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ABSTRACT
Methods for accurately quantifying the concentration of a particular analyte in solution are all based on ensemble responses in which many
analyte molecules give rise to the measured signal. In this paper, single molecules of f-galactosidase were monitored usin - g a 1 mm diameter

fiber optic bundle with 2.4  x 105 individually sealed, femtoliter microwell reactors. By observation of the buildup of fluorescent products from
single enzyme molecule catalysis over the array of reaction vessels and by application of a Poisson statistical analysis, a digital concentration
readout was obtained. This approach should prove useful for single molecule enzymology and ultrasensitive bioassays. More generally, the
ability to determine concentration by counting individual molecules offers a new approach to analysis of dilute solutions.

Introduction. Traditional methods for concentration mea- characteristics of single enzyme molecules has been inter-
surement are derived from a bulk solution response. In this rogated using a relatively small number of femtoliter-sized
paper, we present a novel method for concentration deter-reaction vesseldas well as capillarie¥! Implementing this
mination based on Poisson statistics. The bulk solution single enzyme molecule capture technofogyvith a high-
enzyme concentration is determined by distributing the density femtoliter array, our objective is to exploit the
enzyme-containing solution and a suitable substrate into amplification capabilities of single enzyme molecules across
many femtoliter-sized reactor volumes. The reactor volumes a large number of vessels for the digital readout of enzyme
are small enough such that they contain either zero or oneconcentration. We employ a prefabricated fiber optic bundle
enzyme molecule. By observation of the presence or absenceo create an array of individual reaction vessels. This array
of a fluorescent product resulting from single enzyme format is advantageous as it circumvents a complicated
molecule catalysis in each reaction vessel, a binary readoutmicrofabrication procedure and provides the ability to
method can be used to count enzyme molecules. Thegbserve many reaction vessels simultaneously.
percentage of reaction vessels occupied by enzyme molecules \jaterials and Methods. Materials. Bundled 4.5um

is correlated to the bulk enzyme concentration. Enzyme gpical fibers (1 mm ) were purchased from lllumina (San
catalysis provides amplification and allows us to perform Diego, CA).3-Galactosidase and Ru(bp@), were obtained
these measurements without the need for true single moleculg, o, Sigma-Aldrich (St. Louis, MO). Resorufin-3-galac-
detection. _ o topyranoside was purchased from Molecular Probes (Eugene,
A useful approach to isolate and exploit single enzyme gR) Nonreinforced gloss silicone sheeting material (0.01

molecules is to perform assays in extremely small con- in.) was purchased from Specialty Manufacturing Inc.
tainers!~® Micro- and nanotechnologies allow for the design (Saginaw, MI). All other chemicals used were of reagent
and implementation of small arrayed structu¥eshich are grade ané obtained from Sigma-Aldrich.

ideal for single molecule isolation and high throughput Imading Svstem.A custom-built. ubriaht epifluorescence
analysis’ In addition, advances in the sensitivity of analytical ima. ir? g s)t/em a.c uired all fluc;reF;cgencepima es using a
methods have resulted in the ability to observe single mole- ging sy q o \ce 1mag 9
cules!® revealing new information concerning molecular mercury light source, excitation and emission filter Wh?e's'
dynamics and rates of enzymatic cataly$i¥.Other strate- microscope objectives, and a CCD camera (QE, Sensicam).
gies have been employed to confine ultrasmall samples, in-FIlter v_vheels and shutters_were computer controlied, ‘."‘”d
cluding, but not limited to, liposomés, oil-dispersed drop- angly3|s was performed with IPIab_ softwar_e (Scanalyt]cs,
lets3® and chip-based method8.Variation in the reaction Fairfax, VA). The system was equipped with a fastening
device to fix the fiber optic array onto the system through
* Corresponding author. E-mail: david.walt@tufts.edu. the entire experiment. A mechanical platform beneath the
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Figure 1. A simple schematic of the femtoliter array and
microscope platform. The fiber array (1) is locked into the
microscope stage (2). A drop of enzyme/substrate solution is placed
on the silicone gasket (3), and the mechanical platform (4) applies
pressure to the distal end of the fiber, thereby sealing the solution
in each femtoliter chamber.

stage was used to house the silicone-sealing layer, which
was subsequently brought into contact with the distal end
of the fiber array, sealing off each reaction vessel (Figure
1). All measurements were performed with femtowell arrays
at the distal end of the optical fiber bundle.

