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Abstract
Monoclonal antibodies continue to command a large market for treatment of a variety of diseases.
In many cases, the doses required for therapeutic efficacy are large, limiting options for antibody
delivery and administration. We report a novel formulation strategy based on dispersions of
antibody nanoclusters that allows for subcutaneous injection of highly concentrated antibody
(~190 mg/ml). A solution of monoclonal antibody 1B7 was rapidly frozen and lyophilized using a
novel spiral-wound in situ freezing technology (SWIFT) to generate amorphous particles. Upon
gentle stirring, a translucent dispersion of ~430 nm protein clusters low apparent viscosity (~24
cp) formed rapidly in buffer containing the pharmaceutically acceptable crowding agents,
trehalose, polyethylene glycol and n-methyl-2-pyrrolidone. Upon in vitro dilution of the
dispersion, the nanoclusters rapidly reverted to monomeric protein with full activity, as monitored
by dynamic light scattering and antigen binding. When administered to mice as an intravenous
solution, subcutaneous solution or subcutaneous dispersion at similar (4.6-7.3 mg/kg) or ultra-high
dosages (51.6 mg/kg), the distribution and elimination kinetics were within error and the protein
retained full activity. Overall, this method of generating high-concentration, low-viscosity
dispersions of antibody nanoclusters could lead to improved administration and patient
compliance, providing new opportunities for the biotechnology industry.

Introduction
Monoclonal antibodies have generated considerable interest as therapeutics because they
specifically target distinct antigens with favorable pharmacokinetic, production, and safety
profiles. Currently, 29 monoclonal antibodies have received FDA approval for treatment of
a wide variety of diseases, commanding an annual market size of over $20 billion dollars1,2.
Despite advances in protein drug development which allow tailoring of key biophysical
properties‘, such as solubility3, stability4, and binding affinity5 via recombinant DNA
techniques, few options have been developed to deliver these macromolecules at desired
dosages (>2 mg antibody/ kg body weight). Typically, large volumes of dilute protein
solutions are delivered intravenously to avoid the chemical and physical destabilization and
resulting loss in protein activity commonly associated with high concentration
formulations6,7. For instance, Rituxan doses of 100-500 mg are currently administered by
intravenous infusion of a 10 mg/ml solution8. Self-administered subcutaneous injections
offer several major advantages over intravenous infusion, including increased accessibility
and patient compliance, along with reduced pain and cost. However, the required therapeutic
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dosages indicate protein concentrations in excess of 100 mg/ml, given the maximum
subcutaneous injection volume of 1.5 ml9,10.

Formulation of therapeutic proteins at these high concentrations is intrinsically difficult,
demanding solutions customized for each new product. Frequently, it is not possible due to
low protein solubility3,11, protein instability12-14 and high solution viscosity7,15,16 resulting
from short-range attractive protein-protein interactions. These interactions, which include
hydrophobic interactions, hydrogen bonds and fluctuating charge dipoles16, act over
distances up to ~1 nm17. At high protein concentrations (over 150 mg/ml), the average
separation distance between individual antibody molecules is reduced to less than 10 nm18.
Thus, the probability that two protein molecules will be less than 1 nm apart is high and the
effect of the short-range attractive interactions between protein molecules becomes
significant18. This leads to concentration-dependent formation of reversible and irreversible
aggregates with potential adverse effects on protein activity, pharmacokinetics and
immunogenicity. Most troubling are irreversible aggregates, high molecular weight
aggregates comprised of monomers with altered structure and reduced activity, which can
lead to a turbid solution or even protein precipitation. The formation of these aggregates is
protein specific19 and can form through physical mechanisms, such as partially unfolded
monomers with exposed hydrophobic residues20 or chemical mechanisms, such as formation
of intermolecular bonds mediated by reactive thiols on cysteine or methionine residues21.

Protein structure and activity in low viscosity formulations can be preserved at high protein
concentrations by minimizing the effects of these short-range interactions. For example,
concentrated suspensions of protein microparticles in water-insoluble organic solvents22 and
aqueous suspensions of protein crystals7 with low viscosity have been reported. These
formulations succeed by using micron-sized (5-20 μm) particles of proteins as opposed to
protein monomers, thus increasing the average distance between protein particles for a given
protein concentration. However, formulations of proteins in organic solvents are not
desirable as they require large-bore needles and can result in inflammation at the injection
site23. In addition, while highly concentrated aqueous suspensions of crystalline insulin have
a history of clinical use23, it is challenging to routinely crystallize large protein molecules
such as immunoglobulins due to their high molecular weight, surface oligosaccharides, and
segmental flexibility7,24. Similarly, controlled release formulations in which proteins are
encapsulated in polymeric matrices with non-aqueous25 or aqueous media26-29 have also
been explored. In these cases, the low levels of protein within the particle (~15-20 mass%)
result in a low deliverable dose even at high particle volume fractions30. Moreover, most
polymeric delivery systems suffer from challenges related to sterility, protein stability,
incomplete protein release, and increased immunogenicity31-33.

We recently reported a novel approach to preserve protein activity at high concentrations
with low viscosity, via concentrated dispersions of nanoclusters, readily reversible particles
(30-500 nm) composed of amorphous antibody molecules18. In that work, lyophilized
monoclonal murine or polyclonal sheep antibody was resuspended in buffer containing
trehalose as a “crowder” molecule that occupies a large volume and increases the short-
range protein-protein attractive interactions.18 Consequently, most of the protein molecules
are concentrated into densely packed equilibrium nanoclusters, ~80-300 nm in diameter,
depending on the trehalose concentration used.18 A possible mechanism of nanocluster
formation and stabilization was explained in terms of specific short-ranged attraction, van
der Waals and depletion attraction forces balanced against weak electrostatic repulsion to
result in a colloidally stable protein nanocluster dispersion of discrete size and low
viscosity18. This hierarchy of attractive and repulsive interactions provides one possible
explanation for the colloidally stable protein nanocluster dispersions with low viscosity that
were observed experimentally.18 In addition, it was hypothesized that the high volume

Miller et al. Page 2

J Pharm Sci. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



fraction of protein within the nanoclusters, much higher than is possible with a uniform
protein solution, helped to maintain the native protein structure due to a self-crowding,
entropic stabilizing mechanism.34,35 Remarkably, nanocluster formation did not detectably
alter the structure, antigen binding activity or in vivo pharmacokinetics of a monoclonal
antibody.

