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As the share of therapeutic proteins in the arsenal of modern medicine continue increasing, relatively lit-
tle progress has been made in the development of analytical methods that would address specific needs
encountered during the development of these new drugs. Consequently, the researchers resort to adap-
tation of existing instrumentation to meet the demands of rigorous bioprocess and formulation develop-
ment. In this report, we present a number of such adaptations as well as new instruments that allow
efficient and precise measurement of critical parameters throughout the development stage. The tech-
niques include use of atomic force microscopy to visualize proteinacious sub-visible particles, use of
extrinsic fluorescent dyes to visualize protein aggregates, particle tracking analysis, determination of
the concentration of monoclonal antibodies by the analysis of second-derivative UV spectra, flow cytom-
etry for the determination of subvisible particle counts, high-throughput fluorescence spectroscopy to
study phase separation phenomena, an adaptation of a high-pressure liquid chromatography (HPLC)
system for the measurement of solution viscosity and a variable-speed streamlined analytical ultracen-
trifugation method. An ex vivo model for understanding the factors that affect bioavailability after sub-
cutaneous injections is also described. Most of these approaches allow not only a more precise insight
into the nature of the formulated proteins, but also offer increased throughput while minimizing sample
requirements.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

The success of several of therapeutic proteins that were intro-
duced throughout the last decade of the 20th century resulted in
an exponential growth of interest in the development of new bio-
logical drugs [1]. The majority of the global pharmaceutical compa-
nies that focused on small molecule drugs presently shift a
substantial portion of their resources into biological products,
whose dominance in the field of novel pharmaceuticals becomes
apparent. The intensity and breath of the research is creating
new analytical challenges, due to the sheer number of samples that
need to be simultaneously analyzed and compounding factors such
as highly concentrated samples that contain variety of excipients
[2–4]. To date, some of these challenges have been satisfactorily
met by instrument manufacturers [2,5–7]. In most cases, new as-
pects of the formulated protein samples are being analyzed, but
typically both the measurement and subsequent data analysis
are performed sequentially by the operator. One technique that
has been developed some time ago, but is now attracting renewed
interest due to capability of analyzing sub-micron and sub-visible
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particles is asymmetric flow field-flow fractionation [8–10]. How-
ever, it typically requires extensive method development due to
the complexity of the observed interactions. Imaging techniques
introduced to address the problem of the presence of particulates
are micro-flow imaging (MFI) [5,11] and particle tracking analysis
(PTA) [6,7], the latter discussed in more detail later in this text.
Both techniques have limitations related to the size range that
can be analyzed. Micro-flow imaging most often is used to detect
particles larger than 2 lm, and particle tracking analysis works
in a very narrow concentration range of particles smaller than
1 lm. Additionally, in both cases the measurements are performed
sequentially by the operator. The existing characterization tech-
niques employed in protein formulation development typically
describe only a range of properties (e.g. Mw and size) thus neces-
sitating the development of new tests for comprehensive testing of
samples. In a typical industrial environment, where multiple pro-
jects are underway simultaneously, the requirement for high
throughput is paramount [12,13]. Additionally, often these projects
are in early stages of development, and the amount of material is
limited. Thus, the emphasis is also on minimization of the sample
size. In this report, we describe a number of adaptations that were
performed to answer specific analytical needs in protein formula-
tion development. They show that the practical use of existing
hardware, when supplemented with the use of available software
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capabilities, often can address the needs of protein formulation
development.
Fig. 1. Atomic force microscopy images of a monoclonal antibody. The images were
prepared following a protocol described previously [35]. Briefly, prior to immobi-
lization, the solution was subjected to 75 �C using the cuvet holder of a Jasco 750
spectrofluorometer equipped with a thermoelectric control until turbidity
appeared. To pre-treat the mica disks, 10 ll of 2 mg/ml poly-L-lysine hydrochloride
in water was used before antibody binding and drying. MultiModeTM scanning
probe microscope from Digital Instruments interfaced on a personal computer was
used. All images were taken by tapping mode at scan rate of 1.00 Hz, aspect ratio of
1:1 and tip velocity of 2.00 lm/s. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
2. Determination of morphology of proteinacious subvisible
particles by atomic force microscopy

The presence of protein aggregates attracts great attention of
therapeutic protein formulators due to the potential adverse ef-
fects on safety and efficacy [14,15]. Therefore, their amount, size,
structure, and reversibility are important parameters that affect
the formulation process [16–19]. However, most of the biophysical
instruments available focus on structural changes, reflecting the
focus of scientific research in the past decades [20–23]. Conse-
quently, little has been known about morphology of monoclonal
antibody (mAb) aggregates. Widely used technique for aggregation
(as well as fragmentation) assessment, size-exclusion chromatog-
raphy [24], results in the loss of the majority of sub-micron and
essentially all subvisible (<75 lm) as well as visible aggregates,
due to the surface binding in the preparative steps or on the col-
umn [8]. Other techniques that have been used with varying de-
grees of success in the analysis of aggregates [2] also did not
provide any direct information about morphology of the particles.
Newer techniques, such as flow imaging [5,11,25], do not have suf-
ficient resolution to probe structural organization of aggregates on
a sub-micron scale. On the other hand, atomic force microscopy,
while immensely popular in nanotechnology fields [26,27], seldom
has been used to visualize protein aggregates [28–31], despite res-
olution approaching several nanometers. The use of transmission
electron microscopy (TEM), while affording excellent resolution,
typically is performed only on select samples and can potentially
introduce artifacts due to chemical staining [9].