Integrity of the Seal. A solution of 1 mM Ru(bpy)Cl,
in deionized (DI) water was used for the photobleaching
experiments. A piece of silicone, approximately 12cand

and RDG solutions were mixed on the silicone gasket using
a pipet. The gasket was mechanically raised toward the distal
end of the fiber bundle until it experienced resistance,
suggesting that a seal was formed. An initial fluorescence
image was acquired, followed by periodic image acquisition
for approximately 2 h.

Results and Discussion.Typically, the properties of
individual enzyme molecules are hidden in the average bulk
solution measurement. The use of small reaction vessels,
however, enables individual enzyme molecule responses to
be obtained:*11"1*A single enzyme molecule can generate
a high local concentration of product provided the enzyme
and an excess of substrate are contained within a small
reaction volume. In the case of femtoliter vessels, a small
number of product molecules are sufficient to yield a
detectable fluorescence signal. By observing the occupancy
of single molecules ofi-galactosidase in a large number of
wells, it is possible to literally count molecules and determine
the concentration of enzyme using Poisson statistics to
correlate the number of “active wells” to the bulk solution
concentration.

The number and volume of reaction vessels employed
govern the dynamic range of concentrations that can be
determined by this technique. The reaction vessel volumes
employed here are 46 fL (vide infra); therefore, a solution
of 3.6 x 10°1* M f-galactosidase will yield, on average,
one enzyme molecule per vessel. It is important to note that
distributing a solution containing 3.& 107! M enzyme
into an array of reaction vessels will not result in the

a microscope slide were cleaned with absolute ethanol usingg;istribution of exactly one enzyme molecule per vessel:

lint-free swabs. The silicone sheeting was placed on the
surface of the glass, to which it adhered. Fifty microliters of
the Ru(bpyjCl, solution was placed on the silicone, and
subsequently brought into contact with the fiber bundle, to
enclose the solution in the individual vessels. With a field
stop on the imaging system, UV light was used to illuminate
a small portion of the array for 10 min, photobleaching the
Ru(bpy}Cl,. The field stop was then opened, and an image
was acquired, displaying the difference in fluorescence. The
array was then allowed to rest with the seal maintained. A
final image was taken after 60 min, confirming the integrity
of the seal.

Enzyme Assays.For the ff-galactosidase assay, the
substrate used was resorufiro-galactopyranoside. After the
individual wells in the array were sealed in the presence of

statistically, some vessels will have multiple molecules while
others will have zero. In the case where the number of
enzyme molecules per vessel is high, the data can be fit to
a Gaussian distribution. As the ratio of enzyme molecules
to reaction vessels approaches zero, the Poisson distribution
applies. This limiting distribution is used to calculate the
probability of rare events occurring in a large number of
trials 1> On the basis of Poisson statistics, for a concentration
of 3.6 x 10 M, a distribution between zero and five
enzyme molecules per container is observed, with the most
probable values being zero and one.