While promising, formation of therapeutic protein nanoclusters has only been reported using
standard bulk freezing prior to lyophilization followed by resuspension in dispersion buffer
with a single extrinisic crowder, trehalose18. It is unclear whether a single extrinisic crowder
will be sufficient to optimize protein formulations for the desired therapeutic properties for
wide classes of proteins with varying stabilities, solubilities and molecular shapes.
Additionally, more sophisticated freezing techniques than standard lyophilization may be
required to preserve protein activity and engineer nanocluster particle morphology. In this
study, we demonstrate that a multicomponent mixture of three crowding agents can be used
to create stable dispersions of highly concentrated, active monoclonal antibody particles that
retain high activity and bioavailability upon subcutaneous administration in mice.

The murine IgG2a monoclonal antibody 1B7, which binds and neutralizes the pertussis toxin
(PTx) associated with whooping cough infection36,37, was selected to demonstrate
applicability to a therapeutically relevant molecule and allow comparisons with previously
described trehalose-only dispersion formulations. First, amorphous protein particles were
generated via a new freezing method, spiral-wound in-situ freezing technique (SWIFT).
Next, these particles were dispersed in the presence of three pharmaceutically acceptable
crowding agents 38: water-soluble organic n-methyl-2-pyrrolidone (NMP), polyethylene
glycol (PEG), and trehalose to yield a formulation with low viscosity (<50 cP), high
antibody concentration (~200 mg/ml) and ~430 nm 1B7 nanoparticles. Importantly, the
native 1B7 protein activity was preserved, as measured by in vitro biochemical methods and
pharmacokinetics unaltered. Dispersions are a promising approach to generate highly
concentrated, low viscosity antibody formulations. They can achieve dosages at least 10-fold
higher than can be attained via solutions and can be formulated with a variety of
pharmaceutically acceptable agents.

Experimental
Antibody expression and, purification

Murine hybridoma cells producing the IgG2a antibody 1B7 were grown in 1 liter shaker
flasks in Hybridoma-SFM serum-free media (Gibco) at 37°C with 5% CO2, as reported
previously18,37. Briefly, antibody purification consisted of media clarification by
centrifugation at 3,000 rpm for 20 minutes, followed by filter sterilization using a 0.2 μm
filter, 1:1 dilution with binding buffer (20 mM pH 7.0 sodium phosphate) and loading onto a
pre-equilibrated Protein-A column with an Akta FPLC system (GE Healthcare). After
baseline stabilization, 1B7 was eluted into collection tubes containing 1 M Tris pH 8.0 using
a low-pH elution buffer (0.1M glycine pH 2.7), concentrated and buffer exchanged with
centrifugal micro-dialysis units (Centricon). Protein concentration was measured with
micro-bicinchonoinic acid (BCA) assay (Pierce, Rockford, IL), while non-reducing SDS-
PAGE verified protein preparation homogeneity and purity. Purified 1B7 was labeled with
biotin using EZ-link® Sulfo-NHS-LC-Biotin (Pierce, Rockford, IL) to provide an
orthogonal detection handle to track the murine antibody in murine serum samples. A 5 mM
solution of the biotin reagent was added at a 5:1 molar ratio to a 1 mg/ml solution of the 1B7
in PBS at room temperature and allowed to react for 30 minutes. Excess biotin was removed
by buffer exchange using 50,000 MWCO Centricon concentrators with PBS. Protein was
>95% pure, as judged by SDS-PAGE, SEC and isoelectric focusing gel.
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Amorphous particle formation by spiral wound in-situ freezing technology (SWIFT)
Purified and biotinylated 1B7 was buffer exchanged into 20mM pH 5.5 histidine buffer
using Centricons, as above. The protein concentration was measured, solid α-α trehalose (JT
Baker) was added to a 1:1 wt ratio as a cryoprotectant and gently mixed to dissolve. The
resulting solution was filter sterilized (0.22 μm), diluted to 20 mg/ml protein and transferred
to a sterile 8ml (1.9 cm × 4.8 cm) glass vial for SWIFT freezing. During SWIFT, the base of
the vial was contacted with liquid nitrogen while rotating the vial on its side (~1 revolution/
second), resulting in a thin film of frozen solution on the inside edge of the vial, with
subsequent thin films freezing in a spiral towards the center of the vial (Figure 1A). After
the entire volume was frozen (~10-40 seconds), the samples were placed upright on a pre-
cooled lyophilizer shelf at −40°C. The samples were then lyophilized for 12 hours at −40°C
at 100mTorr, followed by a 6 hour ramp to 25°C at 50 mTorr, and maintained for secondary
drying at 25°C at 50 mTorr for at least an additional 6 hours. To assess protein activity after
freezing, powder was reconstituted at 5 mg/ml in PBS for analysis by dynamic light
scattering (DLS) and enzyme-linked immunosorbent assay (ELISA) as described below.
Samples of the dry powders after lyophilization for scanning electron microscopy (SEM)
analysis were placed on adhesive carbon tape to fix the sample to the SEM stub. Each
sample for SEM was platinum-palladium sputter coated using a Cressington 208 bench top
sputter coater to a thickness of 10nm. Micrographs were taken using a Zeiss Supra 40 VP
scanning electron microscope with an accelerating voltage of 5 kV. Further characterization
of particles formed by SWIFT freezing is found in the supplemental material.

Dispersion formation
To form the dispersion, SWIFT frozen and lyophilized 1B7 protein powder was compacted
into 0.1ml conical vials (Wheaton Science Products No. 986211) such that the total powder
weight was 0.04 ± 0.001g. An aqueous-based solvent dispersion buffer, containing 10% (v/
v) PEG300 (Spectrum Chemical Manufacturing) and 20% (v/v) n-methyl-2-pyrrolidone
(NMP; Malinckrodt) in a 50mM phosphate buffer with the pH adjusted to match the
measured antibody pI (pH 7.2, data not shown), was added to the lyophilized protein. Gentle
stirring with the tip of a needle removed air pockets, to yield a uniform, optically clear
dispersion with a final 1B7 concentration of 190 mg/ml. Neither sonication nor violent
mixing was necessary to form a uniform translucent dispersion. All analyses were performed
within two hours of dispersion formulation.

Viscosity measurement
The apparent viscosity of the 1B7 dispersion was measured as the time to draw 50 μl of the
dispersion into a 25 gauge 1.5″ long needle attached to a 1ml tuberculin slip tip syringe, as
reported previously for sheep IgG dispersions18. Briefly, videos of the conical vial
containing the dispersion were taken and the time to draw from a height 0.4″ from the
bottom of the cone to a height 0.1″ from the bottom of the cone was measured using Image J
software. A standard curve using known solutions with various viscosities provided a linear
correlation between the time to draw 50 μl from the conical vial to the viscosity with an r2

value greater than 0.9918. These results are consistent with previous work with suspensions
of model proteins and protein solutions which found that the time to draw up a specified
amount of the sample in a syringe was correlated linearly to viscosity15,18,22.

