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Abstract

Viral nanoparticles have been utilized as a platform for vaccine development and are a versatile
system for the display of antigenic epitopes for a variety of disease states. However, the induction
of a clinically relevant immune response often requires multiple injections over an extended period
of time, limiting patient compliance. Polymeric systems to deliver proteinaceous materials have
been extensively researched to provide sustained release, which would limit administration to a
single dose. Melt-processing is an emerging manufacturing method that has been utilized to create
polymeric materials laden with proteins as an alternative to typical solvent-based production
methods. Melt-processing is advantageous because it is continuous, solvent-free, and 100% of the
therapeutic protein is encapsulated. In this study, we utilized melt-encapsulation to fabricate viral
nanoparticle laden polymeric materials that effectively deliver intact particles and generate carrier
specific antibodies /n vivo. The effects of initial processing and postprocessing on particle
integrity and aggregation were studied to develop processing windows for scale-up and the
creation of more complex materials. The dispersion of particles within the PLGA matrix was

"Corresponding Author: jon.pokorski@case.edu.

Supporting I nformation
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acsnano.7b02786.

FPLC chromatograms and DLS histograms of lyophilized Q8 and Qg after application of 0.25-25 s™1 Dsc thermograms of Qg and
PLGA, SEM micrographs of the EDS map sites, the SEM micrograph and EDS map of neat PLGA, cumulative distribution function

plots for the EDS maps, FPLC chromatograms of Qg released from 10% w/w loaded implants, and full material and methods are
provided (PDF)

ORCID

Parker W. Lee: 0000-0002-0491-3742
Nicole F. Steinmetz: 0000-0002-0130-0481
Jonathan K. Pokorski: 0000-0001-5869-6942

Notes
The authors declare no competing financial interest.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Leeetal. Page 2

studied, and the effect of additives and loading level on the release profile was determined.
Overall, melt-encapsulation was found to be an effective method to produce composite materials
that can deliver viral nanoparticles over an extended period and elicit an immune response
comparable to typical administration schedules.
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Vaccination is an essential treatment in modern medicine to impart long-lasting humoral and
cellular responses as well as immune memory against viral infections. Typical vaccines have
consisted of live-attenuated or inactivated whole viruses, inactivated toxins, or viral
subunits.! These vaccines are often weakly immunogenic, requiring adjuvants and multiple
booster injections to elicit effective protective immunity.2 This requirement can result in
adverse side effects due to adjuvant systems and a decrease in patient compliance to return
to a physician for the next injection. Many noninfectious synthetic- and protein-based
nanoparticle systems have been studied as a replacement for typical vaccines.3
Nanoparticle systems incorporating viral subunits and genomes have the ability to affect the
immune system in a similar manner to whole viruses due to their size, regularity, and high
carrying capacity of antigenic epitopes.® Regardless of the carrier, however, most vaccines
require multiple administrations and may need to be co-delivered with adjuvants for
effective immunization. This requirement provides impetus to develop single administration
vaccines that could act as all-in-one slow release delivery devices.

Viral nanoparticles (VNPs) are a class of protein-based nanoparticles that have been
extensively studied for immunology and biomedical applications. VNPs can consist of native
or madified viral capsid proteins encapsidating the viral genome or self-assembled capsid
proteins that are non-infectious, also termed virus-like particles (VLPs). The proteinaceous
nature of VNPs makes them inherently more biocompatible than synthetic nanoparticles
derived from metals or polymers. The precise self-assembly of VNPs yields monodisperse
sizes, overcoming heterogeneity and lack of reproducibility often seen with synthetic
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nanoparticles. The size range of VNPs is 20-500 nm, which promotes uptake by antigen
presenting cells (APCs) and induction of an immune response.®7 Furthermore, the surface
of VNPs can be modified by covalent coupling or genetic engineering to display multiple
epitopes in a regular array to direct an immune response against a nonviral target.8-10 Five
FDA approved VNP vaccines are currently on the market, with several more in clinical
trials, further bolstering interest in developing new VNP delivery systems.11

Bacteriophage Qg is a Levivirus phage that has been engineered for recombinant expression
in Escherichia colito produce 28 nm diameter icosahedral VNPs. Qg is typically expressed
as a non-infectious VLP, has a known crystal structure, and is extremely tolerant to diverse
chemical conjugation reactions.1?2 Qg has thus been extensively researched as a platform for
drug delivery, imaging, and vaccine development.13-15 Most notably, platforms consisting of
Qg covalently coupled with peptide motifs derived from tumor necrosis factor alpha,
angiotensin 11, ghrelin, and interleukin-1 beta have been utilized as vaccine candidates for
treatment and prevention of psoriasis, hypertension, obesity, and diabetes,
respectively.9.16-18 These VNP conjugates are effective in inducing the generation of long-
lasting neutralizing 1gG against the displayed epitopes, and several have advanced to clinical
trials. QB can also be genetically engineered to produce chimeric particles displaying an
epitope or motif,19.20 which has been used to prevent intravascular hemolysis 7 vivo.2!
Thus, Qs a versatile, stable, and easily modifiable platform for exploration as a VNP-
based vaccine.

Effective immunization using VNP vaccines requires multiple administrations typically over
the span of one to two months. Recent studies have focused on creating nanoparticle devices
for the sustained delivery of antigens to eliminate the need for a booster regimen. These
polymeric nanoparticles encapsulate antigens that can be delivered to APCs after cell uptake
and enhance the immune response.22-25 The nanoparticles, however, are formed through
emulsification processes that are of low-throughput and often contain trace toxic organic
solvents. Emulsification exposes proteins to organic—aqueous interfaces and can result in
denaturation and aggregation of complex protein antigens potentially diminishing their
effectiveness.26-28 Emulsion techniques also suffer from low encapsulation efficiencies,
losing 50-70% of a protein that can be expensive to produce and purify.2%-3! Size dispersity
and batch-to-batch reproducibility is also challenging with these techniques, as they are
dependent on exact mixing speed, ratios, and drying rates. While emulsion synthesis is
effective in creating materials for vaccine delivery, it is not trivial to scale-up to large-scale
manufacturing of devices for sustained delivery of antigens and VNPs.

