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Abstract of Ultrastructure and Release Characteristics of Hyper-Compliant Microparticles
for Hydrophobic Drug Delivery, by Rebeka Sowers, ScM., Brown University, May 2023.

The use of soft, cell-like microparticles as a carrier for drug nanocrystals holds great promise
in the drug delivery field. Research shows that microparticles with similar elastic properties to
mammalian cells allow them to bypass organs, leading to longer circulation times in-vivo. The
goal of this study was to characterize and compare soft, 0.25 kPa hyper-compliant polyacrylamide
microparticles to stiff, 10 kPa microparticles by analyzing the nano and ultrastructure properties
giving rise to the different elasticities. We also establish feasibility for entrapping model
hydrophobic drug, dexamethasone nanocrystals, and compare in-vitro release rates to that of free,
non-entrapped drug to test the hypothesis that the microparticles will not have an effect on release.
Ultrastructure of monodisperse, 12 um particles of both soft and stiff formulations was investigated
using cryo-scanning electron microscopy. To determine the effective permeability of the hydrogel
polymer network, a size exclusion assay with varying sizes of FITC-dextran was performed.
Confocal microscopy was used to visualize the fluorescent molecule permeation into the hyper-
compliant microparticles. Release experiments used microparticles in which the water in the
prepolymer solution was substituted with a sonicated suspension of dexamethasone. Aliquots from
release media were taken at predetermined time points and analyzed over 96 hours for their drug
concentration. Microparticles featured non-interconnected pores, with the 0.25 kPa formulation
exhibiting significantly smaller pore size diameters and thinner polymer pore walls than the 10
kPa particles. Dextran size exclusion studies indicated that the soft hydrogel’s maximum effective
permeability was 22 nm, more than double that of the stiff hydrogel’s network. This allows larger
nanocrystals to be retained in the network, and only solubilized drug to diffuse out. Free
dexamethasone exhibited a slightly faster dissolution than entrapped drug within the first four
hours, but the overall release profile was not substantially different. These findings show that
hydrophobic drugs can be entrapped in hyper-compliant microparticles without disrupting their
structure or elasticity. Furthermore, because the microparticles do not hinder release, drug-
entrapped nanoparticles for controlled, long-term delivery could be carried in the microparticles
to avoid physiological filtration methods.



Introduction

Intravenous (1V) is one of the most common types of drug administration because it avoids
the first-pass effect, which occurs when a large percentage of the drug gets metabolized before
reaching systemic circulation.! IV is the best way to administer drugs that need to reach the
bloodstream quickly and bypass the harsh conditions of the stomach. It can be given as a bolus, a
quick acting administration for emergencies, or as an infusion, when continual exposure is needed
to induce the therapeutic effect.? This requirement for recurrent exposure is one of the main
disadvantages of IV administration, generating the need for a drug delivery system (DDS) to
control release rates, leading to less frequent subjection to infusion and higher patient compliance.

Micro and nano encapsulation for controlled drug delivery provide solutions to the
disadvantages associated with IV administration, such as protecting the encapsulated drug from
degradation, permitting more control over release rates, and easier administration compared to
controlled release implants.® Microparticles (MPs) and nanoparticles (NPs) can exist in a matrix
system, in which the drug is dispersed throughout the polymer, or a reservoir system, when a
distinct shell surrounds the drug-filled core.* Drugs can release from particles via diffusion,
dissolution, osmosis, or erosion depending on the polymer’s and drug’s physical and chemical
properties.* Polymers used for encapsulated drug delivery can have different shapes, sizes, surface
chemistries, and deformability properties, all of which are important factors for particle circulation,
margination, and appropriate interaction with immune cells.> Cooley et al., describes a study in
which four distinct shapes, ranging from the nano to micro scale are computationally and
experimentally tested by their margination in blood flow.® Results revealed that micro-scale
particles have higher margination compared to nano-scale particles, supporting the evidence that

microparticles exhibit better vascular targeting.>® Particle size also affects removal from the body



via immune cells. After systemic administration, nanoparticles are typically cleared in under an
hour by a multitude of methods, such as phagocytosis, pinocytosis, and scavenger receptor-
mediated endocytosis.>’ Microparticles similar to cell size may be able to circulate for longer, but
because materials used in the drug delivery space often exhibit stiffer properties than native cells,
microparticles carry a higher risk of capillary occlusion and blocking blood flow.> 8

Polymeric particles have been used to deliver a variety of cargo parenterally, such as
steroids, proteins, and peptides, which have great therapeutic potential, but are often limited due
to unsuccessful delivery or shortened circulation times.® A study describing in-vitro sustained
release of dexamethasone (DEX) from PLGA nanoparticles reveals a fast release of 60% in the
first two days, and a 90% release within two weeks.'® These nanoparticles were also embedded in
hydrogel matrices, showing a more extended release, reaching only 80% in three weeks.® While
this study successfully demonstrated in-vitro sustained release, elongated circulation is another
pertinent property in allowing long-term delivery from particles in-vivo.

To increase particle circulation times for long-term release, surface modifications can be
employed. Decorating surfaces with proteins or vascular-targeted ligands have the potential to
localize particles and accumulate at sites of inflammation, extending presence in the body.®
Coating particles with polyethylene glycol (PEG), also known as PEGylation is another way to
increase half-life elimination.” This modification can shield the surface from aggregation,
opsonization, and phagocytosis, and has also been shown to increase residence time through other
routes of administration.” However, the overuse of PEG has also led to the detection of PEG-
specific antibodies, decreasing its therapeutic potential in the drug delivery field.>

Deformability, or elasticity is another major property governing circulation time. The

degree of crosslinking determines a hydrogel particle’s elastic modulus and flexibility, and can be



leveraged to decrease phagocytosis and improve vascular localization and navigation.® A study
analyzing particle elasticity examined nanoparticles ranging from 10 kPa to 3,000 kPa, with the
lower end correlating to more deformable particles and longer circulation times, and vice versa.'!
Results showed that the 10 kPa nanoparticles exhibited a higher persistence in the blood and
reduced cellular uptake in-vivo.'! However, microparticles must have a lower elastic modulus than
these nanoparticles because they run a higher risk of occlusion.