Monoclonal antibodies present a special case, since they have
two identical domains (Fabs) attached to a common root (Fc).
The presence of multiple sites that may potentially engage in olig-
omerization network is an essential prerequisite in the modus ope-
randi of neutralizing monoclonal antibodies [32]. In principle, the
aggregate growth can occur though either a recruitment of a
monomer to already existing aggregate or through a coalescence
of two separate aggregates. In a simplified aggregation model, each
Fab contains one specific hydrophobic locus on its surface, which is
capable of irreversibly attaching to the identical spot on another
molecule of its kind. The flexibility of hinge regions will result in
a capability to bind to another aggregation-prone spot on the same
oligomer. Assuming lack of prohibitive spatial hindrance, the self-
association will be much more likely than recruitment of another
molecule due to the extremely high local concentration resulting
from the membership in the same oligomeric particle. In order to
examine the morphology of mAb aggregates by AFM at molecular
level, a sample of therapeutic mAb was placed on a mica disk pre-
treated with a solution of poly-lysine. The antibodies were allowed
to bind to the disk and be visualized by atomic force microscope
after drying. In solution, this mAb showed tendency to self-
associate in a manner leading to distinct opalescence that seemed
to be proportional to the ionic strength of the formulation (not
illustrated). Indeed, AFM image (Fig. 1) reveals the presence of
clusters of oligomers. These oligomers are approximately 50 nm
in diameter, while the monomers typically measure �15 nm (as
observed by AFM), and only a few such monomers are visible in
the image suggesting that they do not bind readily to the mica sur-
face [33–35]. This image presents a potential mechanism of staged
mAb aggregation, where first oligomers are formed, and then they
coalesce into larger assemblies. The manner of the condensation of
oligomers, as well as presence or absence of oligomer formation, is
dependent on the particular mAb sequence [35]. In some cases,
where temperature is used to aggregate the protein, the oligomers
do not form. Instead, large structures resembling ‘‘fuzzy balls’’ are
observed that presumably are resulting from aggregation of com-
pletely unfolded molecules [35]. These results indicate that atomic
microscopy can potentially unravel the propensity to form oligo-
meric forms that ultimately can lead to the formation of subvisible
particles. Morphological evaluation can also play important role in
defining structural determinants of immunogenicity and their po-
tential clinical relevance [36–40], further increasing the potential
scope of application of this technique.

3. Applications of fluorescence spectroscopy to characterize
therapeutic protein aggregation phenomena

The necessity of use of a battery of complementary methods to
properly characterize complex protein aggregation pathways has
long been postulated [41,42]. The analytical gaps become particu-
larly acute in the case of increasingly common formulations of
highly concentrated proteins [3,43,44]. Fluorescence spectroscopy,
particularly in combination with microscopy, is a powerful tool of-
ten used in a spectacular manner to study biological processes
occurring in living cells [45]. In the field of therapeutic protein
development, it can be applied to address formulation or delivery
problems affecting a number of critical quality attributes. The elu-
sive sub-visible particles, a subject of a general debate in academic,
industrial as well as regulatory circles [14,15], can be visualized by
staining with a fluorescent dye [46–48], after staining with a low
molecular weight phenoxazone dye, Nile Red [49,50]. Nile Red
binds to hydrophobic regions of proteins that become increasingly
exposed during protein unfolding, or in other processes that affect
the structure, such as unfavorable change of formulation parame-
ters (e.g. pH, temperature, dielectric constant), or binding to sur-
faces, ligands (e.g. surfactants, buffer components), and other
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proteins [9,46,50]. The intense fluorescence that Nile Red exhibits
when in bound state has been previously exploited to characterize
calcitonin fibrillation [51]. The use of similar dyes, such as thiofla-
vine T, SYPRO Orange, bis-ANS (4,40-bis-1-anilinenaphtalene
8-sulfonate), and DCVJ (4-dicyanovinyl julolidine) typically yield
similar results when used for the characterization of the extent
and dynamics of protein aggregation [52]. The sensitivity of the
detection of aggregate formation using Nile Red staining is illus-
trated in Fig. 2. Even though no signal increase in terms of fluores-
cence intensity or UV absorbance is detected for first two hours,
the images of Nile Red-stained sample reveals gradual appearance
of small bright objects that represent growing aggregates [46].
These aggregates are, however, very small in numbers, so they
are not detectable by UV or Nile Red spectroscopy. At approxi-
mately 2 h, the fluorescence signal begins to rise, while the UV sig-
nal still remains unchanged, demonstrating superior sensitivity of
the fluorescence detection. At that point, with UV signal still un-
changed, a large number of dye-stained aggregates of various sizes
are apparent in the microscope image. In addition to serving as a
visualization tool, the emission originating from stained aggregates
can be utilized by other classical fluorescence techniques. For
example, the steady-state fluorescence intensity is indicative of
the degree of dye binding even in the absence of aggregates that
can be visually detected [9,46,53]. Additionally, fluorescence polar-
ization and fluorescence lifetime measurements allow the estima-
tion of rotational dynamics of fluorescent moieties inside of
protein aggregates [9,47,54,55]. Similarly, measuring time decay
of the fluorescence after pulsed excitation permits the determina-
tion of the lifetime of the excited state that is dependent on the
microenvironment of the probed chromophore [54]. Finally, the
scattered, rather than fluorescent, light can also be efficiently de-
tected by detectors in fluorescence instruments, providing a very
sensitive measure of the onset of protein aggregation [46]. More-
over, collection of the light scattering signal as a function of the
Fig. 2. Human calcitonin fibrillation in 0.05 M acetate buffer, pH 4.6, followed by microsc
from the same solution. Nile Red fluorescence (o) detected the gelation phenomenon e
solutions revealed that aggregates were present in the solution from the beginning and in
turbid gel. The photomicrograph dimensions are 301 lm � 301 lm. The contrast of the
interpretation of the references to colour in this figure legend, the reader is referred to
excitation wavelength (light scattering spectra) allows reliable
comparison of the degree of aggregation [46].
4. An ex vivo model for interactions of monoclonal antibodies
with subcutaneous tissue

Most of the subcutaneously injected monoclonal antibodies
currently in use exhibit modest bioavailability, typically in the
50–65% range. Despite the staggering cost of goods for these highly
concentrated biological products [3], the exact fate of the lost
material is not known. This is a situation where new experimental
approaches need to be created in order to advance the formulation
science to the ultimate benefit of the patient. Obviously, animal
experiments, while being most relevant, suffer from high variabil-
ity, difficulty measuring drug concentrations at various points of
the subcutaneous delivery route, contamination with body fluids,
and a host of other analytical challenges. Alternatively, the subcu-
taneous tissue can be excised and then controlled ex vivo binding
experiments performed to elucidate the parameters that affect the
extent of loss at the subcutaneous injection site.