P,(v) = e ("It @)

enzyme and substrate, the fluorescence intensity was moni- As shown in eq 1, the probability of observiagvents is

tored across the array of vessels for the enzymatic product,
resorufin (558 nm excitation/573 nm emission). A 104
solution of resorufire-f-galactopyranoside (RDG) was
prepared in 100 mM Tris buffer pH 8.0 containing 2.0 mM
KCl and 0.1 mM MgC}. All enzyme solutions were prepared

calculated based on the expected average number of events
per trial, u. If the concentrations used are much less than
3.6 x 101 M, the expected average becomes exceptionally
low, the distribution is narrowed, and the probability of
observing anything other than zero or one event per trial is

from previously aliquoted and frozen stock samples in the improbable in all experimental cases. At these low concen-
same reaction buffer. Just prior to experimentation, the two trations, the relationship between the percentage of active
samples were centrifuged for 2 min at 7000 rpm to remove reaction vessels and the bulk enzyme concentration is
any particulate material that could interfere with the mechan- approximately linear. After waiting for sufficient time to
ics of the silicone seal. Approximately 1 émwf silicone and allow enzyme catalysis to occur, individual vessels were
a microscope slide were cleaned with absolute ethanol. Theinterrogated for an on/off response, correlating to each vessel
silicone sheeting was placed on the surface of the glass, toeither possessing or lacking enzymatic activity. Utilization
which it adhered. Subsequently, #b volumes of enzyme  of a yes or no response, in conjunction with the high-density
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Figure 3. Enclosure into the microchambers and evaluation of the
@ ® silicone seal for integrity. (a) A solution of Ru(bp@l, was

Figure 2. Images of the etched surface of the fiber optic bundles.
(a) Entire fiber array and close-up microscope images of the fiber
bundle, emphasizing the regularity of both the array and each
individual optical fiber. (b) AFM image of a portion of the etched
surface, showing wells created from the etching process.

enclosed into the array of chambers as observed by the red
fluorescence across the array. (b) A small octagonal portion of the
fiber bundle was photobleached via UV light. (c) The array was
allowed to sit, and a final image was taken 60 min later. Diffusion
of Ru(bpy}Cl, from one well to another as a result of an imperfect
silicone seal would display increased fluorescence intensity in
photobleached wells and was not observed. (Pseudocolor added
array of reaction vessels, permits the digital readout of bulk using IPlab software.)
concentrations ofj-galactosidase. This readout is accom-
plished by counting the vessels containing an active enzyme
molecule across the array, with the resulting “active well”
percentage correlating to the enzyme concentration. Due to
the large number of vessels simultaneously interrogated on
our array (approximately 8000 per experiment), the ratio of
enzyme molecules to reaction vessels could be as low as @ ®) ]
1.:50.0.’ as th_e large number_of wells .prOVIdeS a statistically Figure 4. Detection of the activity of single molecules of
significant signal even at this low ratio. S-galactosidase: (a) background image of a portion of the array;
Optical fiber bundles containing approximately X410 (b) an image taken of a portion of a 1:5 enzyme to vessel assay;
individual 4.5um diameter optical fibers were used as the (c) 1:80 enzyme to vessel assay. (Pseudocolor added using IPlab
substrate for fabricating femtoliter reaction vessel arfdys. Software.)
Fabrication can be performed in a single step, as the optical
fiber bundle core material etches at a faster rate than theof vessels that contain an enzyme molecule (Figure 4).
cladding material (Figure 2). The well volume can be Resorufine-3-galactopyranoside (RDG) was used as the
precisely controlled, as etch depth varies with etch time and substrate for the experiments, which was sealed into all the
etchant concentration. The optical fibers used in these vessels, along with the trapped enzyme molecules, using a
experiments were etched to a depth of approximately 2.9 silicone gasket material and mechanical arm. The expected
um, yielding a 46 fL well volume. The optical fiber bundle percentages of active wells were calculated for each con-
is advantageous in that the individual fibers in contact with centration used by applying the Poisson distribution statistics.
each well can be used to carry both excitation and emissionAs seen in the comparison of each experimental result with
light via total internal reflection to and from the wells, the percentage of occupied vessels calculated from the
enabling remote interrogation of the well contents. An array Poisson distribution, the array measurements successfully
of optical fibers provides the capability for simultaneous correlated with the number of single enzypgalactosidase
excitation of molecules in adjacent vessels, without signal molecules over the entire range of interrogated concentrations
“cross-talk” between fibers. (Table 1). There is disparity in the observed signals as a
To seal the femtoliter array, a 0.01-in. thick silicone result of molecule-to-molecule variation in catalytic activ-
elastomer gasket was sandwiched between a microscope slidéy.'1131418This result is most likely due to the inherent
and the fiber array using a mechanical platform. This stochastic nature of enzymes, in addition to surface effects,
platform applied uniform pressure to the gasket material, resulting in modulation of enzyme activity. Bulk measure-
across the entire bundle, sealing off each microwell to create ments of5-galactosidase using capillary electrophoresis laser-
the reaction vessels. The silicone/glass seal used to creaténduced fluorescence report a limit of detection (LOD) of
and isolate the femtoliter containers was inspected for its 1.5 fM,*® while our digital readout method LOD is currently
sealing ability by performing a photobleaching experiment capable of detecting-galactosidase concentrations of 72 fM.
(Figure 3). This experiment substantiated the integrity of Integrating a camera with a higher-density CCD chip should
the seal for its ability to successfully isolate the array of improve the LOD because it will increase the number of
vessels. Enzyme molecule denaturation on the glass surdindividual fibers that are interrogated and will consequently
face” was prevented by blocking with a BSA blocking improve the dynamic range of the assay, as the detection
buffer. Enzyme-to-vessel ratios used ranged from 1:5 down limit is reached when only a few vessels on the entire array
to 1:500, achieving accurate detection over 2 orders of show enzymatic activity. Similarly, increasing the volume
magnitude. of each reaction vessel by lengthening the fiber etching time
For thef-galactosidase assay, different bulk solution en- will improve the LOD as the probability of isolating a single
zyme concentrations correspond-to-different ratios of enzyme enzyme molecule in dilute solution increases with increasing
to vessel volume, resulting in variation in the percentage vessel volume.
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Table 1. Digital Readout from the Arrays