Melt encapsulation has been studied as an alternative to emulsion encapsulation techniques
for proteins. Melt encapsulation consists of mixing dry powders of polymer, protein, and
additive and then heating to above the melt or glass transition of the polymer. The melted
blend can then be molded and cooled to form a solid device laden with protein and additive.
The most common polymer studied for protein encapsulation has been poly(lactic-co-
glycolic acid) (PLGA) due to its biocompatibility, biodegradability, and wide application in
FDA-approved devices.3233 PLGA has a glass transition temperature ranging from 40 to
60 °C depending on the copolymer composition and molecular weights, requiring the
temperature of melt encapsulation to be carried out between 80 and 100 °C. The traditional
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thinking is that proteins would denature and aggregate under these conditions, however in
the solid-state proteins largely maintain their secondary structure and enzymatic activity at
elevated temperatures.34-37 This is due to a reduced hydration state of the protein, thus
lowering the amount of Kinetic energy from water molecule vibration transferred to the
protein when it is heated. The melt-based process has a theoretical encapsulation of 100%.
The resulting device can be molded into many different shapes and sizes by controlling the
die geometry or by further melt-molding the material. This concept has been utilized to
encapsulate lysozyme and bovine serum albumin, with the recovered lysozyme retaining
from 50 to 90% activity and bovine serum albumin maintaining its secondary
structure.34:35.38,39 Release of the encapsulated protein can be tuned by the size of the
protein being encapsulated, the loading level of the protein, and incorporation of
additives.3440 These factors allow for the modulation of the release kinetics to a desired
level based on the device formulation.

In this study, melt encapsulation was utilized to create solid-state PLGA implants laden with
Qg for applications in slow-release vaccine development. Processing parameters relevant to
extrusion or injection molding could be tuned to maintain particle integrity postprocessing,
providing a window for scale up to commercial polymer processing equipment. Of utmost
importance, single-dose implants perform equivalently to traditional vaccine administration
schedules. The work presented within lays the foundation for the high-throughput
manufacture of single-dose vaccines.

RESULTS AND DISCUSSION

QB VLPs were expressed recombinantly in £. coliand purified with typical yields of ~50-
100 mg per liter of culture. Chromatographic analysis verified the purity as a single peak in
the size-exclusion chromatogram with no aggregates, free protein, or free RNA present
(Figure 1A). The purified VLPs exhibited a hydrodynamic radius of ~15 nm determined by
dynamic light scattering (DLS) and verified by transmission electron microscopy (TEM).
TEM analysis yielded an average radius of 13.2 nm determined via image analysis (Figures
1B,C and S1A). The smaller radius observed in the TEM micrographs is a result of
dehydration during TEM preparation versusthe hydrodynamic radius measured by DLS.
The VLPs were dialyzed into deionized water and lyophilized to yield a fluffy white powder.
Resuspension of the powder into PBS and analysis by DLS and fast protein liquid
chromatography (FPLC) indicated that lyophilization yielded no negative effect on Qg and
did not result in the formation of aggregates or disassembly of the particles (Figure S2A,B).

Dynamic scanning calorimetry (DSC) of Q8 was conducted to determine thermal transitions
that may occur in the processing window for PLGA (Figure S3A,B). The DSC thermogram
of the freeze-dried Qg yielded two endothermic peaks, at 130 and 236 °C respectively. The
peak at 130 °C was attributed to the breakup of the disulfide bonds that stabilize coat protein
dimers in the icosahedral Qg structure. Disulfide bond dissociation has been observed in the
range of 80-160 °C in solid-state rubber vulcanization and self-healing materials.4142 The
endothermic peak at 236 °C can be attributed to the dissociation of coat protein dimers and
denaturation of the coat proteins. Previous DSC studies of lysozyme, glycinin, and human
growth hormone in the solid-state have indicated protein denaturation over temperature
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ranges of 180—200 °C.38:43.44 The higher denaturation temperature observed with
lyophilized QB was likely due to strong intermolecular attractions associated with dimer
stability. The DSC study of Qg provided insight into the denaturation process during heating
in the solid state and ensured that no major denaturation processes occurred in the
processing window of 80-100 °C typically used for melt-encapsulation of proteins with
PLGA.

Qg laden implantable polymeric materials were manufactured v7a melt-encapsulation with
PLGA utilizing a lab-built syringe-die extrusion device (Scheme 1). The syringe-die
extruder allows for melt-processing of material amounts as low as 100 mg. This provides
access to laboratory-scale experiments since commercial small-scale extruders require a
minimum of 5 g for effective processing. The low amount of material required makes this a
valuable tool for pilot-scale experiments using high-value materials for initial testing. PLGA
and Qg powders were combined and vortexed repeatedly to homogenize the mixture. SEM
micrographs and size analysis of the PLGA powder are shown in Figure S4. The mixture
was then loaded into a syringe, placed in the extrusion device at 95 °C for 10 min, and then
pushed through a 1 mm cylindrical die to yield cylindrical opaque materials. The
temperature profile of the syringe extruder is shown in Figure S5. The DSC thermogram of
PLGA indicated a glass transition temperature of 37 °C with a small melting endotherm at
41 °C (Figure S2B). The processing temperature was the lowest that gave the most
homogeneous cylindrical shape, with no observable aggregated portions of Q8 powders
along the length of the extruded material. PLGA materials loaded with 1, 5, and 10 w/w%
QpB were prepared via this method.

