evaporated by rotary-evaporation. Lipid films were kept under vacuum overnight
and hydrated with phosphate saline buffer (PBS) 10 mmol/1 (pH 7.4) to a final lipid
concentration of 1 mg/ml. The liposome suspensions obtained were sized by extrusion
through a 50-nm polycarbonate carbonate filter by the Avanti Mini-Extruder (Avant
Polar Lipids, Alabaster, AL).

[00313] Human plasma collection, preparation, and storage. Human plasma (HP)
was collected from healthy and cancer patients diagnosed with glioblastoma
multiforme, lung cancer, meningioma, multiple myeloma, or pancreatic cancer. The
present study was approved by the Ethical Committees of the Sapienza University of
Rome (glioblastoma multiforme, meningioma, multiple myeloma), the University of
Napoli Federico II (lung cancer), and the University Campus Bio-Medico di Roma

(pancreatic cancer). In brief, blood was collected by venipuncture of healthy subjects
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and cancer patients by means of a BD P100 Blood Collection System (Franklin Lakes, NJ,
USA) with push-button technology that reduces blood waste while minimizing the risk
of contamination. After clot formation, samples were centrifuged at 1000 x g for 5 min
to pellet the blood cells, and the supernatant was removed. After confirming the
absence of hemolysis, plasma collected from each donor (1 ml) was split into 200-
microliter aliquots and stored at -80° Cin labeled Protein LoBind tubes until use. For
analysis, the aliquots were thawed at 4°C and then allowed to warm at room
temperature (RT).

[00314] Cohort plasma samples. We used human plasma from healthy people
diagnosed with brain, lung, and pancreatic cancers within eight years after plasma
collection. The plasma samples were collected through the NIH-funded Golestan Cohort
Study, performed by the National Cancer Institute (NCI) in the USA, the International
Agency for Research on Cancer (IARC) in France, and the Tehran University of Medical
Sciences (TUMS) in Iran. This study involved the collection and storage of plasma from
50,000 healthy subjects, over 1,000 of whom went on to develop various types of
cancers in subsequent years. Samples from five individuals per cancer were used in this
study. These important plasma samples provide us the unique opportunity to probe the
capacity of our innovative protcin corona scnsor array for carly dctection of cancers.
[00315] Size and zeta-potentlal Bare liposomes were incubated with HP (1:1 v/v)
for 1 hour at 37°C. Subsequently samples were centrifuged at 14000 rpm for 15 minutes
at 4°C to pellet liposome-HP complexes. The resulting pellet was washed three times
with phosphate-buffered saline (PBS) and resuspended in ultrapure water. For size and
zeta-potential measurements, 10 i, of each sample were diluted with 990 uL of
distillated water. All size and zeta-potential measurements were performed at RT using
a Zetasizer Nano ZS90 (Malvern, U.K.) equipped with a 5-mW HeNe laser (wavelength A
= 632.8 nm) and a digital logarithmic correlator. The normalized intensity
autocorrelation  functions were analyzed by the CONTIN method to obtain the
distribution ofthe diffusion coefficient D of the particles. Dis converted into an effective
hydro- dynamic radius rHby the Stokes-Einstein equation (RH=KBT/6mnl), where KBT
is the thermal energy and 1 is the solvent viscosity. Electrophoretic mobility of samples,
u, was measured by laser Doppler electrophoresis. Zeta-potential was calculated by the
Smoluchowski relation (zeta potential = un/ €) where M and € are the viscosity and the

permittivity of the solvent phase, respectively). Size and zeta-potential of liposome-HP
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complexes are given as mean = standard deviation (S.D.) of five independent

measurements.

[00316] Protein assay. Liposome formulations were incubated with HP (1:1 v/v) for
1 hour at 37°C. Afterwards, liposome-HP complexes were pelleted at 15000 x g for 15
minutes at 4°C and washed three times with PBS. Washed pellet was resuspended in
urea 8 mol/l, NH4CO3 50 mmol/1. 10 microliters of each sample were added to five wells
of a 96-well plate. Protein quantification was made adding 150 microliters/well of
Protein Assay reagent (Pierce, Thermo Scientific, Waltham, MA, USA). The multiwell was
shaken and incubated at room temperature for 5 minutes. Absorbance was measured

with GloMax Discover System (Promega, Madison, W1, USA) at 660 nm. Background
effects were properly corrected and the protein concentration was calculated using the
standard curve. Results are given as mean =+ S.D. of five independent replicates.

[00317] Protein identification and quantification. The incubation procedure was
performed as described elsewhere (Label-free quantitative analysis for studying the
interactions between nanoparticles and plasma proteins. Analytical and Bioanalytical
Chemistry, 2013, 405, 2-3, 635-645, incorporated by reference in its entirety). Liposome
formulations were incubated with HP (1:1 v/v) for 1 hour at 37°C. Samples were
centrifuged at 15000 x g for 15 min to pcllet liposome-HP complcxes. The pellet was
washed three times with 10 mmol/1 Tris HC1 (pH 7.4), 150 mmol/1 NaCl and 1 mmol/1
EDTA. After washing, the pellet was air dried and resuspended in the digestion buffer.
The digestion and peptide desalting were carried out as previously described (Shotgun
proteomic analytical approach for studying proteins adsorbed onto liposome surface.
Analytical and Bioanalytical Chemistry, 2013, 401, 4, 1195-1202, incorporated by
reference in its entirety). In brief, pellet was resuspended in 40 microliters of urea §
mol/1, NH4CO3 50 mmol/1 and digested by adding 2 micrograms of trypsin. The digested
peptides were desalted using SPE C18 column, reconstituted with a suitable volume of a
0.1% formic acid solution, and stored at -80°C until analysis. Digested peptides were
analyzed by nano-high-performance liquid chromatography (HPLC) coupled to tandem
mass spectrometry (MS/MS). NanoHPLC MS/MS analysis was carried out using a
Dionex Ultimate 3000 (Dionex Corporation Sunnyvale, CA, U.SA) directly connected to
a hybrid linear ion trap-Orbitrap mass spectrometer (Orbitrap LTQ-XL, Thermo
Scientific, Bremen, Germany) by a nanoelectrospray ion source. Peptide mixtures were

enriched on a 300 pm ID x 5 mm Acclaim PepMap 100 CI18 precolumn (Dionex
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Corporation Sunnyvale, CA, U.S.A), employing a premixed mobile phase made up of
ddH20/ACN, 98/2 (v/v) containing 0.1% (v/v) HCOOH, at a flow-rate of 10
microliters/min.  Peptide mixtures were then separated by reversed-phase (RP)
chromatography. The largest set of peptides was detected using a 3-hour optimized LC
gradient composed of a mobile phase A of ddH20/HCOOH (99.9/0.1, v/v) and a mobile
phase B of ACN/HCOOH (99.9/:0.1, v/v). MS spectra of eluting peptides were collected
over an m/z range of 350-1700 using a resolution setting of 60,000 (full width at half-
maximum at m/z 400), operating in the data-dependent mode. MS/MS spectra were
collected for the five most abundant ions in each MS scan. Further details can be found
elsewhere (Shotgun proteomic analytical approach for studying proteins adsorbed onto
liposome surface. Analytical and Bioanalytical Chemistry, 2013, 401, 4, 1195-1202). For
each experimental condition three independent samples (biological replicates) were
prepared, each of which was measured in triplicate (technical replicates), yielding nine
measurements for each experimental condition. RAW data files were submitted to
Mascot (v2.3, Matrix Science, London, UK) using Thermo-Finningan LCQ/DECA RAWfile
data import filter to perform database searches against the non-redundant Swiss-Prot
database (09-2014, 546000 sequences, Homo Sapiens taxonomy restriction). For the
databasc scarch, trypsin was spccificd as the protcolytic cnzyme with a maximum of
two missed cleavages. Carbamidomethylation was set as fixed modification of cysteine,
whereas oxidation of methionine was chosen as variable modification. The
monoisotopic mass tolerance for precursor ions and fragmentation ions were set to 10
ppm and 0.8 Da, respectively. Charge state of +2 or +3 were selected as precursor ions.
Proteome output files were submitted to the commercial software Scaffold (v3.6,
Proteome Software, Portland, Oregon, USA). Peptide identifications were validated if
they surpassed a 95% probability threshold set by the PeptideproPhet algorithm.
Protein identifications were accepted if they could be established at greater than 99.0%
probability and contained at least two unique peptides. Proteins that contained shared
peptides and could not be differentiated on the basis of MS/MS analysis alone were
grouped to satisfy the principles of parsimony. Unweighted spectrum counts (USC)
were used to assess the consistency of biological replicates in quantitative analysis, and
normalized spectrum counts (NCS) was used to retrieve protein abundance.

[00318] Statistical Analysis. All statistical analyses were performed using PLS,

Kohonen, and CPANN toolboxes, and graphs were created using Microsoft Excel,
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XLSTAT,and MATLAB.

[00319] Data matrix. Each raw of the predictor matrix (X) relating to each individual
is derived from all proteins’ abundance obtained from the three-protein corona sensor
array (FIG. 4A). In the preprocessing step, the normalized data in matrix X, relative

protein abundance (RPA), were auto-scaled.

GassiflcarJon and Clustering.

[00320] Partial least squares discriminant analysis (PIS-DA). Partial least squares
discriminant analysis is a well-known multivariate approach regarded as a linear
classification and dimension reduction method consisting of two main parts a structural
part, which searches for latent variables as linear combinations of original independent
variables [i.e., data matrix X), which have the maximum covariation with the
corresponding  dependent-variables  fie., class membership, Y). The measured
components include the latent variables as scores and loadings, which show how the
latent variables and their original ones are related. Based on the ability of PLSDA to
reduce the dimensionality of the data, it allows a linear mapping and graphical
visualization of the different data patterns. PLS-DA is particularly well suited to deal
with highly collincar and noisy patterns. The main problems associated with the large
dataset in proteomics are the large number of monitored variables (i.e., proteins] and
relatively small number of samples. Hence, there may be a high redundancy among
variables, which render many of them uninformative and irrelevant to the classification.
In this way, eliminating uninformative variables or finding new uncorrected ones may
improve the predictive performance of classification. Since in biomedical applications
such as the present work, we must not only make decisions about whether a sample
belongs to one of a number of known groups, but also determine which variables are
most relevant for the best discrimination between classes, a method like PLS-DA is a
good candidate approach for finding uncorrected new latent variables while preserving
the variation of the data The impotence power of the original variables to produce
latent projections can also be calculated by the variable importance in the projection
(VIP) analysis and can play a significant role in to decide about variables.

[00321] Identifying the most relevant variables based on weighted VIP. The partial
least squares discriminant analysis (PLS- DA) was used to explore the VIP values

associated with variables. VIP is a combined measure of how much a variable

35

SUBSTITUTE SHEET (RULE 26 PREOMICS EXHIBIT 1002
Page 692 of 1861



WO 2018/112460 PCT/US2017/067013

contributes to a description of the two sets of data: the dependent (Y) and the
independent variables (X). The weights in a PLS model reflect the covariance between
the independent and dependent variables, and the inclusion of the weights allows VIP to
reflect not only how well the dependent variable is described but also how important
that information is for the model of the independent wvariables.

[00322] An approach based on VIP score was developed to identify the best subset of
variables. VIP scores can be calculated by performing PLS-DA on the dataset In that
approach, VIP scores of variables are calculated 50 times, each time using a random
permutation of training and validation sets (random training sets were selected
iteratively by considering 80-percent coverage of each class of objects). Considering the
most important variables, the large VIP-score values (>2), the top 200 variables can be
selected at each repetition and added to the top-variables pool. Afterward, a frequency
of occurrence [Freq”] and an average VIP-scorc (\77§t) tor cach variablc can bc obtained
according to the top-variables pool. Thus, the selection of variable / (which has a high
VfPi value and low VIPi value) is less recommended because of dependency on the
training and validation sets. Therefore, the V\7Pt value of each variable can be weighted
by Freqi, and ranking of thc most rclevant variables can be donc using the weighted
VIPi. Fig_appr is a schematic diagram of the proposed approach. Selection of the most
relevant variables to build the classification model can be guided by the obtained
ranking as follows: The highly ranked variables were added one by one to the dataset,
and the classification error of PLS-DA was calculated to find the minimum number of
relevant predictors (FIG. 4A).

[00323] Counter-Propagation Artificial Neural Network (CPANN). The counter-
propagation artificial neural network (CPANN)is a supervised variant of self-organizing
map that consists of two layers of neurons arranged on a predefined NxN grid. CPANN
can be used to map data from a high-dimensional feature space to a low-dimensional
(typically 2) discrete space of neurons as well as to predict the class membership of the
unknown samples. The input vectors (sample feature vector) and corresponding class
membership vectors (a binary vector) are presented to the input and output layer of
CPANN, respectively. The weight correction of the neurons in both layers performs
based on competitive learning and cooperation of the neurons (See Table 3). Hence,
similar input vectors can be mapped on the same or adjacent neurons and vice versa.

The final assignation map properly reveals the structure ofthe data in feature space and

35

SUBSTITUTE SHEET (RULE 26 PREOMICS EXHIBIT 1002
Page 693 of 1861



WO 2018/112460 PCT/US2017/067013

preserves the distance of patterns in the low-dimensional grid of neurons. FIG. 9C
shows a high-quality assignation map of CPANN using top-ranked biomarkers.
According to the distinct regions for each class, the risk of classification error is
minimized. The proper size of the map can be decided by performing 10-fold cross-
validation at different map sizes. The trained CPANN can be used to assign a class
membership to an unlabeled sample. Presence of redundant and uninformative
variables in training data will affect the quality of the map and increase the risk of an
error of classification (FIG. 5C). The process is a nonlinear mapping, which helps
visualize a high-dimensional input object on a two-dimensional neuron grid. It is a self-
organized procedure and solves the issue of classification in a transparent way. More
details about the CPANN method can be found in the following references.

[00324] Hierarchical clustering analysis (HCA). Hierarchical clustering analysis is
an unsupervised method widely used to explore and visualize whole heterogeneous
large data sets like those often used in proteomics into distinct and homogeneous
clusters. Strategies for hierarchical clustering can be divided into two categories:
agglomerative and divisive methods. The agglomerative procedure first separates each
object into its own individual cluster and then combines the clusters sequentially;
similar objccts or clusters arc merged until cvery object belongs to only onc cluster. The
divisive procedure, in contrast, starts with all of the objects in one large cluster and
gradually partitions them into smaller clusters until each object is in an individual
cluster. Finally, objects are organized into a dendrogram whose branches are the
defined clusters. In cluster analysis, to identify homogeneous sub-groups, the two
important concepts, similarity (determining a numerical value for the similarity
between objects and constructing a similarity matrix) and linkage (connection of an
object to a group or not) should be defined. Herein, we applied agglomerative
hierarchical clustering with furthest-neighbor linkage algorithm for unsupervised
analysis based on the selected variables.

[00325] Cohort sample prediction. The predictive ability of both linear and non-—
linear variables, with 69 selected predictors, were assessed by cohort samples analysis.
To this end, the values related to 69 variables were put into the model, and the class
membership of each cohort object was predicted at the fixed optimum parameters
values. The 19 variables (proteins) in the proteomics profile of our protein corona

sensor array of cohort samples were not detected, and zero were considered for these
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variables in validation data matrix. Interestingly, both linear and non-linear models
provide good predictions for all five samples. The distance between training and cohort
samples shown in FIG. 6A is most probably related to zero values that were added to
the data matrix for those 19 absent variables. We examined the effect of replaced zero
values for absent variables by deleting these 19 proteins from both data matrices ofthe
training and prediction sets; then the PLS-DA model was built and cohort samples were
predicted. As expected, no large distance between cohort and training samples was

observed.

Table 3. Correlation coefficient of CPANN weight map for each variable in the six

classes.

Biomarker {D |CC(1) convot |CC(2) Gliobiastoma |CC(3) Meningioma CC{4) Myeloma CCL5) pancreas [CC(6) tung
1323 -3.16 0.04 (.80 -0.41 (.16 -0.51
1282 -0.47 -0.04 0.11 0.90 -0.03 -0.37
1518 -0.22 (.76 ~0.12 -G.12 -0.15 0.05
742 (.38 -0.06 -3.21 -3.72 -(.03 0.58
1462 -0.14 -0.25 -0.17 -(.20 -0.12 (.89
1373 -0.30 ~0.13 -(.10 0.98 -0.21 -0.16
1466 -(3.37 0.03 (.84 -0.31 (.14 -0.37
1313 -(3.28 0.03 (.59 -0.05 (.37 -0.65
16380 0.97 -(3.23 -(.31 -0.26 -(1.19 -0.19
815 -0.33 -0.15 -0.24 0.65 -0.45 0.61
882 -0.16 -0.16 -0.25 -0.13 -0.16 0.91
1284 -0.47 ~0.01 0.42 0.74 -0.34 -0.28
891 -0.37 ~0.05 -(1.33 (.55 -(3.34 (.68
954 -3.19 -0.10 -(0.25 -0.20 .99 -(3.20
782 -(3.37 -0.32 -{1.39 .66 (.02 0.5¢
820 -0.34 -0.24 -(0.43 0.36 (.02 0.72
1556 -0.18 -0.09 -0.25 -0.19 0.98 ~0.20
1286 041 -0.35 0.18 -0.51 -0.51 0.40
868 .15 -(.28 (.44 0.16 -0.32 0.72
1308 0.42 0.26 -(3.38 -0.45 -(3.31 0.46
881 -3.12 -0.09 -(.38 -0.18 (.98 -0.24
848 (3,47 (.04 -1.07 (.72 (1,49 .47
1267 0.56 -0.01 -0.01 -0.61 -0.44 0.39
950 -0.18 -0.13 -0.26 -0.14 (.96 ~0.20
1561 0.95 -(0.24 -0.35 -0.28 -0.10 -0.17
856 -0,33 -(.18 -0.21 0.64 -0.43 0.60
895 -0.03 -0.16 -0.32 -0.20 -0.13 0.87
1270 -0.60 0.65 0.57 -0.08 -0.02 -0.37
1476 (.42 -0.11 -(3.39 -(3.32 -(1.32 0.65
1416 0.59 -0.05 -0.10 -0.61 -(1.36 0.40
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786 -0.15 -0.19 -0.32 0.02 (.94 -0.25
751 -0.38 -0.23 -3.36 0.33 G.05 .70
1316 0.81 -(.04 -0.43 -0.35 -0.22 0.11
1351 0.87 -0.35 -0.21 -0.05 -0.36 -0.12
962 0.50 -0.24 -0.29 -0.21 -0.17 -0.18
1272 (.45 0.37 3.74 -0.17 3.07 -0.51
1363 -1.63 0.12 .81 -.12 0.05 -0.19
1486 -0.33 0.66 0.07 -0.18 -0.26 0.22
1496 -0.18 -0.08 -0.24 -0.18 0.93 -0.19

96 -0.23 -0.13 -0.22 -0.18 092 -0.11
1294 -0.23 -0.08 0.01 0.78 -0.08 -0.37
1827 -0.18 0.69 -0.02 -3.26 -0.05 -0.02
1887 -0.29 -0.11 (.86 -0.08 -.23 -0.23
1362 -0.21 -0.11 -0.05 -0.23 .87 -0.25
1302 0.29 -0.32 -0.37 0.75 -0.20 -0.19
882 -0.51 -0.22 -0.15 0.55 0.57 -0.13
1265 -0.37 0.33 8.67 -0.17 3.16 -0.59
1489 -0.45 0.10 (.78 -0.20 .03 -0.26
878 -0.09 -0.26 -0.32 0.85 -0.06 -0.08
1338 -(3.45 0.82 .12 -.07 -{.05 -0.16
826 0,18 0.40 (.38 (.55 .02 -0.47
1424 -0.19 -0.21 -0.32 -3.09 .09 0.77
355 -0.20 -0.10 -0.27 -0.15 G.93 -0.16
879 -0.20 -0.03 -0.19 -0.21 .89 -0.20
13605 -0.57 0.14 .78 0.14 -0.03 -0.43
978 -0.12 -0.15 -0.25 -0.09 -0.17 0.82
769 -0.01 -0.36 -0.58 0.42 0.01 0.56
1567 -0.16 0.58 -0.15 -0.16 0.18 -0.14

35 0.60 -0.31 -0.39 -0.37 (.13 0.46
1632 -0.15 -0.12 0.64 -0.10 -0.16 -0.19
1431 0.53 -0.35 0.42 -0.44 -0.24 -0.16
788 -0.45 0.11 -0.13 0.87 -0.22 -0.03
1333 -0,40 -0.10 -0.32 0.03 (.69 0.22
1357 0.47 0.01 -0.56 -0.14 -(.30 0.50
997 -0.16 -0.13 -0.22 -0.172 -(.16 0.83
1325 0.68 -0.19 0.04 -0.41 -0.44 0.13
1275 (.45 0.50 .08 0.52 8.05 -0.34
1315 -0.15 (.34 3.66 -0.62 3.03 -0.33
1545 -0.12 -(1.05 -0.26 -0.15 -0.21 0.85

For each variable, the correlation coefficient of corresponding weight map with the
assignation map pattern can be calculated.

cc =0: indicates no correlation between biomarker and the related class;

1> CC@{) > 0: accordance between the biomarker intensity and cancer related class.

0<CC<-1: an inverse correlation between biomarker value and cancer-related class.
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The cc values >0.5 or <-0.5 are colored. For example, the weight map of biomarker
1282 is highly correlated with the cancer class 4 pattern on the assignation map, and it

may be an important biomarker for the samples from patients with myeloma.

EXAMPLE IB. In Depth _analysis of human proteome _using mufti-nanoparticie

protein ...corona ...characterization ._and..machine . _learning ...enable __accurate

Identification and discrimination of cancers at earlv stages

[00326] In a second embodime” the collective protein corona data for a given
plasma sample, derived from individual nanopartides' protein corona profiles, is able to
identify and discriminate different types of cancers using machine learning (e.g.,
random forest approach) to analyze the data. The sensor array as described in Example
1A was used and the data collected was further analyzed by machine learning in further
detail. This sensor array (i.e. protein corona nanosystem) unambiguously and robustly
identified cancer and allows for the discrimination among different types of cancers.
This system can be used to predict cancer types using blind plasma samples. The
capacity for very early detection by using the plasma of healthy people in existing
cohorts who were diagnosed with cancers several years after plasma collection to
determine a pre-cancer biomolecule fingerprint

[00327] FIG. 1 presents a schematic overview of the use of the sensor array
(nanoparticle system) (o use mulli-protein-corona proteomics for cancer detection in
known cancer patients and for cancer prediction using both blind plasma and cohort

samples.

RESULTS

Protein corona profiles of the nanosystem using plasma from patients with
cancers at early, intermediate, and advanced stages

[00328] Our protein corona nanosystem consists of three different cross-reactive
liposomes with various surtface charges [anionic (DOPG (1,2-dioleoyl-sn-glycero-3-
phospho-(I'-rac-glycerol))), cationic (DOTAP (l,2-Dioleoyl-3-trimethylammonium-
propane)-DOPE (dioleoylphosphatidylethanolamine)), and neutral (CHOL (DOPC-
Cholesterol))], whose protein corona profiles were measured after exposure to the
plasma of healthy subjects or patients with one of five cancers: lung, pancreas,

myeloma, meningioma, or glioblastoma.
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[00329] We performed proteomic analysis on each patient [5 patients/group) in
triplicate for each of the three liposomes (see FIG. 2A,B for details on the size and
charge of the liposomes) in our protein corona nanosystem (ie., total trials:
3*(29)*3=261). Although no single protein corona composition is specific for any one
cancer type as also described in Example 1A, the collective protein corona composition
for a given plasma sample derived from different liposomes provided a unique
"fingerprint” for each type of cancer.

[00330T Though the composition of the protein corona that forms on the surface of
liposomes is strongly dependent on their physicochemical properties, it can also be
strongly affected by the unique type, concentration, and conformation of proteins and
other biomolecules present in a given patient’s plasma. The size and charge of corona-
coated liposomes were probed using dynamic light scattering (DLS/Nanosight), after
incubation with plasma from patients with five different types of cancers (see Table 1)
and healthy individuals. The results confirmed that the physicochemical properties of
the corona-coated nanoparticles varied across different types of cancer (FIG. 2A,B).
[00331] Quantitative evaluation of the total protein adsorbed onto the liposomes was
performed via the BCA (bicinchoninic acid) or NanoOrange assays, and the results
confirmed significant differences in the amounts of adsorbed proteins after incubation
in plasma from patients with various types of cancers (FIG. 3A-F). Quantitative
evaluation of the total protein adsorbed onto the surface of liposomes showed the
dependency of protein amount on cancer type (FIG. 3A-F). The protein corona
composition at the surface of three liposomes was evaluated by liquid chromatography -
tandem mass spectrometry (LC-MS/MS) in which 876 known proteins were defined.
The contributions of individual proteins and their categories (i.e., complement,
coagulation, tissue leakage, lipoproteins, acute phase, immunoglobulins, and other
plasma proteins) to the corona composition were defined (FIG. 3A-F). The results
demonstrated associations between the protein composition and not only the cancer
type but also the type of liposomes. The mechanism behind this variation is that the
high surface-to-volume ratio of the nanoparticles provides a unique opportunity for a
wide range of human plasma proteins (highly abundant proteins, less-abundant plasma
proteins, and very rare proteins) to participate in the corona composition, without need
for depletion of highly abundant proteins, and without a direct correlation to plasma

protein concentrations. Furthermore, in our system, conformational changes in plasma
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proteins can also change the protein corona composition, via significantly altering the
interaction site of proteins with nanoparticles. These characteristics make the protein
corona profile unique among other approaches developed for the analysis of proteins in
human plasma.