digital readout of enzyme concentrations

enzyme-to-well Poisson experiments actual % active
ratio concentration % active tl t2 t3 average stand dev
1:5 7.20 x 10712 18.2 14.87 15.44 14.56 14.96 0.45
1:10 3.60 x 10712 9.5 11.46 14.96 6.92 11.11 4.03
1:20 1.80 x 10712 4.9 5.57 4.78 5.73 5.36 0.70
1:40 9.00 x 10713 2.5 3.47 2.80 1.92 2.73 0.78
1:80 4.50 x 10713 1.2 1.46 1.26 1.31 1.34 0.11
1:100 3.60 x 10713 1.0 1.10 1.11 1.70 1.30 0.34
1:200 1.80 x 10713 0.5 0.25 0.42 0.74 0.47 0.25
1:500 7.20 x 10714 0.2 0.10 0.15 0.09 0.11 0.03

aThe actual percentages of chambers exhibiting activity, in comparison to the expected percentage calculated from the Poisson distribution, are listed for
the various concentrations analyzed.

The variation between the calculated and experimental Conclusions. Enzymatic reactions in combination with
results can be attributed to the intrinsic variability associated extremely small volumes should have significant application
with the probability distribution, as well as experimental error to fundamental enzymology studies, as well as digital
in the preparation of enzyme solutions. Larger deviation in concentration measurements. The future of this technology
the results regarding the more concentrated samples maywill permit studies with multiple different enzymes and will
have also been a result of enzyme molecules adhering topush the limits of ultralow detection for protein and DNA
the fiber prior to sealing off the wells. Similarly, a negative targets using enzyme-linked detection methods in conjunction
deviation from the expected average may have been a resulwith the high-density femtoliter array.
of small air pockets remaining in some wells. Air reduces
the available volume in the reaction vessel, decreasing the Acknowledgment. The authors thank Dr. David Monk
probability of it containing an enzyme molecule. From the for his help in developing a workable mechanical platform
three measurements at the lowest concentration (72 fM), 8,and DARPA for their support of this work.
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