Colloidal size determination/ characterization
Dynamic light scattering (DLS) was used to measure the sizes of particles present in the
purified 1B7 preparation, concentrated 1B7 dispersion and dilutions of the dispersion using
a custom-built DLS apparatus39 modified to include backscattering angles up to 165°18.
Particle sizes in the concentrated dispersion were measured with a small volume cell (60 μl,
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Beckman Coulter #A54094) at ~23°C and a 160° scattering angle, while all other
measurements were made in a standard 1 ml cell at ~23°C and scattering angles optimized to
detect the relevant particle size, as analyzed with CONTIN. To estimate the concentration
below which only 1B7 monomers are presentin the dispersion buffer, the 190 mg/ml
dispersion was diluted 1:40, 1:80 and 1:160 in dispersion buffer and particle sizes measured
at a 90° scattering angle. We define the concentration of 1B7 at which the protein monomer
peak is observed by DLS as the threshold concentration for cluster formation. To mimic the
effects of dilution on particle size and detect formation of aggregates, the dispersion was
diluted 1:40 in PBS to give a final 5 mg/ml 1B7 concentration and the resulting particle
sizes measured at a scattering angle of 30°. The size of purified 1B7 monomeric antibody in
PBS was measured at 5 mg/ml and a scattering angle of 30°.

In vitro antibody activity and aggregation assays
All assays of protein activity and structural stability were conducted on 1B7 dispersion
diluted to 1 mg/ml in PBS. Controls included lyophilized 1B7 and purified, untreated 1B7,
both adjusted to 1 mg/ml in PBS. The formation of insoluble and di-sulfide linked
aggregates was monitored by non-reducing SDS-PAGE. Here, 3 μg 1B7 sample was
combined with loading buffer, separated on a 4-20% precast linear gradient polyacrylamide
gel (Bio-Rad) and stained with Gel-Code Blue (Bio-Rad).

To monitor ligand-binding activity, an indirect PTx ELISA was employed as reported
previously18,37. High-binding ELISA plates (Costar) were coated with pertussis toxin (PTx,
List Biological Laboratories) at 0.75 μg/ml in PBS and incubated at 4 °C overnight. Wells
were blocked with assay buffer (PBS-1% milk) for 1 hour, prior to addition of 1B7 samples
in a √10 serial dilution scheme from 50 μg/ml in assay buffer. After a one hour incubation at
room temperature and triplicate washes with PBS-0.05% Tween-20, goat anti-mouse IgG-
horseradish peroxidase conjugate (1:2,000 dilution in assay buffer, Sigma) was incubated for
one hour at room temperature. Plates were washed in triplicate and signal developed with
tetramethylbenzidine dihydrochloride (TMB) substrate (Pierce), quenched with 1N HCl and
the resulting absorbance at 450 nm recorded using a SpectraMax M5 instrument. The EC50
value was calculated from the linear range of the dose-response curve as the antibody
concentration corresponding to 50% of the maximum absorbance, based on a four parameter
fit. For comparison between samples, the relative EC50 was calculated as the ratio of the
sample EC50 to unprocessed control antibody EC50. All samples were run in triplicate.

In vivo bioavailability in BALB/c mice
An in vivo pharmacokinetic study of the 1B7 dispersion and control solution was performed
over a 14 day period using four to six healthy 24-27g, female BALB/c mice per group. Mice
were administered a single 1 or 100 μl subcutaneous injection of 1B7 at standard (4.6-7.3
mg 1B7/kg body weight) or high (~51.6 mg/kg) doses. The five sample groups compared in
this study included two solution control groups receiving (1) IV and (2) subcutaneous
injections of 100 μl 1B7 solution (1.4 mg/ml solution for a final 5.6 mg/kg dose)18, as well
as three test groups, receiving subcutaneous injections of (3) 100 μl of a diluted PEG-NMP
dispersion at standard dose (4.6 mg/kg), (4) 1 μl dispersion at a standard (7.3 mg/kg) dose;
and (5) 100 μl of dispersion at high dose (51.6 mg/kg) (see Table 2). The previously
reported solution controls (groups 1 and 2) were prepared from a 20 mg/ml 1B7 solution in
PBS diluted to 1.4 mg/ml in PBS18 while the dispersion samples were diluted from a 190
mg/ml 1B7 dispersion to a concentration of 1.2 mg/ml for group 3 (at this concentration,
below the threshold for nanocluster formation, the antibodies are recovered as monomers),
12.9 mg/ml for group 4, and 190 mg/ml for group 5 with dispersion buffer immediately prior
to injection.
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Prior to the injection and at eight additional timepoints between 12 and 336 hours, mice
were weighed and a blood sample (~20 μl) collected from the tail vein. After collection, the
samples were allowed to clot, centrifuged at 5000 rpm for 10 minutes and serum transferred
to a new tube. At the terminal timepoint (336 hours), mice were anaesthetized and between
0.2 and 1 ml serum collected by cardiac puncture. These samples were used in ELISA
assays, to measure the total and active concentrations of 1B7 in the serum and, for the
terminal time point, to measure antibody activity via an in vitro neutralization assays and to
provide an initial estimate of mouse anti-1B7 responses. This study was performed with
approval by the Institutional Animal Care and Use Committee at the University of Texas at
Austin (protocol #AUP-2010-00070) in compliance with guidelines from the Office of
Laboratory Animal Welfare. To estimate tmax and Cmax, a curve was fit to the
pharmacokinetic data for each mouse using natural cubic spline interpolation over the entire
time interval. The corresponding maximum was then determined analytically from the
resulting cubic polynomial on the interval of interest. To calculate the AUC values, the data
were fit to a four-parameter bi-exponential model with one termed weighted by time: c = A
exp(−αt) + B exp(−βt). The AUC was defined as the improper integral of this model as time
approaches infinity.

Measurement of 1B7 in serum samples
To determine the concentration of active 1B7 in serum samples, a standard ELISA approach
was used with the following modifications as previously reported18,40. ELISA plates were
coated with PTx at 1.5 μg/ml in PBS. The assay buffer used as diluent in all steps consists of
4% bovine serum albumin, 4% fetal bovine serum (FBS), 0.05% Tween 20, in PBS, pH 7.4.
After blocking with assay buffer, 2.3 μl serum sample was serially 1:√10 diluted in 50 μl per
well assay buffer. Each plate included mouse serum (Sigma) as a negative control and a 1B7
standard curve diluted to an initial concentration of 100 μg/ml in mouse serum. Additional
samples were analyzed to assess total 1B7 protein levels using a streptavidin coating on the
ELISA plates to detect the biotinylated 1B7.

