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made available commercially (Rheosense, CA, 
USA). For ultra-low sample consumption and 
high throughput, a combination of a capillary 
tubing and a high-pressure chromatography 
system can be utilized to estimate viscosities 
of samples that can be injected from an 
autosampler [25]. High-throughput and low 
sample consumption can also be achieved by 
the use of an extrinsic size standard that is an 
order of magnitude larger than prevailing protein 
molecules present in solution, monitored by a 
commercially available plate-based dynamic 
light-scattering system [33]. 

Opalescence & phase separation
The nature of opalescence is sometimes 
described after defining the therapeutic protein 
molecules in aqueous media as though being 
in a gas phase. The analogy is based on poor 
correlation of their positions in the 3D space, as 
the electrostatic interactions that are common in 
a high dielectric constant medium are minimized 
by large distances between molecules. Just 
like water molecules suspended in humid air, 
protein molecules will start dynamically self-
associating as the concentration is increased 
and/or temperature is decreased. Transient 
micro-regions of increased density will produce 
additional light scattering, a phenomenon 
first described in 1908 by Smoluchowski [34] 
and further characterized by Einstein in 1910 
[35]. The resulting blue-like, hazy or even 
turbid appearance [36] is often perceived as 
not pharmaceutically elegant [16,37], and its 
acceptable intensity range is often included in 
the label. However, the opalescent appearance 
is not generally associated with an imminent 
risk of formation of potentially immunogenic 
visible and subvisible particles, as filtering does 
not generally change their appearance [16,37]. 
Nevertheless, the factors affecting opalescence 
are of interest to the protein formulator. Besides 
protein concentration and temperature these 
may include excipients affecting intermolecular 
electrostatic interactions either through direct 
effect on bulk ionic strength [16,36,38] or through 
binding of polyvalent counterions [6]. Repulsive 
forces, further manipulated by adjusting the 
solution and local pH, generally lead to the 
attenuation of opalescence [16,36].

With an increase in concentration and a 
decrease in temperature, local dynamic density 
fluctuations that give rise to opalescence may 
become long-lived, resulting in the appearance 
of physically distinct droplets of highly 

concentrated protein. Since the collections of 
micro-droplets that were originally causing 
opalescent appearance will coalesce and then 
sediment at a faster rate than their isolated 
constituents; cloudy appearance of the protein 
may gradually subside, resulting in a presence 
of two transparent or slightly opalescent 
regions (phases) as the more dense droplets 
sediment toward the bottom of the container 
[39]. The presence of two separate phases may 
impede bioprocess operations and affect the 
ability to withdraw the liquid from the vial 
and subsequently inject the dose owing to 
elevated viscosity of the more dense regions. 
For therapeutic monoclonal antibodies, phase 
separation phenomena are typically observed at 
concentrations exceeding 100 mg/ml, with the 
denser phase being typically at 200 mg/ml or 
more, with factors analogous to those causing 
opalescence [21,40–45]. Since phase separation is 
a thermodynamic process and is in a state of 
equilibrium, the effect of various excipients 
and formulation conditions can be studied. 
In particular, the potential correlation of the 
position of present ions in the Hoffmeister 
series with the tendency to phase separate 
(kosmotropic effect) can be studied, as well as 
the effect of polyvalent counterions that tend to 
alter surface charge potential [7]. Freeze–thaw 
phenomena, where the local concentration 
fluctuations at low temperatures may further 
induce phase separation, should also be taken 
into account when optimizing the formulation. 
While the initial turbidity associated with phase 
separation can be monitored with any optical 
density or light scattering instrument, more 
systematic studies may involve accelerating the 
process by decreasing the dielectric constant of 
the solution and simultaneous detection of phase 
separation (‘cloud point’) and thermal unfolding 
with extrinsic fluorescent dye [25]. Minimizing 
the sample consumption and time needed to 
evaluate the propensity to phase separate may 
allow more effective lead identification and 
optimization through early candidate rejection 
and/or rational sequence design to attenuate 
short-range attractive forces.