The lymphatic absorption is the predominant route of protein
drugs absorption due to their size [56–58], with external factors
such as heat [59], exercise [60], massage [61] also affecting absorp-
tion kinetics. The separated rat subcutaneous tissue can be homog-
enized after freezing using a common household coffee grinder,
and water slurries of such homogenized material stored for subse-
quent studies [62]. Incubation of the homogenized rat tissue with
monoclonal antibodies under various formulation conditions re-
sults in partial binding of the antibodies. The extent of binding
can be measured quantitatively by subjecting centrifuged superna-
tants to size-exclusion chromatography analysis. Both neutral and
positively charged antibodies exhibit non-specific binding
(Fig. 3A). However, the presence of net positive charge appears to
opy, Nile Red fluorescence, and UV absorbance at 350 nm. All the data were obtained
arlier than UV absorbance (X). Only the microscopic study of the Nile Red-stained
creased in number with time even in the ‘‘lag-phase’’. The solution finally became a
first four micrographs was enhanced to allow visualization of the aggregates. (For

the web version of this article.)
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Fig. 3. Ex vivo interaction of monoclonal antibodies with rat subcutaneous tissue.
(A) The effect of antibody isoelectric point and the presence of hyaluronic acid on
the extent of binding to s.c. tissue. The samples were incubated in the presence of a
slurry containing excised and homogenized rat subcutaneous tissue, and the
amount of antibody remaining in solution was measured by size-exclusion
chromatography of centrifuged and filtered supernatants. The bars within each
group denote (1st) mAb 1 (pI = 9.1) in a buffer of I = 75 mM, (2nd) mAb 1 in a buffer
of I = 150 mM, (3rd) mAb 2 (pI = 7.3) in a buffer of I = 75 mM, (4th) mAb 2 in a buffer
of I = 150 mM. The groups of bars denote (1st) mAb only, (2nd) mAb in the presence
of s.c. tissue, (3rd) s.c. tissue in the presence of hyaluronic acid (HA) with no mAb
present, (4th) mAb in the presence of both s.c. and hyaluronic acid. Error bars
denote standard deviation of two measurements. (B) The effect of ionic strength of
the formulation on the ex vivo binding to rat subcutaneous tissue. The buffers
contained either 10 mM histidine hydrochloride or 10 mM sodium phosphate
(I = �160 mM point only) at pH 6 and various amounts of sodium chloride. Inset:
the effect of pH on the extent of the ex vivo binding of mAb 1 to rat subcutaneous
tissue. The error bars denote average deviation of two measurements. Solid lines are
present to guide the eye only. Reproduced with permission from Mach et al. [62].
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increase the extent of binding to subcutaneous tissue. The electro-
static nature of the interaction is indirectly suggested by the inhi-
bition of binding by competing hyaluronic acid, a polymer bearing
high negative charge that is abundant in the subcutaneous tissue
(Fig. 3A). Further indication of the electrostatic nature of the bind-
ing is given by the experiments where the dependence on ionic
strength and pH was measured (Fig. 3B). While the electrostatic
behavior is difficult to predict for proteins with isoelectric point
between pH 6 and 8 [63], proteins of higher pI are likely to exhibit
partial absorption to subcutaneous tissue. Obviously, the limited
binding capacity will affect the extent of the loss for either low
or high concentrations. At low doses (less than 1 mg injected at
typical volume of few hundred microliters), significant loss is ex-
pected that should be taken into account when interpreting phar-
macokinetic data from dose-ranging studies. Conversely, at high
doses (>50 mg injected), the local loss to the subcutaneous tissue
is expected to be insignificant, due to limited spatial distribution
of the injected volume [64] in the absence of added hyaluronidase
[65]. These experiments, despite being successful in identifying
small, but measurable effect of electrostatic binding to the subcu-
taneous tissue, failed to explain why highly concentrated, neutrally
charged monoclonal antibody still exhibits limited (�62%) bio-
availability in humans [66]. One plausible explanation is that sig-
nificant pinocytosis occurs during the days that are needed to
reach the general circulation, and the overload of neonatal FcRn
receptors results in excessive endosomal degradation of the pro-
tein traveling through lymphatics [67–69]. Nevertheless, for pro-
teins delivered at relatively small doses, especially those bearing
positive charge, the rat ex vivo model may be a useful tool in the
development of optimal formulation and delivery protocols.
5. Multicomponent analysis of second-derivative UV spectra for
protein concentration determination