After measurement of the resulting absorbance values, SoftMax Pro v5 was used to calculate
EC50 values based on the serum dilution using a 4-parameter logistic (4PL) model for each
individual curve. Concentrations of active 1B7 in each serum sample were calculated from a
linear correlation between the log [(sample EC50)/ (standard EC50)] versus the log of the
known 1B7 concentration in the standard curve. A linear correlation with a fit > 0.95 from at
least 5 independent standard curves were determined.

Measurement of active antibody by CHO cell neutralization assay
As an orthogonal activity measurement to determine the concentration of serum 1B7 able to
neutralize PTx activity in vitro, we employed a CHO cell neutralization assay modified from
Gillenius et al.37,41 The concentration of neutralizing antibody was measured as the sera
dilution that completely inhibited PTx-induced CHO cell clustering relative to a standard
curve of purified 1B7 with known concentration. Briefly, 50 μl of 0.5 ng/ml pertussis in
Dulbecco’s Modified Eagle Medium (DMEM) with 10% FBS was added directly to each
well of a sterile 96 well tissue culture plate. Terminal serum samples (23 μl) were serially
diluted into the PTx media using a 1:√10 dilution scheme. After incubation for 30 minutes at
37°C and 5% carbon dioxide, 100 μl / well of freshly trypsinized CHO cells at 105cells/ ml
were seeded in each well. After 48 h of incubation at 37°C and 5% CO2, wells were scored
for CHO clustering using 0-3 scale, with 0 as elongated (non-clustered) and 3 as completely
clustered. A 5-parameter logistic model was used to fit the assay scores against 1B7
concentration and to find the hypothetical concentration yielding a CHO score of 1.5. The
molar ratio of 1B7 to PTx at this point was then calculated relative to that of the standard
and reported as the relative activity.

Miller et al. Page 6

J Pharm Sci. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Results and Discussion
Here, we report formation of highly concentrated, low viscosity dispersions of antibody
nanoclusters, in which the antibody retains native size and binding activity upon dilution and
in vivo sub-cutaneous administration. In contrast to our prior work18, we used a novel
freezing technique to form amorphous particles and multiple crowding agents to tune
particle size. The combination of these innovations allowed us to administer subcutaneous
antibody dispersions to mice at typical therapeutic doses (5.6-7.3 mg/kg) as well as an ultra-
high dose, more than 10-fold higher than current practice (51.6 mg/kg). The measured
pharmacokinetic parameters were similar for solution and dispersion formulations and
antibody present in serum at the terminal timepoint retained antigen binding and neutralizing
activities expected for 1B7.

Stable Protein Particles made by SWIFT freezing
The first step in preparation of concentrated aqueous dispersions is formation of a dried
powder of protein particles. The choice of freezing method can be critical to both protect
antibody structure and activity during freezing, as well as to produce particles of the
appropriate size and morphology to yield a colloidally stable dispersion. To address these
concerns, we developed a novel freezing technique, SWIFT, which rapidly freezes an
antibody solution directly in the final packaging vial prior to lyophilization (see Figure 1A).
The rationale in developing this technique is that two major sources of protein denaturation
during freezing are exposure to liquid-gas interfaces during spray-freeze drying and the slow
rate of freezing in larger volumes which can result in freeze concentration and subsequent
concentration-dependent aggregation42,43. By rotating the vial of protein solution while in
contact with liquid nitrogen, each concentric layer freezes in less than a second. The
remaining liquid is gently mixed due to rotation, normalizing any concentration gradients.

We used SWIFT followed by lyophilization to form micron-sized particles of the 1B7
antibody used in the dispersions. These small particles may aid in minimizing any gel
formation during the resuspension process that would adversely affect antibody activity and
formulation viscosity versus tray lyophilization, which is also compatible with dispersion
formulations18. To prevent protein aggregation during freezing, the protein solution was
adjusted to contain a 1:1 weight ratio of trehalose as a cryoprotectant.42 The buffer selected,
20 mM histidine pH 5.5, is commonly used during lyophilization steps44. An SEM analysis
of the frozen and lyophilized 1B7 indicates the presence of micron-sized particles (Figure
1B). Importantly, antibody processed in this manner retained native size and activity upon
reconstitution with PBS at 5 mg/ml. At this concentration, DLS detected a single species
with a ~10nm hydrodynamic diameter, as expected for an antibody monomer13 (Figure 2A).
The absence of larger particles indicated that the antibody did not form irreversible
aggregates during SWIFT and lyophilization. In addition, an ELISA to monitor the specific
PTx-binding activity of the reconstituted antibody revealed no significant change in activity
due to SWIFT versus the untreated control (Table 1; Figure 3A), whereas ELISA after heat
treatment (70 C for 60 minutes with 1 mM DTT) did detect a significant activity loss (data
not shown).

The SWIFT process was designed to protect protein structure and activity. This is achieved
via rapid freezing with minimal liquid-air interface, goals inspired by related process, thin
film freezing (TFF)45. In SWIFT, each film layer, corresponding to a single vial revolution,
is ~200nm thick (see supplemental results), Indirect contact with liquid nitrogen as a heat
sink confers cooling rates of ~102 K/s. In TFF, a small volume of protein solution is
deposited on a cryogenically cooled surface, where it spreads to ~210 nm thickness, freezing
within a single second45. Scaling-up to compare freezing times for equal volumes, TFF
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freezes at a rate of ~5.1 seconds per ml of protein solution, while SWIFT results in a similar
rate, ~7.5 seconds/ml (supplemental Figure S1).

As a result of the similarities in freezing rates and film thicknesses, TFF and SWIFT
processing of similar protein solutions yields dry particles with similar morphologies (Figure
1B).45 For TFF, and by extension, SWIFT, the rapid cooling and freezing rates generate a
large number of ice nuclei, which exclude solute molecules due to freezing point depression
effects. The remaining liquid is present in thin channels between ice nuclei, becomes
supersaturated with dissolved crowder molecules and protein. The rapid freezing and
consequent rapid vitrification of these liquid channels inhibits solute diffusion; as these
molecules precipitate, the reduced collision frequency inhibits coagulation of these small
insoluble particles to generate larger particles. In addition, as the concentrations of dissolved
solutes rise in the unfrozen liquid, the associated viscosity increase further reduces the
mobility of the growing particle nuclei. During the dehydration step, water present in these
channels is removed, leaving small particles of dry protein and crowder. In contrast,
traditional tray freezing lyophilization with its slower freezing rate yields larger liquid
channels and larger final particles after drying.45 Thus smaller submicron protein particles,
as shown in Figure 1B, are formed during SWIFT freezing versus standard tray freezing
lyophilization.