[00332] The protein corona compositions at the surface of liposomes contained a
wide range ofhuman plasma proteins including highly abundant proteins (e.g., albumin,
transferrin, complement proteins, apolipoproteins, and alpha-2-microglobulin) and
very rare proteins (defined as <100 ng/ml) such as transforming growth factor beta-1-
induced transcript 1 protein (-10 ng/ml), fructose-bisphosphate aldolase A (~20
ng/ml), thioredoxin (~18 ng/ml), and L-selectin (~92 ng/ml). We also identified 388
proteins without a known previous plasma concentrations
(http://plasmaproteomedatabase.org/). The obtained protein information was then
analyzed by a machine learning approach to probe the capacity of our protein corona

nanosystem for robust and accurate cancer detection.

Development of classifier to detect and discriminate among cancers using protein
corona nanosystem outcomes.

[00333] To evaluate the ability of the protein corona nanosystem to detect various
cancers, we used proteomic data collected from the 3 distinct liposomes on 29 plasma
samples (5 patients each from 5 cancer types; and 4 healthy samples) to train a
classifier, specifically an algorithm that receives array measurements from a patient and
outputs one of six labels (either one of the five cancer types, or healthy). Before training
the classifier, raw data from thc 3 nanoparticlecs were first 'de-noised’ via a low-rank
tensor factorization discussed in depth in a later section. This de-noising implicitly
mitigates the significant variability observed in individual corona elements. We then
trained a random forest classifier, a popular non-linear classification algorithm, on the
resulting de-noised data.

[00334] We tested the accuracy of this classifier on 16 blind samples (3 patients each
from 5 cancer types; and 1 healthy sample;-). We measured overall classification
accuracy for the task of correctly assigning these blind samples to one of the six labels,
along with sensitivity and specificity for each of the five cancer types separately (Table
4). Due to the relatively small number of plasma samples (45 in total), and to ensure the

robustness of our results, we performed this procedure (training a random forest
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classifier on 29 samples and measuring accuracy, sensilivities and specilicities on the
remaining 16 samples) a total of 1000 times. The training and tests sets in each of the
1000 replications of the experiment were chosen randomly from amongst all class-
stratified partitions of the data. This approach allows us to calculate unbiased estimates
of the p-value for the classification accuracies we report (see Table 4). Specifically, the
last row of Table 4 shows that the average overall accuracy across the 1000 replications
was 96.2%, or equivalently an overall error of 3.8%. We also observe a p-value of 0.04
for the null hypothesis that the overall classification error is lower than 87.5%, and
therefore we can reject this null hypothesis with 95% confidence. Sensitivities for the
five individual cancer types range from 87.4% to 100.0%, and individual specificities

range from 97.0% to 100.0%.

Table 4. Ovcrall classification accuracy, sensitivity, and specificity. Overall
classification accuracy for protein corona nanosystem with one, two, and three
liposomes (Column 2). Both classification accuracy and the associated p-values improve
with additional liposomes. Individual sensitivity and specificity for glioblastoma, lung,
meningioma, myeloma, and pancreatic cancers (Columns 3-12) also show that
sensitivity and specificity improve with additional liposomes. Experimental results are
averaged over 1000 independent draws of a training set comprising 29 plasmas, with
evaluation on the remaining 16 plasmas, p-values are [or the null hypothesis of a

classification error lower than 87.5%.

Glioblastoma Lung Meningioma Myeloma Pancreatic

Array Size Accuracy Sens. Spec  Sens. Spec. Sens. Spec. Sens. Spec. Sens. Spec.

One 86.0 (0.43) 80.1 96.5 85.9 984 83.9 96.3 88.1 97.1 89.6
Two 92.4 (0.18) 89.6 97.5 94.0 99.5 91.6 96.2 99.9 99.6 85.8
Three 96.2 (0.04) 100.0 98.9 94.0 100.0 98.5 97.0 100.0 100.0 87.4

97.7
99.9
99.5

The value of multi-liposomes in the protein corona nanosystem
[00335] To assess the importance of including multi-liposomes in the protein corona
nanosystem, we repeated the entire classification procedure using 1000 different splits

of the data into training and testing samples, but this time using data measured from
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only a single liposome. This was done for each of the three liposomes, and the results
are reported in the first row of Table 4. Relative to the entire array including all three
liposomes, the single-liposome arrays showed significantly lower accuracy, sensitivity,
and specificity. We also re-performed the procedure for sets of two liposomes [there are
three such unique sets); these results are found in the second row of Table 4. The two-
liposome systems are more accurate than a one-liposome system, but still weaker than
the entire array of three liposomes. Overall, this indicates the value of changes in the
corona composition pattern between different liposomes and the necessity of including

such multiple observations.

Variable and protein importance and stability

[00336] The random forest model also yields an importance score for each variable
(i.c. each liposome-protein pair). This score essentially measures how important that
variable was in discriminating patients of different cancer types. On an individual 'tree’
of the random forest, the importance score of any variable used in constructing the tree
is defined as the proportion of the training set that lies in the 'leaves’ of nodes utilizing
that variable (variables not used in constructing the tree are assigned a score of zero);
then the overall importance score for a variable is the average of its importance scores
on each tree.

[00337] For different biological {families of proteins (the same as those used in FIG.
3A-F), we calculated the overall importance in discriminating different cancer types
(FIG. 10A, (a)-(¢)). The results suggest that different families of proteins are important
in detecting different cancers. For example, acute phase proteins were relatively
important in detecting meningioma, and lipoproteins were relatively important in
detecting glioblastoma. Notably, these variations were distinct from the variations in
the percentage of each category adsorbed onto the liposomes (FIG. 10A, (d)-(f)).

Interestingly, these results are in good agreement with the biological function of these
protein categories. For example, it is well-accepted that lipid metabolisms are
substantially altered in glioblastoma compared to the healthy tissue, which may be the
main reason for the observed substantial changes in the interaction of lipoproteins with
liposomes (FIGS. 2Cand 10A). Details on the numbers ofidentified proteins and unique
proteins in the corona composition of different liposomes and their combinations are

provided FIG. 10B.
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[00338] We also calculated the most important overall proteins (FIG. IOC and Table

5). These proteins were detected in combinations of all three liposomes, again showing
the critical role of multi-liposomes in the nanosysten , VVe also evaluate the robustness

of this set of 'important' proteins across the classifiers estimated on the 1000 splits of
training data discussed earlier. Specifically, FSG. 10B shows the 25% to 75™ percentiles

of the importance scores for the 30 most important proteins on average. These show
that the set of important proteins is robust to the split of data used for model training.

Among these most important proteins (see Table 5), some have been recognized as
playing critical roles in cancer development. For example, Ficolins (both Ficolin 2 and
Ficolin 3) are serum pattern recognition molecules with opsonic properties with a
substantial capacity to regulate complement activation. The serum concentrations of
Ficolin 3 have been demonstrated to be higher in patients with ovarian cancer than in
healthy  subjects. Moreover, Ficolin 3 was identified in a differential proteomic analysis
of prostate cancer serum, suggesting a role for this protein in prostate cancer as well.
On the other hand, it is well established that Apolipoprotein A2 and its isoforms are
overexpressed in prostate cancer serum and that the concentration of acute-phase

proteins (e.g., complement proteins) can change by > 25% in the presence of
inflammatory disorders such as cancer. A clear association between cancer and the
hemostatic system has long been documented. Hemostasis modulates blood flow by
regulating the adhesion ol platelets and deposition of [ibrin. Several proteins involved in
hemostasis have been connected to the regulation of angiogenesis. Among these,
fibrinogen is the main protein in the hemostasis process and has been found in many
tumors; it modulates angiogenesis and tumor growth and has been implicated in
metastasis formation. indeed, plasma levels of fibrinogen have been used to forecast
clinical outcomes in patients with non-metastatic renal cell carcinoma, and © predict

distant metastasis in pancreatic cancer.

Table 5, Information about the most important overall proteins, found to be detected
on combinations of all three liposomes. *The concentrations are values obtained using
spectral counting from the plasma proteome database
(www.plasmaproteomedafabase.org).
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| Uniprot : Protein description | Function - Amount in
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...............................................................................................................................................................................................................................

i entry | plasma*
| pame : f t
P FCN3 Ficolin-3 | complement  activation, lectin | 1 pg/ml
S S pathway
| SAA4 Serum amyloid A-4 | chemoattractant activity 30 ug/mi
T protein S ——
{ CBPN Carboxypeptidase N | protects the body from vasoactive | 720 ng/ml
5 catalytic chain ' and inflammatory peptides
____________________________________________________________________________________________ _containing C-terminal ArgorLy
APOAZ Apolipoprotein AZ acute inflammatory response, lpid | 750 ug/mi

............................................................................................... o Y N
L E07 Complement i regulator of innate and adaptive | 2.6 yg/ml
L component C7 | immune response
L IGHG1 Immunoglobulin | antigen binding N.A.
heavy constant gamma |

1
IGHGS immunoglobulin antigen binding NA.
5 heavy constant gamma |

3 :
. IGHG2 Immunoglobulin | antigen binding N.A. \
; heavy constant gamma |

5 :
RET4 Retinol-binding  retinol transporter
________________________________ oo S
P VTNC ! Vitronectin ! cell adhesion

A A A A A A A A A A AR A LA A A AR A A AR A

[ GRP78 178  kDa  glucose- ATPase activity

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

kappa chain V-1| Antigen binding

“““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““

{ CPNZ . Carboxypeptidase N | regulation of
ojsubunitz activation
| COL11 | Collectin-11 | mannose  binding, complement

! activation

of

! regulation
¢ activation

complement

i hemostasis

T

L 06 : Complement ! regulation of
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: component C6 ! activation

¢ Immunoglobulin ! antigen binding NA.
. heavyconstantalphal: L
LIGLLS Immunoglobulin | antigen binding NA.
lambda-like
“““““““““““““““““ polypeptide S
{ £08A Complement i regulation of complement | 70-90
5 component €8 alpha | activation pg/mi
________________________________ chain
{Kic14 Keratin, type 1§ structural constituent of | 210 ng/ml
e cytoskeletal 14 (Gytoskeleton

CRP C-reactive protein complement activation, classical | 2 pg/ml

_______________________________________________________________________________________________ PAIWAY || i
{ 208G Complement i regulation of complement | 1.1 ug/ml
: component C8 gamma | activation
................................. chaln

[00339] To further probe the role of the important proteins identified by our machine
learning approach, we searched for them in the Open Targets database, a platform for
therapeutic target identification and validation. That database calculates a disease-
association score for each protein based on evidence from various other databases
(including GWAS Catalog, UniProt, Gene2Phenotype, Cancer Gene Census, IntOGen,
Europe PMC, and Reactome) to derive a score on a scale of {§ (lowest] to JL{ (highest) of
disease association. Of the proteins listed, three have strong associations with cancers.
Hyaluronan Binding Protein has a very strong general association (1.0) with cancers;
Fibrinogen Beta Chain has a moderately strong association (0.4) with lung cancer; while
Keratin, Type 1 cytoskeletal 14 is strongly associated (0.72) with prostate cancer.
Almost all the other proteins in Table 5 have some degree of weak association (0.05 -
0.4) with various types of cancers. Hence, overall, the proteins have a linkage with

known cancer associations.

Overcoming variability in single measurements with Tensor factorization

[00340] Due to significant variability in patient populations, along with noise
introduced through measurement error, we found that any single protein was
insufficicnt for classification. For cach of thc 100 most-abundant proteins (yiclding
3*100=300 variables), we calculated the average absolute z-score of that proteins
concentration in the observed corona across patients of each cancer type. A higher z-

score for a cancer type on a given protein indicates that this protein may be useful in
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detecting this cancer type. FIG. 11 (blue bars) shows a histogram of these average
absolute z-scores for each cancer type and the healthy group. We also measured
average absolute z-scores for proteins previously linked to these specific cancer types,
which are displayed in the same histogram in FIG. 10 (light grey bars). Across all of
these hundreds of variables, only a single protein has an absolute z-score above 2.0, and
on only a single cancer type (Myeloma), suggesting that no single protein suffices for
accurate classification.

[00341] The tensor decomposition that precedes our construction of a random forest
effectively serves the role of computing a small number of weighted averages of protein
composition in the observed corona on a given sample. This average is across all
proteins and nanoparticles in a given plasma sample, and serves the role of mitigating
the variability in the observed concentration of any given protein. For example, in FIG.
11 (long, black bars), the average absolute z-score for one of these weighted averages is
plotted for each cancer type. The absolute z-scores of these weighted averages are
significantly higher than those of any single variable. In addition to the intuition this
provides for how our approach overcomes variations in a single protein across samples
with the same indication, this de-noising also materially impacts our ability to classify.
Absent de-noising, simply training a random forest classifier on the raw corona data
would yield a classification accuracy of 94% (at a p-value of 0.07) as opposed to 96.2%
(at a p-value of 0.04) reported in Table 4. For the cohort data reported in Table 7 de-
noising enabled us to increase classification accuracy from 92% (at a p-value of 0.04) to

94.1% (at a p-value of 0.01).

[00342] Dependence of classification accuracy on data

[00343] Our final evaluation on the 45 non-cohort patients was of the value of data.
Our original classifier was trained on 5 samples per cancer type. To measure the value
of including more or less training data, we repeated the classification procedure
(splitting the data into training and testing samples, training a classifier on the training
samples, and measuring performance on the testing samples, all done 1000 times) for a
varying number of training samples per class, ranging from four to six (Table 6.
Classification accuracy, sensitivity, and specificity all increased with increasing numbers
of training samples. With six training samples per class, overall accuracy reaches 96.8%

[i.e. an overall error rate of 3.2%). This strongly suggests that accuracy, sensitivity, and
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specificity will continue to increase as more data are included in training the classifier.

Table 6. Classification accuracy improves with more data. (Column 2) Overall
classification error when the training set consists of four, five, and six samples trom
each cancer, and associated p-values. Both classification error and the associated p-
values improve with additional samples from each cancer. (Columns 3-12) Sensitivity
and specificity for glioblastoma, lung, meningioma, myeloma, and pancreatic cancers
when the training set consists of four to six samples. Experimental results are averaged
over 1000 independent draws of a training set with four healthy patients, and four to six
patients with each cancer type, p-values are for the null hypothesis of at least two

classification errors.

Glioblastormna Lung Meningioma  Myeloma Pancreatic
# Samples Accuracy  Sens. Spec.  Sens. Spec.  Sens. Spec.  Sens. Spec.  Sens. Spec
Four 944 (014} 988 981 912 1600 930 96.7 1000 999 880 984
Five 96.2 {0.04) 100.0 989 940 100.0 985 97.0 1000 1000 874 995
Six 96.8(0.01) 1000 994 966 1000 982 97.0 10001000 878 996

Sampling of low- and high-abundance plasma proteins with liposomes without
the requirement of protein depletion

[00344] The multi-liposome protein corona nanosystem, using machine-learning
techniques, produces a unique "fingerprint" protein pattern for each type of cancer and
for healthy individuals. In pursuit of the mechanism underlying the unique capacity of
the protein corona in cancer identification and discrimination, we have thoroughly
analyzed the corona composition for the contribution of both high- and low-abundance
proteins, and compared those outcomes with the concentration of corona proteins in
human plasma. In this regard, the contribution of each protein (e.g., protein X) to the
corona composition and plasma was normalized with respect to albumin using (total
peptides of albumin in protein corona)/ (total peptides of protein X in protein corona)
and (concentration of albumin in plasma)/(concentration of protein X in plasma),
respectively. It is noteworthy that we manually searched the concentrations of

identified corona proteins in plasma using an online proteome database
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(http://plasmaproteomedatabase.org/ ). As the total peptides of the albumin in the

protein corona are proportional o albumin's total weight in the protein corona, dividing
these peptides to the peptides of protein X is comparable with the ratio of albumin
conccntration to concentration of protcin Xin plasma. As shown in FIG. 12, wc found
that the plasma concentrations vary over 10 orders of magnitude (in log-log scale),
while the liposomes detect these same proteins over 4-5 orders of magnitude. In other
words, we revealed that the protein corona composition has a great capacity to
concentrate a wide range of low-abundance proteins (<100 ng/mg) and very rare
proteins (<10 ng/mg). This means that obtaining data on highly abundant proteins in
the protein corona does not interfere with detection of peptides derived from less-
abundant and rare proteins. It is worth noting that most of the detected proteins are
low-abundance, rare, or unknown/unreported proteins. Participation of the low-
abundance proteins in the corona composition is mainly due to the exchange of corona
proteins with low affinity for proteins with higher affinity and slower adsorption
kinetics.

[00345] Detection of low-abundance proteins in human plasma requires depletions of
highly abundant proteins and post-depletion plasma-fractionation strategies; however,
even using these depletion strategies, plasma proteomics has not been robustly
successful in early detection of cancers. The results obtained with our system indicate
that, in contrast to human plasma proteins, the protein corona composition contains a
wide range of less-abundant and very rare plasma proteins, without need for depletion
(which may cause unintended removal of low-abundance proteins/biomarkers). In
addition, wc found scvcral protcins in thc protcin corona whosc concentrations in
human plasma are unknown/unreported, possible due to their very low concentration
in human plasma. More specifically, anionic, neutral, and cationic liposomes account for
323, 189, and 155 of proteins with unknown/unreported plasma concentration,
respectively). The contribution of these proteins to the protein corona is indicated by
the rectangular box on the right in FIG. 12.

[00346] The use of multi-liposomes (with distinct surface properties) provides a
unique opportunity to increase the detection depth of the low-abundant proteins and
very rare proteins (see FIG. 12), which substantially enhanced the sensitivity,
specificity, and predictive accuracy of the protein corona nanosystem. Each liposome

provided different patterns of contributed proteins with a strong dependency on cancer
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Lype.

Cancer detection and discrimination among cohort samples

[00347] Finally, to investigate the ability of the protein corona nanosystem to detect
cancers at very early stages, we used cohort plasma (obtained from the NIH-funded
Golestan Cohort Study; details are provided in the Methods section) from healthy
people who were diagnosed several years after plasma collection with pancreatic, lung,
and brain cancers. We followed the same procedure, performing 1000 experiments. In
each experiment, we partitioned the data into 12 (4 each from 3 cancer types) training
samples and 3 testing samples (one each from 3 cancer types). Observations were
denoised via the previously described procedure, and then a random forest classifier
was trained on the training samples. Finally, overall accuracy, sensitivity, and specificity
were measured on the test samples (Table 7). Overall accuracy was 94.1% (an error
rate of 5.9%), with a p-value of 0.01 for the null hypothesis of an overall accuracy
<66.7% (thus rejected with 95% confidence). Sensitivities across the three cancer types
ranged from 83.2% to 100.0%, and specificities ranged from 91.6% to 100.0%. These
relatively high values suggest that the protein corona array can successfully detect

cancers at their earliest stages.

Table 7. Overall Classification Accuracy, Sensitivity, and Specificity for Cohort
Samples. (Column 2) Overall classification accuracy for one, two, and three liposomes.
Both classification error and the associated p-values improve with the addition of
liposomes to the nanosystem. (Columns 3-8) Sensitivity and Specificity for Brain, Lung,
and Pancreatic cancers, respectively. Again, sensitivity and specificity improve with the
addition of liposomes. Experimental results are averaged over 1000 independent draws
of a training set comprising 12 patients, with evaluation of the remaining 3 patients, p-

values are for the null hypothesis of a classification accuracy <66.7%.

Brain Lung Pancreatic
Array Size Accuracy Sens. Spec. Sens. Spec. Sens. Spec.
One 75.4 (0.23) 74.7 86.1 90.7 90.9 60.8 86.9
Two 80.5 (0.11) 92.3 89.7 76.3 92.1 73.1 88.9
Three 94.1 (0.01) 100.0  100.0 83.2 99.6 99.2 91.6
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[00348] We also performed the same experiments with smaller subsets of liposomes,
including each liposome individually, and all three unique sets of two liposomes. Again,
overall accuracy, sensitivities and specificities were shown to increase dramatically as

the number of liposomes increased, again indicating the value ofthe array system.

DISCUSSION

[00349] No prior study using protein corona or any other approach for fractionation
of the plasma proteome has enabled concurrent multi-cancer screening with acceptable
specificity, sensitivity, and predictive accuracy. This is the first time a sensor array has
been developed with the specificity, sensitivity and predictive accuracy for not only
cancer, but specific cancer subtypes.

[00350] The fractionation of the plasma proteome by the protein corona has been
demonstrated to be unrelated to the abundance of specific plasma proteins and occurs
instead via many factors including protein affinity for the nanoparticle surface through
a wide range of forces including Coulomb forces, London dispersion, hydrogen-bond
acidity and basicity, polarizability, lone-pair electrons, and protein-protein interactions
between participating proteins in the corona structure. Protein corona composition has
been shown to be dynamic and initially dominated by abundant proteins including
albumin, immunoglobulin, and {ibrinogen, which together with 19 other proteins
comprise over 99% of the protein mass in the plasma proteome. The remaining 1% of
the plasma proteome is comprised of over 10,000 proteins; a subset of these proteins
with higher affinities and/or lower absorption kinetics for the nanoparticle surface
compete with the high-abundance proteins for inclusion in the corona composition. In
addition to the exchange of the proteins with higher binding affinity for those with
lower binding affinity at the surface of nanoparticles, there is a chance for a
contribution by other low-affinity proteins in the outer protein corona layer due to their
favorable protein-protein interactions with the already-formed protein corona layer.
This means that the exchanged low-abundant proteins may be able to direct the
formation ofthe protein corona toward adsorption of more low-abundance proteins.
[00351] Herein we analyze for the first time the relative concentration capacity of the
protein corona in enriching low-abundance proteins (defined as <100 ng/ml),

demonstrating that many of these proteins are at concentrations <10 ng/ml and

102

SUBSTITUTE SHEET (RULE 26 PREOMICS EXHIBIT 1002
Page 709 of 1861



WO 2018/112460 PCT/US2017/067013

approaching 1 pg/ml. More importantly, we show that many of these proteins play a
crucial role in cancer identification and discrimination via machine-learning
approaches. The role of the protein corona in concentrating a wide range of low-
abundance and very rare proteins may go a long way towards overcoming the main
reasons behind the limited success of current mass spectrometry techniques (including
LC-MS/MS] in early detection of cancers, as these techniques can detect proteins at a
dynamic range of 4-6 orders of magnitude. In other words, the protein corona
composition enables sampling across a vast dynamic range of the plasma proteome,
which can substantially enhance the depth of protein coverage without protein
depletion. Since the protein corona obtained from a single nanoparticle constitutes at
most several hundred distinct proteins (a small subset of the total proteome), we
postulated that using multi-nanoparticles with distinct physiochemical properties might
create additional dimensions of proteomic information: 1] each additional nanoparticle
with distinct physicochemical properties potentially enables the recruitment of
additional unique low-abundance proteins (FIG. 12); 2) corona proteins that overlap
more than one nanoparticle surface participate at different corona contribution
percentages, and thus alter the concentration and identity of other participating corona
proteins; and 3'd) both unique and overlapping corona protein information from each
nanoparticle serve as unique variables, and therefore provide more data to our machine
learning approach. Combining more nanoparticles {for plasma {ractionating and
proteomic analysis provides significantly more information for cancer detection and
discrimination with superior sensitivity, specificity, and prediction accuracy compared
to fewer nanoparticles (Table 4). Conceptually, our multi-nanopartide approach is
similar to the olfactory system, in which the specificity of odorant recognition originates
from the pattern of responses from several hundred highly cross-reactive olfactory
receptors, where any one receptor provides incomplete information but the
combination is highly specific in identifying a given odorant (i.e., in humans ~400 active
receptors can detect and differentiate ~ 10,000 odorants, and in dogs ~1200 active
receptors can detect ~ 1,000,000 odorants). Similar approaches have also been used by
other investigators to detect and differentiate among diverse families of analytes,
various foods and beverages, pathogenic bacteria and fungi, biomolecules, and even
nanoparticles themselves.