Following implant fabrication, Qg was extracted to determine particle integrity, aggregation
state, and capsid disassembly. Extraction of Qg processed at 1 wt % was performed utilizing
ethyl acetate to dissolve the polymer, and the remaining Q8 was resuspended in PBS.
Treatment of Iyophilized QB with ethyl acetate and resuspension yielded no aggregated or
disassociated species. QS extracted after melt-encapsulation was recovered at ~90% and
analyzed viaDLS and FPLC (Figure 1D,E). DLS and FPLC both indicated the formation of
small amounts of aggregated species after melt-encapsulation. The aggregated species
apparent in the DLS histogram span from ~30 to 70 nm in radius, indicating small-scale
aggregated clusters of 2-5 VLPs. The DLS data were plotted as a mass percentage to better
represent the proportion of aggregated species as percent intensity skews toward larger
species. The aggregates made up ~16% of the recovered VVLPs calculated from the mass
percentage distribution. The peak at 10 mL retention volume in the FPLC chromatogram
appeared at the void volume of the column with all aggregated species eluting at this
volume. Curve fitting and integration of the FPLC curves yielded a relative percentage of
12% aggregated VLPs. Minor peak broadening was observed in the portion of the curve
corresponding to dispersed Q. Both DLS and FPLC analysis yielded similar values of
aggregated species and indicate roughly 85% of VLPs remain dispersed and intact after
melt-encapsulation with PLGA at 95 °C. TEM further verified that the particles retained
their characteristic icosahedral shape after melt-encapsulation, and the radius determined via
image analysis was 13.3 nm, in good agreement with the size determined via TEM prior to
melt-encapsulation (Figures 1F and S1B).
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The dispersion of QB within the PLGA matrix in the solid state was explored through
elemental mapping using energy dispersive X-ray spectroscopy coupled with scanning
electron microscopy (EDS-SEM). Aggregation and segregation of proteins within the
polymer matrix can occur during melt-processing, resulting in regions of protein-rich and
protein-poor areas through the cross-section of the material. This poor dispersion of protein
can result in irreversible aggregation and denaturation as well as an inconsistent release
profile due to burst release when the aggregated regions are exposed to solvent during matrix
degradation. All of these factors would negatively affect the desired properties of the Q4/
PLGA materials, thus the effect of loading level on the dispersion of Q8 within PLGA in the
solid state was studied to ensure the particles were properly dispersed throughout the matrix.
EDS-SEM was a valuable tool for studying dispersion, as it allowed for the visualization of
distinct elemental signals through a cross-section of material. SEM images of the freeze-
fractured cylindrical materials were obtained, and the distribution of the EDS sulfur K-series
signal throughout a 12.5 x 12.5 um cross-section was obtained (Figures 2 and S6). The
sulfur K-series signal was chosen for EDS analysis since it is unique to the protein
component in the implant. Qualitative assessment of mapping from neat PLGA indicated
very little background signal (Figure S7). The mapping of PLGA loaded with 1, 5, and 10%
Qpresulted in good qualitative dispersion and no segregation of sulfur-poor and -rich
regions. The number of spots corresponding to sulfur signal does not increase
proportionately to the loading level, however the color intensity of the spot is dependent on
the amount of sulfur in the system. Signal thresholding of the images to 50% of maximum
signal yielded images that more clearly show the increase in sulfur signal in response to
increased loading levels (Figure S8). Furthermore, the quantitative sulfur signal from the
EDS spectrum was 0.08, 0.33, and 0.82 wt % for loading levels of 1, 5, and 10 wt %,
respectively, indicating that sulfur content scales proportionally with loading level.
Quantitative dispersion analysis was performed utilizing ImageJ to determine the cumulative
distribution function (CDF) of particles based on the nearest-neighbor and point-to-point
distance analysis. The CDF gives the probability that a particle—particle distance is equal to
or less than the distance on the plot. The nearest-neighbor and point-to-point distance
cumulative distributions followed similar profiles for all loading levels (Figure S9). The
nearest-neighbor analysis gave relatively small values for nearest-neighbor distance, with
75% of the particles having a nearest-neighbor <0.5 ym away. The linearity of the point-to-
point distance plot is also indicative of the particles being well dispersed, as the distance of
the points away from each other would increase sporadically if they were aggregated into
clusters. Overall, loading levels of 1, 5, and 10 wt % Qg did not form aggregated regions
within the PLGA during melt-encapsulation based on the qualitative and quantitative results.
This result indicated that Q8 can be melt-encapsulated at 1, 5, and 10 wt % with PLGA
without aggregation within the matrix, ensuring that the release of Qg from the matrix will
not be adversely effected and will be replicable.

QB VLP laden cylindrical polymeric devices were successfully manufactured via melt-
encapsulation, and the VLPs maintained particle integrity following extraction. However,
most commercial manufacturing processes for polymer nanocomposites typically follow a
two-step process: a masterbatch of the composite is compounded, followed by geometric
molding. The syringe extrusion process described above is representative of the initial
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compounding step in the manufacturing of polymeric nanocomposites. Next, we sought to
evaluate how VLP integrity in the masterbatch could be maintained in downstream processes
such as extrusion, injection molding, or compression molding. All of these processes
introduce the composite to similar stress forces, namely pressure and shear forces. Thus, the
cylindrical QG/PLGA material was subjected to a melt-press, to simulate pressure, or to
shear application using a rheometer. The 1 wt % loaded samples were utilized for
postprocessing studies as they could be produced in the highest amount due to the lower
amount of QB needed for material processing.

Typical compression molding is performed by pumping material into a cavity at high
pressures for a set amount of time to mold the material into the desired shape. The pressures
and times range depending on the polymer, mold, and desired device properties, but
generally a pressure range of 5002000 psi and cycle times of 2-5 min are utilized.4>46 A
melt-press was used to apply a pressure of 1200 psi for 5 min at 95 °C, an intermediate
range for compression molding. The melt-pressed and extracted VVLPs were analyzed via
DLS and FPLC to determine the integrity and aggregation state of extracted and recovered
Qg (Figure 3). The resulting DLS histogram indicated an increase in both the amount and
size of aggregated particles. Aggregates in the range of 40 to 100 nm radius were observed
in the DLS data, corresponding to systems of 3—7 particle aggregates. The percentage of
recovered VLPs that were aggregated was 25.5%, an increase of ~10% from the initial melt-
encapsulation step. The FPLC chromatogram of the recovered Qg indicated the presence of
aggregates and intact particles with peak maxima at 10 and 18 mL, respectively. The peak
centered at 18 mL had considerable broadening toward lower retention volume. A minor tail
was observed at higher elution volumes indicating some particle breakup, however this was
negligible compared to the remainder of the population. Relative integration of curves fit at
10 and 18 mL resulted in 13% of the recovered particles being aggregated. The discrepancy
between the percentage of aggregated species between the DLS and FPLC is a result of the
curve in the FPLC not being a true Gaussian curve, thus skewing the curve fitting result. The
simulated compression molding conditions resulted in a modest increase in aggregated
species from initial melt-encapsulation (~10%) and the majority of QB remained as single
dispersed particles, demonstrating this system can be suitable for processing via
compression molding.