With both SWIFT and traditional tray lyophilization, low levels of protein denaturation and
aggregation are achieved by kinetic and thermodynamic stabilization of the native protein
structure during freezing and lyophilization. The native protein state is stabilized during
lyophilization by kinetically trapping protein molecules in an amorphous solid21,46,47,
thereby reducing protein mobility that can lead to aggregation. Addition of the lyoprotectant
trehalose during lyophilization further thermodynamically stabilizes the protein native state
during freezing by entropically favoring the native folded state21,46,48 and during
dehydration by forming hydrogen bonds with proteins.49,50 However, processes to rapidly
freeze proteins such as spray freeze drying (SFD), have been shown to increase protein
aggregation versus standard tray freezing lyophilization due to the large gas-liquid interface
in the spraying step.51,52 The large area/volume of the gas-liquid interface of ~6000 cm−1 in
SFD for 10 μm sprayed droplets can lead to protein adsorption at the interface, denaturation
and aggregation.47,51,53-55 In the case of SWIFT, the gas-liquid interface is minimized as the
only exposure of the liquid protein solution to the air is the liquid interface inside the glass
vial. As a result, the estimated gas-liquid interface decreases 3 orders of magnitude when
compared to SFD to ~4 cm−1. Thus 1B7 was anticipated and found to remain activity upon
reconstitution to monomer from the dry powder form after SWIFT freezing and
lyophilization.

One practical advantage of SWIFT freezing is the ability to freeze directly in the final
dosage vial when compared to other rapid freezing techniques such as TFF and SFD.45,55,56

This approach avoids the need for costly, solid transfer steps while maintaining aseptic
conditions. In this case, if a dosage of 80 mg of the protein is required at a concentration of
20 mg/ml, the 8 ml vial used in the study can serve as both the freezing and reconstitution
vial. However, since the cooling rate of SWIFT freezing is governed by the liquid cryogen
used and the thickness of the glass vial, as well as the heat transfer coefficients of the
materials used, the vial can be readily scaled-up or down to meet dosage requirements. In
addition, by removing the transfer step to the final vial, all of the protein can be recovered
after lyophilization and utilized in the formation of the final dosage.

Colloidal Characterization of 1B7 particles in dispersion
To form the colloidally stable, translucent nanocluster dispersion, the dry, sub-micron
particles of antibody and trehalose produced via SWIFT were combined (Figure 4A) with a

Miller et al. Page 8

J Pharm Sci. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



50 mM phosphate buffer adjusted to the antibody pI (pH 7.2) containing two additional
crowding agents: 20% n-methyl-2-pyrrolidone (NMP) and 10% polyethylene glycol 300
(PEG300) by volume. After combining the SWIFT particles and dispersion buffer, the
trehalose contained in the dry powder dissolves. A fraction of the trehalose will diffuse into
the solution, increasing the volume fraction of crowding agents as observed previously for
sheep IgG18. Sufficient dispersion buffer was added to the dry powder to yield a final
antibody concentration of 190 mg/ml with a final 0.34 volume fraction (ϕ) of crowding
agents.

Under these conditions, DLS with CONTIN analysis of the dispersion using a low volume
(60 μL) cell identified a single population of particles with a ~432 +/− 16 nm diameter. This
colloid size was reproduced in three separate experiments, measured each time in triplicate,
with a representative curve shown in Figure 2B. This particle size was further confirmed by
SEM images of the dispersion after dilution to 100 mg/ml in the dispersion buffer, rapid
freezing and lyophilization onto an SEM stage (Figure 4B). This image shows nanoparticles
of a size consistent with DLS measurements, but a different shape due to coating with
crystallized trehalose. Previously, SEM and STEM images of dispersed sheep IgG and 1B7
particles at lower trehalose concentrations, visualized the dispersed particles as clusters of
smaller particles18. We were able to obtain similar images for the current formulation after
adding dispersion buffer to reduce the trehalose concentration, simultaneously reducing the
1B7 concentration to 40 mg/ml (Figure 4C). To confirm that these results are not affected by
dissociation of the 1B7 nanoparticles, we determined the conditions where 1B7 nanoclusters
dissociate to monomer in dispersion buffer, using methods reported previously18. Starting
with the 190 mg/ml dispersion, we progressively added dispersion buffer to reduce the
protein concentration and measured the resulting particle sizes by DLS (Figure 2B). We
observed a single peak at ~430 nm until the protein concentration was reduced to 2.5 mg/ml
or less. At this concentration, only a single ~10nm peak at is present, corresponding to the
hydrodynamic diameter of a single monoclonal antibody molecule.13 From these data, we
conclude that 1B7 nanoclusters in this dispersion buffercompletely dissociate to monomer at
~2.5 mg/ml and that 1B7 nanoparticles formed with trehalose, PEG and NMP are fully
reversible (Table 1).

The dispersed particles were formed and exhibited colloidal stability, possibly due to a
previously proposed balancing of the intermolecular attractive and repulsive interactions at
the protein molecular and colloidal levels, respectively18. Briefly, individual protein
molecules are subject to highly attractive depletion and specific short-ranged interactions
such as hydrophobic interactions, hydrogen bonding and charge-dipole interactions.57,5818.
Near the 1B7 pI, longer-range electrostatic repulsion is relatively weak and thus the
attraction force dominates between isolated pairs of protein molecules. However, once these
molecules assemble into nanoclusters of sufficient size, the cumulative electrostatic
interactions between particles in the cluster balance the attractions, stabilizing the dominant
size18. Between clusters, short-range attractive interactions are expected to be negligible
relative to electrostatic repulsion resulting in a colloidally-stable dispersion of protein
nanoclusters, as has been discussed previously18.