[00352] Three different cross-reactive liposomes (with negative, neutral, and positive
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surface charges) were used whose protein corona profiles were measured after
exposure to the plasma of individual patients who had one of five cancers: lung,
pancreas, myeloma, meningioma, or glioblastoma. To identify and discriminate among
cancers using the protein corona nanosystem outcomes, we used a well-defined random
forest machine learning approach. We have designated 1000 different sets of samples as
training (i.e., plasmas with known cancers and healthy conditions) or testing (i.e., blind
plasmas) samples to ensure that our protein corona nanosystem is robust and accurate
for cancer detection with excellent predictive accuracy. Although no one protein corona
composition from a single nanoparticle was specific for any particular cancer type with
acceptable predictive accuracy (i.e., 86.0% with p-value of 0.43 for the classification
error lower than 87.5%), we found that the pattern of corona composition derived from
the multi-liposomes provides a unique "fingerprint” for each type of cancer with
excellent predictive accuracy (i.c., 96.2% with p-value of 0.04 for the classification error
lower than 87.5%). These results, based on the deep analysis of the human proteome
using multi-liposome protein corona characterization and machine learning, confirmed
the promise ofthis system for unambiguous identification and discrimination of cancers
and error-free discrimination against healthy subjects with excellent specificity (from
97.0% to 100.0%).

[00353] To probe the capacity of the protein corona nanosystem for very early
detection of cancers, cohort plasma samples were used. These samples were collected
from healthy people who were diagnosed with lung, pancreas, or brain cancer eight
years after plasma collection. The outcomes of the protein corona nanosystem, using
plasma from 15 patients in the cohort study, revealed that our approach accurately
identified and discriminated cancers even in these pre-diagnosis cohort samples, for
which cancer detection was not possible with current alternatives. In agreement with
our findings on the fresh plasma samples, multi-liposome plasma sampling provided
superior classification accuracy (94.1% vs. 75.4%) and specificity [i.e., brain (100.0% vs.
86.1%) lung (96.6% vs. 90.9%), and pancreatic (91.6% vs. 86.9%)] compared to single-
liposome sampling. It is noteworthy that the protein corona profiles of the cohort
samples were different compared to the previous fresh cancer samples. This is mainly
because of the long-frozen storage (around 10 years) of the cohort samples, as the
samples were collected at the time of screening of healthy individuals. It is increasingly

accepted that long-term storage of plasma samples can strongly affect the concentration
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and integrity of a subset of proteins, in turn altering the protein corona composition and
decreasing the sensitivity of our protein corona nanosystem. Therefore, the maximal
sensitivity of the nanosystem may be realized when using fresh plasma, either as part of
a cancer screening or cancer work-up after diagnosis. The value in the latter setting may
be that changes in the protein corona pattern over time may provide valuable
information relevant to early tumor recurrence or the presence ofresidual disease after
tumor resection.

[00354] In summary, we present proof-of-concept that the multi-nanoparticle protein
corona nanosystem has considerable potential for increasing the depth of protein
detection and thus a unique capacity to accurately detect and discriminate cancers even
at their earliest stages, when existing technologies fail to detect disease. The multi-
nanoparticle protein corona pattern derived from our protein corona nanosystem
provides a unique multivariate "fingerprint” for cancer detection, which is not possible
when the protein corona of only a single nanopartide is analyzed. Furthermore, the
protein corona pattern represents the collective enrichment of a wide range of plasma
proteins (including both abundant and rare proteins) using distinct nanoparticles,
clearly distinguishing it from other multivariate whole-plasma proteomic approaches
that have failed to produce suitable results for early cancer detection. The depth of
protein detection (the main limitation of protein analysis in human plasma) and
predictive accuracy of the nanosystem may be {urther enhanced by using additional
nanoparticles with different physicochemical properties. The successful predictive
outcome of our machine-learning and protein-corona characterization approach for
both blind fresh plasmas and retrospective cohort plasmas provides a suitable
foundation for subsequent prospective studies in cancer. Furthermore, the utility of the
multi-nanoparticle protein corona nanosystem can be applied to other important
human diseases for which early detection can significantly improve both longevity and

quality of life.

[00355] Liposomes were prepared as described in Example 1A.

[00356] Human plasma collection, preparation, and storage was performed as
described in Example 1A.

[00357] Cohortplasma samples were prepared as described in Example 1A..

[00358] Transmission electron microscopy (JEM). Liposome formulations have
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been characterized by TEM as reported previously. Briefly, 10 pi of each sample was
deposited onto Formvar-coated grids, negatively stained using 1% uranyl acetate,
washed with ultrapure water, and air-dried. Measurements were performed with a
Zeiss Libra 120, and image analysis was performed with ImageJ software.

[00359] Size and zeta-potential was determined as detailed in Example 1A.

[00360] Protein assay was carried out as described in Example 1A.

[00361] Protein identification and quantification was performed as in Example 1A.
Unweighted spectrum counts (USC) were used to assess the consistency of biological
replicates in quantitative analysis, and normalized spectrum counts (NCS) were used to
retrieve protein abundance.

[00362] Statistical Analysis. All statistical analyses in the main text were performed
in Python using the scikit-learn, numpy, and scipy packages, and figures and graphs
were created using the bokeh package in Python, along with Microsoft Excel, XLSTAT,
andMATLAB.

[00363] Data matrices. For all 60 plasma samples (45 non-cohort and 135 cohort),
labeled as i = 1, ...,60, a data matrix X; (with 3 rows and ~900 columns) was generated
such that each row of the matrix corresponds to the protein abundances of a single
nanoparticle, as obtained from the protcin corona nanosystcm. As a prcprocessing  step,
we converted the protein abundances to relative protein abundances (RPA) by

normalizing the rows of all of the matrices.

Classification and Clustering

[00364] Tensorfactorization. We treated the data as a three-mode tensor, the first
two modes corresponding to nanoparticles and proteins, and the third mode
corresponding to plasma samples; this is essentially equivalent to stacking the
observation matrices corresponding to each sample, X, on top of each other. The data
were de-noised via a low Tucker rank tensor factorization (/35,/36,137) using code
implemented in Python for this project (available for academic use upon request). Each
matrix X, is approximated by a tensor decomposition that takes the form

Xi~ USiVT,

where U/is a matrix whose rows can be viewed as latent features corresponding to each
of the nanoparticles, and similarly Vis a matrix whosc rows can be vicwed as latent

features corresponding to each of the proteins; these latent features are shared across
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all of the data matrices. Finally, each S;is a matrix encoding interactions between
nanoparticle and protein features, and these are allowed to be unique between samples.
We estimated this decomposition in two steps: we (a) estimated Uand Vvia a truncated
singular-value decomposition on the mode-1 and mode-2 unfoldings of the tensor, and
then given these estimates, we (b) fit each %; matrix separately via a least-squares
calculation.

[00365] Random forest classification. The random forest model is a well-known
machine learning algorithm for classification. A random forest is made up of multiple
decision trees that each make simple classification decisions based on relatively few
variables. These trees are created (or "trained") with different, randomly drawn subsets
of variables so that it is likely that no two trees are identical. Given a new sample, each
tree is traversed top-down until a set of training samples is reached at the bottom. Using
the forest as a whole for classification amounts to having the multiple decision trees
"vote" on a label (in this case, one of five cancer types, or healthy), where each tree's
vote is made from the labels of the bottom set of training samples. For our own
algorithm, each random forest consisted of 1000 decision trees and was trained using
the scikit-learn package. Importance scores were also calculated using the same
packagec.

EXAMPLE 2. Additional sensor array construction for detection of diseases

[00366] A sensor array consisting of 12 different cross-reactive nanoparticles
including three liposomes, three superparamagnetic iron oxide nanoparticles, and six
gold nanoparticles are made. These types of liposomes (DOPG (1,2-dioleoyl-sn-
glycero-3-  phospho-(I'-rac-glycerol)), DOTAP(,2-Dioleoyl-3-trimethylammonium-

propane)-DOPE(dioleoylphosphatidylethanolamine), and CHOL (DOPC-Cholesterol))
with negative, neutral, and positive surface charges are synthesized according to our
previous  reports. Ultra-uniform  PEG-coated superparamagnetic iron oxide
nanoparticles 20 nm in size and of various PEG molecular weights [ie., 300, 3000,
and 6000) are obtained from Micromod®. Gold nanoparticles, with core size of ~ 2
nm, and different surface functionalities are synthesized.

[00367] All of the nanoparticles are the same size but have different surface
properties, which are expected to form significantly different protein corona
compositions in response to the plasma of patients developing various types of

cancers. The sensor array probes the capability of the protein corona sensor array
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to identify and discriminate among cancer types via the patient's plasma proteins,
as described in Example 1.

[00368] Samples from a wide range of cancers including lung, pancreas, myeloma,
meningioma, glioblastoma, esophageal squamous cell carcinoma, and gastric
adenocarcinoma are probed. Protein corona arrays based on different nanoparticles
(liposomes, iron oxide, and gold) are designed to probe the variation in biomolecule
fingerprint among various cancer types. The sensor assay will also allow for the
identification of proteins that are markers for specific types of cancers, including new
and unknown biomarkers for different cancer cell types. The pattern recognition that
can be determined based on the different types of cancer or the stage of cancer.

[00369] A wide range of human plasmas from healthy people that were later
diagnosed with various types of cancers several years after plasma collection will be
analyzed. The plasma samples were collected through a NIH-funded cohort study,
named the Golestan Cohort Study, performed by the National Cancer Institute (NCI) in
the USA, the International Agency for Research on Cancer (JARC) in France, and the
Tehran University of Medical Sciences (TUMS) in Iran. This study involved the
collection and storage of plasma from 50,000 healthy subjects. Over 1,000 of these
subjccts went on © develop various types of cancers in subscquent ycars. The
samples are stored at TARC and being used by our team for analysis. These
important plasma samples provide us a unique opportunity © probe the capacity of
our innovative protein corona sensor array for early detection of cancers. In addition,
we will also assess and identify proteins useful for the identification and
discrimination of these cancers.

[00370] We believe that the outcomes from applying this innovative sensor array to
cohort plasma samples will not only be instrumental in the detection and screening of
cancers at early stages but also help identify novel protein markers involved in cancer
development  Our sensor array component choices have more specific capability
compared © other developed methods to provide fingerprints for a wide variety of
proteins in a non-specific, cross-reactive manner for identification  and
discrimination of cancers.

The hard corona profiles of the sensor array elements are probed using
plasma from patients with cancers at Intermediate and advanced stages:

[00371] The composition of the protein corona that forms on the surface of sensor
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array elements is strongly dependent on the physicochemical properties of those
nanoparticles and, at the same time, can be strongly affected by the type of disease
present in the donor of the human plasma used for incubation. To prepare the
corona-coated nanoparticles, the 12 nanoparticles prepared are incubated with
human plasma (separately) of nine types of cancers [lung, pancreas, myeloma,
myeloid leukemia, meningioma, glioblastoma, breast, esophageal squamous cell
carcinoma, and gastric adenocarcinoma) and isolated from free proteins via a well-
defined centrifugation approach. Centrifugation is usually performed at 13000g for 30
min at 15 °C. The supernatant will be removed and the collected particles would be re-
dispersed in 500 microlitter of PBS. The procedure will be repeated to get the loosely
attached proteins removed. In order to remove the loosely attached proteins from
the surface of nanoparticles, the collected nanoparticles will be redispersed in cold
PBS (15°C) and collected via centrifugation. The size and charge of the corona-coated
nanoparticles will then be determined wusing DLS/Nanosight and compared to their
initial values obtained in buffer. Quantitative evaluation of the total protein adsorbed
onto the nanoparticles will be performed via the BCA or NanoOrange assay, while
qualitative shotgun proteomics analysis identify the proteins adsorbed onto the
surfacc of the 12 nanoparticles. Bricfly, aftcr scparation of protcins from thc surface
of nanoparticles (according to the protocol (Saha, K.; Rahimi, M.; Yazdani, M.; Kim, S.
T.; Moyano, D. F.; Hou, S.; Das, R.; Mout, R.; Rezaee, F.; Mahmoudi, M. ACS nano 2016, 10,
(4), 4421-4430, incorporated by reference), proteins are injected into a liquid
chromatography-mass  spectrometry  (LC-MS/MS) apparatus. The proteins are
identified from the resulting data through screening of relevant databases. To obtain

the total number of LC-MS/MS spectra for all peptides attributed to a matched

protein, semi-?Polydispersity index from cumulant fitting quantitative assessment of
the protein amount will be conducted through spectral counting (SpC). The normalized
SpC (NpSpC) amounts of each protein identified in the LC-MS/MS spectra will be

calculated using the following equation:

NpSpCk =

where NpSpCk is the normalized percentage of spectral count (i.e., raw counts of ions)

for protein k, SpC is the spectral count, and Mw is the molecular weight (in kDa) of the

109

SUBSTITUTE SHEET (RULE 26 PREOMICS EXHIBIT 1002
Page 716 of 1861



WO 2018/112460 PCT/US2017/067013

protein k.

Develop supervised and unsupervised clustering analysis to identify and
discriminate among cancers using the sensor array outcomes:

[00372] In order to investigate whether protein corona fingerprints (PCFs) of
various sensor elements could be utilized as a biosensors and form unique patterns
for different diseases (biomolecule corona signature), we have applied focused
classification approaches to proteomic data from three liposomes' protein corona

composition (canonic, anionic, and neutral] as described in Example 1.

EXAMPLE 3. Conjugation_of nanoparticles to the substrate to make sensor arrays.

[00373] Different types of particles may be used as nanoscale sensor elements in the
practice of this invention. Further, different methods of conjugation of the nanoscale
sensor elements to the substrate are provided. Additionally, the nanoscale sensor
elements may be attached to substrate in different patterns.

[00374] Specific examples of different configurations of sensor elements on different

substrates are exemplified in FIG. 15-43.

EXAMPLE 4. Sensor array comprising _silica and polystyrene _nanoparticles _for

screening for cancer

[00375] This Example demonstrates that a sensor array of the present invention with
different nanoparticles than those used in Example 1 is still able to detect cancer
samples from healthy patient samples.

[00376] Utilizing the experimental protocol of Example 1, a sensor array was
designed using functionalized silica and polystyrene particles. In this Example, a total of
8ix nanoparticles: two nanoparticles types, ie. polystyrene (P) and silica (S), with three
different surface functionalization, ie none, amine modification and carboxyl
modification (P-NH2, P-COOH, S-NH2 and S-COOH), were used.

[00377] Characterization of bare polystyrene and silica nanoparticles with different
functionalization (none, amine modification (NK2) and carboxyl modification (COOH) is
shown in FIGS. 44A-44D demonstrating their sizes, DLS and zeta potential of the bare
particles and TEM images. The characterization of protein corona-coated polystyrene
and silica nanoparticles with different functionalization is demonstrated in FIGS. 45A-

45D with their sizes, DLS, zeta potential and TEMs of the protein-corona loaded

110

SUBSTITUTE SHEET (RULE 26 PREOMICS EXHIBIT 1002
Page 717 of 1861



WO 2018/112460 PCT/US2017/067013

polystyrene and silica nanoparticles.

[00378] The 6 nanoparticle sensor array was contacted with the plasma of healthy
individuals or patients with rectum cancer, breast cancer, bladder cancer, thyroid
cancer, uterus cancer, ovary cancer, kidney cancer (5 patients per cancer) as depicted in
FIG. 46 by the method described in Example 1. The protein corona profiles of
polystyrene and silica nanoparticles (100 nmi] were analyzed by SDS PAGE. Comparison
of the protein corona of plain, amine-modified and carboxyl -modified particles by SDS
PAGEis shown in FIG. 47.

[00379] The protein corona profiles for healthy plasma for polystyrene and silica
nanoparticles (100 nm] analyzed by SDS-PAGEis shown in FIG. 48. Comparison of the
protein corona of plain, amine-modified and carboxyl-modified particles.

[00380] The data was analyzed as described in Example 1. The statistical analysis and
clustering results are depicted in FIG. 49. As depicted, the healthy individuals are able
to be identified and classified as compared to the cancer patients (healthy controls are
in the orthogonal space vs the cancer patient samples as seen in FIG. 49).

[00381] This Example demonstrates that this sensor array using a six nanoparticle
array can discriminate and detect a patient with cancer from a healthy individual.
[00382] Materials: Three differently functionalized silica particles were purchased by

. I U B FUN T U IO JEERVUE TN DU S, SRt b Y : s s
Kisker-Products  {hitps/Swwwidsker-hiotechcom/); three differently functionalized

polystyrene particles were purchased by Polyscience, Inc.

¢

soom/). All the particles had the same size (100 nm). Their

T ddpme £ Fvarear N o T
{http: /S www.nolvsois

morphology, average size, polydispersity index (PDI) and zeta potential were
characterized by TEM, DLS and zeta potential measurements.

[00383] Experimental info: 1h incubation in 50% human healthy plasma. SDS PAGE:
4-20% acrylamide 45 min 40 mA/gel. Staining: Colloidal Blue Comassie overnight

nanoparticles used: 0.5 mg).

EXAMPLE,S,. Protein .corona_sensor array .nanosystem identifies goronary artery
disease

[00384]  Coronary artery disease (CAD) is the most common type of heart disease and
represents the leading cause of death in both men and women. Early detection of CAD is
crucial in preventing death, prolong the survival and ameliorate quality of life of

patients. This Example describes the non-invasive, sensor array nanosystem containing
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six nanoparticles for ultraprecise detection of CAD using specific PCpattern recognition.
While the PC of a single nanoparticle do not provide the required specificity, the
multivariate PCs across six distinct nanoparticles with different surface chemistries
provides the desirable information to selectively discriminate each cardiovascular
condition under investigation.

[00385] cCAD is a chronic condition which starts during adolescence and progresses
gradually throughout the affected person's entire life. It is characterized by the presence
of atherosclerotic plaques in the coronary arteries. The genesis of atherosclerosis lies in
the dysfunction of the endothelium: when subjected to stress stimuli and inflammatory
factors (e.g. oxidative stress and hemodynamic forces], endothelial cells express surface
adhesion molecules inducing the recruitment of circulating leukocytes and low density
lipoproteins (LDL) containing cholesterol. > These events induce the formation of the
atherosclerotic plaques, which narrows the coronary artery and thus impairs the blood
flow. Depending on the velocity of the plaque's development and on the severity of the
artery obstruction, the symptoms can culminate in myocardial infarction. 3

[00386] An accurate and in-time diagnosis of CAD in at-risk subjects is very important
to promptly start an ad hoc therapy and avoid further complications. Coronary
angiography is to datc thc most accuratc and trustablc mcthod for CAD diagnosis.
However, inserting a catheter into an artery of the arm (or neck or upper tight) up to
the heart is invasive, costly and causes many side effects, including infections, injury to
the catheterized artery, allergy and excessive bleeding. Therefore, there is an urgent
need to develop new tests for CAD detection. While several inflammatory biomarkers
have been reported as useful for diagnosis, unfortunately, however, none of them are
used in clinical practice, highlighting the still very prevalent need for new diagnostic
tests. The inventors have developed a nano-based blood test as a new tool for diagnosis
of CAD.

[00387] As demonstrated in the previous Examples for cancer, personalized PCs act
as fingerprint of a given plasma condition. This Example uses the same approach to
accurately define the formation of the atherosclerotic plaque, through its induced
changes in plasma composition. Indeed, the plaque-associated cells (e.g. foam cells,
macrophages, mast cells, monocytes, and T-cells) shed a wide range of biomolecules
(c.g., cytokines, proteases, and vasoactive biomolecules) to the blood,?? and thus may

induce changes in the pattern of PC composition at the surface of various nanoparticles
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in respect to the PC of patients with no plaque formation.

[00388] This Example analyzed the PC formed around nanoparticles using plasma
derived from i) patients who are diagnosed with CAD following coronary angiography

(CAD], if) patients with symptoms who had coronary angiography and their coronary

vessels were found healthy (NO CAD], iii] restenosis (recurrence of CAD after
treatment] and iv] healthy volunteers with no risk factors (e.g. family history, tobacco
use, obesity, hypertension] for cardiovascular disease (CONTROL].

[00389] In order to have a wider spectrum of adsorbed proteins, the Example used six
commercially available nanoparticles as the sensor array elements, with different
composition and surface chemistry and/or functionalization, creating a 6 nanoparticles

PC-based sensor array able to be used as an easy and non-invasive diagnostic test This
novel diagnostic CAD test to be used as pre-non-invasive screening for at-risk patients.

Notably, these results demonstrated that PC patterns allowed the ultra-accurate

discrimination between CAD, NO CAD, restenosis, and control patients, thus providing a
novel, precise, non-invasive never developed belore tool [or blood-based diagnosis ol
CAD.

Results

[00390] In this Examplc, a total of six nanoparticles: two nanoparticles types, ie.
polystyrene (P) and silica (S), with three different surface functionalization, i.e. none,
amine modification and carboxyl modification (P-NH2, P-COOH, S-NH2 and S-COOH], as
described in FIG. 50 were used. The size, zeta potential and morphology of
nanoparticles before and after incubation in plasma have been measured to compare
differences in results between the synthetic identity of bare nanoparticles and their
corresponding  biological identity (PC-coated nanoparticles]. Dynamic light scattering

analysis showed that bare nanoparticles were all highly monodispersed, as
demonstrated by polydispersity index < 0.02, and homogeneous in size of about 100
nm, being in the range from 93 nm up to 120 nm (FIG. 50A). Following 1 h incubation

with plasma of patients, sizes of all nanoparticles increased due to the presence of a
layer of adsorbed proteins (PC], whose thickness and composition have been
demonstrated to be dependent on protein concentration, surface properties and size of
nanoparticles. All bare nanoparticles had negative surface charge (FIG. 50B], with those
amine-functionalized slightly less negative than others due to the contribution of

positive amine groups. These results were in line with specifications provided by the
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supplier and other studies. Modification with amine groups was not sufficient to switch
the surface charge of silica and polystyrene nanoparticles characterized by all
negatively charged residues on their surfaces at physiological pH.

[00391] Once exposed to plasma, all the surface charges became less negative (from -
S mVto -25 mV) due to the charge of most plasma proteins at physiological pH. Overall,
the physicochemical properties of the PC-coated nanoparticles showed similar trends,
being always bigger and less negative than their bare counterparts, irrespective of the
plasma used for the incubation. However, when incubated with NO CAD plasma, P and S
nanoparticles exhibited an increase in size of » 85 nm, bigger than that showed using
plasma of other conditions (40-50 nm). On the other hand, PC thickness of S-NH2
nanoparticles incubated with CAD plasma was bigger (= 40 nm) than those derived
from incubation of the same nanoparticles with other plasma types (= 30 nm).
Transmission electron microscopy showed that nanoparticles did not change their
morphology and structure after incubation in plasma (FIG. 50C). Furthermore, an
increase in the size aller coaling was observed, thus conflirming results obtained by
dynamic light scattering. Protein concentrations of different PCs were evaluated by
Bradford assay, showing that overall all silica nanoparticles adsorbed less proteins in
thc PC than polystyrenc nanoparticles (FIG. 51A). This obscrvation was confirmed
through analysis of PCs by 1D-SDS PAGE. Five patients with CAD, NO CAD and no risk
for CAD (CONTROL) have been used to collect plasma and the PCs obtained for all
nanoparticles have been resolved onto Comassie stained SDS PAGE gels (FIG. 51B). Gels
have been analyzed by densitometry and differences in the amount of proteins in the
CAD, NO CAD and CONTROL PCs of the same nanoparticle have been detected (FIG. 51C,
arrows). In some cases, we also noticed the presence and/or absence of some proteins
in specific PCs (FIG. 51C, blue arrows). These results confirm that the formation of
atherosclerosis  plaque induces changes in plasma composition and, consequently,
differences in PC. The protein corona were analyzed by LC-MS/MS analysis. More than
150 proteins have been identified in each PC-coated nanoparticle sample. In addition,
spectral counting values, which represent the total number of fragmentation spectra for
all peptides attributed to a specific protein, have been used to obtain information about
the abundance of the proteins and, consequently, the percentage contribution of each
identified proteins in the PCs. Differences in the percentage contribution of the top 20

abundant proteins in the PCs are reported in FIG. 52. The results demonstrated
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correlation between the PC composition, the plasma condition, the type of nanoparticle

and the surface functionalization.

[00392] Data obtained from all samples have been collected, analyzed and classified: a
key for each measurement was created by concatenating nanoparticle, surface
modification, type of plasma and label. Proteins identified with less than 2 peptides

were removed from consideration and TIBCO Spotfire Analyst 7.6.1 was used to pivot
the data so that rows were identified by protein accession, columns by the key and
values containing the percentage contribution.

[00393] Besides mathematical analysis, we analyzed the presence of exclusive
proteins in the corona of a given condition. To do this, we created Venn Diagrams which
facilitate the research of common and unique proteins in big data set of proteins or
genes. The PCs of each nanoparticle have been analyzed separately, for a total of 6
classifications. We looked for exclusive proteins by comparing proteins common to all 5
patients-derived PCs for CAD, NO CAD and control. Our results show that for each
nanoparticle used in this study, various specific proteins are exclusively identified in
specific PC patterns. Among these, several proteins involved in the regulation of
complement activation (complement factor Hrelated protein 3, complement component

C8 gamma) wcre cxclusively identificd in the PC pattcrn of CAD patients. This result is
in line with the recently described role of complement activation in the pathogenesis of
cardiovascular  diseases (development of atherosclerosis, plaque rupture, and
thrombosis). Another example is represented by apolipoprotein (a), considered an
attractive biomarker candidate for use into clinical practice for CAD, which we have
detected exclusively in the PC pattern of CAD patients. Apolipoprotein (a) is the main
component of lipoprotein (a), is well known to be subjected to proteolytical cleavage
and its fragments accumulate in atherosclerotic plaques.