A rheometer was used to apply different shear rates to 1 wt % Qg loaded PLGA to emulate
the shear effects applied during postprocessing steps. The range of shear rates chosen was
from 0.1 to 50 s~1, which correlated to processes with relatively low applied shear. This
range is most commonly used in compression molding, blow molding, and 3D printing
processes and relevant in conditions the QB/PLGA material would be under during
production of more complex architectures for implantation.4”48 Shear was applied utilizing
a rheometer with a parallel plate configuration for 3 min at 95 °C, and Qf was recovered via
ethyl acetate extraction. The DLS and FPLC results of Qg after application of shear rates
from 0.1 to 50 s~1 indicated a three-phase response to increasing shear rates (Figures 4 and
S10). The lowest shear rates from 0.1 to 1 s71 resulted in an increase in both the size and
amount of aggregates in the recovered VLPs in response to increasing shear rate. Further
increase in applied shear rate to 2.5-10 s~ diminished the size and amount of aggregates
observed. Increasing the applied shear rate to 25 and 50 s~1 yielded no observable
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aggregates in the DLS histogram. Analysis of the recovered Qg via FPLC indicated the same
trend observed with DLS, and the intensity of the aggregate peak at 10 mL increased relative
to the Q3 peak at 18 mL after application of shear rates from 0.1to 1572,

FPLC chromatograms of samples subjected to shear rates from 2.5 to 10 s~1 were also in
good agreement with the DLS results, with the aggregate peak diminishing in intensity as
the shear rate increased. All samples subjected from 0.1 to 10 s™1 exhibited some degree of
disassociated species eluting at higher retention volumes. These species likely consist of
partially disassociated VLPs, free coat protein dimers, and free RNA. Thus, any application
of shear to the samples appears to result in a degree of disassociation of Q, however these
are all relatively minor when compared to the aggregates and single particles based on the
peak area observed in the FPLC. As shear rates approached 10 s~1, a significant reduction in
particle aggregates is observed, and the chromatograms show predominately intact particles.
Finally, as the shear rate continues to increase to 25 and 50 s™1, extensive capsid dissociation
is seen, as evidenced by the predominant peak at 23.2 mL in the FPLC. Curve-fitting and
relative integration of the FPLC curves yielded values of 35% and 22% of particles
maintaining integrity after application 25 and 50 s~1 shear rates, respectively. The
disassociated species were not observed in the DLS data, as the estimated radius of ~3 nm,
based on the crystal structure, falls below the limit of detection for the instrument. The
particle breakup observed at 25 and 50 s~1 indicates that care must be taken in applying
higher shear rates to the QS/PLGA material. Processes such as twin-screw extrusion and
injection molding often have shear rates above 100 s~1, which would not be suitable for this
system. However, these limitations could be overcome with slower screw speeds during
extrusion to maintain shear rates in the acceptable range to retain particle integrity.

It was evident from the DLS and FPLC analysis that the aggregation state and integrity of
Qp within PLGA are dependent on the shear rate applied during melt-processing. As such,
we sought to derive a physical model to determine particle stability versusaggregation state
in varying shear environments. The mass average radius of all species in the recovered VLPs
was estimated from the DLS distribution for samples at shear rates from 0.1 to 10 s™1. Shear
rates of 25 and 50 s~1 cause extensive particle breakup, with the disassociated particles
unable to be measured v7ia DLS due to the lower limits of detection. Thus, the radius average
for the 25 and 50 s~1 samples was estimated using the DLS radius for intact particles and the
radius of 3.2 nm for coat protein dimer using a globular estimation of the coat protein dimer
from the crystal structure. These two values were averaged using the percentage of intact
particle and coat protein dimer estimated from the relative integration of the FPLC curves.
The averaged radii were normalized by the average radius of Qg recovered before the
application of shear ({ R)/{R,)) and plotted versusthe applied shear (Figure 5A, top axis).
The resulting plot demonstrated a clear dependence of particle aggregation and
disassociation on applied shear rate. The average particle size increases to 3 times the initial
radius with increasing shear rate, with a maximum reached at 1 s~1. Processing particles at
shear rates >1 s~ causes a return to the initial radius, until a critical shear rate of 25 s™1 was
reached where particle dissociation occurred. This information is useful for designing
postprocessing conditions for QS laden PLGA materials, however the trend in aggregation
state observed is only applicable to this polymer system.
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The shear rate relationship was transformed into a Peclet number relationship to expand the
utility of the data to processing QB with other polymer systems and at differing temperatures
(Figure 5A, bottom axis). The Peclet number is a dimensionless number that represents the
ratio of convective forces to diffusive forces. The convective forces are dependent on the
shear rates applied, and the diffusive forces are dependent on the Brownian motion in the
system. This allowed for the estimation of shear forces based on the viscosity of the melted
system, the shear rate, and the volume of the system. The Brownian forces were estimated
by the Stokes—Einstein equation, which is directly dependent on temperature. Conversion of
the aggregation state relative to the Peclet number generalizes the relationship and allows for
the estimation of aggregation state in other shear dependent processes. Understanding the
aggregation state in response to the applied shear, polymer viscosity, and temperature allows
for the calculation of relevant processing conditions without extensive scouting experiments.
Thus, the relationship derived from the shear rate application, aggregation states, and Peclet
number will allow for the determination of processing conditions to create materials with
minimal aggregation and particle breakup for other polymer systems and temperatures. In
this case, Peclet values between ~5 and 25 resulted in well-dispersed single nanoparticles
without dissociation, providing a baseline value for translation to alternative systems.

The stability of Q8 during melt-processing is theorized to be due to the highly
interconnected network of disulfide bonds that link coat protein dimers together, forming a
thermally and chemically stable covalently attached assembly.*® The extensive particle
breakup observed in samples subjected to 25 and 50 s~1 shear rates was hypothesized to be a
result of the disassociation of disulfide linkages stabilizing adjacent coat protein dimers. The
total energy applied to the system from thermal and shear stress sources was estimated and
compared to the total energy of disulfide bonds present to validate this theory. The peak at
130 °C from the DSC thermogram (Figure S2A) was integrated to yield a total disulfide
bond energy of 43,860 kJ per mol of particle, assuming the peak centered at 130 °C
corresponded to disulfide bond breakage.#142 Theoretical calculation of the total disulfide
bond energy per particle using the bond enthalpy of a disulfide bond yielded a value of
45,180 kJ/mol, in good agreement with the DSC result; further validating the peak
assignment of 130 °C as disulfide bond breakage. Therefore, the amount of disulfide bond
energy in each sample was calculated using the value derived from the DSC peak integration
and the amount of Qg present in each sample. The energy derived from the shear and
thermal effects during shear application was calculated and normalized by the disulfide bond
energy per sample for comparison. The resulting plot clearly shows that the energy
contribution of the shear stress does not greatly affect the system until shear rates of 25 and
50 s~ (Figure 5B). The thermal energy present in the system is always 20% below the
disulfide bond energy by these calculations and remains constant for all samples. The shear
energy increase observed only with 25 and 50 s~1 and subsequent increase in total applied
energy relative to the total disulfide bond energy in the system support the conclusion that
the higher shear rates result in disulfide bond disassociation between dimers.