Aggregation & subvisible particle 
formation
One of the critical quality attributes defining 
therapeutic protein products is the amount 
of aggregates that potentially compromise 
their safety and efficacy. Despite a number 
of biologics being on the market for decades, 
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until recently there were substantial analytical 
gaps present related to the ability to detect the 
presence of subvisible particles [46]. These gaps 
prompted coordinated efforts to formulate 
adequate strategies within the industry [47]. It was 
acknowledged that the widely applied size-based 
methods, such as size-exclusion chromatography, 
require not only orthogonal methods such as 
analytical ultracentrifugation to validate their 
output within their size range [48–52], but also 
adoption of new approaches to address the 
shortcomings related to sensitivity [48], size range 
[53] and material interactions [54,55]. To this end,
several dedicated imaging methods have been
developed and made available commercially.
In addition to the standard obscuration-based
instrument (HIAC), a microf low imaging
(MFI) instrument (Brightwell Technologies)
was adopted for measuring size distributions
of particles larger than 2 µm [56–58], and has
become a standard method for formulation
development. For particles smaller than 1 µm , a
real-time particle tracking system (NanoSight) is
often used to determine size distributions [59,60].
In addition, other optical approaches, such as
microscopy methods for particle assessment
(e.g., f luorescence microscopy imaging) [61],
fluorescence-based flow imaging [203], differential
scanning fluorimetry [62], flow cytometry [63,64]

and atomic force microscopy [65] have been
demonstrated to be useful in protein aggregate
characterization. Consequently, the regulatory
agencies generally expect that the size range
exceeding 1 µm is monitored during clinical
material development and production [66].
In addition, the use of orthogonal methods is
encouraged as multiple techniques are available
for any given size range, as summarized in several
recent reviews [67–69]. Technological advances,
however, can only partially negate the protein
aggregate sizing paradox: the particle counts
and size distribution of submicron particles
cannot be determined simultaneously using
practical acquisition and computation time
limitations. For example, the particle tracking
system (NanoSight) can reliably measure the
distribution, but the observation volume that
can be scanned in a reasonable amount of time
(minutes) is miniscule (fraction of nanoliter).
In order to obtain statistically significant data,
a total volume of approximately 100 µl would
have to be scanned to properly describe a
population in the range of thousands particles per
milliliter. Thus a compromise must be reached,
for example, providing a count of particles larger

than 1 µm after protein-specific staining with 
extrinsic dye in a high-throughput mode (96-well 
autosampler) using a commercially available flow 
cytometer [63].

With the analytical gaps closed, it is generally 
assumed that the appearance of the protein 
aggregates can be adequately monitored, and 
attention now becomes increasingly focused on 
the qualitative factors. It has been long recognized 
that chemical modification that may include 
deamidation and oxidation [70,71], as well as 
fragmentation [72–75], among others, can induce 
aggregate formation. Screening of formulations 
that would minimize these adverse processes is 
generally performed [76], often employing thermal 
unfolding assays [62,77–81]. Computational 
approaches to predict the propensity for 
aggregation are also seriously considered [82]. 
The increase of a mAb circulation time through 
Fc engineering can indirectly decrease the load 
of aggregated proteins through dose reduction. 
[83]. The formation of aggregates is also closely 
monitored during process development, as 
purification and filling steps can reduce their 
amount, but also can introduce new ones [84–88]. 
Packaging components can compromise protein 
stability leading to aggregation [89–91].

All these degradative processes can potentially 
lead to increased immunogenicity of protein drugs. 
In fact, several mechanisms have been identified. 
Use of surfactants in the absence of protective 
albumins was shown to increase the amount 
of aggregates and subsequent hypersensitivity 
reactions to erythropoietin [89,92]. Specific 
glycosylation patterns of a therapeutic monoclonal 
antibody (cetuximab) matched those of pre-
existing antigens, resulting in high hypersensitivity 
reaction rates in some regions of the USA [93]. The 
presence of specific T-epitope sequences is thought 
to increase risk of immunogenicity, aiding in 
lead identification selection prior to expression 
of the protein [94]. However, the presence of 
aggregates is thought to be a dominant cause of 
the appearance of anti-drug antibodies. It has been 
demonstrated that a group of at least ten identical 
epitopes in a closely spaced array is necessary to 
induce the immune system [95]. Importantly, the 
conformational state of these epitopes plays a 
critical role. Non-native aggregates, for example, 
those partially unfolded [96] may induce potent 
immune resposne, but generally do not result in 
production of relevant inhibitory antibodies since 
they cross-react with inactive (unfolded) forms 
of the proteins [97,98]. Native-like aggregates, on 
the other hand, result in antibodies cross-reacting 
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with original epitopes and their appearance is 
correlated with the loss of therapeutic protein 
efficacy [46,99], and facilitates breaking of tolerance 
in case of endogenous therapeutic proteins [100,101]. 
In addition to conformation, the exact topography 
of the epitopes, dependent on the nature of the 
chemical or physical stress, has an effect on the 
magnitude of the response [102]. In addition, contact 
with equipment and/or packaging components 
can lead to enhanced immunogenicity [98,103].