[00394] We confirmed the accuracy of the approach in discrimination of patients with
CAD and NO CAD by analyzing 9 blind plasma samples (3 per each condition and 3
control). The PC was formed around the 6 nanoparticles of our PC sensor array
nanosystem. Then, proteins in the PCs have been identified by LC-MS/MS (Supporting
Information) and the results have been analyzed using the same classification and
clustering approaches.

[00395] Statistical and data analysis is graphically represented in FIG. 54 showing the

discrete isolation of the classification of the CAD, NO CAD and CONTROL (no risk of

115

SUBSTITUTE SHEET (RULE 26 PREOMICS EXHIBIT 1002
Page 722 of 1861



WO 2018/112460 PCT/US2017/067013

CAD).
[00396] In conclusion, we have demonstrated the accuracy of a 6 nanoparticles PC
sensor array for the detection of CAD. The PC sensor array nanosystem developed in
this work demonstrated to also be sensitive and accurate in the discrimination of CAD,
restenosis, NO CAD, and healthy individual, which further showing its own great
potential value as technology platform to be used in clinical setting. Indeed, despite the
presence of many symptoms typically associated to atherosclerotic plaque, the NO CAD
group of patients under investigation in this work did not have any obstruction in their
arteries.

[00397] The PC patterns resulting from this platform represent a unique multivariate
fingerprint, which is more accurate and broad-spectrum than those obtained using the
PCs of a single nanoparticle. The approach presented here may be of great value for the
detection of not only CAD, but also other various human diseases, improving many
patients' quality of life. Especially due to the non-invasiveness of the test, we envision
that such a test would be used more willingly and more [requently than angiography by
patients. And unlike angiography, this test is easy to administer and has no side effects,
allowing patients to check the status of arteries from the very first symptoms, and have
significantly rcduccd CAD complications duc to the carly dctection.

Methods

[00398] Nanoparticles. Three differently functionalized silica particles were

purchased by Kisker-Products (https:/ / www.kisker-biotech.com/) ; three differently

functionalized  polystyrene particles  were  purchased by Polyscience, Inc.

(http://www.poiysciences.com/) . All the particles had the same size (100 nm). Their

morphology, average size, polydispersity index (PDI) and zeta potential were
characterized by TEM, DLS and zeta potential measurements.

[00399] Protein corona formation. The PCs were created by incubating 0.5mg of
nanoparticles in deionized H,0 with the same volume ofhuman plasma. Incubation was
performed in 37'C under agitation for lh. Immediately after incubation, centrifugation

was executed at 14,000rpm and 10 °C for 30 minutes to form a pellet NfyC the pellet
was washed and suspended in 200ul of phosphate-buffered saline (PBS) at 4 °C. The
centrifugation measures were repeated three times under the same previous

conditions. The pellet of the PC-coated nanoparticles was resuspended in 8M Urea, 50

mM ammonium bicarbonate to later run SDS-PAGE gels and LC/MSMS analysis or in
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deionized H,O to later analyze the size and Cpotential.

[00400] Nanoparticles characterization. Size and Cpotential of bare and protein
corona-coated nanoparticles have been characterized by diluting 10 L of each sample in
1 ml total of distilled water. Measurements have been performed using a Zetasizer Nano
ZS90 (Malvern, UK). Size and surface charge values are given as mean * S.D. of three
independent measurements.

[00401] Protein concentration assay. The amount of proteins within the corona was
determined by Bradford assay (Bio-rad) using bovine serum albumin at a known
concentration as the standard to build a 5-point standard curve (R2=0.99). Protein
concentrations are recorded as an average ofthree experiments =+S.D.

[00402] 1D-SDS PAGE gels. Proteins in the corona were dissolved in in 8M Urea, 50
mM ammonium bicarbonate. An equal amount of Laemmli buffer 2X was added to the
pellet and heated for 5 min at 90°C before being loaded and resolved onto a 4-20% Mini-
PROTEAN® 1GX™ Precast Gels (Bio-Rad Laboratories, Hercules, CA) for 1h at 120V.
Proteins were stained with Coomassie Brilliant Blue (Fisher Scientific, Fair Lawn, NJ,
USA) overnight followed by extensive washing in ultra-pure water.

[00403] Mass spectrometry/  Statistics/PLS-DA. Mass spectrometry,  statistical

analysis and PLS-DA were performed as described in Example 1.

EXAMPLE 6. A multi -nanoparticle protein corona_test for detection of Alzheimer's

disease at earlv stage

[00404] The pathology of Alzheimer's disease begins decades before the detection of
clinical symptoms. The need for accurate and noninvasive early diagnosis for
Alzheimer's disease is rapidly growing. To address the issue, a state-of-the-art sensor
array nanosystem was developed, which successfully detects minuscule changes in
plasma protein patterns and uses clustering techniques to determine the presence of
Alzheimer's disease. The developed technology can also be applied in the future to
diagnose other diseases since the sensor array creates unique fingerprints for each
plasma proteome change due to diseases and is sensitive enough to capture such
changes unlike current technologies.

[00405] As discussed in the previous Examples, PCs' composition changes based on
the plasma proteome that can be altered as a consequence of disease, which results in

"personalized protein coronas" (PPCs). The PPCs, however, cannot provide a robust and
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precise strategy for early detection of diseases mainly due to the huge overlapping of
the similar proteins in the protein corona composition. In this study, using the PPCs
formed around a multi-NP platform containing six nanopartides, we provided a
fingerprint-patterns  for robust and precise detection of AD with unprecedented

prediction accuracy and specificity. The developed sensor array test successfully
distinguished between patients with and without AD, as well as patients who developed
AD several years afterwards [using cohort plasmas). This Examples provides a feasible,
noninvasive alternative to current AD detection, allowing the ability to provide
unparalleled early detection and treatment

Results and Discussion

[00406] The sensor array test consists of incubating plasma samples with 6 different
nanopartides. The latter are 100 nm polystyrene and silica nanopartides, each with
tunable surface chemistries (plain, -amino and -carboxyl conjugated here after referred
to as P, P-NH2, P-COOH, S, S-NH2, S-COOH) and narrow size distribution as described in
Example 5 for CAD analysis. As initial proof-of-concept, to search for differences
between AD and control plasmas, the size, surface charge and morphology of the
nanopartides before and after PC formation have been analyzed. Nanoparticle tracking
analysis (Nanosight) has becn applied to characterize the size of nanopartides. During
such analysis, a laser beam illuminates the nanopartides, from which the scattered light
is visualized through an optical microscope. Meanwhile, a video is recorded by a camera
aligned to the beam showing the movement of the nanopartides (30-60 frame/sec).

Before incubation in plasma, all nanopartides were homogeneous in size (FIG. 58,
polystyrene nanopartides 90-100 nm; silica nanopartides 80-100 nm) with a negative
surface charge consistent with those provided by the manufacturer (Table 8). After I h
incubation at 37°C under agitation in plasma, PC-coated nanopartides have been
recovered by centrifugation followed by extensive washings to remove unbound and
loosely attached proteins. In all cases, we revealed an increase in the size of PC-coated
nanopartides and a wider size distribution, which indicates a less homogeneous
population (FIG. 54, scatter plot). The average increase in size was 30 nm, thus
indicating a 15-nm thickness of the PC layer, which is consistent with data reported in
literature !and with what was observed using plasma from healthy volunteers (data not
shown). The presence of plasma proteins on the nanopartides’ surface induced a

change in their charge, which became less negative reaching the values typical of the
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Table 8:zeta potentials of nanoparticles bare or after contacted with plasma

Zota Potentialg Bare Healthy A D plasma

{mV) nanoparticics plasma

P -42.27 =054 |-2036+1.54 -26.564 2,14

P-NH2 S27.57 =163 1-2981 £ 155 S30.62 + 0,74

P-COOH -4938= 1.1 -34.87+£0.78 27024+ 0.71

S -83.72+1.05 23224155 -21.234 054

S5-NH2 4644 =086 [-2426+0.95 -2121 4038

S-CO0H S56.77+ 014 | -2837+087  |-2569+ 1.31
[00407] Slight differences in the surface charge of the same nanoparticle incubated

with AD plasma and healthy plasma were observed (Table 8]. However, those
differences were not substantial and thus not useful in the discrimination between
different plasma's conditions. Transmission electron microscopy (TEM] was also used
to evaluate the morphology of nanoparticles, which remained unchanged after PC
formation. Indeed, both before and after incubation with plasma, all nanoparticles had a
round homogeneous shape (FIG. 55). The presence of a thin layer of proteins,
associated to an increase in the size of PC-coated nanoparticles, confirming the results
obtained by Nanosight, was observed (FIG. 55).

[00408] PCs associated with the particles were resolved by gel electrophoresis (SDS-
PAGE) and later visualized by staining with Coomassie Brilliant Blue (FIG. 56). In
general, by visually evaluating the lanes, the 6 nanoparticles had different PCs patterns,
which was what expected and desired for the best performances of our approach. Silica
nanoparticles seemed to adsorb less proteins on their surface than polystyrene
nanoparticles. In most samples, the PC of plain polystyrene was more enriched than
others in proteins al molecular weight «60 kDa, which are most likely attributable Lo
Albumin. This was true both for AD patients' plasma and for control plasma (FIG. 56,
arrows). The densitometric analysis of bands associated to each PC confirmed that silica
nanoparticles generally adsorbed lower amount of proteins, but revealed also that a

higher number of proteins constitute their PCs: as for example, more than one band is

present at level of Albumin for polystyrene nanoparticles' PC (FIG. 56, arrows). On the
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other hand, several differences were recorded in the PPCs profiles of AD patients and

healthy individual, particularly

However, those differences were not statistically

in the case of silica nanoparticles

[FIG. 56, arrows).

significant and not sufficient to

accurately discriminate between the two groups of patients under investigation. To

deeper investigate the PCs and to know the exact identity and amount of proteins

composing the different PCs, all the samples have been analyzed by mass spectrometry.

Spectral-counting label free analysis, widely employed for quantitative profiling of the

PCs around nanoparticles

2~ was used to determine the percentage contribution of

each protein in the PCs. This calculation was done six times for each plasma patient

(incubated separately with each nanoparticle),

thus allowing the formation of an AD-

specific PC profile derived from the combination of the contribution of the PCs related

© six nanoparticles.

Table 9 describes the patient population used.

Table 9: Information of the atients in which their plasmas were used in this example.

Patient
Label n.

Age at

Case D Excision Sex {om)

Height Weight
{kg)

BM

Excision
Year

Clinical Diagnosis
{Patient}

104668

I

G0+

70

28.4

2616

Hysterectomy (1960},
Alzheimer's disease
(2015)

104663

M

165

18

2016

Alzheimer's disease
(2016}

104664

160

23.44

2616

Alzheimer's disease
{2016)

104662

F

2016

Alzheimer's disease
{2014}

Il
ul

104666

M

180

2816

Alzheimer's disease
(2016}

134659

1606

28.13

2016

Alzheimer's disease
{2015)

104667

M

173

24.006

2016

Alzheimer's disease
{2016}

H 8 134658

M

70

2016

Alzheimer's discase
{2016}

104560

M

188

72

20.37

2016

Alzheimer's disease,
Alzheimer's dementia
(2016}

104657

M

152

84

26016

Alzheimer's disease
2009}, Radiculopathy,
Carotid artery stenosis

56393

83

o
O

23.88

Atrial fibrillation {1999),
Hypothyroidism,
Viral encephalitis {1934),
Fracture of the left foot
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(19913,

Pelvic ring fracture
{1978}, Hysterectomy
(1999},
Cataract {1999},
Alzheimer's disease
{2009}

Conclusion

[00409] This work represents a proof-of-concept study for the development of a
MNPC blood test for the diagnosis of AD. The MNPC test showed unprecedented
prediction accuracy and specificity. While individual biomarkers blood-based tests are
often associated with false positive and thus require further analyses to confirm the
diagnosis, our approach records the interactions of all the high-affinity proteins with the
set of 6 nanoparticles, thus allowing the creation of a high-specificity PC fingerprint of a
given disease. The nanoparticles act as nano-concentrator of plasma proteins on their
surface (each nanoparticle concentrates the plasma proteins with higher affinity
towards its surface): this helps in the revelation of proteins whose levels only change
slightly in pathological conditions with respect to a healthy status. These little changes
may belong both to high abundance and low abundance plasma proteins. In this study,
we reported a relatively small number of patients because each patient's plasma was
analyzed 6 times using different nanoparticles, and so the results obtained for each
patient are 6 times more specific than those obtained when a single analysis is

performed.

Materials and Methods

[00410] Nanoparticles, Silica particles (plain, amino and carboxyl-conjugated) were
purchased by Kisker-Products  (https://www kisker-biotech.com/). Polystyrene
particles (plain, amino and carboxyl-conjugated) were purchased by Polyscience, Inc.
(http://www .polysciences.com/). According to manufacturer's all the particles had the
same size (90-100 nm). Their morphology, average size and zeta potential were
characterized as described later in this section.

[00411] Personalized protein corona formation.

[00412] The PCs were created by incubating 0.5mg of nanoparticles in deionized H,0

with the same volume of human plasma. Incubation was performed in 37°C under
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agitation for lh. Immediately after incubation, PC-coated nanoparticles have been
recovered by centrifugation (14,000rpm and 10°C for 30 minutes) and extensive
washing in cold phosphate-buffered saline [PBS) to remove unbound or weakly bound
proteins. The pellet of PC-coated nanoparticles was resuspended in 8M Urea, 50 mM
ammonium bicarbonate for SDS-PAGE gels and LC/MSMS analysis or in deionized H,0
for dynamic light scattering and Cpotential analyses.

[00413] Physicochemical characterization of nanoparticles. Size was measured by
Nanoparticle tracking analysis (Nanosight, Malvern, UK). The software calculates the
size according to Gpotential of bare and PC-coated nanoparticles has been determined

using a Zetasizer Nano ZS90 (Malvern), nanoparticles were diluted in water before the
analysis to a concentration of 50 pg/ml. Size and surface charge values are given as
mean =+ S.D. of three independent measurements. For transmission electron microscopy

(TEM) analysis, samples and grids have been labeled with 1% uranyl acetate. Tecnai G2
Spirit BioTWIN Transmission Electron Microscope equipped with an AMT 2k CCD
camera was used.

[00414] One-dimenslonal gel electrophoresis. Personalized protein coronas were
dissolved in 8M Urea, 50 mM ammonium bicarbonate. An equal amount of Laemmli
buffer 2X was added to the pellet and heated for 5 min at 90°C before being loaded and
resolved onto a 4-20% Mini-PROTEAN® TGX™ Precast Gels (Bio-Rad Laboratories,

Hercules, CA) for 1h at 120V. Proteins were stained with Coomassie Brilliant Blue
(Fisher Scientific, Fair Lawn, NJ, USA) overnight followed by extensive washing in ultra-
pure water. Densitometric analysis of the band intensities have been performed by
Imagel] (website: imagej.nih.gov/ij/).

[00415] Protein identification and quantification by mass spectrometry. Proteins

were reduced with 10 mM dithiothreitol (Sigma) for 1h at 56'C and then alkylated with
55mM iodoacetamide (Sigma-Aldrich, St Loius, MO, USA) for 1h at 25°C in the dark.
Proteins were then digested with modified trypsin (Promega, Madison, WI, USA) at an
enzyme/substrate ratio of 1:50 in 100 mM ammonium acetate, pH 89 at 25°C
overnight Trypsin activity was halted by addition of acetic acid (99.9%, Sigma-Aldrich)
to a final concentration of 5%. Peptides were desalted using C18 SpinTips (Protea,
Morgantown, WV) then vacuum centrifuged and stored at -80 °C until the day of the
analysis. Peptides were separated by reverse phase HPLC (Thermo Fisher, Waltham, MA

Easy nLC!OOO) using a precolumn (made in house, 6 cm of 10 um C18) and a self-pack 5
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unt tip analytical column [12 ¢m of 5 pm C18, New Objective) over a 140-minute
gradient before nano-electrospray using a QExactive mass spectrometer (Thermo
Fisher). Solvent A was 0.1% formic acid and solvent B was 80% MeCN/0.1% formic
acid. The gradient conditions were 2-10% B (0-3 min), 10-30% B (3-107 min), 30-40%
B (107-121 min), 40-60% B (121-126 min), 60-100% B (126-127 min), 100% B (127-
137 min), 100-0% B (137-138 min), 0% B (138-140 min), and the mass spectrometer
was operated in a data-dependent mode. The parameters for the full scan MS were:
resolution of 70,000 across 350-2000 m/z, AGC 3e6, and maximum IT 50 ms. The full
MS scan was followed by MS/MS for the top 10 precursor ions in each cycle with a NCE
of 28 and dynamic exclusion of 30 s. Raw mass spectral data files (.raw) were searched
using Proteome Discoverer (Thermo Fisher) and Mascot version 2.4.1 (Matrix Science).
Mascot search parameters were: 10 ppm mass tolerance for precursor ions; 15
millimass units (mmu) for fragment ion mass tolerance; 2 missed cleavages of trypsin;
fixed modification was carbamidomethylation of cysteine; variable modifications were
methionine oxidation. Only peptides with a Mascot score > 25 were included in the data
analysis. Spectral counting was performed by summing the total number of peptides

selected for fragmentation each protein.

EXAMPLE 7. Size of particles effects amount of protein bound

[00416] This Example demonstrates that the use of different size nanoparticles made
of the same material provide a different biomolecule fingerprint for each size. Silica
nanoparticles of three different diameters (1OOnm (0.1 pim), 3 pum and 4 umy) were
incubated with the same plasma sample. The beads where analyzed by SDS-PAGE. As
demonstrated in FIG. 58, the larger the beads, the more proteins are comprised within
the biomolecule signature. Further, each bead size has a distinct biomolecule corona
signature and thus the combination of different sizes of nanoparticle alone allow for the
development of a distinct biomolecule fingerprint  As shown, there are distinct
differences in the pattern or proteins between the three different sized beads.

[00417] Asensor array can be made using nanoparticles of different sizes which each

will give a different biomolecule fingerprint

EXAMPLE 8. Sensor Array_can provide _a biomolecule fingerprint _comprising

nucleic_acids
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[00418] The sensor array and associated biomolecule corona signature along with
proteins contains nucleic acids that make up the biomolecule corona. This Example
demonstrates the composition of nucleic acids that bind to silica nanoparticles with
neutral surface nanoparticles. Nanoparticles were incubated with plasma, and the
associated nucleic acids were analyzed (FIG. 59). FIGS. 60 and 61 depict the analysis of
nucleic acid in all samples and its content in plasma, (nucleic acid amount in plasma was
33.8 pg/ \il. The nucleic acid content of the biomolecule coronas associated with the
nanoparticle was analyzed. The proteins were either dissociated from nanoparticle
using urea and the nucleic acids subsequently analyzed (FIG. 62, nucleic acid amount
14.0) or the proteins were not dissociated from the corona and the nucleic acids
analyzed (FIG. 63, 14.4 pg/ul). Alternatively, the nanoparticles can be incubated with
nucleic acids that have been purified from the plasma with a plasma kit and then
incubated with the bare particles (FIG. 64, nucleic acid amount 13.2 pg/ul).

[00419] The outcomes revealed the capacity of nanoparticles in adsorption of nucleic

acid in the biomolecular corona composition.
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CLAIMS

1. A scnsor array comprising a plurality of scnsor clements,

wherein the plurality of sensor elements differ from each other in at least one
physiocochemical property,

wherein the plurality of sensor elements comprises at least two sensor
elements; and

wherein each sensor element is able to bind a plurality of biomolecules in a
sample to produce a biomolecule corona signature, wherein each sensor elements has a

distinct biomolecule corona signature from the other.

2. The sensor array of claim 1, wherein the plurality of sensor elements
produces a plurality of biomolecule corona signatures when contacted by the sample,
wherein the combination of the plurality of biomolecule corona signhatures produces a

biomolecule fingerprint for the sample.

3. The sensor array of any one of the preceding claims, wherein the biomolecule
corona signature comprises at least one protein, at least one polypeptide, at least one

lipid, at least one metabolome, at least one oligonucleotide or combination thereof.

4. The sensor array of any one of the preceding claims, wherein the first sensor
element produces a first biomolecule corona and the second sensor element produces a

second biomolecule corona when the sensor array is contacted with the sample.

5. The sensor array of any one of the preceding claims, wherein the at least one
physiocochemical property is selected from the group consisting of composition, size,
surface charge, hydrophobicity, hydrophilicity, surface functionality, surface

topography, and shape.

6. The sensor array of any one of the preceding claims, wherein the sensor

array further comprises a substrate.
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7. The sensor array of claim 6, wherein the sensor elements are covalently

linked to the substrate.

8. The sensor array of claim 6, wherein the sensor elements are non-covalently

linked to the substrate.

9. The sensor array of any one of claims 6-8, wherein the substrate binds to the

plurality of sensor elements in a distinct pattern.

10. The sensor array of any one of the preceding claims, wherein the plurality of

sensor elements are a plurality of particles.

11. The sensor array of any one of the preceding claims, wherein the plurality of sensor

elements are a plurality of particles immobilized on a substrate.

12. The sensor array of any one of the preceding claims, wherein the sensor

elements are organic particles, non-organic particles or combinations thereof.

13. The sensor array of any one of the preceding claims, wherein the sensor
elements are particles and the particles are selected from the group consisting of
nanoparticles, microparticles, micelles, liposomes, iron oxide, graphene, silica, protein-
based particles, polystyrene, silver, and gold particles, quantum dots, and combination

therefore.

14. The sensor array of claim 13, wherein the particles are liposomes selected

from the group consisting of DOPG (1,2-dioleoyl _sn-glycero-3-phospho-(l'-rac-glycerol),

DOTAP(1,2-Dioleiyl-3 trimethylammonium-propane)- DOPE
(dioleoylphosphatidylethanolamine), CHOL (DOPC-Cholesterol), and combinations
thereof.

15. The sensor array of any one of claimsl-12, wherein the plurality of sensor

elements comprise a plurality of half particles of different shapes made by molding

technology.
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16. The sensor array of claim 15, wherein the plurality of half particles are in a
shape selected from the group consisting of spheres, rods, cubes and combinations

thereof.

17. The sensor array of any one of claimsl-12, wherein the plurality of sensor
clements comprisc a plurality of half particles of diffcrent physicochemical propertics

(e.g., spheres, rods, and cubes) made by 3-D printing.

18. The sensor array of any one of the preceding claims, wherein the sensor

array comprises at least 2 to at least 100 sensor elements.

19. The sensor array of any one of claims 2-18, wherein the biomolecule

fingerprint is associated with a disease or disorder.

20. The sensor array of claim 19, wherein the disease or disorder is cancer,
cardiovascular discasc, cndocrinc discasc, inflammatory discasc, or a ncurological

disease.

21. The sensor array of claim 20, wherein the disease is cancer selected from the
group consisting of lung cancer, pancreas cancer, myeloma, myeloid leukemia,
meningioma, glioblastoma, breast cancer, esophageal squamous cell carcinoma, gastric

adenocarcinoma, prostate, bladder, ovarian, thyroid, and neuroendocrine cancer.

22. A method of detecting a disease state in a subject comprising:
(a) obtaining a sample from the subject;
(b) contacting the sample with a sensor array of any one of claims 1-2 1,
(c)dctermining a biomolccule fingerprint associatcd with the sample,

wherein the biomolecule fingerprint differentiates the disease state of the subject.

23, The method of claim 22, wherein the disease state is selected from no disease

or disorder, having a precursor of a disease or disorder, and having disease or disorder.
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24. The method of claim 22 or 23, wherein step (c) comprises determining the
combined composition ol the plurality of biomolecule corona associated with the

plurality of sensor elements to produce the biomolecule fingerprint of the sample.

25. The method of claim 22 or 23, wherein step (c) comprises

assaying a biomolecule corona signature associated with each sensor
element, and

combining the plurality of biomolecule corona signatures to produce the

biomolecule fingerprint associated with the sample.

26. The method of any one of claims 22-25, wherein step (c) comprises

separating the plurality of biomolecules of each biomolecule corona from
each sensor elements and

assaying the plurality of biomolecules to determine the biomolecule

composition of the biomolecule corona to determine the biomolecule fingerprint.

27. The method of any one of claims 22-26, wherein the assaying of the plurality
of biomolecule is selected from the group consisting of gel-electrophoresis, liquid
chromatography, mass spectrometry, NMR, FTIR, Circular Dichroism, Raman

spectrometry, and a combination thereof.

28. The method of any one of claims 22-27, wherein the biomolecule fingerprint

is associated with a disease stale that is associaled with a stage ol a disease or disorder.

29. The method of any one of claims 22-28, wherein the disease or disorder is
selected from the group consisting of cancer, cardiovascular disease, endocrine disease,

inflammatory disease, and neurological disease.

30. The method of any one of claims 22-29 wherein the disease state is

associated with cancer.