After the validation and analysis of the effect of processing conditions on VLP integrity, the
effects of loading level and additives on cylindrical materials containing Q8 was studied to
determine how QB would release from the implant /77 vitro. Understanding the release
properties /n vitro was important in designing an optimal system for 7n vivo implantation
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that would release appropriate amounts of VNP to elicit an immune response without
excessive burst release phases or extremely slow release. All of the samples studied were
manufactured v7ia melt-encapsulation with the syringe-die extrusion device and used without
any further postprocessing. First, PEG additives were utilized to determine the effect on
release of Qg from 1 wt % loaded samples prepared via syringe-die melt-encapsulation.
Samples loaded with 1 wt % Qg did not demonstrate any burst release and had a significant
lag period over the first 15 days (Figure 6A). The first 15 days of release from PLGA
materials corresponds to the initial swelling and induction phase, where the polymer matrix
swells and minimal hydrolysis of the polymer occurs. The lowest loading level of Qg
exhibited a significant delay in release, likely due to the VVLPs remaining within unswelled
regions of PLGA until the matrix begins to degrade. Release begins after 15 days as the
polymer degrades and erodes, allowing for the QA to diffuse out of the matrix into the
surroundings. This process continued until day 80 when the material had degraded into
small pieces in solution. The total amount of protein released was ~62% of the total amount
present. PEG additives were added during the melt-encapsulation process to accelerate the
release, as PEG is a known porogen for PLGA materials.34 Upon hydration of the material,
PEG will diffuse into the aqueous media rapidly leaving behind voids through which Qg can
diffuse. Two PEG molecular weights were used (8 and 20 kDa) to avoid negative immune
responses /n vivo and to keep the molecular weight of the porogen in the same range as
PLGA.50 Both PEG molecular weights were manufactured at 10 wt % loading levels and
resulted in a burst release of Qg during the initial swelling. The QS release was increased
over the induction phase from days 10 to 30 as the VVLPs were able to diffuse more readily
through the matrix as porosity was increased by PEG. Matrix erosion started after day 30,
and the remaining QB was released rapidly as a result of oligomeric PLGA species diffusing
more rapidly from the matrix. No significant difference was observed between 8 and 20 kDa
PEG additive (Figure 6A). PEG sizes from 10 to 20 kDa exhibit hydrodynamic radii of 3—
3.5 nm, thus the small difference in hydrodynamic size between 8 and 20 kDa PEG results in
the minimal differences seen in release profiles.>! Nonetheless, either PEG additive greatly
accelerated the release rate of Qg and had no negative effect during processing.

Loading level is known to influence the release profile from protein-laden PLGA materials,
thus the effect of loading for PLGA samples containing 1, 5, and 10 wt % Q8 was
studied.3540 Increasing the loading level to 5 and 10 wt % Qg increased the amount released
over the swelling and induction phase by 10% compared to 1 wt % Qg samples (Figure 6B).
Furthermore, the release after the initial burst was relatively linear for both loading levels.
After matrix erosion started, the release increased dramatically, and all samples followed a
similar release profile regardless of loading level. The increased loading levels of 5 and 10
wt % had little effect on the matrix erosion phase, which is hypothesized to be due to the
small size of the VLPs not greatly increasing the void size after diffusion out of the matrix.
The void size allowing for oligomeric PLGA diffusion would control the speed at which the
matrix erodes, and the loading levels explored did not appear to affect this greatly enough to
influence the overall release profile. All samples broke down into small pieces in solution at
80 days and had similar final cumulative release levels. FPLC analysis of samples collected
at the 2 and 50 day time points released from implants loaded with 10% Qg indicated good
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stability throughout the release process with minimal increase in particle aggregation or
breakup (Figure S11).

The /n vitrorelease of 10 wt % Qg loaded PLGA was studied in release medium with
varying ionic strengths to determine how interparticle and particle—polymer interactions
effect release behavior. Increasing the ionic strength by increasing the molarity of NaCl has
previously been shown to increase the release of lysozyme from PLGA microspheres
through disruption of ionic interactions between carboxylic acid moieties in PLGA and the
cationically charged lysozyme.>2 The release of Q4 from the PLGA implants exhibited a
clear dependence on ionic strength, with decreasing amounts released in response to higher
concentrations of NaCl (Figure S12). Qg exhibits a negative zeta potential at pH 7.4,
indicating that under the release conditions the particles would exhibit an overall negative
charge.>3 Therefore, increasing salt concentration would shield the negative charges on both
QpBand PLGA and decrease repulsion between both adjacent Q4 particles and Qg with
PLGA. The decrease in ionic repulsion due to charge shielding would result in closer
association and aggregation between particles; a similar result has been previously observed
in surface adsorption studies of Q.53 The increase in ionic strength has also been thought to
slow release by decreasing PLGA swelling via charge shielding.>* We speculate this would
result in a “jamming” effect of particles as they diffuse out of the polymer matrix through
water filled pores and channels, slowing the release and resulting in the observed decrease in
release rate with increasing ionic strength.