The determination of protein concentration based on the absor-
bance value at 280 nm is one of the most often performed tasks in
the formulation practice. This seemingly simple operation, how-
ever, is ridden with potential pitfalls. First, a correct value of the
extinction coefficient needs to be known. At the early stages of for-
mulation development, the value needs to be calculated, or, if suf-
ficient amount of sample is available, determined from
measurements in 6 M guanidine–HCl, where complete denatur-
ation removes the effect of local micro-environments on the inten-
sity of spectral bands. For the calculation approach, the extinction
coefficient values for tryptophan, tyrosine, and cystine in ‘‘average
protein’’ have been determined [70], and later confirmed using a
larger data set [71]. Monoclonal antibodies, however, due to the
presence of solvent-exposed so-called complementarity-determin-
ing regions (CDRs), tend to contain a disproportional number of
solvent-exposed tyrosine side chains, and, consequently, the equa-
tion for the calculation of molar extinction coefficients of monoclo-
nal antibodies in native buffers is as follows [72]:

e280nm ¼ 5540�TRPþ 1400�TYR þ 125�CYS ð1Þ

where e280nm is the molar extinction coefficient of a monoclonal
antibody (IgG1 or IgG2) expressed per mole per 1-cm path length
(M�1 cm�1), TRP, TYR, and CYS are the numbers of tryptophan, tyro-
sine, and cystine (S–S bonds), respectively. In the ‘‘average’’ protein,
the value of the extinction coefficient of tyrosine is 1480 M�1 cm�1

instead of 1400 M�1 cm�1 [70].
When the value of the extinction coefficient is known, the con-

centration of the measured samples can be precisely determined,
provided that appropriate corrections related to the baseline and
the presence of light scattering are made. In most cases, the loga-
rithmic fitting procedure [70,73,74], often provided with the
instruments’ controlling software package, can be applied.

Once the concentration of the first purified sample is deter-
mined with sufficient degree of accuracy, the subsequent measure-
ments can be expedited with increased assurance of artifact-free
data, by calculating a second-derivative spectrum and performing
a variance-weighted least-squares fit to the original spectrum
(‘‘standard’’) of known concentration that was previously acquired
[72]. The second-derivative spectra of a monoclonal antibody, the
‘‘standard’’ one used for concentration determination, and the fit-
ted one are shown in Fig. 4A. Fig. 4B shows the results of multicom-
ponent analysis of the second-derivative spectra of a serially
diluted concentrated monoclonal antibody. It is apparent that rea-
sonable results have been obtained up to concentrations of 10 mg/
ml, much higher in comparison with the conventional A280nm

method. The multicomponent analysis method has been also more
accurate at the low concentration range (0.01–0.1 mg/ml). The
underlying reason of increased precision and accuracy is twofold.
First, multiple data points are taken into account, providing data
averaging that improves the precision. Second, these data points
are weighted according to the standard deviation. The diode-array
instruments pass the entire beam through the sample before
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Fig. 4. (A) Second-derivative spectra of a monoclonal antibody sample (solid
squares) and the fitted standard (open triangles). The concentration of the antibody
was 1.06 mg/ml. (B) Multicomponent analysis of a monoclonal antibody sample.
Monoclonal antibody was serially diluted in phosphate buffered saline and
measured by multicomponent analysis (filled squares). The results from a conven-
tional A280 analysis are also shown (open triangles). The inset shows a magnifi-
cation of the 0–0.1 mg/ml region of the plot. The solid line depicts the Y = X line.
Reproduced with permission from Mach and Middaugh [72].
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splitting the beam onto an array of diodes. Consequently, a typical
measurement comprises an average of multiple split-second read-
ings, generating standard deviation at each data point. When the
absorbance becomes too high, as is the case for concentrated pro-
teins near 280 nm, more weight is put into the spectral regions
where signal is optimal, thus increasing the accuracy of the proce-
dure. At low concentrations, where the small vertical deviations
(baseline offsets) are often observed to various degrees in everyday
practice, the use of second derivatives typically results in better
accuracy. Additionally, both the light scattering and vertical offset
resulting from imperfections in the light path have negligible cur-
vatures, when probed locally in the spectrum. Therefore, they can
be approximated by a straight line, which does not have any con-
tributions to the second-derivative spectra. Since the sequence of
steps invoking the multicomponent analysis can be typically pre-
programmed in the instruments’ controlling software, a number
of samples can be analyzed simultaneously, further streamlining
the operations.

The ability of the second derivative approach to partially negate
signal saturation artifacts due to high concentration does not imply
that it is the recommended approach for highly concentrated sam-
ples. A number of short path length cells are available, at path
lengths as short as 8 lm. Some cells can be disassembled between
the measurement for easy cleaning and introduction of viscous
samples (Hellma Gmbh & Co. KG, Mullheim, Germany, www.
hellma-analytics.com). The difficulties in determining the exact
path length in the measurements of highly concentrated protein
solutions can be overcome by performing measurements at pre-
cisely controlled path intervals, starting at pathlengths as short as
10 lm, with a resolution of 5 lm. Using a dedicated attachment
to the Varian Cary 50 Spectrophotometer (Agilent, Inc., Santa Clara,
CA) allows collection of precise and reproducible data for protein
concentrations exceeding 100 mg/ml (C-Technologies, Bridgewa-
ter, NJ, www.solovpe.com). The attachment can be connected
to the Cary 50 UV spectrophotometer through fiber optics. A
computer-controlled drive moves the tip of the fiber optic surface
through the protein solution contained in a cylindrical cuvet. In
such arrangement, a plot of absorbance vs. path length is con-
structed. Knowing the extinction coefficient, the concentration of
the sample can be determined.
6. Characterization of the sub-micron macromolecules by
particle tracking system

Nanoparticle tracking analysis (NTA) uses arrangement that is
similar to dynamic light scattering [75] in terms of the dimensions
of the observation volume and the illuminating laser. However, in-
stead of measuring intensity fluctuations of the whole sample and
determining sizes from the autocorrelation function, NTS instru-
ment measures the Brownian motion of each individual particle.
Short movies recorded by the instrument [7] are analyzed by a spe-
cialized software that tracks individual particles and calculates
their diffusion coefficients. An example of output from the system
is shown in Fig. 5. Typical images acquired by the system is shown
in the left panel, indicating limitations of the system. The concen-
tration of particles must fall in a narrow range to assure satisfac-
tory sampling and at the same time prevent overcrowding that
would make it difficult to follow individual particles. The right pa-
nel shows the distribution of the particles whose motions have
been measured and hydrodynamic radii calculated. Indeed, the
technique accurately measures about equal numbers of 100 nm
and 200 nm polystyrene beads that were present in the sample.
As expected, the same solution, when examined by dynamic light
scattering, presents only the larger (i.e. 200 nm) population, due
to known dependence of intensity on the molecular weight of
the particles [72]. It should be noted, however, that the total parti-
cle concentration should be in the range between 107 and 109 par-
ticles/ml to properly populate the observation window of the
instrument [7]. In summary, particle tracking analysis offers un-
ique ability to measure the size of individual particles in solution
making it independent of many limitations that characterize re-
lated techniques [75].
7. Detection of subvisible particles in therapeutic protein
formulations by flow cytometry