31. The method of claims 30, wherein the cancer selected from the group

consisting of lung cancer, pancreas cancer, myeloma, myeloid leukemia, meningioma,
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glioblastoma, breast cancer, esophageal squamous cell carcinoma, gastric

adenocarcinoma, prostate, bladder, ovarian, thyroid, and neuroendocrine.

32. The method of any one of claims 22-31, wherein the method detects the

discase state that is associated with an early stage of a disease or disorder.

33. The method of any one of claims 22-32, wherein the method further
comprises:

comparing the biomolecule fingerprint of the sample to a panel of
biomolecule fingerprints associated with a plurality of disease states to determine

which disease state is associated with the sample.

34. A method of determining a biomolecule fingerprint associated with at least
disease state or at least one disease or a disorder, the method comprising the steps of:

(a) obtaining a samples from at least two subjects diagnosed with the disease
statc or the at lcast onc discasc or disordcr;

(b) contacting each sample with the sensor array of any one of claims 1-21,
and

(¢) determining a biomolecule fingerprint for the sensor array that is

associated with the disease state or at least one disease or disorder.

35. The method of claim 34, wherein step (c) further comprises detecting the
composition of the biomolecule corona of each sensor element, wherein the
combination of the composition of each biomolecule corona between the different

sensor elements produce the biomolecule fingerprint associated with the sample.

36. The mcthod of claim 34 or 35, whercin stecp (c¢) furthcr compriscs
dissociating the biomolecule corona from each sensor element to produce a plurality of
biomolecules and detecting the plurality of biomolecules to produce the biomolecule

fingerprint.

37. The method of any one of claims 34-36, wherein the method further

comprises
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obtaining control sample from at least one control subject,

contacting the conurol sample with the sensor array of any one ol claims 1-21
to produce a biomolecule fingerprint for the control sample, and

comparing the biomolecule fingerprint of the control sample to the
biomolecule fingerprint from the subject with the disease state or at least one disease or
disorder to determine a biomolecule fingerprint associated with the disease state or at

least one disease or disorder.

38. The method of any one of claims 34-37, wherein the detecting ofthe plurality
of biomolecules is selected from gel-electrophoresis, liquid chromatography, mass
spectrometry, NMR, FTIR, Circular Dichroism, Raman spectrometry, and a combination

thereof.

39. A method of diagnosing or prognosing a disease or disorder in a subject,

obtaining a sample from a subject;

contacting the sample with a sensor array of any one of claims 1-21 to
produce a biomolecule fingerprint,

comparing the biomolecule fingerprint to a panel of biomolecule fingerprints
associated with a plurality of diseases or disorders; and

diagnosing or prognosing the disease or disorder.

40. The method of claim 39, wherein the disease or disorder is cancer,
cardiovascular disease, endocrine disease, inflammatory disease, or a neurological

disease.

41. The method of claim 40, wherein the disease is cancer selected from the
group consisting of lung cancer, pancreas cancer, myeloma, myeloid leukemia,
meningioma, glioblastoma, breast cancer, esophageal squamous cell carcinoma, and

gastric adenocarcinoma.

42, The method of any one of claims 39-41, wherein the method is able to

diagnose early stage of a cancer.
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43. A method of identifying a pattern of biomarkers associated with a disease or
disorder, the method comprising:

(a) obtaining a samples from at least two subjects diagnosed with the disease
or disorder and at least two control subjects;

(b) contacting each sample with the sensor array of any one of claims 1-21 to
produce a plurality of biomolecule corona for a plurality of sensor elements for each
subject, and

(c) comparing the composition of the plurality of biomolecule corona of the
subjects with the disease or disorder to the composition of the plurality of biomolecule
corona of the control subjects to determine a pattern of biomarkers associated with the

disease or disorder.

44. The method of claim 43, wherein step (a) comprises obtaining samples from

at least 5 subjects diagnosed with the disease or disorder and at least 5 control subjects.

45. The method of claim 43 or 44, wherein the composition of the plurality of
biomolecule corona is determined by gel-electrophoresis, liquid chromatography, mass
spectrometry, NMR, FTIR, Circular Dichroism, Raman spectroscopy, and a combination

thereof.

46. The method of any one of claims 43- 45, wherein the disease or disorder is

cancer, cardiovascular disease, or a neurological disease.

47. The method of claim 46, wherein the disease is cancer selected from the
group consisting of lung cancer, pancreas cancer, myeloma, myeloid leukemia,
meningioma, glioblastoma, breast cancer, esophageal squamous cell carcinoma, and

gastric adenocarcinoma.

48. The method of claim 43 or 44, wherein the cancer is glioblastoma, and
wherein the biomarker is selected from the group consisting of HABP1, VINC, CO03,
ITIH2, ITIH1, CO7, FHRS, CBPN, ALBU, PLMN, CO4A, PRDX2, VWF, C4BPA, APOB, HBB,

CNDP1, CRP, SAA4, APOE, CSCL7 and combinations thereof.

131

PREOMICS EXHIBIT 1002
Page 738 of 1861



WO 2018/112460 PCT/US2017/067013

49. The method of claim 43 or 44, wherein the cancer is meningioma, and
wherein the biomarker is selected from the group consisting of FCN3, RET4, HABP2,

CBPN and combinations thereof.

50. The method of claim 43 or 44, wherein the cancer is pancreatic cancer and
wherein the biomarker is selected from the group consisting of KNGI, ICIl, CBPB2,
TRFE, GELS, CXCL7, HPTR, PGK1, AACT, LUM, APOE, FIBB, APOA2, A1BG, AIAT, LBP,
APOAI, H4, FIBG and combinations thereof.

51. The method of claim 43 or 44, wherein the cancer is lung cancer and the
biomarker is selected from the group consisting of COO, CRP, SAA4, APOAI, AIAT, GELS

and combinations thereof.

52. The method of claim 43 or 44, wherein the cancer is myeloma and the

biomarker is ALBU.

53. The method of any one of claims 22-29, 32-40, and 43-46 wherein the disease

is coronary artery disease.

54. The method of any one ofclaims 22-29, 32-40 and 43-46, wherein the disease

is a neurological disease.
55. The method of claim 54, wherein the disease is Alzheimer's disease.

56. A kit for diagnosing or prognosing a disease or disorder, the kit comprising:

a sensor array of any one of claims 1-21.

57. A kit for determining and/or detecting at least one biomarker associated with

a disease or disorder, comprising at least one sensor array ofany one of claims 1-21.

58. The sensor array of claim 19 or 20, wherein the disease is coronary artery

disease (CAD).
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59. The sensor array of claim 19 or 20, wherein the disease is a neurological
disease.

60. The sensor array of claim 59, wherein the disease is Alzheimer's disease.

61. A mcthod of distinguishing statcs of a complcx biological sample of a subjcct

using a plurality of particles having surfaces with different physicochemical properties,

wherein the method comprises:

exposing the complex biological sample to the plurality of particles to permit
binding of proteins of the complex biological sample to the plurality of particles,
wherein a pattern of binding of proteins amongst the plurality of particles differs based

on the physicochemical properties ofthe surfaces of the particles;

defining a biomolecule fingerprint representative of proteins that bind to the

plurality of particles; and

associating the biomolecule fingerprint with a biological state of the subject.
62. The method of claim 61, wherein the complex biological sample includes
proteins and nucleic acids, and at least one of lipids and polysaccharides.

63. The method of claim 62, wherein the complex biological sample is plasma.

64. The method of any one of claims 61 to 63, wherein the biomolecule
fingerprint differs from a second biomolecule fingerprint of a complex biological sample

from a second subject not expressing the biological state.

65. The method of claim 64, wherein the biological state is a disease state of the
subject.
66. The method of claim 65, wherein the subject does not manifest physical

symptoms of a disease or disorder associated with the disease state.

67. The method of claim 65, wherein the subject is diagnosed with a disease or
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disorder associated with the disease state.

68. The method of claim 66 or 67, wherein the disease state is at least one of
cancer, cardiovascular disease, endocrine disease, inflammatory disease, or a

neurological disease.

69. The method of claim 68, wherein the disease state is cancer and a cancer type
is selected from the group consisting of: lung cancer, pancreas cancer, colon cancer,
myeloma, myeloid leukemia, meningioma, glioblastoma, breast cancer, esophageal
squamous cell carcinoma, gastric adenocarcinoma, prostate, bladder, ovarian, thyroid,

neuroendocrine cancer, and combinations thereof.

70. The method of claim 69, wherein the biomolecule fingerprint of the sample is

indicative of the cancer type.

71. The method of claim 68, wherein the disease state is a neurological disease
and the neurological disease is selected from the group consisting of: Alzheimer's
disease, brain tumors, epilepsy, Parkinson's disease, ALS, arteriovenous malformation,
cerebrovascular disease, brain aneurysms, epilepsy, multiple sclerosis, Peripheral
Neuropathy, Post-Herpetic Neuralgia, stroke, frontotemporal dementia, demyelinating
disease, multiple sclerosis, Devic's disease, central pontine myelinolysis, progressive
multifocal leukoencephalopathy, leukodystrophies, Guillain-Barre syndrome,
progressing inflammatory neuropathy, Charcot-Marie-Tooth disease,  chronic

inflammatory demyelinating polyneuropathy, and anti-MAG peripheral neuropathy.

72. The method of claim 71, wherein the disease state is a neurological disease

and the neurological disease is Alzheimer's disease.

73. The method of claim 71 or 72, wherein the biomolecule fingerprint of the

sample is indicative of the neurological disease.

74. The method of any one of claims 61 to 73, wherein the surfaces of the

plurality of particles comprise liposomes.
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75. The method of claim 74, wherein the liposomes comprise solid lipids.

76. The method of claim 74, wherein the liposomes comprise at least one of
DOPG (1,2-dioleoy! .su -glycero-3-phospho-(l'-rac-glycerol), DOTAP(1,2-Dioleiyl-3
trimethylammonium-propane), DOPE (dioleoylphosphatidylethanolamine), CHOL

(DOPC-Cholesterol), and combinations thereof.

77. The method of any one of claims 74 to 76, wherein a lipid-based surface of
each liposome contacts the proteins of the complex biological sample at a lipid-protein

interface, thereby binding the proteins to the liposome.

78. The method of any one of claims 61 to 77, wherein the step of defining a
biomolecule fingerprint comprises separating at least a subset of the proteins from the

plurality of particles.

79. The method of claim 78, wherein the step of defining a biomolecule
fingerprint further comprises identifying at least one of the proteins of the subset of the

proteins separated from the plurality of particles.

80. The method of claim 79, wherein identifying at least one of the proteins
comprises conducting at least one of gel electrophoresis, liquid chromatography, mass
spectrometry, NMR, FTIR, Circular Dichroism, Raman spectrometry, and a combination

thereof.

81. The method of any one of claims 61 to 80, wherein the plurality of particles

comprises nanoparticles.

82. The method of any one of claims 61 to 81, wherein the plurality of particles

comprises beads.

83. The method of any one of claims 61 to 82, wherein the plurality of particles

are conjugated to a substrate.
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84. The method of claim 83, wherein the plurality of particles are covalently

linked to the substrate.

85. The method of claim 83, wherein the plurality of particles are non-covalently

linked to the substrate.

86. The method of claim 61, further comprising the steps of:

obtaining additional complex biological samples from each of at least two
subjects expressing the biological state and from each of at least two control subjects

not expressing the biological state;

exposing the additional complex biological samples separately to the

plurality of particles;

defining a plurality of biomolecule fingerprints, wherein each of the plurality
of biomolecule fingerprints is representative of proteins from a corresponding

additional complex biological sample that bind the plurality of nanoparticles; and

identifying from the plurality of biomolecule fingerprints the biomolecule

fingerprint associated with the biological state of the subject.

87. The method of claim 86, wherein the at least two subjects expressing the

biological state comprises at least five subjects.

88. The method of claim 86, wherein the at least two control subjects not

expressing the biological state comprises at least five subjects.

89. The method of any one of claims 86 to 88, wherein the step of defining a
plurality of biomolecule fingerprints comprises separating at least a subset of the
proteins of each of the additional complex biological samples from the plurality of

particlces.

90. The method of claim 89, wherein the step of defining a plurality of

biomolecule fingerprints further comprises identifying at least one of the proteins of the
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subset of the proteins of each of the additional complex biological samples separated

from the plurality of particles.

91. The method of claim 90, wherein identifying at least a subset of the proteins
comprises conducting at least one of gel electrophoresis, liquid chromatography, mass
spectrometry, NMR, FTIR, Circular Dichroism, Raman spectrometry, and a combination

thereof.

92. The method of any one of claims 86 to 91, wherein the biological state of the

complex biological sample ofthe subject is a disease or disorder.

93. The method of claim 92, wherein the disease or disorder is at least one of
cancer, cardiovascular disease, endocrine disease, inflammatory disease, or a

neurological disease.

94. The method of claim 93, wherein the biomolecule fingerprint associated with
the biological state of the subject comprises at least one biomarker associated with the

disease or disorder.
95. The method of claim 94, wherein the disease or disorder is cancer.

96. The method of claim 95, wherein the cancer is glioblastoma, and the
biomarker is selected from the group consisting of HABP1, VINC, C03, ITIH2, ITIHI1,
C0O7, FHR5, CBPN, ALBU, PLMN, C04A, PRDX2, VWF, C4BPA, APOB, HBB, CNDPI1, CRP,
SAA4, APOE, CSCL7 and combinations thereof.

97. The method of claim 95, wherein the cancer is meningioma, and the
biomarker is selected from the group consisting of FCN3, RET4, HABP2, CBPN and

combinations thereof.

98. The method of claim 95, wherein the cancer is pancreatic cancer and the
biomarker is selected from the group consisting of KNG1, IC1, CBPB2, TRFE, GELS,

CXCL7, HPTR, PGK1, AACT, LUM, APOE, FIBB, APOA2, A1BG, A1AT, LBP, APOA1l, H4,
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FIBG and combinations thereof.

99. The method of claim 95, wherein the cancer is lung cancer and the biomarker
is selected from the group consisting of COO, CRP, SAA4, APOA1, AIAT, GELS and

combinations thereof.

100. The method ofclaim 95, wherein the cancer is myeloma and the biomarker is
ALBU.
101. The method of any one of claims 61 to 100, wherein the physicochemical

properties of the surfaces of the particles include at least one of charge, composition,
size, hydrophobicity, hydrophilicity, surface functionality, surface topography and

shape.

102. A sensor array comprising a plurality of particles having surfaces with
different physicochemical properties, wherein proteins of a complex biological sample
bind to the plurality of particles upon exposure of the complex biological sample to the
plurality of particles, wherein a pattern of binding of the proteins amongst the plurality

of particles depends on the physicochemical property ofa surface of the particle.

103. The sensor array of claim 102, wherein the complex biological sample

includes proteins and nucleic acids, and at least one of lipids and polysaccharides.

104. The sensor array of claim 103, wherein the complex biological sample is
plasma.
105. The sensor array of any one of claims 102 to 104, wherein the proteins that

bind to the plurality of particles define a biomolecule fingerprint of the complex

biological sample.

106. The sensor array of claim 105, wherein the biomolecule fingerprint is

associated with a biological state of a subject providing the complex biological sample.
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107. The sensor array of claim 106, wherein the biomolecule fingerprint differs
from a second biomolecule fingerprint of a complex biological sample from a second

subject not expressing the biological state.

108. The sensor array of claim 107, wherein the biological state is a discase state

of the subject.

109. The sensor array of claim 108, wherein the subject does not manifest physical

symptoms of a disease or disorder associated with the disease state.

110. The sensor array of claim 108, wherein the subject is diagnosed with a

disease or disorder associated with the disease state.

111. The sensor array of claim 109 or 110, wherein the disease state is at least one
of cancer, cardiovascular disease, endocrine disease, inflammatory disease, or a

neurological disease.

112. The sensor array or claim 111, wherein the disease state is cancer and a
cancer type is selected from the group consisting of: lung cancer, pancreas cancer, colon
cancer, myeloma, myeloid leukemia, meningioma, glioblastoma, breast cancer,
esophageal squamous cell carcinoma, gastric adenocarcinoma, prostate, bladder,

ovarian, thyroid, neuroendocrine cancer, and combinations thereof.

113. The sensor array of claim 112, wherein the biomolecule fingerprint of the

sample is indicative ofthe cancer type.

114. The sensor array of claim 111, wherein the disease state is a neurological
disease and the neurological disease is selected from the group consisting of:
Alzheimer's disease, brain tumors, epilepsy, Parkinson's disease, ALS, arteriovenous
malformation, cerebrovascular disease, brain aneurysms, epilepsy, multiple sclerosis,
Peripheral Neuropathy, Post-Herpetic Neuralgia, stroke, frontotemporal dementia,
demyelinating disease, multiple sclerosis, Devic's disease, central pontine myelinolysis,

progressive multifocal  leukoencephalopathy, leukodystrophies, Guillain-Barre
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syndrome, progressing inflammatory neuropathy, Charcot-Marie-Tooth disease, chronic

inflammatory demyelinating polyneuropathy, and anti-MAG peripheral neuropathy.

115. The sensor array of claim 114, wherein the disease state is a neurological

disease and the neurological disease is Alzheimer's disease.

116. The sensor array of claim 114 or 115, wherein the biomolecule fingerprint of

the sample is indicative of the neurological disease.

117. The sensor array of any one of claims 102 to 116, wherein the surfaces ofthe

plurality of particles comprise liposomes.
118. The sensor array of claim 117, wherein the liposomes comprise solid lipids.

119. The sensor array of claim 117, wherein the liposomes comprise at least one
of DOPG (l,2-dioleoyl .sn -glycero-3-phospho-(1'-rac-glycerol), DOTAP(,2-Dioleiyl-3
trimethylammonium-propane), DOPE (dioleoylphosphatidylethanolamine), CHOL

(DOPC-Cholesterol), and combinations thereof.

120. The sensor array of any one of claims 117 to 119, wherein a lipid-based
surface of each liposome contacts the proteins of the complex biological sample at a

lipid-protein interface, thereby binding the proteins to the liposome.

121. The sensor array of any one of claims 102 to 120, wherein the plurality of

particles comprises nanoparticles.

122. The sensor array of any one of claims 102 to 120, wherein the plurality of

particles comprises beads.

123. The sensor array of any one of claims 102 to 122, wherein the plurality of

particles are conjugated to a substrate.

124. The sensor array of claim 123, wherein the plurality of particles are
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covalently linked to the substrate.

125. The sensor array of claim 123, wherein the plurality of particles are non-

covalently linked to the substrate.

126. The scnsor array of any onc of claims 102 to 125, whercin the different
physicochemical properties include at least one of surface charge, composition, size,

hydrophobicity, hydrophilicity, surface functionality, surface topography and shape.

127. The sensor array of any one of claims 105 to 126, wherein the plurality of

particles further bind at least one of a lipid, nucleic acid, or polysaccharide.

128. The sensor array of claim 127, wherein the biomolecule fingerprint is further
representative of the at least one lipid, nucleic acid or polysaccharide binding to the

plurality of particles.

129. Asensor array comprising a plurality ofliposomes,

wherein the plurality of liposomces differ in at lcast onc protcin-binding

property defined by a lipid-based surface of each liposome;

wherein the lipid-based surface of each liposome contacts a subset of
proteins of a sample at a lipid-protein interface, thereby binding the subset of proteins

to produce a pattern of protein binding;

wherein the pattern of protein binding of a first liposome is different than the
pattcrn of protcin binding of a sccond liposome differing from the first liposome in said

at least one protein-binding property.

130. The sensor array of claim 129, wherein the proteins binding to the plurality

of liposomes define a biomolecule fingerprint of the sample.

131. The sensor array of claim 130, wherein the biomolecule fingerprint of the

sample is characteristic of a biological state of a subject providing the sample.
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132. The sensor array of claim 131, wherein the biological state of the subject is a

disease state.
133. The sensor array of claim 132, wherein the disease state is cancer.

134. The scnsor array of claim 133, whercin the cancer is sclected from the group
consisting of lung cancer, pancreas cancer, colon cancer, myeloma, myeloid leukemia,
meningioma, glioblastoma, breast cancer, esophageal squamous cell carcinoma, gastric
adenocarcinoma, prostate, bladder, ovarian, thyroid, ncuroendocrine cancer, and

combinations thereof.

135. The sensor array of claim 134, wherein the biomolecule fingerprint is further
representative of at least one of a lipid, a nucleic acid and a polysaccharide binding to

the plurality ofliposomes.

136. A mcthod of identifying a biological statc of a subjcct using a plurality of
liposomes differing in at least one protein-binding property defined by a lipid-based

surface of each liposome, wherein the method comprises:

exposing the sample to the plurality of liposomes to permit binding of
protcins of the samplc to the plurality of liposomcs, wherein a pattcrn of binding of the

proteins differs amongst liposomes with different protein-binding properties;
separating the proteins from the liposomes;

defining a biomolecule fingerprint of the proteins separated from the

liposomes; and

associating the biomolecule fingerprint with a state of the complex biological

sample of the subject.

137. The method of claim 136, wherein the lipid-based surface of each liposome
contacts a subset of proteins of a sample at a lipid-protein interface, thereby binding the

subset of proteins to produce a pattern ofprotein binding.
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138. The method of claim 137, wherein the biomolecule fingerprint is further
representative of at least one of a lipid, a nucleic acid and a polysaccharide binding to

the plurality ofliposomes.
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FIG. 7A Variable ID. | Protein | VanixbleID. | Protein
{PLS model} nane {PLS model} BAME
1 PLMN 33 TIRFE
2,19, 51 FCN3 33 APOE
3 BIN2 35 IGHGL
3 VINC 36 FINC
SR T 5 ITIH] 37 C4BPA
; 4 SR 6 KNG1 38 IGKC
t W 4 7 o9 39 GELS
& \\i & . 5 cis @ VIDB
C LRI P ) RET4 a1 KIC16
; (B 10, 47 CIR 42 IGHG3
z l Y 1t Co6 43 LAC2
E & 12 IC1 4 HORN
f_ ;& 13 APOH 45 IGHG?
% P R 14 co7 46 HRG
£ Sy 15 CO8A 48 SAAd
E ; 16, 49 PROP 50 KiCl4
. 17 GRPT8 2 HPIR
\~f\s\\\\§\\>\¥\\\\\}\\s\\\¢ 3 18, 61 PHLD S3 KV118
i 20 FHRS 54 CO4A
__ i 21 CO8G 85 Zr1
om0 90 o o o o € 22 COF1 s6 CXCL7
23,62 CBPN s7 CRP
24 FGL1 S8 IGHG4
25 CBFR2 59 SBSN
26 COL1d 50 ITAM
27 KRT86 63 ITB2
28,57 CDSo 64 PGK1
28 KAIN 85 COL11
30 ALBU 66 EMIL1
3 CO4B &8 QCR2
32 AIMG &9 HV209

Cancer type | Protein name
PLMN, VINC, ITIHI, CO7, FHRS, CBPN
FIG. 7C . P ) : ] ) .
Glioblastoma |, 51" ~4ppA_ CO4A, CRP, APOE, CXCL7
Meningioma | FCN3, RET4, CBPN
KNGI, IC1, CBPB2, TRFE, APOE, GELS, HPTR,

Pancreas CXCL7. PGKI
Lung CO9, SAA4, CRP, GELS
Myveloma ALBU

SUBSTITUTE SHEET (RULE 261)?REOMICS EXHIBIT 1002
Page 787 of 1861



38/118

WO 2018/112460 PCT/US2017/067013
FIG. SA FIG. 8B
Control Glishlastoma
S
0.8 : : : ‘ ;
20 0.6
aees
o 84X
V.:: N
§§ 8.2
g o
i ¢ 02 04 06 08 1 6 062 04 08 08 %
o 1- Specificity
FIG. 8C 1- Specificity FIG. 8D
Meningioma Myeloma
o1
’? Eos
& = 08
§ Z 04
& & 62
0
¢ 02 04 06 08 1 0 82 04 06 08 1
1- Specificity 1- Specificity

Pancreas Lung

Sens

O 0.2 S 4.6 4.8 i .4 0.6 .8 1
1- Specificity 1- Specificity

SUBSTITUTE SHEET (RULE 261)?REOMICS EXHIBIT 1002
Page 788 of 1861



WO 2018/112460

. i
S

EEEE

S

NN

39/118
PCT/US2017/067013

FIG. 9A

SUBSTITUTE SHEET (RULE 261)?REOMICS EXHIBIT 1002
Page 789 of 1861



40/118
WO 2018/112460 PCT/US2017/067013

FIG. 9B

\\\\\\\

\\\\\

SUBSTITUTE SHEET (RULE 261)?REOMICS EXHIBIT 1002
Page 790 of 1861



PCT/US2017/067013

FIG. 9C

41/118

WO 2018/112460

Size

CPANN Ma

................................................

mm
1
1
3
7

Pl P ] it s %
b .\. NMM%“ -
Es g,

10433 VOIEIINSSELD

Page 791 of 1861

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002



42/118

WO 2018/112460 PCT/US2017/067013

FIG. 9D

R

\ \

SUBSTITUTE SHEET (RULE 261)?REOMICS EXHIBIT 1002
Page 792 of 1861



FIG. SF

FIG. 9E

43/118
WO 2018/112460 PCT/US2017/067013

Weight map #i

L

Assignation map

SUBSTITUTE SHEET (RULE 261)?REOMICS EXHIBIT 1002
Page 793 of 1861



FIG. 10A

44/118

WO 2018/112460 PCT/US2017/067013

pOTAP

¢

CHOL

Fbin o g o

SUBSTITUTE SHEET (RULE 261)?REOMICS EXHIBIT 1002
Page 794 of 1861



45/118

PCT/US2017/067013

WO 2018/112460

surajoud anbjun g

surayoad paypuep #

awosoed)

q01 OI4

e \\\\\w\w\%\
e
e

S

0dod  dvlod

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 795 of 1861



46/118
WO 2018/112460 PCT/US2017/067013

FI1G. 10C

%aﬁa%ﬁﬁ §m§m§2; e

w\\\\\\

45
4,”7 /

\::::::::::ttt:tttt::t:tt::::ttt:::::t::t:tt:"

%
il
%
%

\\\\ ................... \
& \\\\\

SUBSTITUTE SHEET (RULE 261)?REOMICS EXHIBIT 1002
Page 796 of 1861



FIG. 11

WO 2018/112460

47/118

o
=

“% w0
\§ = Q

- S

&\\\\

= X
' s eladg
&
)
@ 5
o e
8 \Mﬁ :
L NREIRIER \\\\\

EAE A

Coniro

<K
ol

R

AR
B
.