The release samples at all ionic strengths were then incubated sequentially with buffered
solutions of 1 M NaCl, 5 M guanidine hydrochloride (GnHCI), and 5 mM sodium dodecyl
sulfate (SDS) to determine the factors resulting in the observed incomplete release of Q8
(Table S1). The addition of 1 M NaCl did not result in any further significant release of Qp,
indicating that ionic interactions do not play a major role in unreleased Qg, which is
consistent with the decreasing release of Qin response to increasing ionic strength. Further
incubation with 5 M GnHCI, which would disrupt noncovalent aggregates of Qg, resulted in
an increase in released Qg for all samples with higher ionic strength samples exhibiting
higher amounts of released protein. This result indicated that noncovalent aggregation of QS
is a factor in particles remaining entrapped within the polymer matrix and that high ionic
strength release medium results in more aggregation between particles. The final incubation
with SDS would breakup any aggregates not disrupted via GnHCI incubation and QS
adsorbed on PLGA. The results of SDS incubation released an additional 42-53% of Qp,
indicating a significant amount of Qg remained within the polymer matrix due to adsorption
onto the polymer. This amount was nearly the amount of Q5 remaining from the previous
release study, and all samples reached approximately full cumulative release after incubation
with SDS. Based on this release study, the incomplete release of Qg was predominately due
to adsorption of Qg onto the polymer. Noncovalent aggregates of QS were formed more
readily with increasing ionic strength, based on the release observed with GnHCI, owing to
charge shielding. These factors in the incomplete release of Qg are common issues observed
in the release of proteins from PLGA systems.>®> While /n vitro release studies are important
to understand how the release of Qg is influenced by different factors after melt-
encapsulation, the behavior of PLGA materials /n vivo is much more complex due to
multitude of enzymes, chemicals, and fluid dynamics present.
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PLGA materials laden with QB were then utilized to assess their performance to stimulate a
humoral immune response in a murine model; we tested whether a robust 1gG response was
generated against Qg after melt-encapsulation and release. The subcutaneously implanted
Qg laden devices were evaluated alongside a subcutaneous immunization schedule of 50 /g
Qg injected 3 times biweekly (Figure 7A). Control implantation of neat PLGA cylinders
indicated mild swelling over the first 2 weeks, with mice exhibiting no other adverse health
or behavioral conditions. The amounts injected and schedule were based on previous studies
utilizing VLPs displaying antigen epitopes without adjuvants to successfully generate
humoral immunity in mice.56:57 PLGA loaded with 10 wt % QB was utilized for the
immunization studies, and mice were implanted with 0.5 cm (~8 mg) of 1 mm cylindrical
material. The amount of implanted material correlated to ~150 4g of released Qg over 30
days based on the /n vitro release profile, delivering roughly the same amount of QS over the
first 28 days as the mice immunized v7a subcutaneous injection. Consistent levels of anti
Qp-1gG titers were observed over 65 days and the booster administration lead to a successful
increase in 1gG levels, as expected (Figure 7B). Overall, the Q3 vaccine implant matched the
IgG titer profile compared to a contemporary repeat-administration schedule using soluble
Q. The resulting titers were also consistent with previous studies using VLPs to immunize
with the same vaccination schedule.® This demonstrates that the VLP delivery systems
manufactured via melt-encapsulation can potentially eliminate the need for multiple
injections for immunization and that the VLPs maintain the integrity of the surface epitopes
after melt-encapsulation.

Different subtypes of 1gG are indicative of different mechanisms of immune system
activation, hence the subtypes of anti-Qf 1gG were determined at day 49, for both the
implanted and injected animals (Figure 7C). In the future, the QB/PLGA platform is
envisioned as a single administration cancer immunotherapy. Both immunization methods
generated predominately 1gG2a, which has a high binding ability of FC y receptors and
mediates the antibody-dependent cell cytotoxicity (ADCC) of cancer cells by
neutrophils.>859 This is important when exploring QB as a cancer vaccine candidate, as this
pathway is necessary to utilize the immune response to prevent cancer. IgG1 was the second
most predominate species for both immunization methods and is involved in complement
fixation and the ADCC by natural killer cells.59 1gG2b was a minor fraction of both IgG
pools and serves a similar function as 1gG2a. The ability of melt-encapsulated QS to
generate a statistically identical 19G subtype profile when compared to injected Qg further
validated the implanted material as an alternative delivery vehicle for VVLPs.

CONCLUSIONS

Melt-encapsulation was a viable method to create polymeric materials laden with QS
particles. Qg maintained integrity with minimal aggregation after processing at 95 °C and
withstood emulated postprocessing conditions of compression molding and extrusion/
injection molding. The relationship of QB aggregation to shear rate was nondimensionalized
to be applicable to other polymer systems and processing conditions. The addition of PEG
and increasing loading level increased the amount of Qg released over time, and the
materials prepared were able to sustain Qg delivery over an 80 day period /n vitro. PLGA
materials loaded with 10 wt % Qg were able to generate the same levels of anti-Qg 1gG
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relative to a 3 injection immunization schedule /in vivo. Furthermore, the 1gG subclass types
generated were present in the same percentages between mice immunized viaimplantation
or injection. The 1gG subclasses generated are identical to injections with boosts, providing
confidence that the Qg delivery system can be expanded to include a variety of vaccination
targets. These results demonstrate that VLPs can be successfully melt-encapsulated with
PLGA and maintain structural integrity and biochemical signature to affect the immune
system /n vivo.

EXPERIMENTAL SECTION

Preparation of PLGA/Protein Implants

Poly(lactic-co-glycolic acid) (PLGA), 8 kDa polyethylene glycol (8KPEG), and 20 kDa
PEG (20KPEG) were individually ground manually with a mortar and pestle twice, 10 min
each time, into a fine powder. The PLGA powder consisted of particles with an average
length of 185.8 + 89.1 um as determined via SEM image analysis (Figure S4). PLGA was
mixed with the appropriate weight percent of lyophilized Q£ and PEG (if added) via
repeated vortexing in a 2 mL Eppendorf tube. Formulations were as follows with all
percentages expressed as a weight percent: PLGA/1%QS; PLGA/1%QA/10%8KPEG;
PLGA/1%QA/10%20KPEG, PLGA/5%QS, PLGA/10%QA. Two different custom built
aluminum syringe-dies were used for melt processing of the blends to minimize material
input. Both syringe-die systems consisted of a cylinder with a circular 1 mm exit diameter
that was wrapped with heating tape, combined with a digital control element to provide
constant heating. The die used for melt encapsulation of samples for /n vitro testing utilized
polypropylene BD LUER LOK syringes which were filled with 500-200 mg of the PLGA/
Qpblends and heated at 95 °C as determined by a glass thermometer (99.9 °C average along
the temperature profile as determined via an infrared thermometer) for 10 min. The melted
PLGA/Qp blend was flowed through the die using a syringe pump with a velocity of 3 mm
s71 (~2.35 mm3 s~ volumetric flow rate). The resulting cylindrical implants had diameters
ranging from 1.0 to 1.3 mm. Melt encapsulation of ClearColi produced Qg for in vivo
testing was performed with a cylinder manufactured to fit polypropylene 1 mL volume
Norm-Ject syringes. The die still consisted of a circular 1 mm hole. This barrel was used to
minimize materials due to the lower yield of ClearColi produced particles. The syringe was
filled with 50-100 mg of the appropriate PLGA/Q blend and extruded in the same method
as previously described. There was no difference observed in implant diameter or particle
integrity between samples fabricated with different barrels.