The gap in the size range that leads to frequent overlooking of
the subvisible particles smaller than 2–10 lm has been a subject
of discussion of formulation scientists in both the academic and
industrial circles [14,15]. Several new instruments appeared that
at least partially fill the gap. Micro-flow imaging, an instrument
comprising a flow cell, and a microscope-based imaging system
has become a standard for the determination of size distributions
of therapeutic proteins [5,11,25]. Yet, the system is operated
sequentially, sample requirement is fairly large (�0.5–1.0 ml),
and most importantly, the detection limit in practice is approxi-
mately 2 lm. Particle tracking systems, on the other hand, can de-
tect and size particles in the 50 nm–1 lm range, but the
observation volumes are exceedingly small, precluding statistically
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Fig. 5. The size distribution from NTA and DLS measurements of mixtures of monodisperse polystyrene beads, equal numbers of 100 nm and 200 nm diameter beads, (right
panels), with the corresponding NTA video frame (left panel). Reproduced with permission from Filipe et al. [7].

H. Mach, T. Arvinte / European Journal of Pharmaceutics and Biopharmaceutics 78 (2011) 196–207 201
significant sampling of protein particulates [6,7]. With these limi-
tations in mind, the potential of flow cytometry appears to be com-
pelling. The detection limit appears to be 1 lm under practical
settings used to detect subvisible particles, the sample volume is
optimal (�50 ll) for the capture of sufficient subvisible particles
for a statistically significant result, the protein particles are rou-
tinely stained for differentiation from contaminating ‘‘dust’’, and
the system is run in a high-throughput mode due to presence of
a 96-well autosampler [76]. In a typical flow cytometer, an aque-
ous sheath of fluid flows through a flow cell, and the sample flow
is injected into the center of the flowing fluid at a slower pace,
resulting in a ‘‘single file’’ alignment of the particles in the focus
zone, where the detection occurs. Typically forward and size scat-
tering signals, and a number of fluorescence signals are being col-
lected, allowing detection and categorization of particles according
to their fluorescent and light scattering properties. One issue that
can be addressed by flow cytometry is the effect of pumping during
manufacturing (e.g. filling of the vials). Typical output of such an
experiment is shown in Fig. 6. Monoclonal antibody sample that
was pumped though a piston pump was analyzed, and the results
were compared to data from micro-flow imaging system. The inset
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shows the plots of fluorescence signal vs. side scattering. It can be
seen that latex particle standards are not fluorescent, and 1 lm
standard is at the far left position, while the 5 lm standard is at
far right – defining the size range that can be qualitatively assessed
from these plots. The vertical scales of the plots in the inset reflect
the fluorescence of the samples – in the case of protein particles
the fluorescence originated from the SYPRO Orange, a dye that is
added to each analyzed sample to differentiate protein and non-
protein particles. The proportion of protein and non-protein parti-
cles appears to be constant for the samples that underwent
increasing numbers of cycles in the pump. The ratio of the total
count to the count obtained by micro-flow imaging was gradually
decreasing as the number of passes increased. This difference can
be rationalized by observing the average size growing from 1–
2 lm range to >2 lm range between 1 pass and 10 pass samples
(see the inset). The flow cytometry thus appears to be a promising
technique that can both provide earlier warning signs of growing
particle counts as well as streamline the monitoring of stability
samples. In fact, it has been already successfully applied to the
study of silicone oil-induced particulate formation in protein for-
mulations [77].
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Fig. 7. The analysis of monoclonal antibody solutions at pH 7 in the presence of
30% ethanol as a dielectric constant modifier. (A) Fluorescence profiles as a
function of sample temperature. 2� SYPRO Orange (Invitrogen, Carlsbad, CA)
added to the samples was excited at 488 nm and the fluorescence spectra were
collected. Raw data were transferred to Microsoft Excel™ workbooks for further
processing (data point alignment and detection of inflection points using Visual
Basic macros, emission wavelength selection and extraction). The concentrations
of sample are decreasing from top to bottom, from �25 mg/ml to �1 mg/ml. (B)
Inflection points for the ‘‘cloud points’’ and thermal unfolding transitions (Tm) of
thermal denaturation curves as a function of protein concentration (see an
example in (A)). Upper curves show Tm values and lower curves show ‘‘cloud
point’’ values.
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8. Simultaneous determination of thermal unfolding and phase
separation temperatures of monoclonal antibodies
formulations