The strength of depletion-attraction forces can be tuned by varying the concentrations of the
crowding agents59,60. As observed here and previously18, an increase in crowder
concentrations favors 1B7 nanocluster formation.. While 1B7 and the sheep IgG dispersions
could both be formulated with a single crowding agent, trehalose, the ternary crowder
system used here may provide additional flexibility to formulate dispersions with highly
soluble proteins or to further control the nanocluster size, protein stability, dispersion
viscosity and nanocluster degradation during delivery.
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The low apparent viscosity, 24 cP, of the 190 mg/ml 1B7 dispersion was measured as the
viscosity through a 25 gauge 1.5 inch needle (Table 1). This viscosity measurement was
previously characterized for subcutaneous injections of highly concentrated solutions of
monoclonal antibodies15 and non-aqueous suspensions of lyosyzme22. Due to our very small
sample volumes (~100 ul), we were concerned that evaporation would rapidly affect values
measured with a traditional viscometer. The apparent dispersion viscosity is commonly
described as a function of the intrinsic viscosity, [η], maximum volume fraction of particles,
φmax, and the solvent viscosity, η0, using the Krieger-Dougherty equation (Eq. 1)22,61.

Eq. 1

The η may be reduced by lowering η0, or [η], which has a minimum of 2.5 for hard sphere
colloids, and increasing φmax. For protein molecules in solution at high concentrations, for
example ϕ = 0.1 to 0.3, strong short-range specific attractive interactions58,62, often produce
viscosities 5 to 100 times the hard sphere value15,63. For monoclonal antibody solutions with
concentrations of 150 mg/mL, viscosities greater than 100 cP have been attributed to
reversible self-association of protein molecules, on the basis of measurements by analytical
ultracentrifugation.15,64 In contrast, the low viscosities observed in the present study for the
nanocluster dispersions may be consistent with the weak interactions between the
nanoclusters, as suggested previously18.

In vitro molecular stability of 1B7 dispersion
As processing steps can adversely affect protein structure and activity, we monitored the
antibody size within the dispersion and after dilution using several techniques, including
DLS, non-reducing SDS-PAGE and ELISA (Table 1). After a 10-fold dilution from the 190
mg/ml dispersion into PBS, DLS measured a single species with a ~10nm hydrodynamic
diameter, as expected for a single antibody monomer13 (Figure 2A). The absence of larger
particles indicates the dispersion formulation does not induce irreversible aggregates and
that the antibody can readily recover its monomeric size upon dilution. This is further
confirmed by non-reducing SDS-PAGE (Figure 3B), in which a single band of the expected
antibody monomer size ~150 kDa is observed, indicating an absence of irreversible thiol-
linked and SDS-resistant aggregates.65 Finally, an ELISA to monitor the specific PTx-
binding activity of the antibody reveals no significant change in activity due to the formation
or dilution of the dispersion versus untreated control based on EC50 comparisons (Figure
3A; Table 1).

For antibody formulated as a dispersion to maintain therapeutic efficacy upon in vivo
injection66,67, the native antibody activity must be maintained through every processing and
delivery step: from (1) freezing and lyophilizing the antibody solution, (2) nanocluster
formation via dispersion, and (3) delivery through a syringe, to (4) nanocluster dissociation
and diffusion from the injection site. While loss of protein conformational stability can
result from chemical degradation as well as physical denaturation processes, physical
denaturation is expected to be the larger challenge to successful development of high protein
concentration formulations due to its strong dependence on protein concentration.9,66 As
discussed above, the protein powder formed by SWIFT freezing and lyophilization exhibited
no detectable loss in antigen-binding activity or development of aggregates after
reconstitution in buffer.

It has been speculated that the use of in vitro self-crowding to stabilize native protein might
mimic the in vivo intracellular environment, in which folded proteins are stabilized by a
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high concentration of diverse molecular crowding agents (300-400 mg/ml).34,68 In that
model, the high protein volume fraction within a nanocluster allows the protein to act as its
own crowding agent, entropically favoring the lowest surface area conformation of the
protein, which is typically the native state18,34,35. This result was originally predicted
theoretically34 but the first indirect experimental validation awaited development of
dispersions18 as protein solutions cannot achieve the high protein volume fractions (>0.15)
necessary. Unfolding and irreversible aggregation of protein molecules in the nanocluster is
thought to be further reduced by decreased protein mobility within the highly concentrated
nanocluster versus a solution6,69,70. Since molecule collisions can lead to the formation of
aggregates, a reduced collision frequency among protein molecules at the nanocluster-buffer
interface kinetically stabilizes these molecules.12,18,71

The retention of protein activity and the lack of detectable aggregates upon in vitro dilution
from the concentrated dispersion is an important indication of in vivo protein stability. At
the high concentrations of the dispersion formulation, we speculate that the 1B7 antibody is
stabilized within the nanoclusters by self-crowding, at the nanocluster boundary layer and in
the aqueous phase by crowders present in the dispersion buffer72. Similarly, the diluted 1B7
is stable at final solution concentrations (~10 mg/ml) in PBS buffer due to the inherent
stability of the immunoglobulin fold, which has evolved to persist for ~23 days in serum
containing 60-85 mg/ml total protein. The most aggregation-prone step will occur at
intermediate concentrations, when the protein is no longer at a sufficiently high
concentration for self-crowding to inhibit partial unfolding, but high enough for transiently
unfolded intermediates to aggregate via concentration-dependent aggregation. Using the
Noyes-Whitney equation for high surface area to volume particles, we predicted a
nanocluster dissociation time, to provide an estimate of the duration the protein spends in
this intermediate concentration regime. Dilution of ~430 nm antibody nanoclusters into
PBS, in which 1B7 nanocluster threshold concentration is >50 mg/ml, is expected to result
in particle dissociation in less than one second.

Experimentally, dilution of 1B7 protein nanoclusters with dispersion buffer to maintain a
constant crowder concentration resulted in recovery of monomeric, active protein, as
measured by DLS and ELISA18. For a trehalose-induced polyclonal sheep IgG dispersion at
a constant protein concentration, a steady decrease in nanoparticle size was achieved by
diluting the crowder to weaken the attractive forces between immunoglobulin molecules18.
At each step, the clusters were fully diluted and characterized, and found to have expected
activity as measured by ELISA18. The protein molecules on the cluster surface are expected
to be crowded by protein molecules on the cluster side and sugar molecules at the cluster-
buffer interface. As protein molecules diffuse away from the cluster surface into the PBS
media, they retain activity as shown by the DLS and ELISA experiments.