Shear Application

Shear application was performed by loading 150-300 mg of PLGA/1%Q onto a 25 mm
wide parallel plate rheometer at 95 °C. Samples were allowed to equilibrate for 5 min, then
the top plate was lowered to a gap of 0.45 mm and shear rates from 0.1 to 50 s~1 were
applied for 3 min. The sample was recovered from the rheometer postshear, and the Q8 was
recovered and analyzed via the extraction method previously described. The viscosity of the
samples was also measured during this process and found to be in the range of 120-130 Pa's,
with an average of 128 Pa's.
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Radius Shear Dependency and Peclet Number Calculations

QB samples recovered postshear application were analyzed via DLS and FPLC. Weight-
average hydrodynamic radii were calculated from the DLS data for samples subjected to 0.1,
0.25,0.5, 1, 2.5, 5, 10, 25, and 50 s~1. Samples subjected to 25 and 501 exhibited extensive
particle breakup when analyzed via FPLC. The breakup product was assumed to be coat
protein dimers, which exhibit a radius of 3.21 nm estimated from the crystal structure (PDB:
1QBE).12 This estimate is similar to the hydrodynamic radius of green fluorescent protein
(2.8 nm), which is of similar molecular weight to the coat protein dimer (27 and 28 kDa,
respectively).81 The ratio of intact particles to coat protein dimers was calculated via curve
fitting of the two major curves observed in the FPLC. The ratio of intact particles was
multiplied by the weight-average radius determined via DLS and added to the ratio of coat
protein dimer multiplied by 3.21 nm to give an average radius of species in the 25 and 50 s~1
samples, as shown by the equation below:

Rave= (Rave,DLS) X (%particle) + (3'2111111) X (%dimer)

where Ry is the average radius for samples subjected to 25 and 50 s™1 shear rates, Raye,
DLS is the mass average radius calculated from the DLS result, %particie is the percentage of
particle calculated from curve fitting of the FPLC, and %qimer is the percentage of dimer
calculated from curve fitting of the FPLC.

The weight-average radius was divided by the weight-average radius of Qg that had been
extracted from PLGA/1%Q samples that had not been subjected to shear. This result was
plotted as the radius of shear applied samples to the initial radius versus shear rate. This
result was nondimensionalized by calculating the Peclet number for each shear rate. The
Peclet number (Pg) is a dimensionless number of the ratio of convective forces versusthe
diffusive forces in a fluid system. The Peclet number was calculated as the ratio of shear
stress applied on the particles over the diffusive forces estimated by the Stokes—Einstein
equation, as shown by the equation below:

B 6mnyR>

J2
kT

where 7 is the viscosity of the polymer melt (Pa:s), 5 is the shear rate applied to the system
(s71), Ris the weight-average radius of the particles before shear application (/m), kg is the
Boltzmann’s constant (J-K™1), and 7 is the temperature of the system (K).

The resulting plot of particle radius of shear applied samples to the initial radius versus
Peclet number is useful in relating the aggregation behavior of Q8 during melt encapsulation
to other polymer systems with different viscosities and processing temperatures.

Shear Application Thermal Analysis Calculations

Mathematical analysis was performed to estimate the total applied energy to the system
during shear application and correlate it to the observed particle breakup. Qg particle

ACS Nano. Author manuscript; available in PMC 2018 September 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Leeetal.

Page 15

breakup into free dimers involves the breakage of disulfide bonds between adjoining dimers
on the particle, with each dimer containing 4 disulfide linkages and one particle containing
90 coat protein dimers. The bond dissociation energy of a disulfide bond is typically 251 kJ/
mol. Thus, the theoretical energy of all disulfides per particle was calculated to be 45,180
kJ/mol of particle. Integration of the first endothermic peak on the DSC thermogram (from
84 to 172 °C) as shown by the equation below, which is speculated to be disulfide breakup,
yielded a value of 43,860 kJ/mol particle in good agreement with the theoretical value.#1:42

AT\ ! w
Basasac= (MWo,) (57) /2 (5)ar

where Egisuifide 1S the total enthalpy of disulfides per mole of particle (J/mol Qf), MWqpgis
the molecular weight of Q8= 2,556,000 g/mol, A7/sis the heating rate of the DSC study,
0.333 K/s, and mWlgis the heat flux of the DSC sample per gram (W/qg).

The value determined via DSC integration was used to calculate the total disulfide bond
energy present based on the mass of Qg present in each shear application sample. The moles
of PLGA in the system was calculated based on the mass of PLGA in the system and an
average molecular weight of 12.5 kDa.

The total applied energy to the system during shear application was calculated as the sum of
the energy applied by shear stress and thermal energy with the effects of shear heating taken
into account utilizing the equations shown below. The energy values were normalized by the
total disulfide bond energy present in each sample.

Eshear=mn7Y Vsystem

Ethormal:kB NA (Tapplicd +ATShcar) (m01Q3 +m01PLGA>

where 7 is the viscosity of the polymer melt (Pa-s), ~ is the shear rate applied to the system
(s, Veystem is the total volume of QBand PLGA (m3), kg is the Boltzmann’s constant
(3-K™1), Np is Avogadro’s number, Tapplied 1S the temperature during shear application (K),
A Tgheqr is the temperature increase due to shear heating (K), molgg is the moles of QB in the
system, and molp|_ g is the moles of PLGA in the system.

Immunization and ELISA Analysis

All experiments were carried out in accordance with Case Western Reserve University’s
Institutional Animal Care and Use Committee. Prior to immunization studies, 3 male Balb/c
mice aged 7 weeks were implanted subcutaneously with ~0.5 cm of neat PLGA cylinder via
puncture with a 16 gauge needle and insertion with forceps. The mice were monitored for 4
weeks and exhibited swelling at the site of insertion for 2 weeks after insertion, which
subsequently subsided. The mice did not exhibit any adverse health or behavioral response
to the implantation of the neat PLGA cylinders. For standard immunization, male Balb/c
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mice (Charles River) aged 7 weeks (7= 5) were immunized 3 times on days 0, 14, and 28
with 50 g QB in 100 4L sterile PBS through subcutaneous injections behind the neck using
a 29G insulin syringe. The QB was produced in ClearColi £. coli cells that contain a
modified lipopolysaccharide (LPS) outer membrane that does not elicit an immune response
in mice. Blood (~100 L) was drawn prior to the first immunization and on a weekly to
biweekly basis viathe retro-orbital plexus using heparinized capillary tubes and collected in
Greiner Bio-One VACUETTE MiniCollect tubes. Serum was separated by centrifuging
blood samples at 14,800 rpm, 4 °C, for 10 min and stored at 4 °C until analyzed via enzyme-
linked immunosorbent-assay (ELISA). For implant immunization, male Balb/c mice
(Charles River) aged 7 weeks (n7="5) had 0.5 cm (~8 mg) of PLGA/10%Q inserted into the
subcutaneous space on the neck v7a puncture with the tip of a 16 gauge needle and insertion
with forceps. The amount of implanted material was chosen to deliver roughly the same
amount of QB over the first 28 days as the mice immunized v7a subcutaneous injection based
on the /n vitro release profile, with ~0.8 mg of implant correlating to ~150 1g of released QS
over 30 days. Orbital bleeds were conducted as previously described on the same days as the
standard immunization schedule mice. All mice were boosted at day 65 with 50 g of Q.
After day 75, all mice were euthanized, and the subcutaneous space was examined. No
implant material was present in any of the implanted mice, and no extensive scar tissue was
present compared to nonimplanted mice.