The development of multiple therapeutic protein candidates in
most pharmaceutical research and development laboratories
throughout the industry necessitates adaptation of existing tools
that would provide pertinent information in a high-throughput
manner. One example of such adaptation is the use of polymerase
chain reaction (PCR) instruments to study the thermal unfolding
temperature of proteins that provides a high-throughput alterna-
tive for differential scanning calorimetry (DSC) and dedicated
high-throughput screening fluorescence systems [78–81]. These
instruments typically have efficient thermoelectric devices capable
of rapid and precise temperature control in specialized blocks
holding 96-well plates with small volume (e.g. 50 ll) sample wells.
A fluorescence dye, instead of detecting the presence of amplified
nucleotides, is used to detect binding associated with appearance
of solvent-exposed hydrophobic regions after unfolding. Unfolding
temperature can be measured explicitly by a number of instru-
ments that have autosampler capability (e.g. fluorescence, DSC).
However, determination of phase separation has been typically
performed with only visual determination of initial opalescence
and subsequent separation of the phases, often following centrifu-
gation [82], or by UV and 90� light scattering [54,83]. The turbidity,
however, results in attenuation of the fluorescence signal as well,
since a portion of the emitted light is scattered instead of reaching
the detector. Moreover, the opalescence and phase separation phe-
nomena can be induced by decreasing the dielectric constant of the
solvent. We have found that the use of 30% ethanol results in an
onset of phase separation at temperatures and concentrations that
can be easily achieved in a typical experiment, approximately 10 �C
at 10 mg/ml. The suppression of thermal unfolding temperature
occurs, but it is still about 20� higher than the phase separation
temperature, assuring that the phase separation phenomena occur
while the protein is in the folded state. Moreover, for six monoclo-
nal antibodies tested, the slope of suppression of unfolding tem-
perature as a function of ethanol concentration was essentially
the same, approximately 20 �C from 0% to 30% ethanol (H. Mach,
unpublished results). An example of data obtained by this ap-
proach is shown in Fig. 7. A monoclonal antibody was subjected
to thermal melts in the presence of 30% ethanol at formulations
of various pH. Initially, fluorescence decreases as the temperature
increases (panel A) due to non-specific thermal quenching. The
uppermost line, corresponding to the highest protein concentra-
tion (�25 mg/ml), shows a distinctive step (a ‘‘cloud point’’) at
approximately 15 �C, resulting from the disappearance of turbidity
as the phase-separated micro-droplets dissolve. Further increase of
temperature leads to unfolding of the molecule, with concomitant
binding of the dye to the newly exposed hydrophobic regions. It is
apparent from the graph that both ‘‘cloud point’’ and thermal
unfolding temperatures are concentration-dependent. The data in
panel A represents only one formulation with specific pH value –
a serial dilution of the protein in the same buffer was placed in
one column of a 96-well plate. The combined ‘‘cloud points’’ and
unfolding transition temperatures from the entire plate comprising
dilutions at various pH values are shown in panel B of Fig. 7. The
concentration dependence noted in the raw data plots is apparent.
It is also seen that the protein at pH 5 and pH 6 is destabilized and
has increased propensity to self-associate. These results were con-
sistent with general trends observed during long-term stability
studies (not illustrated). This experiment illustrates the benefit of
studying the unfolding and self-association phenomena in a
high-throughput manner. It is easy to envision an experiment
where dozens of different formulations are tested at an arbitrary
protein concentration, following by an informed selection of condi-
tions that would balance the stabilizing effects, with suppression
of the tendency to self-associate. Since the amount of sample
needed can be minimized through the use of dielectric constant
modifying solvent, this approach can also be used to differentiate
potential candidates at the early lead identification and optimiza-
tion stages.

9. Adaptation of a high-pressure liquid chromatography system
for the measurement of viscosity

With the share of subcutaneously delivered monoclonal anti-
bodies continuously increasing, viscosity becomes the factor that
limits the dose that can be safely and conveniently delivered
[3,43,84]. The measurements of viscosity by the commercially
available instruments involve sequential analysis of relatively large
sample volumes [85–87]. Recently, a method for a high-throughput
measurement assessment of small protein samples using extrinsic
diffusion standards monitored by dynamic light scattering system
was proposed [88], under an assumption that potential interactions
of the protein with the extrinsic standards can be appropriately
controlled. However, the basis for a quantitative description of
viscosity, the Poiseuille’s law, states linear relationship between
the pressure and the viscosity of liquid under constant flow [89]:

DP ¼ 8lLQ=pr4 ð2Þ
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where DP is the pressure drop, l is the dynamic viscosity, L is the
length of tubing, Q is the volumetric flow rate, and r is the radius
of the tube. Equipment comprising an autosampler, a pump feeding
the solution into small diameter tubing and a pressure sensor is
readily available in essentially every laboratory in the form of a
high-pressure liquid chromatography (HPLC) system. We have at-
tached a 50-cm-long small diameter (0.005 in. ID) tubing to the out-
put of a Waters Alliance HPLC system and recorded pressure
profiles after 10 ll injections of a series of glycerol solutions (H.
Mach, manuscript in preparation). The viscosities of the solutions
in this study were calculated according to Chang [90]. A typical out-
put from the pressure transducer as a function of time is shown in
panel A of Fig. 8. Since a 70% glycerol solution in water (viscosity
�20 cP) is used as a running phase (and the needle washing fluid),
injection of water results in a negative peak, and injection of much
more viscous liquid results in a positive peak. It is also apparent that
less viscous liquid diffuses faster, resulting in a broader peak. The
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Fig. 8. (A) Representative profiles pressure vs. time profiles of glycerol standards.
Gray lines show the raw data, and black lines show the profiles after digital removal
of pump pulse spikes. The system was equilibrated with 70% glycerol in water as a
mobile phase, and the temperature of both the sample chamber and column holder
were set to 25.0 �C. The outlet flow from the HPLC pump was connected to a piece of
PEEK tubing (0.005 in. inner diameter, 1/16 in. outer diameter, red-striped, Alltech),
that was 50-cm long, using standard HPLC tubing connectors. The outlet of the
tubing was connected to a photo-diode-array (PDA) detector for collection of UV
signals to potentially estimate the concentration as well as turbidity measurements
that can give the estimate of the aggregation state of tested samples. Empower 2
software (�2005, Waters Corporation) was used to run the instruments and collect
the data from the 2690 series HPLC unit. The stroke volume was set 130 lL, syringe
rate to ‘‘slow’’, depth of needle to 0, pre-column volume to 0, and needle wash time
to ‘‘extended’’. Bubble detect and degas options were selected. High and low
pressure limits were set to 4000 psi and 0 psi, respectively. The flow isocratic at
50 lL per minute, with acceleration to 10 ml/min in 2 min. The raw chromatograms
were exported to a Microsoft Excel™ workbooks for further processing. (B)
Calibration plot for the series of glycerol standards. Points 1–9 and 10–13 were
separately fitted to a straight line by a least-squares procedure embedded in
Microsoft Excel™. The error bars show the standard deviation from triplicate
measurements. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
diffusion coefficient depends not only on viscosity but also on the
size of diffusing particles. Consequently, only the area under the
peak was used for quantitative purposes. It should also be noted
that due to the mode of operation of piston pumps, raw profiles
of pressure vs. time contain pump pulse spikes. These can be re-
moved, however, by a encoding a trivial ‘‘zapping’’ macro in the Vi-
sual Basic that is an integral part of each Microsoft Excel™
workbook. Fig. 8, panel B, shows the relationship of the area under
the pressure peaks and the logarithm of viscosity. It appears that
separate linear slopes exist for the samples that were less viscous
and more viscous than the running phase. For any given HPLC sys-
tem with particular tubing and temperature, calibration plots can
be constructed that can subsequently be used for the ranking and
potential estimation of viscosities of therapeutic protein samples.
We have not observed any precipitation of concentrated monoclo-
nal antibody samples (�200 mg/ml, �420 cP) with the glycerol run-
ning phase (not illustrated). High precision of the results observed
in these studies indicate that the parameter of viscosity that was
difficult to study due to the sample and concentration requirements
can now be efficiently monitored, at least in relative terms, through
a high-throughput method that requires minimal amounts of sam-
ple (�10 ll vs. minimum 200 ll for conventional methods). While it
was verified that correct volumes are being injected into the system
for samples up to approximately 100 cP, applications where solu-
tions of higher viscosities are typically studied may require further
tests and potentially adjustments of operational parameters as
needed. Prompt implementation of this method can be achieved
due to the widespread availability of HPLC systems in pharmaceu-
tical research and development laboratories. For smaller numbers
of samples, a dedicated unit that measures the backpressure of
flowing solution recently became available (RheoSense, San Ramon,
CA, www.rheosense.com).
10. Analysis of the size distribution of macromolecules by
variable speed analytical ultracentrifugation