7

a 5
& N
Aoesnlgeyg

‘\ A

®

o

i)
X

X B
& X
R heod
-y :

&

R

F

PAE Yt £

E-BOON2

PCT/US2017/067013

L

N\

LA
(]

Loverbasy

A A A PR

Hyeloms

oy

) el

e

o

R
\ E
s

7
B0

NN
ik -
g

i

Weningloms

W

- A
RN B2
&\\\“\\ ;
,,,,, N
N\

/F;,,

i i
1ein

$ @ o B
¥
Aouenbasg

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 797 of 1861



FIG. 12

WO 2018/112460

48/118

PCT/US2017/067013

p ]

ARSI IS

. Glioblastoma

x

+ Men

mngioma

# PANCrRas

RN
& B g

S
’ A

fasma

a

ininp

-

altbum

SR

\\
.$‘: k‘ix\\

10

w0

s

vnoIod majord oy yvursyead jo sapudad juyo

vuo o> Hiajold uy mpmmngie je sapudad juvioy

i |

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 798 of 1861



49/118

PCT/US2017/067013

WO 2018/112460

/ r p | p )

L

sodeys jusiag SAZEG JBIBYI sajijeuooun.g/safiiel) S2BUNG SRR
sojonedoueN pog

. = [3] +
ssdeys Iaiq 59718 USRI safppusIUn 4sabieyD 20RLNG JHAISIIG

sajoiuedouru apixo uodt sxpsubBewesediadng

>icasaoys “he
59je6niuos pue suonisoduwion pidi waIsjig 89Z1¢ JUIBPIQ

saeusiounyssiieyn aseung BRI
sawosodin

sajdwexy
sanuadoad
feonuayooarsAuyd Jusiaiip yum
(orpwijod Jjo pue ‘oseliiow
o1ueBio) sdn 10 sadAl sholiep

sjuswial|g
Aelly i0osuag

¢l DIA

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 799 of 1861



50/118
WO 2018/112460 PCT/US2017/067013

FIG. 14

Formation of protein corcna

B3 O collected
- > NPs Corona coated
<l s <
-
P
L w
» S
.« Particle
Patients’ collection

serum, plasma, and/or
biological fluids

injection of
nancoparticles

Nanoparticie
coliection

In vivo

SUBSTITUTE SHEET (RULE 261)?REOMICS EXHIBIT 1002
Page 800 of 1861



PCT/US2017/067013

51/118

WO 2018/112460

.

“

2

spojiedousy PRIECD BUOIND SNOLIEA

{poB pue voaips ~He)
saPRASUNG

: ;

nnnnnn

SRS

MBIA mmvmm.w ds1 DId
Siouiiod ~56) sateiaans s sapdoues tsomen s " g
\\«\ 7 : \\\ ........... . /]
D onedout 1o oot pusiogng
{poh pue uoss “B'3)
saieiISang
@
M3IIA 3pig maia doy

VSI DIA

Page 801 of 1861

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002



52/118
PCT/US2017/067013

WO 2018/112460

sanjaedous

{pioB pue uosips “Ba)
SANeISGNG

xxxxxx

MBIA BpIS maia dojg

g91 OId

\

: , g
BexRYX mw 5 K £ 4

e % i

LA G

{sawnsod)y pue ‘apixo

t a3
sapmpedous jo sedA] jua3su

{piol pue yooys G-
SRIRHSGNS

w

7

tttttt

MBIA 8pIg Maja dog V91 "DIA

Page 802 of 1861

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002



53/118

PCT/US2017/067013

WO 2018/112460

{sjunuodulon Asrusys 4545 pue ‘sdoolf jonr givs

srswhjod “Ba) sayensgns pue sapiedousy UsSamiag Y el

{sswosady pue ‘spixe uol 'Busilisiod ‘eoys ‘plob “ba)
seojedouBy PaEDI BUSICD SNOMEA

o o 7 o
T T e
{peh pue vasijs Ba)
SHAUUBYD-CUBUFCIDNG YA SIFHSANG

Z 78 W

MBIA 8pIg

R

thd

]
&

{susuoduns Ansuieys ¥ous pue ‘sdncid oyl Unm

siswmAjod “B'e} seensgns pue sepaedolsy UesmIasy JaNUrT

{sewosady pue ‘apixe uoay ‘euesfisfiod ‘eus ‘pmob “Hra)

BTG BBy sapedoue jo sadAl uorsin

‘1 T T

{pioh pue uoss “Ha)
S{BULBYOHBUAOISI YA SAIESSONS

;T

7z

REN B

S

7

i

MBIA 8pIS

PRV

_ vq%&&‘\&%\\w R

LS R ¥ 23

&

22
.
.
7

7
2

RS

xxxxxx

main doyg

maia doy

qL1 DIA

[ R X} &

VLI DIA

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 803 of 1861



54/118

PCT/US2017/067013

WO 2018/112460

e’

{sawosody pue ‘spixoe voat ‘eunhisijod ‘eops ‘prob B e}
SBo{ilEdouRy PIIEGD BUGIOD STIOMEA

{piod pue vosys 63}
SHAUGRYO-OURUAOIDI UM SI|ASGNG

A S T |

MIIA 3PIS

{sawuosody pue spixe uon ‘sussfisiiod ‘eanis ‘piob B}
sapsiurdoury jo sadfy puareysd

RBIGL TS

{pioB pur uonps “H'a)
S{fEUURYDI-QUBLSOI0IW )M SBtRASONS

\ \\m 1 g X 7 2
\\w m::.. &7 ”.\J 7 Z ;
% . w2 7 “ v

MIIA BPIS

N

NN

lllllll

M3IA doj
381 DId

-

R A A
» \i\‘\x\\\\\“\‘\‘\\\k S ‘\§
b

NS
=

R
P N

'\\
X

N
\

N R A

R

GXNWOX S

maia doj

V81 DIA

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 804 of 1861



55/118

PCT/US2017/067013

WO 2018/112460

> \\\\N\N\\h\ el

\N Hig %

2

7

7z %
{sewosnd|} pur ‘apixe uoy Pualisind ‘eas ‘pok “6a)
S2olLedousg PBIEOD BUOI0T SIILA,

{pyob pus uasiis “Ba)
sajensgng

M3IIA 8pIS

sayoipsedoury Jo sadAy Jusisgig

{p1of pue uosys »H's}
sajeSaNGS

xxxxxx

MIIA 9pIS

oooooo

Mm3iA doy

do61 OI4

Vol DIA

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 805 of 1861



56/118

PCT/US2017/067013

WO 2018/112460

BUIBYGIf FUISRYE

Hwﬂ...“...\\.\ﬂ\.\\\\

7z
7

&\m.v\\m
i

MOIA 3pIS maia doyg g0z DId

_

1 {piob pue uoops “63)
N . ¥ SaRasgng

5 353885023 T

o \m\.

XkoXwe

MBIA BPIS mata dog

Yo0cT DIA

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 806 of 1861



57/118

PCT/US2017/067013

WO 2018/112460

{susuodion A4snusys Yyous pue *sdnosb o5y Wivs
siswfpod *B's) satensgns pue $apiiedoury Ussmiat Ja5iH

_

T804 FUISREY

{

o

% )

SAdRUBdOUBY PAIEOD BUDINT SNOLIBA

s

R

{meh pue uooHls “B'a)
SHBULBYD-OUBLFOIDNY UM SSRSqNS

NR

MBIA BpIS

fas

ﬁmecmvnm pue
sapndedoury 3o sadAl Jueieiig

7 v 7
s e

{pind pue womps “Ga}

N

satyosoty pur ‘apIxe ok ‘sualisAjod ‘B pod “Be)

7 7 £ ; Mu
- I

“eals ‘piob “b'a)

SIBULRYI-DURU-CII YHIM §31885U0S

7%
7

N

%
2 7

(R EXE 3]

\\\N

%

N

7%

¥
R
.
. T
L

MIIA BpIS

i

;
M” 7
ez
7
“
7
.
g

SRS

mala doyg

maia dog

d1Z DId

LR A X )

V1T DIA

Page 807 of 1861

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002



58/118
PCT/US2017/067013

WO 2018/112460

\\ \,
{sautcsody) pue ‘spixe uoa ‘auaifisiiod ‘eoips ‘pof Ha)
saaiedousy PRIROD BUOSDD SHIDLIRA

R
SRIRE

{p1ob pue uooys “6e)
S PULRHI-CURUFOIDINE UNM SHIERSGNS

A A AR
A

. 4 “
. 7 7

S T T |

MBIA 8pIS maia doj

477 DOId

R v 2
vy

L

(sawosody] pue ‘epixe uocH ‘sumidisiiod feas ‘piob ~B'a)
seponsedousy o sadAl sisig

7

7
.\\\x

0
Y

e

MIIA apig

V<l DIA

Page 808 of 1861

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002



59/118

PCT/US2017/067013

WO 2018/112460

.

\

»

,M\w w\ w

,‘\e‘.

. S3Ldv

\ .......................................... \
’ \a\ %
¥ ¥
«-\\ 5 A “.“.\5“
7
)
% g
b5

¢€C DIA

e

T

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 809 of 1861



60/118

PCT/US2017/067013

WO 2018/112460

e

b
I L\' o~
e i3
A

m" 3, \(«
L\v \—\' J
.3. \x \
L
M“/ kY
-

¥C D14

\x‘.f“.m“ﬁk%ru T ...n l,b».\%.r.w

FE T

“

a:

o,

]
Iz

o

e
m.lm L s.\.m:\

7 s P LA s
WY B B MO

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 810 of 1861



61/118

PCT/US2017/067013

WO 2018/112460

—

3 4y 4y W iy 13

kL f_r. ik .w.&%m::x b ..r\&fv? e %a\w
Had P,
4 e, i
- vnn\ M“”.\

¢Z DIA

B1BISONS B

4

R

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 811 of 1861



62/118

PCT/US2017/067013

WO 2018/112460

—

531401
N

%f%ﬁﬁxf

“HN-J0 HO- =¥

SlEnsSONs B
A o

;
[T

Ly MO M MO MO HO

i

{

S

lﬂ}“

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 812 of 1861



63/118

PCT/US2017/067013

WO 2018/112460

T -

o O 0 WD o 0 0

%o f .m\ \VF&
LA
]

LT DI4

SIRASUNS BO

>

m

!

IS

——

B L SETY, g ey 5 55N PET T 7oAy
£ b H E] i I =1
TR T s R o DI o I 1Vt

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 813 of 1861



64/118
PCT/US2017/067013

WO 2018/112460

——— <

g
iy

o0 i
N/

Ly
£
&

SJBASONS BIYIS
TR

v 5y REETY 48Ty L8y R mlwt:« 254
N 3 R E £ - 5 g £
HEE MR D B R MR MO

SR

EE

A .wf m X
s
sy
2o

B\

87 DIA

Page 814 of 1861

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002



65/118

PCT/US2017/067013

WO 2018/112460

§\\\\§E ———

fmx

PR

L. SV Ty

\x T /qu\% G, %

= B

6C DI4

ﬂ mmﬁ@

m

SIBASONS BYIS
R

,J\ R TR T SN T N I TSI T T I o )
HAE PG R HE O HRT ml) B

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 815 of 1861



66/118

PCT/US2017/067013

S,
fm P fm e

\Xv f
m - o 1
" J

SEISONS TS

Page 816 of 1861

WO 2018/112460

S OH

NNV

2 \

IS i3 RS - .
L ‘ k by ™, 5 ., IS Tar .
rl\ 1% 3 ~ MO B Ry R 10 MO 40

RN Pl

B,

L

x\x\\\\\\\\\\\\\\%%x\%\\\x\\\\\\\\\\\ﬁ%\\\\\\x\\x\\\\x\\&

e e,

0¢€ DI4

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002



67/118

PCT/US2017/067013

WO 2018/112460

Ap——— — 7

Y £y ISR TS s Ie) s

S N P

3

...................................... SIBNSONS BRI

S~ Yepe——

-r, ' - 1 o, . e G 1 re 5 L G5EN b
Uy, ¥ J RO o0 D A MO OHO RO HO HG HO HO

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 817 of 1861



68/118

§§\\\\\\N\\&&

Mo

i »W«wh_

Fm

<€ DId

SIBASONS Ny

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 818 of 1861



69/118

PCT/US2017/067013

WO 2018/112460

\\N\\\ \R\

frocamomnsmemonssemRmTER
Eum umm&j

€€ DIA

SIERSTNS Ny

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 819 of 1861



70/118

PCT/US2017/067013

WO 2018/112460

——
i i
. Mﬂ . M, . N :w

BIBNSANS Iy

HS- mmm mx

€ DIA

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 820 of 1861



71/118

PCT/US2017/067013

WO 2018/112460

i

\\\

!

\\\ \\\ﬁ

HS- Qma mIE

¢¢ DIA

siBisaNS Ny

D

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 821 of 1861



72/118

PCT/US2017/067013

WO 2018/112460

\\ <

UCHBIPBIE AN

jw

iiﬂ m
ECE ¢ ij

9¢ DI4

S

SYeSONS Ny

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 822 of 1861



73/118

PCT/US2017/067013

WO 2018/112460

\\\\\\\\\\\\\?\\\\\\\\\\\\\\\

w)v\

w w f

\\\\&

m

¢ 4§

L€ DIA

-

SH

¢

SjEnNsSons Ny

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 823 of 1861



74/118

PCT/US2017/067013

WO 2018/112460

\\\

\\\\\\

\\

SHN/OC3

\\,?,,.é;

\\

—

iy
7

1B EUNE Ny

1S

8¢ DIA

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 824 of 1861



75/118

PCT/US2017/067013

.

\

*

Page 825 of 1861

WO 2018/112460

|RSYNS Ny

§§&

e im-@m& ugoig

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002



76/118

PCT/US2017/067013

WO 2018/112460

\\

\\ \\ ¥ hmcm«mmﬁmﬁm\“ Y \\\\\\\ \

] 14 i
= /W
, : 1443, Fig H
£ Q&
oy \” M H

H b 7 P /

b

SENSONS Iy

ERRRE

0r DI4

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 826 of 1861



77/118

PCT/US2017/067013

WO 2018/112460

(va -s1d pue ‘vod
“woH “b-a) sisApue UOIRUHULIDSID
pue ‘BuLsnio ‘uoijedyiuapl
pasiatadnsun pue pasialsdng

D,
(swisw-01 o
“B-a) sisfjeuy
UI3104d

I+ OI4

7 Y7 n

shelie woy
stisjoud jo
UoHRINoSSI(]

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 827 of 1861



78/118
WO 2018/112460 PCT/US2017/067013

Top view

luminescent) readout

Imaging (e.g., fluorescent and
FIG. 42D

FIG. 42B

N &
NG § ¢
&\\\\\\\\\\\ g

2@

N\

Top view

FIG. 42A
FIG. 42C

SUBSTITUTE SHEET (RULE 261)?REOMICS EXHIBIT 1002
Page 828 of 1861



79/118

------

main dog

gev DId

aaaaaa

ey DIA

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 829 of 1861



80/118

PCT/US2017/067013

WO 2018/112460

B0 * vy oy

{Aus} jenusyod 387

SdN BI|iS

arv DI4

680 * L5 L

idd

{nui} enusiod g3z

{uau} az1g

sdp auatAisi|od

Vv DId

SUBSTITUTE SHEET (RULE 26§REOMICS EXHIBIT 1002

Page 830 of 1861



WO 2018/112460

I B .

= S
S e
%\&&%\\\\}E\@\\‘&W%\\\m\

\
\
\\

N R

-COOH

A\
S
L

-NHZ

53

R

.

-

e

i S
23 \.\\.\‘W\\\‘\\Q.\ \‘&
SN N
\\\.\. SN \\*.\\\\\;\\\\‘a\%\\. \"‘3.\.\"3:-.

e

.

S

.

N
N

R
L

.

-

-

-

S ey
R
TH 3

N \t.“\‘.\ R

R
\x’\\\\m\\\@%@%@\m\f\%\\%

\:

S
\smmﬁ@x . - :
& \
FPEY 3B
§

%

.

81/118
PCT/US2017/067013

o
L

R .. \\Q\\\Q&x N

N

e

S

& e o

3§ ;

|
S L
w

2 SR

\

.
Q\%ﬁ%ﬁ%\\i\‘g\i\\ L
SRR \\ o \\K‘\\S\\%\\‘t\k\\\\

M“%t

TEM imaging. Morphological and structural characterization of bare NPs stained using uranyl acetate. In this
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INTERNATIONAL SEARCH REPORT

International application No.

PCT/US 17/67013

A. CLASS IFICATION OF SUBJECT M ATTER
IPC(8) - BO1J 19/00, GO1N 33/48, GO1 N 33/483 (2018.01)
CPC - BO1J 2219/00274, GO1TN 33/54373, GO1 N 33/48, Y108 977/773

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

See Search History Document

Documentation searched other than minimum documentation to the extent that such documents arc included in the fields searched
See Search History Document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

See Search History Document

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ Citation of document, with indication., where appropriate, of the relevant passages Relevant to claim No.
X US 2012/0046184 A1 (DAWSON ET AL.) 23 February 2012 (23.02.2013) abstract; claim 78; 1-3, 102-1 10
Fig. 17, 22; para [0005], [0008], [0013], [0015], [0019], [0043], [0045]-[0046], [0076], [0081],
[0093].
X ~ JUNG et al., Specific Colorimetric Detection of Proteins Using Bidentate Aptamer-Conjugated 129-130
=-=- Polydiacetylene (PDA) Liposomes, Adv Funct. Mater, 2010, Vol. 20, No. 8, pages 3092-3097. | ----------
Y Especially abstract; scheme 1; Fig. 1a, 3a; pg 3093, col 1, para 1; pg 3093, col 2, para 2; pg 131-135

3093 col 2, para 5 to pg 3094, col 2 para 1.

Y “| STREHLITZ et al., Protein Detection with Aptamer Biosensors, Sensors, 23 July 2008, Vol. 8, 131-135
No. 7 pages 4296-4307. Especially pg 4298, para 2 to pg 4299, para 1; pg 4301, para 3; Table
1.

I I Further documents are listed in the continuation of Box C. L 1 See patent family annex.
. : : f .
Special categories of cited documents: "V later document published after the international filing date or priority
“A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
“E" earlier application or patent but published on or after the international  "x"  document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
“L" document which may throw doubts on priority claim(s) or which is step when the document is taken alone

ggggiatlors:stgg“(zg tsr;ochi‘flijgg?a“on date of another citation or other "Y' document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
“O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art
“P" document published prior to the international filing date but laterthan  wg»  gocument member of the same patent family
the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report
19 Aprl 2018 0 1 MAY 2018

Name and mailing address of the ISA/US Authorized officer:

Mall Stop PCT, Attn: ISA/US, Commissioner for Patents Lee W. Young

P.O. Box 1450, Alexandria, Virginia 22313-1450 PCT Helpdesk: 571-272-4300

Facsimile No. 571-273-8300 PCT OSP: 571-272-7774
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INTERNATIONAL SEARCH REPORT

International application No.

PCT/US 17/67013

Box No. II Observations where certain claims were found unsearchable (Continuation ofitem 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

I. I:] Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. |X| Claims Nos.: 4-60, 68-85, 92-101, 111-128
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. Il Observations where unity of invention is lacking (Continuation ofitem 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1 . In order for all inventions to be examined, the appropriate additional examination fees must be paid.
Group 1: Claims 1-3, 102-1 10, 129-135, drawn to sensor arrays.

Group 11: Claims 61-67, 86-91, 136-1 38, drawn to methods of distinguishing states of a complex biological sample.

The inventions listed as Groups Iand 1 do not relate to a single gencral inventive concept under PCT Rule 13.1 because, under PCT

Rule 13.2, they lack the same or corresponding special technical features for the following reasons:

(continued in next supplemental box)

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. o As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. As only some of the required additicnal search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. IXI No required additional search fees were timely paid by the applicant. Consequently, this international search report is

restricted to the invention first mentioned in the claims; it is covered by claims Nos.:
1-3, 102-1 10, 129-135

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the
I:I payment of a protest [ee.
The additional search fees were accompanied by the applicantl's protest bul the applicable protest
I:I fee was not paid within the time limit specified in the invitation.

No protest accompanied the payment of additional search fees.
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continued from:
Box No. lll Observations where unity of invention is lacking

Special Technical Features

Group | requires compositions of matter comprising a sensor array, not required by the methods of Group Il

Group Il requires method steps for distinguishing states of a complex biological sample, not required by the compositions of Group I.
Common Technical |-eatures

A feature shared by Groups |and Ilis a plurality of particles having surfaces with different physicochemical properties, wherein proteins
of a complex biological sample bind to the plurality of particles, and wherein a pattern of binding of proteins amongst the plurality of
particles differs based on the physicochemical properties of the surfaces of the particles (claims 61, 102)

However, this shared technical feature does not represent a contribution over prior art, because the shared technical feature is taught by
US 2012/0046184 A 1to Dawson et al. (hereinafter 'Dawson’).

Dawson teaches a sensor array comprising a plurality of particles having surfaces with different physiochemical properties wherein
proteins of a complex biological sample bind to the plurality of particles upon exposure of the complex biological sample to the plurality
of particles (para [0005] - "the invention relates to a method for the selective concentration of a cellular component for example at least
one specific low abundance biomolecule, biomolecule complex or cluster, or organelle, from a complex biological system such asa
biological fluid or a cell ..comprises a step of providing a preparation of nanoparticles in which at least one physiochemical property of
the nanoparticle surface is selectively modified to concentrate or more selectively bind at least one specific low abundance
biomolecule™), wherein a pattern of binding of the proteins amongst the plurality of particles depends on the physiochemical property of a
surface of the particle (para [0013] - "at least one physiochemical property of the nanoparticle surface is selectively modified to
concentrate or more selectively bind at least one specific low abundance biomolecule”; para [0015] - "For example, at a certain
curvature, the surface of the pat icle may have a binding affinity for a specific type of biomolecule, whereas a different curvature will
correlate with a binding affinity for a different biomolecule. Thus, the surface curvature may be tuned to facilitate selective binding (and
therefore selective concentration) of specific biomolecules™).

As the technical feature was known in the art at the time of the invention, it cannot be considered a special technical feature that would
otherwise unify the groups.

Ancther feature shared by Groups |and Ilis a plurality of liposomes differ in at least one protein-binding property defined by a lipid-
based surface of each liposome, wherein proteins of the sample bind to the plurality of liposomes, and wherein a pattern of binding of
the proteins differs amongst liposomes with different protein-binding properties (claims 129, 136).

However, this shared technical feature does not represent a contribution over prior art, because the shared technical feature is taught by
US 2009/0291454 A1 to Sim et al. (hereinafter 'Sim').

Sim teaches a sensor array comprising a plurality of liposomes, wherein the plurality of liposomes differ in at least one protein-binding
property defined by a lipid-based surface of each liposome (para [0013] - "The present invention discloses a method for detecting
biomaterials characterized by comprising the steps of: (S1) immobilizing polydiacetylene liposomes onto a substrate; (S2)...(S3)
immobilizing a material which forms a complementary binding with a subject biomaterial to be detected onto the polydiacetylene
liposomes; para [0022]-[0023] - "The method for detecting biomaterials of the present invention can be widely utilized for the detection of
materials which form complementary bindings or perform immune reactions, such as antigen-antibody, enzyme-substrate and the like.
The biomaterials thay be at least one selected from the group consisting of.. .proteins”; para [0052] - "Antibody immobilization was
performed by using a NHS/EDC reaction. Antibodies were mixed into 200 mM NHS/EDC solution which was dissolved in PBS buffer,
and the resulted mixture was brought to contact for 3 hours with the substrate onto which polydiacetylene liposomes were immobilized").
Sim does not specifically teach wherein the lipid-based surface of each liposome contacts a subset of proteins of a sample at a lipo=
protein interface, thereby binding the subset of proteins to produce a pattern of protein binding; wherein the pattern of protein binding of
a first liposome is different than the pattern of protein binding of a second liposome differing from the first liposome in said at least one
protein-binding property. Given that Sim teaches immobilizing a material, such as antibodies, which complementary binds with the
biomaterial to a plurality of liposomes, and proteins as a type of detected biomaterial, one of ordinary skill in the art would have found it
obvious, under routine experimentation, to attach a detecting material that differs in at least one protein-binding property to the plurality
of liposomes, which would expand the assay's potential to detect multiple proteins, as evident by the difference in protein binding, thus
creating arl improved liposome-sensor — array.