The sc. route – increasingly popular due to the 
possibility of self-administration – is also the most 
provocative to the immune system (aside from 
intradermal) due to the rich network of antigen-
presenting cells that are known to rapidly absorb 
aggregates by endocytosis [97,104]. Moreover, with 
the volume of the sc. injection typically limited 
to 1 ml, concentrations exceeding 50 mg/ml 
increase the probability of aggregate formation 
[67,105,106]. Therefore, the aggregation processes 
in the high concentration regime are being 
characterized [107–109].

Processing limitations 
mAbs are typically purified and concentrated 
by tangential f low filtrations, ultrafiltration 
(UF) and diafiltration (DF), which can be 
challenging at a commercial scale for a high 
concentration product (>100 mg/ml). The 
membrane flux required during filtration may 
lead to protein concentration (higher than target) 
at the membrane surface, potentially leading to 
protein unfolding and aggregation [110]. Higher 
shear and longer residence time during UF/DF 
may also lead to similar protein degradations 
and the formation of subvisible particles. High 
concentration can impart high viscosity causing 
backpressure leading to diminished pump flow 
and loss of yield. High viscosity can be offset by 
operating at elevated temperatures which needs to 
be balanced with a potential increase in product 
degradation [111]. Many of these processing 
problems are intrinsic to the biophysical properties 
of mAbs (e.g., isoelectric point), concentration 
used and equipment capacity. Nevertheless, the 
proper selection of buffers (type, ionic strength 
and pH) and addition of stabilizers (surfactants, 
amino acids and sugars) in the final buffer can 
significantly improve processing conditions [112].

Pharmacokinetic effects
Many marketed monoclonal antibodies delivered 
via sc. route exhibit moderate bioavailability 
(50–65%), despite relatively high concentrations 
(50–125 mg/ml) [6,204–206]. However, the local 

non-specif ic and electrostatic interactions 
appear to be relatively insignificant at these 
concentrations [7]. The known dependence of the 
antibody half-life on plasma concentration [113], 
combined with the dependence of bioavailability 
on the presence of FcRn receptors [114] points out 
to the possibility that an incomplete recovery from 
the FcRn cycle during lymphatic transport is the 
primary cause of protein loss during sc. delivery 
[7]. Indeed, a shortened lymphatic transport time 
after intradermal delivery resulted in substantial 
increase of bioavailability in a swine model [115]. 
Potential improvements in the pharmacokinetic 
delivery time may lead to dose sparing, which 
is beneficial from the cost-of-goods and efficacy 
standpoints.

Technical solutions 
Several new formulation technologies and 
administration tools are under development to 
enable efficient sc. administration of mAbs that 
require high doses. This is an emerging field and 
only a few technologies have been introduced in 
clinical trials. A brief review of these formulation 
technologies and administration tools are 
provided in the following sections, highlighting 
advantages and disadvantages based upon 
available information and scientific principles. 

Convenience of administration 
Resistance to self-injection is a significant 
disadvantage of parenteral administration of 
chronically administered therapeutics. Although 
introduction of autoinjectors have alleviated this 
problem in part, physiological barriers related 
to needles and self-injection still exist. Several 
technologies are now either available or being 
actively pursued that strive to help patients to 
overcome this psychological barrier through 
improved convenience of administration.

Disposable autoinjectors
The evolving autoinjector technology for self 
injection of therapeutics for chronic diseases 
attempts to address patient concerns through 
the critical variables listed below:

‘Painless’ experience;

Elimination of disruptive injection behavior;

Site-specific targeting;

Needle exit-pressure;

Flow-rate accuracy and injection volumes;

Patient-treatment documentation;
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