In vivo bioavailability of stable 1B7 from dispersions
No reliable in vitro models exist to mimic in vivo dissociation of the dispersion after
subcutaneous injection. Thus, we proceeded to a mouse model to measure the
pharmacokinetic parameters as well as the specific activity of in vivo dissolved antibody
material. The five treatment groups included three control groups to allow direct
pharmacokinetic comparison of low volume, high concentration and large volume, high
concentration dispersion test groups. The control groups 1 and 2 received a standard
antibody dose (4.6-5.6 mg/kg in 100 μl) to allow for a direct comparison of the
subcutaneous dispersion injection pharmacokinetics to intravenous and sub-cutaneous
delivery of an antibody solution. A third control, group 3, assessed the effect of dispersion
formulation on antibody pharmacokinetics, in which the dispersion was diluted to 1.4 mg/ml
with dispersion buffer, a concentration below the cluster limit and comprised of antibody
monomers. Two test groups were designed to assess the combined effects of dispersion
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concentration and delivered volume on in vivo dissociation rates and the resulting
pharmacokinetics. In group 4, these mice received a standard dose (7.3 mg/kg) administered
as a high concentration dispersion (190 mg/ml) in a small 1 μl volume. Group 5 received an
ultra-high antibody dose, which can only be achieved with high concentration, low viscosity
formulations such as a dispersion. These mice received a ten-fold higher dose than the other
groups (51.6 mg/kg in 100 μl). For all groups, serum samples were collected from the tail
vein over 14 days, with the concentrations of total and active 1B7 antibody in each sample
measured by streptavidin and PTx capture ELISAs, respectively. The efficacy of antibody
present at the terminal time point was also assessed using an in vitro activity assay, based on
antibody-mediated inhibition of toxin activity.

Overall, the 1B7 pharmacokinetic profile is quite similar for all groups, with distribution and
elimination kinetics all within error. The primary differences result from the injection site
and injection volume, affecting the time to reach the maximum concentration (tmax) and the
value of the maximum concentration (Cmax/ dose). Looking first at the three control groups,
delivery via subcutaneous dispersion resulted in a lower Cmax/dose and delayed tmax, as
compared to IV and subcutaneous delivery of solutions (Table 2; Figure 5). The group 1
control IV solution reached a maximum serum concentration at the first measured time point
(12 hours), followed by a rapid decrease as the antibody is distributed throughout the
tissues18. In comparison, the subcutaneous solution group displayed a slightly reduced Cmax/
dose (25.5 versus 18.8 ug/ml/ mg/kg) and statistically significant delayed tmax (15 versus 19
hrs; p<0.05). While IV-administered material is instantly diluted in the blood volume,
material administered subcutaneously must diffuse from the injection site through interstitial
fluid to reach the lymphatic and blood vessels before distribution in the blood volume,
delaying these pharmacokinetic parameters (Figure 5A).18,73 The subcutaneous dispersion
injections, groups 3 and 5, exhibit similar trends as the subcutaneous solution but with a
slightly lower Cmax and delayed tmax when compared to the subcutaneous solution (Figure
5B). This may reflect the effects of the dispersion buffer on antibody diffusion, as the effect
is minimized with group 4, standard dose subcutaneous dispersion, which was injected as a
~1 ul volume instead of a 100 ul volume using a positive displacement microvolume
syringe. For this sample, the tmax was similar (within error) to that of the subcutaneous
solution.

Once the maximum serum concentration is attained, all groups show similar 1B7
distribution and elimination pharmacokinetics. As seen in Figure 5, these data fit a biphasic
exponential profile, with α distribution and β elimination time constants that are within
experimental error for all groups, based on 1B7 concentrations measured by the PTx ELISA
(Table 2). The β elimination half-life was also within error for all groups when measured
using a total 1B7 ELISA assay, based on streptavidin detection of the biotinylated antibody
(Supplemental Table S1). The distribution phase represents passive antibody diffusion from
the well-mixed blood volume into other tissues, driven by the 1B7 concentration gradient
and the elevated vascular pressure, while antibody elimination rates are controlled by
interactions with specific receptors such as the FcRn73,74. Notably, both rates will vary with
antibody aggregation and misfolding. A soluble aggregate will have a larger size and
consequently larger diffusion constant and slower t1/2α, while a misfolded monomer or
soluble aggregate will exhibit different binding kinetics for the FcRn and a different t1/2β.
The similar kinetics observed for all groups indicate that the antibody delivered as a
subcutaneous dispersion is able to dissociate from the nanocluster and diffuse away from the
injection site while retaining an active, monomeric form, similar to our in vitro observation
in which active 1B7 monomer is rapidly recovered upon dispersion dilution.

These experiments were performed in mice, where the large permissible injection volume
per body mass (100 μl/ 25g) allows for direct comparisons between solutions and
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dispersions formulated at the same concentration. A similar comparison is not possible in
humans, as subcutaneous injections are restricted to ~1.5 ml volume. To demonstrate that
dispersions can achieve dosages relevant for humans, we prepared group 4 as a scaled-down
version of a human dose (Figure 5B). Here, a ~1 μl volume of highly concentrated
dispersion (190 mg/ml) was administered subcutaneously, for a final 7.6 mg/kg murine
dosage. Scaling-up to calculate the human dosage, in which a 190 mg/ml dispersion could
be administered in a 1.5 ml volume, this is equivalent to a 4.3 mg/kg human dose, exceeding
current typical dosing guidelines (2 mg/kg). To evaluate the potential for dispersions to
result in less-frequent administration of ultra-high antibody dosages, which are not currently
achievable with solutions, group 5 mice received a large, 100 μl injection volume of highly
concentrated dispersion (190 mg/ml), for a 51.6 mg/kg dose. In spite of the large error
inherent to administering a 1 ul injection of a viscous solution, this group also exhibited
similar pharmacokinetics (similar tmax, t1/2,α, t1/2,β) and 1B7 bioavailability indicating
concentration and dose-independent pharmacokinetics. Reduced absolute bioavailability of
50-100% is expected for a subcutaneous administration73and was observed in this study as
75.4% +/− 26.4 for the sub-cutaneous solution control. The relative bioavailability of the
dispersion formulations were further reduced (66.3% +/− 27.4 for the diluted dispersion,
49.8% +/− 20.4 for the standard dose dispersion, and 71.1% +/− 26.0 for the high-dose
dispersion), possibly due to incomplete cluster dissociation and/or increased lymphatic
processing. This decrease in relative bioavailability is likely related to the use of crowder
agents employed in this study, as previous work using only trehalose resulted in relative
bioavailability within error of the solution subcutaneous.18

To provide an orthogonal measurement of antibody quality to complement antigen ELISA,
we measured 1B7 biological activity with an in vitro CHO cell neutralization assay using
sera from the terminal time point. Free PTx will bind cell-surface receptors, undergo
receptor-mediated endocytosis and eventually ADP-ribosylation of Gi/o coupled receptors;
phenotypically, the cells lose contact inhibition and grow in a clustered morphology.
Antibody-mediated neutralization of PTx blocks toxin entry into cells, protecting the normal
growth phenotype. Sera were diluted in the presence of a fixed PTx concentration, CHO
cells added and, after 24 hrs growth, scored for normal or clustered morphology. The highest
sera dilution completely preventing CHO cell clustering was recorded and compared versus
purified control 1B7 antibody. This assay resulted in no statistically significant differences
between groups on titre per μg antibody basis. Based on this assay, there is no evidence for a
loss in antibody efficacy as a result of injection site (subcutaneous vs. IV) or formulation
(Table 2). Western blot analysis was used to demonstrate the absence of gross physical
changes in serum antibody due to formulation and administration route, such as formation of
insoluble or disulfide bonded aggregates (data not shown). This in vivo data is consistent
with our in vitro observations, that the protein within the dispersion shows no detectable loss
of native size or activity during processing or in vivo administration.