As the technical feature was known in the art at the time of the invention, it cannot be considered a special technical feature that would
ulherwise unify the groups.

Greoups | and Il therefore lack unity of invention under PCT Rule 13 because they do not share a same or corresponding special
technical feature.
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may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the record was filed in
an application which became abandoned or in which the proceedings were terminated and which application is
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Dynabeads applications
Select your application for in-depth information

« Coll separation & cell expansion
« Exosome analysis
« Protein purification & isolation
o Protein interaction analysis
o Immunoprecipitation using Invitrogen Dynabeads Protein A/G
« IVD assay development
« Nucleic acid isolation

o mRNA isolation in 15 min

Strantavidi lod bead
P pled Dy

« Dynabeads magnets and sample mixer

o

Figure 1. SEM-pictures of Dynabeads (A) and alternative magnetic particles from

other suppliers (B-E). Courtesy of Mikal Heldal, University of Bergen, Norway.

Product categories
Go directly to our online catalog

Beads for human cell isolation

Beads for mouse cell isolation

Beads for other cell isolation

Beads for cell expansion
Protein A & G boads

Streptavidin-coupled beads

His, HA and c-Myc pulldown beads
Oligo-dT beads

Surface-activated beads

Videos
Magnetic Separation Using Two Worlds of Cell Separation An Exciting Shift in
Dynabeads Immunoprecipitation

https://www.thermofisher.com/us/en/home/brands/product-brand/dynal/dynabeads-tech nology.html?g:}ngQaMoLGh%l I%mlwks]BQ&‘?rpgw. .
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Featured products

Immunoprecipitation (IP) kits

Catalog # 10006D
Name Dynabeads™ Protein A Immunoprecipitation Kit
Size 40 reactions
Price (USD) 439.00
Qty : :
Add to cart
Catalog # 10007D
Name Dynabeads™ Protein G Inmunoprecipitation Kit
Size 40 reactions
Price (USD) 439.00
Qty
Add to cart
Sample mixer
Catalog # 15920D
Name HulaMixer™ Sample Mixer
Size 1 unit
Price (USD) 946.00
Qty : :
Add to cart

Products for cell isolation from whole blood samples

https://www.thermofisher.com/us/en/home/brands/product-brand/dynal/dynabeads-tech nology.html?g:}ngQaMoLGh% I%oggé?l@(s%g%‘%pgw. .37
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Catalog # 11361D
Name Dynabeads™ FlowComp™ Human CD4 Kit
Size 3mL
Price (USD) 1,170.00
oy
Add to cart
Catalog # 11362D
Name Dynabeads™ FlowComp™ Human CD8 Kit
Size 3mL
Price (USD) 1,170.00
oy
Add to cart
Catalog # 11365D
Name Dynabeads™ FlowComp™ Human CD3 Kit
Size 1 kit
Price (USD) 1,170.00
Qty :
Add to cart
Exosome-specific products
Catalog # 4478359
Name Total Exosome Isolation Reagent (from cell culture media)
Size 50 mL
Price (USD) 376.00
oy
Add to cart
Catalog # 4478360
Name Total Exosome Isolation Reagent (from serum)
Size 6 mL
Price (USD) 366.00
oy
Add to cart

https://www.thermofisher.com/us/en/home/brands/product-brand/dynal/dynabeads-tech nology.html?g:}ngQaMoLGh% I%@l@@%ﬁ%‘%pgw. .4
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Catalog # 4484450
Name Total E; Isolation Kit (from pl.
Size 6 mL
Price (USD) 366.00
oy
Add to cart
Catalog # 4484452
Name Total Exosome Isolation Reagent (from urine)
Size 50 mL
Price (USD) 240.00
oy
Add to cart
Catalog # 4484453
Name Total Exosome Isolation Reagent (from other body fluids)
Size 6 mL
Price (USD) 366.00
oy i
Add to cart
Catalog # 10606D
Name E; Human CD63 Isolation/Detection Reagent (from cell culture media)
Size 3mL
Price (USD) 375.00
Qty
Add to cart
Catalog # 10608D
Name E: Streptavidin Isolation/Detection Reagent
Size 3mL
Price (USD) 369.00
Qty
Add to cart

Products for T cell activation/expansion

https://www.thermofisher.com/us/en/home/brands/product-brand/dynal/dynabeads-tech nology.html?g:}ngQaMoLGh% I%oggé?l@(s%g%‘%pgw. .. b7
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Catalog # 11456D

Name Dynabeads™ Mouse T-Activator CD3/CD28 for T-Cell Expansion and Activation

Size 0.4mL

Price (USD) 162.00

ay

Catalog # 11161D

Name Dynabeads™ Human T-Activator CD3/CD28 for T Cell Expansion and Activation

Size 0.4mL

Price (USD) 166.00

ay

Catalog # 11162D

Name Dynabeads™ Human T-Activator CD3/CD28/CD137

Size 0.4mL

Price (USD) 178.00

Qty :

Catalog # 11128D

Name Dynabeads™ Human Treg Expander

Size 2mL

Price (USD) 818.00

Qty '

Resources Have a question for Technical Support?
Dynabeads magnetic separation tect gy Submit your question
Magnets

Cell isolation & expansion
Isolation of biotinylated molecules
Protein purification & isolation

IVD assay development

https://www.thermofisher.com/us/en/home/brands/product-brand/dynal/dynabeads-tech nology.html?g:}ngQaMoLGh%l I%mlwks]BQ&‘?rpgw. .
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For Research Use Only. Not for use in diagnostic procedures.

Ry

United States

Terms & Conditions : Privacy Information Center : Price & Freight Policy
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very scarce,” ' and hittle is known about the feasibility of
MDT in atherosclerosis. Our previous studies in an ex vivo
artery models suggested that magnetic accumulation of
certain types of SPIONs is possible even under arterial
flow conditions.”* Other preclinical studies indicated that
SPION-toaded cells can be magnetically targeted to stented
carotid arteries in vivo in order to prevent thrombosis and
restenosis i 2 rad model.” By increasing the effective local
dases of pharmaceutical agents, MDT roay therefore repre-
sent a usefuil tool to improve the plague stability and reduce
wflammatory responses,

Glacocerticoids, potent imomunomodulatory agents,
represent a key pitlar in pharmacotherapy of inflanunatory
diseases.* Previous studies suggesied that glucocorticoid
receptor (GR) may mediate the atheroprotective effects of
famninar shear stress. ™ Liposomal prednisolone was further-
more shown to reduce inflammation in a rabbit model of
advanced atheroselerosis.™

Dexamethasone (DEXA), having a higher degree of GR
selectivity {about ten-fold higher than prednisoione ) and lon-
ger biclogical half-life (36-54 hours), ™ 1s used predominantly
to suppress various inflammatory, allergic, and autoimmune
disorders. Becanse of ubiquitous presence of GR s buman
tissues, the systemic adounisteation of DEXA may result i
a variety of adverse side effects, which can be redaced by
tocal or targeted application, In the context of atherosclerosis,
focal anti-inflammatory therapy with DEXA was previously
tested in several clinical studies using DEX A-ebuting stents ™
The studies that evaluated the clinical outconmes of these
stents differed strongly in design and reported inconsistent
findings. In some cohorts, no benefits of DEXA were seen
over other types of drug-eluting stents,** whereas the ran-
damuzed stodies showed lower restenosis and target lesion
revascularization rates, as well as reduced major cardiac
adverse offects in patients receiving DEXA-eluting stends
compared with bare metal stents.”™ Although the interpreta-
tion of the existing reports is confounded by the differences
in stent material, drug concentrations, and elution rates, the
potent antiproliferative effect of DEXA on smooth muscle
cells™ and ite anti-toflammatory activity are expected to pre-
vent intimal hyperplasia i response to vascular injury.

Here, we tested the feasibility of MD'T to arterial vessels
in vive and the therapeutic efficacy of SPIONs conjugated
with dexamethasone phosphate (SPION-DEXA ) The SPION
formulation used 10 this study as drug carrier was carefully
selected based on the previous in vitro, ex vivo, and in vivo
studies, which indicated its good biocompatibility, as well

as good maguaetic targeting properties.’’

In order to address the efficacy of targeted mhibition of
proinflammatory processes in vascular injury and advanced
atherosclerosis, SPION-DEXA were adnuinistered and
magnetically targeted fo the abdominal aorta m the rabbit
model of balloon injury and diet-induced atherosclerosis.

Methods

Reagents and antibodies
{ron (11} chlonde tetrahydrate was from Merck (Damnstadt,
Germany). Recombinant human serum albuamin (HSA)
was purchased from Novozymes Biopharma (Bagsvaerd,
Denmark) and dexamethasone-21 phosphate disodinm salt
from Alfa Aesar {Thermo Fisher, Karlsruhe, Germany).
Lauric acid was from Sigma-Aldrich (Munich, Germany).
MNaOH, HCI (25%;}). NH3 (25%), potassium ferrocyanide,
and nitric acid (65% w/w} were from Roth (Karlswghe,
Germany}. Iron (1) chioride hexahydrate was purchased
from Sigma-Aldrich or from Roth. Alf compounds used were
of pharnwaceutical (Ph Eur) or highly pure (299%) grade and
were used without any further purification.

sodiom heparin was obtained from Braun (Melsungen,
Germany). Monocyte chemoatiractant protein-1 was from
tehu-bic (Offenbach, Germany). Eodothelial cell growth
medinmn was obtained from PromoCell (Heidelberg,
Germany). Nuclear dye Hoechst 33342 was from Life
Technologies GmbH (Darmstadt, Germany) and propidiam
iodide from Sigma. Trichrome stain reagents (acid fuchsin,
acridine orange, 1% raclybdophosphoric acid, and fight
green) were purchased from Merck and hematoxylin from
Dako (Hambwrg, Germany). Fast Red stain was from Roth.
Mouse antthuman CD163 antibody (PE-labeled) and isotvpe
control were from Biolegend (Fell, Germany), and mouse
monocional antibody against tabbit macrophages (clone
RAM-11} was purchased from Dako.

Nanoparticles

Laornc acid/HSA-coated magnetite nanoparticles (SPION)
were synthesized by coprecipitation of iron (1) and 1ron (i)
at a stoichiometric ratio of 1:2 under argon atmosphere at
807, subsequent 10 situ coating with launc acid, and forma-
tion of an artificial albumin corona using clinically approved
HSA formulation, as previously described by Zaloga et al¥
Subsequently, control SPIONs were purified by tangential
wltrafiltration (molecudar weight cutoff 100 kDa) and, priorto
their use in cell cultore or 1 vivo experiments, stenlized by
filtration through 2 .22 pm filter. Z-averaged hydrodynamic
diameter, polydispersity index (PDI}, and {-potential were
determined with a Zetasizer Nano Z5 (Malvern Instruments,
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Malvern, UK}, To achieve the adsorptive bonding of SPION-
DEXA, the coated particles were mixed with the required
volume of a sterile solution of 10 mg/mL DEXA in PBS.
The ratic of bound drug was determined as mass/ass ratio
of DEXA in the supernatant/DEXA added mass. To assess
the drug release kinetics of these particles, dialysis assay was
used. For this purpose, 3 mL SPION-DEXA particles (loaded
with 100 pg/mi DEXA phosphate) were placed in an 8 kDa
cutoff dialysis bag and moubated 40 97 ol PBS, at 37°C in
incubation shaker. At specified time points, 3 mL of the aceep-
tor medinm was collected. The saraples were concentrated
ustng 2 C-18 Bond Elunt column and redispersion in HPLC
mobile phase comprising potassium dihydrogen phosphate
(50 mM, pH 7.0} and acetonitrile in a 73/27 (v/v) ratio. The
DEXA concentration was determined using HPLC-ultraviolet,
with the flow rate mamtained at 8.7 ml/min and vliraviolet
detection at 245 nm. The sample mjection volume was 30 yub

and the colummn temperature was mamtained at 40°C.

Cells

Human urabilical vein endothelial cells (HUVECs) were
isolated from freshly collected umbilical cords (kindly
provided by the Departraent of Gynecology, University
Hospital Erlangen) and cultured as previously described. ™
For all experiments, HUVECs at passages [-2 were used.

Peripheral blood mononuclear cells (PBMCs) were iso-
fated from freshly collected human whole blood by density
gradient isolation, Blood drawn from bealthy donors was
anticoagulated with sodivm citrate and mixed 2:1 with PBS.
The PBS-blood mix (30 mL} was added on top of 15 mL of
Ficofl and centrifuged at 850 ref without brake for 20 minntes
at room temperature (RT). After removal of the plasma layer,
the bufly coat contaiming PBMCs was collected and washed
twice with 30 mL of PBS (650 ref, 5 minutes, RT). Theuse of
human matertal was approved by the local ethics coramittes
at the University Hospital Erfangen (review numbers 4449
from 11.05.2011 and 335_16 Be from 22.11.2016) and the
donors provided written informed consent.

THP-1 monocytic cells were grown in RPMI 1640
medinm supplemented with 2 raneoVE glotarsine, 100 U/mb
penicillin, 100 jg/mbL streptomycin, and 10% fetal calf
serum. Viability of cells was >98% as estimated by trypan
biue exclusion.

In vitro evaluation of cellular effects
Real-time cell analysis

We monitored the effect of the free and nanoparticle-
bound glucocorticoid, as wells as the control SPIONs on

HUVEC viabibity vsing the xCEL Ligence System (RTCA,
SP Analvzer, ACEA Biosciences Inc., San Biego, CA

USA). Microelectrodes localized at the bottom of tha
wells measured the impedance, which correlaies with the
viability and attachment strength of cefls. Background mea-
surements were performed with 50 ul cell-free medium.
Afterward, 50 uL
2x18% cells was added. Cell growth was monitored every

of HUVEC suspension containing

{0 minaates for a total of 56 hours. At 24 hours afler initial
seeding, additional 100 ul of medium with free DEXA,
SPION-DEXA {01, |, 10 ug/mL. DE
SPION concentrations: 4, 40, or 400 yg Fe/mL), or conirol

XA, or comresponding

SPIONs was added. The experniments were performed in
quadruplicates.

Live-ceil microscopy

HUVECs were seeded at 210 cells/well in 100 L mediun.
After 24 hours postinitial seeding, an additional 106 yb of
medimn containing free DEXA, SPION-DEXA, or control
SPIONs (0.1, 1, 10 ug/mL DEXA, or conespondinﬂ SPION
as added. Cell
growth was monitored for atotal o 96 hum 8 afm‘ mitial seed-

concentrations: 4, 40, or 400 ug Fe/ml)

10z using the live-cell imager (ncuCyie, FLR Micrescope
vstem, Hssen BioScience, Ann Arbor, MI, USA). The
experiments were performed in hexaplicates.

Endothelial cell migration assay
Effects of free DEXA, SPION-DEXA, ar control SPIGNg
were assessed using a modified barrier assay based on
sthicone celf colture inserts placed in 8-well chamber shides
{both from ibidi, Munich, Germany). HUVECs were seeded
in the two insert wells at a concentration of 3x10° cells/mi.
After the adherence time of 4-5 hours, cells were treated
with free DEXA (1 pg/mL), SPION-DEXA (1 ug/ml
DEXA, comresponding to 40 (g Fe/ml), or control SPIONs
(40 1ig Fe/mL) overnight. The fullowing day, the raserts were
removed producing a cell-free gap, and medium containing
free DEXA, SPION-DEXA, or control SPIONs was added
to respective samples for the next 24 houss. The gap between
the two resulting cell monolayers was recorded at the time of
insert removal and every howr for the subsequent 24 hours
gsing the IncuCyte FLR System. The size of cell-free aveas at
the selected time points {0, 12, and 24 hours) was measured
with Imagel software.

CID163 staining for analysis of DEXA effectivity
The ability of free and SPION-bound DEX
human PBMCs was investigated by measuring CD163

XA to stimulate
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expression, which is induced by glucocorticoids.™ The isofated
PBMCs were seeded at 1x166 cells per weli 1o | ol medirm,
ina 12-well plate. The cells were incubated with free DEXA
or SPION-DEXA at a concentration of { pug/ml DEXA. The
control cells were treated either with medium only or with
control SPIONs (without DEXA) at iron concentrations cor-
responding to SPION-DEXA. After 48 hours, PBMCs were
divided into two batches, one for CD163 analysis and the sec-
ond for iron content measurement. To assess the fuorescence
intensity of CD163, samples were stained with Hoechst to
gate for healthy nucleated cells. CD 163 expression o PBMCs
stained with anti-CD163 antibody (1:100), or isotype control,
was measured with Beckman Coulter flow cytometer.

fron content measurement

PBMCs were analyzed for the particle uptake after 48 hours
by measuring intracellular iron with microwave plasma
atomic emission spectroscopy (MP-AES, 4200 device;
Agilent Technologies, Santa Clara, CA, USA). Briefly, cell
murbers were determined in each sample, followed by cell
pelleting by centrifogation. The dry peliets were dissolved
50 pL of 65% nitric acid for 10 nrinutes at 95°C and 600 rpm
in a thermomixer. Afterward, 450 pl. of distilled water was
added and the emission spectra of the samples were analyzed
and compared with the standard cwrves.

Chemotaxis assay

The effect of particles onmonocytic cell rmgration was eval-
ated in a 90-well ChemoTx plate (NeuroProbe, Gaithersburg,
MEB, USA). THP-1 monoeytic cells were incubated with
0.1, 1, or 10 ug/mL of free DEXA, SPION-DEXA, or
control SPIONs (SPION concentration corresponding to
SPION-DEXA amouni} for 2 hours at 37°C. The lower
wells were filled with serum-free RPMI 1640, and monocyte
chemoattractant protein (MCP-1; 30 ag/mL) was used as a
positive control. Free drug or nanoparticle-treated monocyiic
cells (50 pb at 1x10° cells/mL) were pipetted on top of the
filter frame with 5 ym pores. After | how of incubation at
37°C, migrated nonadherent cells fron: the lower wells were
fixed and counted using fow cytornetry. The mean number
of mugrated cells in the positive controf (MCP-1 stimulated)
samples was set as 100%.

Animals

A rabbit model of balloon mjury- and Western diet-induced
atherosclerosis was used to test the MDT efficacy. The
study protocol was approved by the responsible authoridy
(Regierung von Mittelfranken in Ansbach, permission
54-2332.1-21/11) implementing the German Animal Welfare

Act. Animal housing and care taking were in agreement with
the directive 2010/63/EU.

Twenty-three New Zealand White rabbits (weighing
3.0-4.8 kg; age 34 months; Charles River, France) were
included in the study. General anesthesia was induoced
and maintained using ketamine (25 myg/kg) and xylazme
(2.5 mg/kg). A 4-French sheath was inserted into the left
comon carotid artery exposed through 2 midline neck
wcision. Heparin (300 U) was administered mtravenously
prior to MDT and for 7 days after the procedure in the form
of subcutansous injection, & 4-French catheter was advanced
into the descending aorta, and an angiogram of the distal
aorta was performed, followed by the balloon wjury of lower
abdominal aoria. Upon application of contrast agent, 3D
images were acquired with the Siemens Artis Angiography
System (Siernens, Erlaongen, Gerraany).

The following day, the high-cholestero] diet was initiated,
whereby the ammals were fed an atherogemc diet consist-
ing of 1% cholestero] for 5 weeks. After that ime, the diet
was switched to a normal chow for the remainder of the
study. As a baseline, nanoparticle-untreated condrol group
was mcluded. In these n=5 control animals, atherosclerosis
was induced by balleoning followed by atherogenic diet
as described above. Seven weeks after balloon injury, the
animals were sacrificed and the aortas dissected for further
histochemical analyses.

MNanoparticle administration
To confirm nanoparticle accumulation at the region of aortic
mpiy, the balloon injory of lower abdommal aorta was induced
inn=2 animals, followed by an immediate intra-arteral infusion
of controf SPIONs under external magnetic field (costom-built
electromaguet; Siemens, Hrlangen, Gevnany). A marking net
with a reference frame visible on the scans wasused to achieve
the corvect positioning of the magnet tip at the target region. The
magnetic field gradient at the tip of the pole shoe was set for
2 T/m (which corresponded to about 40 T/m field gradient at
the targeted region) and was maintained for 45 minutes. Nano-
particles (3 mL} were administered in cycles of balloon opening
and closing in steps of 0.2 ml per mimute. Subsequently, the
amimals were euthanized with pentobarbital overdose and the
aortas dissected for histochemical analysis of iron content.
As the immunization may occur in rabbiis upon
repeated administration of HSA, we have chosen to use 3
single application of SPIONs. A total of 16 atherosclerotic
MNew Zealand White rabbits received therapeutic nanoparticle
adrinistration according to the following profocol:
1. Early treatment: Following the balloon injury on fower
abdominal aorta, the animals received the immediate
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infusion of control SPIONs (total volume 3 mL, n=3)
or SPION-DEXA (total volume 3 mL, total DEXA con-
centration 300 Ug, n=4) under external magnetic field.
Subsequently, the animals received high-cholestero]
diet for 5 weeks, followed by normal diet for 2 weeks
(recovery penod). After the angiographic visualization
of the plaques, the anireals were sacrificed and the aottas
dissected for further analyses. This protocol was used to
assess the early anti-inflamumatory and atheroprevendive
activity of SPION-DEXA.

Late treatment: Following the balloon jury on lower

[\

abdominal aorta, the animals received high-cholesterol
diet for 5
(recavery period). After the angiographic visualization of

weeks, {olfowed by normal diet for 2 weeks
the developed plagues, the animals received the infusion
of conirol SPIONs (total volume 3 mi., n=4) or SPION-
BDEXA (total volume 3 mL, total DEXA concentration
300 ug, n=3) onder external magnetic field, Four weeks
after nanoparticle administration, the animals were
sacrificed and the aortas dissected for finther histochemi-
cal analyses. This protocol was used o investigate the
effects of SPION-DEXA on advanced lesions.

Histological and immunohistochemical
staining

Aortic specimens, containing the entire intirna, media, and a
part of the adventitia, were placed in embedding cassettes and

fized in 4% {ormaldehyde soiutmn in PBS buffer for 5 days.
The aortas were dehydrated in an ascending isopropanol.
After macroscopic inspection, the specimens (total length
of ~4-5 cm) were cut into five equal segiments labeled -5,
starting at the aortic bifurcation and embedded in paraffin.
Microtorne sections of 5 g thickness were obtained proxi-
mally and placed on silane-coated shides. The sections were
dewaxed in xylene, rebydrated in ethanol, and washed with
Tris-buffered safine containing 0.1% Tween 20. The sections
were starned as deseribed before using Dako catalyzed signal
amplification System™ with diaminobenzidine as a chromo-
gene, followed by counterstaining with hematoxylin, Mouse
monoclonal antibady agatnst rabbit macrophages (RAM-11,
1:50 dilution) was used to detect plague macrophages. Tissue
specimens were mounted using a dorable medium {Aquatex;
Merck, Darmstadt, Germany).

To characterize the arterial specimens, vessel morphology
s tochrome stain for mwscle

was analyzed wsing Cross
and collagen, whereby the collagen fibers were stained green,
the nuocler were stained black, and the cytoplasin and muscle
tissue were stained red. Briefly, samples were siained with

hematoxylin for 10 minutes, followed by rinsing with tap

water for 10 minutes, Afterward, the samples were stained
for ~1 minute with a mixture of acid fuchsin and acuidine orange
and sabsequently washed with distiled water. The resulting
red staioing was differentiated with 1% reolybdopbasphornic
acid antil the connective tissue was decolorized. After washing
with distilled water, staining with bght green was performed
for 5 ounutes with subsequent washing. Following debydration
in sopropanc] gradient and xylene, mounting medium was
used to preserve the staining (Roti-Histo Kit; Roth).
Tissue iron content by histology

The sections were stained with Prussian blue to assess the
prasence of SPIONs. The parafiin-embedded serial sections
of 5 un thickness were dewaxed in xylene, rehydrated in
ethanol, and 1mmersed 1 1:1 solotion of hydrochloric acid
{2%) and potassium ferrocyanide {2%) for 30 minutes at RT.
Nugclet of the cells and cytoplasm were coonterstained with
Fast Red stain, followed by rinsing with distilled water and
subsequent dehydration in isopropano! gradient zmd xylene
and mounting (Roti-Histo Kif).