The sedimentation velocity analytical ultracentrifugation of-
fers a unique opportunity for the study of particle size distribu-
tion due to the absence of any extraneous components in the
system during analysis. However, the constant speed approach
used in biological sciences limits the range of sizes that can be
analyzed in a single experiment and requires considerable
amount time for parameter optimization and subsequent analy-
sis. While the concept of varying speed had been successfully
introduced to the biological research by Yphantis and co-workers
[91], the complexity of experimental setup and data reduction
impeded the adoption of the approach. A dedicated hardware
system to study colloidal systems by variable speed sedimenta-
tion was built by Machtle [92]. The system could resolve multi-
ple species of widely varying sedimentation coefficients in up to
seven samples simultaneously using an 8-hole rotor. Indepen-
dently, in late the nineties a variable speed procedure was estab-
lished for process and formulation development of virus-like
particles. Although isolated results using this method were
presented to the community soon after its development, a more
detailed description was published almost a decade later, after
the relevant product reached the market [93]. In the meantime,
Stafford and Braswell [94] reported an application of a method
using four different speeds and a part of a dedicated computer
program (SEDANAL), effectively delivering an option for simulta-
neous analysis of species of widely varying sedimentation coeffi-
cients. The SEDANAL approach uses standard conically shaped
centerpieces and traditional approach to analysis of the data that
requires individual determination of menisca and selection of
data ranges for analysis. However, the variable speed method

http://www.rheosense.com
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Fig. 9. (A) Absorbance values at reading position plotted versus corresponding
sedimentation coefficients for DNA plasmid/ BAK mixtures at various BAK concen-
trations. From left to right: 2, 4, 8, 16, 32, and 64 lM BAK. DNA concentration was
constant at 50 lg/ml. For the variable speed method, six-sector centerpieces were
loaded with 100 ll of sample (maximum 9 samples per run) and radial scans
performed using a pre-programmed method in an equilibrium step mode, 0.025 cm
steps, five repetitions at increasing speeds ranging from 3000 rpm to 60,000 rpm.
The speeds were (in thousands rpm): 3, 3, 3, 4, 5, 6, 7, 8, 10, 12, 14, 16, 19, 22, 25, 29,
33, 37, 41, 43, 46, 49, 52, 55, 60, 60, 60. After the run the data that consisted of
cumulative x2t values for consecutive runs, along with radial positions and
absorbance values were transferred to an Excel™ spreadsheet using a modified
version of Svedberg software package [99,100]. The software that offers that option
is available from the developer (http://www.jphilo.mailway.com/). Briefly, in the
spreadsheet the absorbance values were extracted at radial positions that corre-
sponded to radial distance of 0.15 cm from the meniscus, which was assumed to be
constant for given cell, sector, and an exact volume (100 ll) of sample introduced.
Thus, the absorbance changes at constant radial positions were observed as the
centrifugal speed increased. At each speed, the corresponding sedimentation
coefficient value was calculated based on the known values of cumulative x2t,
radial distance and distance from the meniscus. A plot of the first derivative of
absorbance values versus the sedimentation coefficient yielded the apparent size
distribution of the molecules at the scale between approximately 5 and 5000
Svedbergs. (B) First derivative plots generated from the curves in (A). The lines were
offset by a constant value for clear presentation. From top to bottom: 64, 32, 16, 8, 4,
and 2 lM BAK.
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that utilizes standard 6-sector cells and automated data analysis
described here may offer several advantages in some situations.
The amounts of subpopulations of vastly different sizes can be
assessed in a single experiment. The user involvement in data
analysis is reduced to the transfer of the raw data files to an Ex-
cel™ spreadsheet. This eliminates the need for preliminary runs
to establish adequate speed for particular system as well as
lengthy data analysis procedures that depend on user’s experi-
ence and consistency of judgment. The time required to load/un-
load the sample and complete analysis (excluding the time for
actual run) is typically less than 30 min for nine samples, allow-
ing a screen of 27 samples per day with total time involvement
of less than 2 h. Such efficiency is often critical in pharmaceutical
research laboratories, where the optimal conditions are sought
for either the process or formulation, and the resolution, or even
occasional artifacts are of smaller concern.