Conclusions
Nanocluster dispersions allow monoclonal antibody formulation at high concentration and
low viscosity, with no detectable loss in antibody size or activity in vitro or in vivo and
similar pharmacokinetics when administered subcutaneously to mice. Highly concentrated
~190 mg/ml aqueous-based dispersions of a therapeutically relevant antibody, 1B737, were
formed from stable, submicron protein particles containing a 1:1 weight ratio of trehalose in
an aqueous buffer with multiple crowding agents, including trehalose, PEG and NMP. These
particles were produced by rapid freezing in a dosage vial using SWIFT to minimize protein
denaturation and aggregation, followed by lyophilization. A nanocluster dispersion was
formed in the aqueous-based solvent near 1B7’s pI by adding pharmaceutically acceptable
crowding agents, PEG300 and NMP, along with the trehalose from the dry powder.
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Additional analyses, ELISA, DLS and SDS-PAGE, indicate that the protein rapidly recovers
a fully active monomeric form upon dilution of the dispersion with PBS. The apparent
viscosity of the 190 mg/ml IgG dispersion with NMP and PEG through a 25 g 1.5″ needle
was only 24 cP, reflecting the low initial solution viscosity and the low intrinsic viscosity.
The measured in vivo distribution and elimination half-lives were similar for control
solution and dispersion formulations administered at similar doses. The time to peak serum
concentration (tmax) was delayed for the subcutaneous injections, consistent with the
expected slower diffusion kinetics from this injection site. Remarkably, analysis of terminal
serum samples was unable to detect a loss in 1B7 activity over the 14-day study period. This
formulation strategy, in which crowding agents drive formation and stabilization of protein
nanoclusters, has been shown to be applicable for both monoclonal and polyclonal
antibodies. In this work, we demonstrate formulation with multiple crowding agents, which
will provide flexibility in formulating additional therapeutic proteins. The ability to form
stable, highly concentrated dispersions of a protein therapeutic with low viscosities and
favorable bioavailability will increase the potential use of subcutaneous injection, possibly
for treatment of many chronic diseases.

Supplementary Material
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DLS dynamic light scattering

IgG immunoglobulin

NMP n-methyl-2-pyrrolidone

PEG poly-ethylene glycol

pI isoelectric point

PTx pertussis toxin

SFD spray freeze drying

SWIFT spiral-wound in-situ freezing technique
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Figure 1. Schematic of SWIFT freezing process and dry powder SEM
A, The unfrozen protein solution in a cylindrical vial is placed on its side and rolled while
exposed to liquid nitrogen. This causes a thin film of the protein solution to freeze on the
inside edge of the vial followed by subsequent films towards the center of the vial resulting
in a frozen annulus of protein solution which is placed in the lyophilizer to remove water. B,
Morphology of SWIFT powder after lyophilization by SEM. Scale bars indicate 2 microns,
1 micron and 200 nm.
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Figure 2. Size distribution of antibody particles
A. Comparison of unprocessed, lyophilized and dispersed 1B7 by DLS. All samples were
diluted to 5 mg/ml in PBS. B. Effect of antibody concentration on particle size in dispersion
buffer. At high concentration (200 mg/ml) in dispersion buffer, dynamic light scattering
(DLS) detects only large particles of ~430 nm. Upon dilution below the threshold
concentration for cluster formation in the dispersion buffer, concentrations of 2.5 and 1.25
mg/ml detect only particles of ~10 nm size, the expected size for monomeric IgG antibody.
DLS data was analyzed by CONTIN.
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Figure 3. Characterization of antibody recovered from dispersion
A. Comparison of unprocessed, lyophilized and dispersed 1B7 by PTx ELISA to monitor
antibody activity. B. SDS-PAGE gel comparing antibody 1B7 that is unprocessed, purified
(lane 1), lyophilized, resuspended (lane 2) and a dispersion diluted from 200 to 1 mg/ml in
PBS (lane 3). Arrows indicate the 175 and 140 kDa molecular weight markers.
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Figure 4. Visual appearance of dispersion
A. Digital image of suspended particles B. SEM image of antibody dispersion (200 mg/ml)
when diluted to 100 mg/ml in the dispersion buffer, rapidly frozen and the water removed by
lyophilization. Scale bar corresponds to 200 nm.
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Figure 5. Serum concentrations of antibody 1B7 after delivery
The 1B7 antibody was formulated and administered to mice with the indicated volumes and
doses. At the indicated times, tail vein samples were collected and the concentration of
active antibody present measured by PTx ELISA, normalized by the administered dose and
plotted. A, Comparison of antibody 1B7 pharmacokinetics when delivered as a 100 μl
solution. Group 1 mice received an IV administration at 5.6 mg/kg, while Group 2 mice
received a subcutaneous delivery at 5.6 mg/kg. B, Comparison of 1B7 pharmacokinetics
when delivered via subcutaneous dispersion with varying concentrations and injection
volumes. Groups 3 mice received a standard dose as a diluted dispersion at 4.6 mg/kg in a
100 μl injection volume, Group 4 mice received a standard dose dispersion at 7.3 mg/kg in a
1 μl injection volume, while Group 5 mice received high-dose dispersion at 51.6 mg/kg dose
in a 100 μl injection volume. Curve fits by spline fitting.
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Table 1

Biophysical characterization of 1B7 dispersions

Dispersion
buffer

Protein
concentration

Solubility Colloid
diameter

Apparent
viscosity

Relative
binding
activity*

20% NMP 10%
PEG300

190 ± 10 mg/ml >2.5
mg/ml

432 ± 16 nm 24 ± 7 cP 1.50 ± 0.32

*
calculated as (EC50, test/ EC50, control )
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