Plaque morphometry and image analysis
Digital images of the plagues were obtained using
AxicObserver.Z] microscope (Zeiss, Jena, Germany).
Plaque area and thickness were measured using hmagel
software. Plague area was calculated by measoring the sor-
face delimited by the soternal elastic Jamina and distracting
the swrface of the himien. The resulis were normalized to
total vessel cross-sectional area for each arterial section
to eliminate variations duoe solely to vessel size. The mini-
mum fibrous cap thickness at each plagoe section and the
media thickness at the thickest region of the plague were
measured for each section. Intima-media thickness (IMT)
was calculated.

To analyze the macrophage load in the plagues, the color
theeshold for immunostained cells was mamually adjusted
in the images until the computerized detection matched the
visual interpretation (MetaVue Software; Molecalar Devices
LLC, SanJose, CA, USA). The numbers of inu
cells were additionally digitally counted {NIS-Elements;

nnoreactive

Nikon Instroments, Diisseldorf, Germany} in the representa-
tive areas of 0.2 mm? in the plagque shoulders, lipid core, and
fibrous cap. Analyses were carried out by two independent
observers (BL, IC). The intra-

was lower than 10%.

and intergbserver variability

Statistical analysis
Data were expressed as median & standard ervor of the mean
{SEM), unless stated otherwise. £<C0.05 was considered
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statistically significant. Analyses were carried out nsing
SignaStat® software, For in vitro comparison of omitiple
treatment groups, one-way ANOVA was used. The unpaired
student’s r-test (in samples with normal distribution) or
Mann-Whitney rank sum tfest were used to compare the
effects of treatiment between the in vivo study groups.

Results

Nanoparticle characteristics and drug
release

The produced control SPIONs had bydrodynanuc diameter
of 63.911.9 nim, L-potential of -21.2 mV, and PDI of 0.32.
SPION-DEXA had a slightly smaller hydrodynamic diam-
eter (62.942 nim), shightly more negative charge (L-potential
of -27.2 mV), and PDI of .33, After the ultrafiltration, the
amourd of bovnd DEXA was 79.7%30.3% (w/w). To assess
the ding release kinetics of these particles, dialysis assay was
used. The release curve of the BDEXA from SPION-DEXA
is shown in Figure 1. Accordingly, about 453% of the loaded
drag was released dwring the first 24 hows of incubation.
It moust be noted, however, that (his type of release kinet-
ics may be beneficial to the acute aortic injury scenario (as
opposad to slow-release drog debivery systems, which are
required for effective cancer therapy), where the recruit-
ment of circudating platelets cecurs within seconds and of
monocytes within 3-5 mminutes after the nyjury.

Effects of SPION-DEXA on endothelial

cell viability and migration

in vitro analysis of biccompatibility of SPION-DEXA with
HUVECs was performed by veal-tirae cell analysis and live-
cell microscopy. As shown in Figure 24 and B, there was

50% =
40% ~

30% -

F

20%

Released DEXA (%}

10% 4§

5 10 15 20 25 20
Time {h}

Figure | The release curve of the DEXA from SPION-DEXA.

Notes: Percentage of released DEXA phosphate is shown. Drashed fine indicates the
amount of drug released aftar 24 hours.

Abbreviations: DEXA, dexamethasone; SPION-DEXA, SPIOMs conjugated with
dexamethascne phosphate.

no significant effect of SPION-DEXA on the viability of
HUVECSs in comparison with the untreated conirol or with
free DEXA. Solely at the highest concentrations of SPION-
DEXA or control SPIONs (400 pg FeAnly, slight reduction
in cell index after 72 hours incubation was observed when
compared with uptreated samples. However, as the cell con-
fluence evaluated by live-cell microscopy was unchanged at
this tzme point (Figure 2B}, it is assomed that the decrease
i cell index was related rather to cell shape change and/or
weaker cefl attachment than to cell death. We further assessed
the effect of SPION-DEXA (] ug/ml DEXA, corresponding
to 40 ug Fe/raLl) and the respective controls on endothelial
migration, Compared with untreated HUVECs, a significant
reduction of migratory ability at 24 hours was observed in
both SPION-DEXA and SPION-treated samples (Figare 2C).
Since free DEXA (I ug/mb) did not inhibit endothebal
migration, the observed effect is likely related to SPION
uptake by HUVECs,

in vitro effects of SPION-DEXA on

monocytic cells

Premncubation of PBMCs with either free DEXA (1 ug/mb)
or SPION-DEXA (1 pg/ral DEXA, corresponding to
40 pg Fe/mb) for 48 hours caused a comparable and sig-
nificant increase in CD163 expression. In companson with
untreated and control SPION-treated cells, CD163 levels
were increased 7.5-fold by BEXA and 8.5-fold by SPION-
DEXA (Figore 3A and B), whereby the difference hetween
free DEXA and SPION-DEXA effects was not significant.
The measurernent of ron foad per cell confirmed SPION
uptake (Figure 3C). The iron concentrations in PBMCs ireated
with SPION apd SPION-DEXA for 48 hours were > 10-fold
bigher than those in vntreated and free DEX A-ireated cells.
There was no significant difference in the particle internal-
1zation between SPION-DEXA and SPION-ireated PBMCs,
mdicating that the presence of bound drug does not hinder the
particle uptake. The mnternalization and clearance of SPIONs
were also investigated in THP-1 cells (Figure 51}, showing
similar level of uptake and a gradual decrease in cellulariron
concentration within 72 howrs postioading.

To further evaluate the effecis of SPION-DEXA on
manocyiic cell chemotaxis, THP-1 cells were 1ncohated with
free DEXA, SPION-DEXA, or control SPIONs for 2 hours,
followed by I howr of migration foward MCP-1, As shown
in Figure 3D, free DEXA (0.1-10 ug/ml ) had vo significant
effect on THP-1 chemotaxis to MCP-1. In samples treated
with control SPIONs, a biphasic effect was detected, as also
observed previously in other iron oxide-based particles. At
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Figure 2 Effects of SPION-DEXA on endothelish cell viability and migration.
Notes: (&) Real-time cell analysis and {B) live~cell microscopy. HUVECs were treated with DEXA, SPION-DEXA, or SPIONSs lone for up to 72 hours. [Negative controls

represent untreated calis. Celt index is displayed as x-fold of untreated controls. Data are expressed as mean = SEM; n=3. ()} Endothelial cell migration. HUVECs ware
pretreated with frea DEXA (I pg/mlb), SPION-DEXA (i pg/ml DEXA, corresponding to 40 [ig Fel/mb), or SFIONs (40 [ig Fe/mb} overnight. A gap between two cell layers
was created using a cell culture insert. After removal of the insert, cell migration was monitored for 24 hours. Analysis was performed with Image]. Data are expressed as
mean  SEM; ¥FP<0.01 vs untreatad control {one-way ANOVA); ri=3.

Abbreviations: DEXA, dexamethaso

dexamethasone phosphate,

- HUVECs, human umbilical vein endothelial cells; SEM, standard error of the mea JEXA, SPIOMNs conjugated with
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Figure 3 In vitro effects of SPION-DEXA on monocytic cells.

Notes: (A} Flow cytomatric analysis of CD143 expression in PBMCs treated with free DEXA {1 ugimb), SPION-DEXA (1 pg/mb DEXA, corresponding to 40 ug Fe/mL).
or control SPIOMNs for 48 hours. (8) Fluorescence intensity quantification. Dats are expressed ss mean + SEM. ®P<0.001 vs untreated control (signed rank test); n=3.
{&€) SPION uptake by FBMCs. Data are expras
quantified after treatraent with DEXA, SPION-DEXA, or SFIONs alone for 2 hours. Nanoparticle-untreated positive controf values {with MCP-1) were set to 100%.

sed as mean & SEM. ™P<<0.001 vs untreated contral (signed rank testh: n=3. (I3 THP-1 chemotaxis toward MCP-1 was

{ata are expressed as mean & §EM. ¥P<0.05; <0001 vs corresponding concentrations of control SPIOMSs (signed rank test); n=3.
Abbreviations: DEXA, dexamethasone; MCP-1, monocyte chemoattractant protein- | ns, not significant; Neg Co, negative contral; PBMCs, peripheral blood monaenuclear
cells; Pos Co, positive control; SEM, standard ervor of the mean; SPION-DEXA, SP!ONS conjugated with dexamethssone phosphate.
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fow SPION concentrations (4 ug Fe/mbL), chemotaxis was
reduced, whereas at high concentrations (400 pg Fe/mlL),
it was significantly increased. At the corresponding iron
concentrations, SPION-DEXA freatment prevented the
increase in THP-1 migration, likely due to the presence of
glucocorticotd on the particles.

Magnetic targeting efficacy

The feasibility of MDT to abdominal aorta was tested by
targeting SPIONs to the injured aortic region directly after
the ballooning. The setup of the magnetic field generation
including placement of the magnestic tip is shown in

Figure 4 Magnetic targeting setup and efficacy.
Maotes: SFIONs were ma

Figure 4A. Foliowing the maguetic targeting of control
SPIONs, the aortas were excised (Figure 4B} and after
histological sample preparation, analyzed for iron content.
Prussian blue staining confirmed the presence of tron in the
targeted region, but not at the more distal aortic bifarcation
region (Figure 4C and D), mndicating that i 1s possible to
accumulate the infra-arterially administered SPIONs at the
target region of arterial wall in vivo. As expected, the target-
1ng occurs laterally nsing this setop, due to the placement of
magnetic tip on top of the abdominal aorta during SPION
administration, which results in iron accumulation on one

side of the zorta only.

Aortic bifurcation

° /

gnetically targeted to the injurad aortic region directly after the ballooning. {A) Experimental setup and placement of magnetic tip are shown,

{B) Following the magnet axposure for 30 minutes, the animals were sacrificed and the excised aorta analyzed histologically. Atherosclerotic plaque is visibla as indicated by

yellow arrows. (€} The presence of iron in the tar

sted region was visualized by Prussian blue staining {arrows). Scale bar: 50 [tm. (3} No iron accumulation was detected in

aortic bifurcation region by histology. The averview images of the artery cross-sections were taken at |0 objertive magnification. I indicates the tip of the magnet.

Abbreviations: SFIONs, suparparamagnetic iron oxide nanoparticles.
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2y

Effects of early SPION-DEXA
administration on plaque size and

macrophage load

Toassess an anti-imflaramatory effect of local glucocorticoid
therapy under the conditions of endothebial injury followed
by high-cholestero} diet, amimals recetved intra-arterial
adoinistration of SPION-DEXA or control SPIONs
immediately after the injury, followed by atherogenic diet.
Nanoparticle-unireated control grovp of atherosclerotic
animals was included as a baseline control. The normal-
1zed surface of the plagues and the mintmum fibrous cap
thickness did not differ between animals treated with
SPION-DEXA and the controf-SPION group (Table 1)
Compared with control SPION-treated group, 2 tendency
for increased maximum thickness of intima {Crossman’s
trichrome staining) and, consequently, for increased IMT
was observed both in SPION-DEXA early treatment
group and in vatreated control antmals (Figure SA-C).
Contrary to our hypothesis, the local administration of
SPION-DEXA enhanced rather than reducing the inflam-
matory burden in the plaques. The histochemical analyses
performed on the excised abdominal plagues showed
an ncreased macrophage content (RAM-11 staining)
in arumals {reated with SPION-DEXA compared with
control SPION-administered group {(Figures 51 and S2).
Furthermore, compared with nanoparticle-onireated control
group, carly treatment with SPION-DEXA resulted in sig-
nificantly increased raacrophage load {mean 23% vs 44%;
median 29% vs 42%; P=0.025). There was no difference
in macrophage content between untreated ammals and
conirol-SPION early treatment group.

Prussian blue staining was negative in ali SPION-treated
aninals, jndicating the complete clearance of iron oxide pac-
ticles from the aortic wall within 7 weeks postadminisiration
(not shown).

Effects of late SPION-DEXA
administration on plaque size and

macrophage load

To investigate the effocts of SPION-DEX A adminisiration on
advanced lesions, animals uonderwent balloon injury followed
hy atherogenic diet for 5 weeks and normal dist for 2 weeks.
Subseqguently, indra-artedal administration of SPION-DEXA
or control SPIONs under angiographic guidance was per-
formed, followed by additional 4 weeks of normal diet.

in histological analyses of the plagues at their thickest
regions, no differences were chserved in the normalized
surface of the plaques, minimmm fibrous cap thickness,
and maximom thickness of ntima or IMT between late
treatment controls and SPION-DEXA-treated animals
{Table 2). Additionally, the local administration of SPIGN-
DEXA at advanced lesions did not significantly affect the
macrophage Joad compared with control SPION-treated
animals (Figure 6}, Prussian bhye staining was negative in all
animals, indicating the complete clearance of iron oxide par-
ticles from the aortic wall within 4 weeks postadministration
(not shown).

We subsequently performed another set of analyses to
compare the effects of early vs late treatment with SPION-
DEXA. Interestingly, despite negligible differences in plague
size or IMT, a tendency toward stronger fibrows cap thin-
ring (32.7 vs 51.4 Loy P=0.19) and sigoificantly increased
macrophage-positive surface (42% vs 24%; P=0.011) was
observed n early treatment grovp compared with animals that
received late MDT with SPION-DEXA. In animals treated
with control SPIONs, no such differences in macrophage
ioad were observed, although early {reatment group had
more stable features, mncluding lower normalized plague
surface (66% vs 75%), smaller maxioum intims thickness
{422 vs 540 pym), and smaller IMT (2.7% vs 5.5%) compared
with late treatment control growp.

Table { Plaque morphometry and macrophage burden in animals receiving early administration of SPION-DEXA and control SPIONs

Untrested control

Early treatment
control SPION

Early treatment
SPION-DEXA

Plague area {mn?) 237 (2.3910.8)

.54 (1.6310.3} £.76 {1.6310.1)

Mormalized plague area (%} 67.8 (61.716.2}

66.2 {63.315.2} 65.5 {66.613.3

Maximusm plague thickness {tmy) 515.6 (493.7x121.6}

422.4 (445.6178.2) 5278 (497.7457.3)

Media thickness {um) FER0 (144.9236.9)

118.4 (133.523.9) [10.8 (112.37.8)

T 5.07 (4.311 2)

2.78 {2.650.8) 442 (44040.3)

Minimum FC thickness {pm) 29.3 (34.94112.4)

38.0 (42.4146.8) 327 (36.314.5)

Macrophage area (%) 29.5 (25.7+4.8)

258 (30.204.4) 42.3 {44.744 5

PMotes: Data are expressed as median {mean + SEM). *P=0.025 vs nancparticle-untreatad control; "P=0.0285 vs contro! SPION-raceiving group, one-tailed t-test.

Abbreviations: FC, fibrous cap; IMT,
SPIONs conjugated with dexamethasone phosphate.

intima—media thickness; SEM, standard ervor of the mean; SPIONSs, superparamagnetic iron oxide nanoparticies; SPION-DEXA,
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MNotes: Following the balloon injury, the animals were intra-arterially administered either control SPION (1=5) or SPHON-DEX A (=4} under external magnetic field. Control
group animals {Co} did not receive any treatment with nanoparticles. After 5 waeks of high~cholesterol diet and normal diet for 2 waeks, animals were sacrificed and the
axcised aortas analyzed histochermically. (8) Normalized plague arez; (8) maximum thickness of intima {measurad on Crossman’s trichrome stained sections); and (€} the
caleutated IMT sre shown; () Macrophage-positive area (RAM-1 1 staining) in animals receiving aarly administration of control SPION or SPION-DEXA. Graphs show

median, 25th and 75th percentile. *P=0.028 vs nanoparticie-untreated control; *F=0.0285 (one-tailed t-test), &

0,037 {two-tailed t-test} vs control SFION group.

Abbreviations: IMT, intima-media thicknass; MDT, magnetic drug targeting ns, not significanty SPIONs, superparamagnetic iron oxide nanoparticles; SPIGN-DEXA,

SPIONs conjugated with dexamethasone phosphate.

DBiscussion

The aim of the present study was to test the feasibility of
MDY {o large arterial vessels in vivo, For this purpose, we
selected lauric acid/albumin-coated SPIONs as a carrier.
These particles have a good biocompatibility profile, as well
as good colloidal and blood stability,” and were successfuily
targeted to the specific artery region ex vivo under external
magnetic field gradient.”” To our knowledge, this is the frst
study to demonstrate the possibility of magnetic targeting
of SPIONs at the wall of a large artery in a hving rabbit.
The histological analyses showed the accumulation of
iron at the targeted regions, which confirmed our previous
ex vivo data, and indicated that magnetic accumulation
of this type of SPIONs is possible, at least in superficial
and/or easily accessibie arteries in vivo. This finding
opens the road for further investigations aiming both to
wnprove targeting efficacy and to develop the potential

MI¥T-based approaches to therapy of arterial injuries and/or
atherosclerotic plagues.

However, whereas MDT constitutes the night approach
o targeting vascular disorders, DEXA seers to represent a
wrong drug in this context. Weused DEX A-loaded SPIONs
under the assumption that it will diminish the inflammatory
process 0 atherogenesis, as intubiton of atherosclerosis in
cholesterol-fad rabbits by systemic administration of anti-
inflammatory steroids was demonstrated >00 years ago.
Subsequent studies showed that also DEXA soppressed the
development of atherosclerosis and reduced both macrophage
and T lymphocvie content i the plagues of cholesteral-
fed New Zealand White rabbits.® Based on these existing
reports, we expecied that focal BEXA therapy will alleviate
the inflammatory activation and plaque formation induced
by ballooning. Contrary o our hypothesis, under the condi-
tons of acute endothehal injury followed by atherogenic
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Table 2 Plague morphometry and macrephage burden in animals receiving late administration of SPION-DEXA and contre! 3PIONs

Untreated control Late treatment {.ate treatment

controf SPION SPIGN-DEXA
Plaque area {mm’) 2.37 (2.3%:0.6) 2.87 {2.53:0.4) 1.67 (2.2310.9}
Normalized plagque area (% 57.8 {61.746.2) 745 {71.025.8) 55.9 {64.8113.7)
Maximum plague thickness {im} 515.6 (493.71121.6) 540.2 (566.2456.9} 463.0 {475.3156.6)
Meadia thickness {jim} 1O (144.9436.9) 1039 (HEE7:22.0) 92.6 {145.5454.5)
MT 5.07 {4.3x1.2) 5.58 (587x14) 4.99 {4.3121.5)
Minimum FC thickaess {im) 29.3 (34.9x12.4) 544 (55.3x11.0) 5.3 (48.623.7)
Macrophage area (%) 29.5 (25.744.8) 25.4 {25.324.0) 23.9 {23.540.8)

Note: Data are expressed as median (mean & SEM).
Abbreviations: FC, fibrous cap; 1MT, intima-media thickness: SEM, standard error of the mean: SPIONs, superparamagnetic iron oxide nanoparticles;: SPEON-DEXA,
SPIONSs conjugated with dexamethasone phosphate.

diet, local administration of SPION-DEXA enhanced the  to the major differences in the study designs. The beneficial
inflammatory burden in the developed plagues compared  effects of DEXA were previously observed in diet-induced
both with control-SPIONS and with nanoparticle-untreated  model of athberosclerosis, where the animals received
atherosclerotic anpimals. The possible reasons for this  daily intramuscular DEXA throughout the 8 weeks of diet
discrepancy with previously pubhshed data are likely related  duration, but the acute injury to the vessel was missing.™
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Figure & In vivo effects of late MDT with SPICN-DEXA.

Motes: Following the balloon injury, the animals were fed high-cholesterol diet for 5 weelks and normal diet for 2 weaks. Subsequently, the animals received intra-arterial
administration of eithar contro! SPION or SPION-DEXA under external magnetic field and sdditions! 4 weeks of normal diet. Control group animals (Co} did not receive any
treatmant with nanoparticles. (&) Normalized plague area; (B) maximum thickness of intima; and (€} the calculated IMT are shown. (D) Macrophage-positive area (RAM- 1
staining) in animals receiving early administration of contro! SPION or SPION-DEXA. Graphs show madian, Z5th and 75th percentile.

Abbreviations: IMT, intima—media thickness; MDT, magnetic drug targeting; ns, not significant; SPFION, superparamagnetic iron oxide nanopasrticles; SPION-DEXA, SPIONs
conjugated with dexamethasone phosphate.
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Interestingly, similar proinflammatory effects as observed
in our study, including paradoxically enbanced monocyie
recruitment, have been reported by van der Valk et al in
low-density Bpoprotein receptor knockont mice treated with
liposomal predmisolone.™ The veasons for this unexpected
effect of local DEXA therapy can Be in the ability of DEXA
7 In Hpid-
rich environment, DEXA can tmpair cholesterol removal

to enbance phagocytic activity of macrophages.

from vessel wall and promote the foara cell formation by
enhancing the expression of ACAT-1 {acetyl-coenzyme A
acetyltrans{erase 1), leading to increased accnmulation of
cholesteral e

sters. ™ Glucocorticoid treatment may addition-

ally delay wound healing process in the injored vessels by
inhibition of endothelial nitric oxide generation™* and lead
o less stable plaque phenotype through the suppression of
sinocth mauscle cell migration and proliferation #42
In contrast to the inflammation-enhancing effect of
early admimsiration of SPION-DEXA, we did not observe
any major differences between animals receiving late
admunistration of control SPION and SPION-DEXA.
In these animals, the balloon-induced endothebial injury
was already healed and advanced plagues were developed
at the trme of adroroistration. Interestingly, when companing
the effects of early vs late treatment with SPION-DEXA,
a tendency toward stronger fibrous cap thinmng (32.7 vs
51.4 ym) and increased macrophage-positive surface {(42%
vs 24%) was observed in early treatment group, suggesting
a more volperable plague. This 1ndicates that the observed
proatherogenic effect of early SPION-DEXA administration
may depend on the presence of acute vascular injury.
Cfnote, &
regimens, the most stable plague phenotype and smallest

rong the tested nanoparticles and administration

plague burden were observed in the animals that received
carly adminstration of control SPIONs. An anti-inflammatory
effect of ultrasmall SPION administration was previously
suggested in patients with mvocardial infarction undergoing
diggnostic MRL* In our stady, we did not observe a reduced
macrophage load i controf SPION-ireated animals compared
with antreated group, but a slight tendency toward smaller
IMT was noted. Studies in larger coborts would be necessary
to investigate the mechanisms of this process.

A limitation of tus study s a relatively small nomber
of the tested amimals. Diue to the unexpected results (ie,
proinflammatory effect of SPIOR-BEXA admnmistration},
we decided to discontinme the investigations using DEXA-
based approach in this model and thus Hut the number of
sacrificed animals, Further, it roust be noted that the lateral
magnetic field gradient used ip this study inevitably limits

the targeting efficacy to the large vessels compared with

cancer microvascudature. “* In our previous ex vivo stadies
i human umbilical arteries, the magoetic accunmiation of
SPIONs was extensively investigated, showing that the
targeting i3 strongly dependent on the distance between
the tissue and the magnetic tip.!” Based on these studies,
successfuol SPION accunmilation along the artery distance
of about 0.7-1 cm o both directions from the maguetic
up was expected. Further localized artery regions are not
targeted using this approach. As shown in Figure 4, the
accumufation of SPIONs in the region of balloon injury
was achieved, but the targeting efficacy of this approach 1s
certainly difficult to measure guantitatively. In case of early
treatment when the vascular injury is acute, the unexpecied
ory effect of SPION-DEXA compared with
control SPIONs and untreated animals seen

proinflammato
18 to indicate
successiul delivery of at least a part of drag foad. The total
DEXA dose administered locally in our study was 360 uig,
which corresponds t0 8.875-0.1 mg/kg or 1.25-1.6 jig/mL
blood. As only a single dose was given, the systemic admin-
istration would be very unlikely to produce such negative
effect on the plague development. In case of late treateent,
it cannot be estimated in how far the lack of therapeutic
effects was doe to the drug accumulation only i linied
areas. In the presence of a large advanced plaque, exiemnal
targeting debivers SPIONs o 3 namrow area, which may
strangly limit the efficacy of this approach. A possible solu-
tion to this problem could be MDT using radial magnetic
feld generated by MRI coil.

Taken together, we demonstrated the successful aceu-
mndation of intra-arlerially administered SPIONs at the
region of arterial injury mvive, confirming the feasibility of
MODT as a potential targeting approach to vascolar injories
and/or atherosclerotic plaques. However, magnetic targeting
of DEXA to balloon injury region had a proinflammatory
effect on the subseguent plague formation process. These
data indicate that extrapolating the efficacy of (nano) dmgs
between different animal models and from animal model
to humans is extreraely challenging and requires in vivo
demonstration.

Diespite the fact that SPION-DEXA application to vascu-
lar injury in the presence of cholesterol loading did not pro-
duce the expected anti-inflammatory results, our in vitro data
pointed to good biocompatibility and targeting efficacy of
these particles. SPION-DEXA may therefore be potentially
suitable for local targeting of inflamumatory or antoirmune
diseases including gowt or rheumatoid arthritis. However,
for an efficient treatmuend of atherosclerotic plagues by MDT,
SPIONSs loaded with other diag ¢
be tested i the future studies.

andidates, eg, statins, nust
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