The method as described above has been found useful in sit-
uations where several species of significantly different sedimen-
tation coefficients exist in solution. For example, it was applied
in the characterization of plasmid DNA/BAK particles. BAK (ben-
zalkonium chloride) is a positively charged surfactant that forms
complexes with DNA. The dynamic light scattering data indicated
that the hydrodynamic diameter of plasmid DNA was approx.
80 nm, while the DNA/BAK particles had an average of about
300 nm and higher (not illustrated). The intensity of light scatter-
ing is strongly dependent on the total molecular weight of a par-
ticle making it very difficult to detect small particles in the
presence of larger sub-micron particles. The particles are also
too large for conventional size analysis techniques such as gel fil-
tration or gel electrophoresis. Employing analytical ultracentrifu-
gation in the variable speed mode allowed rapid determination
of the relative amounts of DNA present in free and particulate
form. Fig. 9 (panel A) shows the changes of absorbance at read-
ing position for samples with various BAK concentrations as a
function of sedimentation coefficient value at consecutive scans.
For 2 lM BAK sample, at initial slow speeds, where the value
of log s* is large minimal changes of absorbance are observed.
The sharp drop in absorbance value is observed at approx. log s*
1.3 as free DNA sediments at the corresponding centrifugal field.
Increase of BAK concentration to 4 lM and 8 lM results in bimo-
dal distribution with a subpopulation of particles sedimenting
earlier at log s* values of about 1.8. Further increase of the sur-
factant concentration results in the disappearance of the free
DNA transition and the formation of a broad transition spanning
the range between log s* 1.5 and 3.5. At high BAK concentration
(64 lM), larger particles form that sediment at lowest speed, cor-
responding to log s* values of about 4. The curves in Panel A can
be presented in the first derivative form (panel B). This form of
presentation facilitates visual assessment of the relative concen-
trations of the species at various sedimentation coefficient val-
ues. For example, at 8 lM BAK, about 1/3 of DNA appears to
exist as �2log s* particles, while the rest is in free state. It should
be noted, however, that this analysis is approximate, since the X-
axis scale intervals are not exactly equal (due to the arbitrarily
chosen centrifugal speeds as well as different scanning times at
various speeds). This is justified, as the purpose of this set up
is to obtain an information about the presence of very small
and very large macromolecules in one experiment in a relatively
high-throughput manner.

This experimental set up has been proven to be a powerful
tool in many critical junctions of pharmaceutical development,
where other methods failed to adequately discern the interaction
between the macromolecules. Yet, the method may appear to be
flawed from theoretical point of view. For example, use of rect-
angular sectors in a sedimentation velocity experiment often re-
sults in convection currents that may potentially distort the
resulting profiles. Very little of these artifacts have been ob-
served, however, presumably due to a very short fraction of the
total run time where any given macromolecule undergoes sedi-
mentation. The approximate positions of the peaks were dis-
cerned nevertheless, and potential distortions of its shape were
not meaningful from practical point of view. In summary, the
method is found to be very useful and applied routinely to the
development of biopharmaceutics.
11. Concluding remarks

The use of comprehensive, orthogonal methods to characterize
the state of therapeutic protein samples has long been postulated
[2,9,14,15,42,95,96]. The existing analytical ‘‘platform’’ methods,
however, often do not address specific aspects of the biomolecular
stability in the context of particular formulation [3,42,54,97]. The
current pace of the pharmaceutical development requires selection
and adaptation of the existing tools for an increased analytical

http://www.jphilo.mailway.com/
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throughput. The limited protein amounts that are typically avail-
able in the early stages of the development create the need to em-
ploy analytical methods that require small sample sizes.

The examples presented in this report show that in many cases
the existing equipments, despite being designed for other analyti-
cal tasks, can be relatively easily adapted to provide critical infor-
mation necessary for proper selection of early candidates and their
formulations. In addition, new aspects of the therapeutic protein
properties can be studied. For example, atomic force microscopy
and electron microscopy allow the detection of aggregation inter-
mediates, potentially linking their presence with long-term stabil-
ity. HP-SEC analysis of ex vivo subcutaneous tissue samples can
provide insights into the rational protein design for optimal
bioavailability.

The analytical challenges of the development of highly concen-
trated protein biopharmaceuticals [3], measuring viscosity and
propensity to self-associate, have also been addressed with appro-
priate methods. For protein biotherapeutics, there is also a need to
analyze the aggregation states in conditions as near as possible to
those the drug is applied in vivo. Sample manipulations such as
dilution steps for high concentrated formulations or concentration
steps for low concentrated formulations can provide misleading
information on the initial aggregation state of the protein formula-
tion [98].

In the recent years, new methods emerged that permit the char-
acterization of size distributions of sub-micron and sub-visible
particles. The use of these complementary methods strengthens
the interpretation of the data and expedites optimization of the
formulations, affecting not only the efficiency of the development
process but also minimizing the potential of safety-related issues.
The use of diversified methods is especially important in the case
of heterogeneous formulations such as aggregated slow-release
formulations, microparticles, or proteins absorbed onto adjuvants
in vaccines. These new approaches may also be found useful in
the development of new delivery devices, where material compat-
ibility of highly concentrated proteins is essential.

In conclusion, flexibility in utilizing existing methods together
with new technologies and adapting these analytical methods to
the needs of the formulation contributes to an improved character-
ization of protein biotherapeutics.
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