The anti-Qp IgG response was measured by first coating Nunc Maxisorp 96-well plates with
2 (g of QB1in 200 4L of sterile PBS, pH 7.4 at 4 °C overnight. The wells were then blocked
with 200 2L of blocking buffer (2.5% w/v dry milk, 25% neonatal calf serum in PBS, pH
7.4) at 37 °C for 1 h. The wells were then incubated with mouse sera at dilutions from 1:100
to 1:1000000 in 100 yi blocking buffer for 2 h at 37 °C. The wells were then incubated with
100 £ of a 1:1000 dilution in blocking buffer of alkaline-phosphatase labeled goat
antimouse 1gG for 1 h at 37 °C. The wells were washed between each incubation step using
3 x 250 L of 0.1% w/v Tween-20 in PBS, pH 7.4. The wells were developed using 100 zL
of 1-step PNPP substrate at 4 °C for 10 min. The reaction was stopped with 100 /1 of 2 M
NaOH, and the absorbance was read at 405 nm in triplicate for each sample. The end-point
titer value was determined by comparison to a statistically defined cutoff value based on the
prebleed measurements of 10 mice and a confidence level of 99%.52 Values are expressed as
the average and standard deviation of five mice.

Murine anti-Qg 1gG subtypes were determined v/a the ELISA method described above with
alkaline-phosphatase labeled goat antimouse 1gG1, 1gG2a, and 1gG2b used for detection.
Percentages are expressed as the average and standard deviation of five mice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) FPLC chromatogram. (B) DLS histogram. (C) TEM image of QS showing the typical
Gaussian peak on the chromatogram and expected sizes in the DLS and TEM results. (D)

FPLC chromatogram. (E) DLS histogram. (F) TEM image of recovered Qg after melt-

encapsulation with PLGA. The peak at 10 mL in the FPLC chromatogram corresponded to
aggregated species eluting at the void volume, which also appear as the larger peak in the
DLS histogram. The TEM result, along with the FPLC and DLS results, indicated that a

large proportion of the particles remain intact and are of the correct size.
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Figure 2.
EDS spectrum sulfur K-series emission signal (S K series) map of (A) 1 wt % Qg, (B) 5 wt

% Qgp, and (C) 10 wt % Qg loaded PLGA material cross sections indicating good dispersion
of QB within the polymeric matrix. Full-scale SEM images of (D) 1 wt % Qg, (E) 5 wt %
Qp, and (F) 10 wt % Qg loaded PLGA material cross sections.
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R, = 16.3 + 6.4 nm
Dispersity = 15.4%
Relative Amount = 74.4%

Ry =713 +40.1 nm
Dispersity = 31.7%
Relative Amount = 25.6%

40 60 80 100 120

Radius (nm)

(A) FPLC chromatogram and (B) DLS histogram of melt-pressed and recovered QS
indicating an increase in aggregated species eluting at 10 mL in the chromatogram and an
increase in the size of aggregated species centered at A}, = 71.3 nm in the DLS histogram.
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Figure 4.
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FPLC chromatograms of recovered Q3 samples subjected to shear rates of (A) 0.1s71, (B) 1
s71,(C) 10571, and (D) 50 s™1. DLS plots of recovered Q8 samples subjected to shear rates
of () 0.1s71, (F) 1572, (G) 10571, and (H) 50 s~1. Both FPLC and DLS results indicate
that low shear rates, from 0.1 to 1 s71, resulted in an increase in aggregated species. Higher
shear rates, up to 10 s71, dispersed aggregated species due to the higher shear forces applied.
Shear rates exceeding 10 s~1 induced particle breakup as evidenced by the appearance of a
large peak at 22.5 mL on the FPLC chromatogram.
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(A) Plot of the mass average normalized radius versusapplied shear rate (top axis) and
Peclet number (bottom axis). Plotting the aggregation behavior versus the shear rate and
Peclet number allows for the determination of ideal processing parameters to prevent
excessive aggregation and particle breakup of QB in PLGA and other polymeric systems
during melt-processing (B) Applied energy to the particles versustotal particle disulfide
energy analysis indicating the thermal and shear energy approached the level of disulfide
energy in the Q2 particles at 25 and 50 s~1 shear rates, resulting in the observed particle
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Figure®6.
Release profiles of (A) 1 wt % Qg loaded PLGA samples with 10 wt % PEG 8K and PEG

20K additives and (B) 1, 5, and 10 wt % loaded Qg loaded PLGA. Reported as the average
and standard deviation of 3 samples.
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Figure7.
(A) Immunization and bleeding schedule of mice implanted with 0.5 cm of 10 wt % QS

loaded PLGA and mice immunized via 3 subcutaneous injections of 50 19 Qp. (B) End-
point titers of anti-Q 19G indicating the implanted PLGA/Q/ devices immunize as
effectively as repeated QB administration and (C.) 1gG subtype percentages of mice
immunized via subcutaneous injection and device implantation, which indicate similar
immune response viathe same IgG subtype generation between mice immunized via
injection and implantation. The arrow indicates a challenge with 50 1g Qg for all mice, and
the 1gG subtypes were measured using sera collected on day 65. Titers and subtype
percentages are reported as the average and standard deviation of measurements from five
mice.
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Scheme 1.
(A) Structures of PLGA and QB and (B) Schematic Diagram of the Syringe-Die Melt-

Encapsulation Device Showing the Internal Structure of Device and Resulting Cylindrical
Extrudates
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