Mammalian blood cells possess elastic properties that allow them to readily pass through
small capillaries, the same of which can be applied to microparticles to overcome the risk of
occlusion. Merkel et al. fabricated hydrogel microparticles to mimic the shape, size, and elasticity
of mouse RBCs, and examined circulation times as a function of deformability.? The
microparticles were 5.2-5.9 um in diameter, with elastic moduli ranging from 7.8 to 63.9 kPa,
while 0.11 — 4.89 kPa is the reported elastic moduli for various spots on RBCs.® 2 Results showed
that the deformable microparticles were able to bypass organs that the stiffer particles were caught
in, leading to longer circulation times.® Although there has been some evidence that microparticles
are quickly phagocytosed in the body, this study revealed that an 8-fold decrease in elastic modulus
correlated to over a 30-fold extension of the elimination half-life. The Mathiowitz and Darling
Laboratories at Brown University created the first microparticles with characteristics that mimic
the size, elasticity, and spherical shape of mammalian cells.!®* These hyper-compliant
microparticles (HCMPs) made from polyacrylamide through inverse emulsion range from 5-40

um and possess tunable mechanical properties from 0.25 — 10 kPa.*3



Methods
Hyper-compliant microparticle fabrication

Cell-like HCMPs with an elastic modulus of 0.25 kPa were fabricated as an inverse bulk
emulsion based on the previously described microparticles created in the Darling and Mathiowitz
Laboratories at Brown University.'® The dispersed, or aqueous phase was created in a 1.7 mL
conical tube, consisting of 4% acrylamide (MilliporeSigma), 0.05% bis-acrylamide (Fisher), 0.1%
initiator, ammonium persulfate (APS) (Fisher BioReagents), and 1% catalyst, TEMED (Fisher)
(116 g/mol). The remaining percentage was filled with DI H»O to equate to 400 pL total in volume.
Contents were vortexed and added to 3-5x volume of the continuous (oil) phase, 1-octadecene
(Sigma-Aldrich) containing 1% Hypermer 1031 (Croda) quickly after mixing in the TEMED to
produce an inverse emulsion. Particles were left for 30 minutes at room temperature to ensure
crosslinking. Emulsion was centrifuged at ~10,000 rcf for two seconds to separate the dispersed
and continuous phase. The top layer (continuous) was removed, and particles were washed three
times with 0.1% triton X-100 solution (Fisher) to remove the oil followed by three DI H20 washes
to remove any remaining triton X-100. Particles were resuspended in 1 mL DI H20. To fabricate
a stiffer, 10 kPa version of the microparticles, acrylamide and bis-acrylamide were increased to
8% and 0.3% of the total volume, respectively. The remaining volume was filled with DI H20.

Ultrasound sonication treatment has been shown to be an important factor in reducing
particulate size.!* To break down large dexamethasone aggregates into small nanocrystals for
entrapment, a sonication technique was used. DEX powder was suspended at ~50 mg/mL (Tokyo
Chemical Industry) in DI H>O containing 0.5% Pluronic F-127 surfactant (Thermo Fisher) to help
facilitate wetting and dispersion of dexamethasone.'® A probe sonicator (Q55, Qsonica) with a

nominal power of 50 W was submerged into the suspension without touching the bottom of the



tube. During sonication, the tube was placed in a beaker of ice water and agitated for 20 minutes
in 45 seconds on, 15 seconds off fashion to avoid overheating. To create DEX-entrapped HCMPs,
the sonicated DEX suspension replaced the full volume of DI H2O in the prepolymer solution.
DEX nanocrystal aggregate size and HCMPs were imaged using simple polarization and
brightfield microscopy with Q-capture imaging software.

The elastic properties of these control and DEX-entrapped HCMPs were investigated
through previously described indentation testing using an MFP-3D-Bio atomic force microscope
(AFM, Asylum Research, Santa Barbara, CA) with a spherically tipped cantilever. * From a DEX-
entrapped HCMP batch, empty microparticles containing no DEX were tested alongside
microparticles with entrapped dexamethasone. An approach velocity of 10 um/s was applied with
a trigger force of 1.5 nN, correlating to a 1-2 um indentation. A force vs. indentation curve was
created to obtain the elastic moduli of both empty and DEX-entrapped HCMPs made by bulk

emulsion.

Cryo-scanning electron microscopy

Investigation of HCMP ultrastructure was performed using a Zeiss Sigma VP field
emission scanning electron microscope (SEM) equipped with a cryogenic chamber and cold stage
(Gatan Alto 2500) at the Rhode Island Consortium of Nanoscience and Nanotechnology at the
University of Rhode Island. In session one, 0.25 and 10 kPa microparticles created via bulk
emulsion were imaged, while sessions two and three imaged microparticles created via droplet
generation described in Dubay, et al.'® Prior to imaging, particles were spun down and resuspended
in 0.5-1 mL DI H2O to create a concentrated suspension. For each sample (soft and stiff), three to

four droplets of the microparticle suspension were pipetted onto a cryo-SEM stub, equally spaced



apart. The stub containing the droplets was quickly submerged into a liquid nitrogen slush to avoid
losing any droplets. The stub was then transferred to the prechamber under vacuum, which was
cooled down to -130°C. Samples were gently fractured using a cold flat-edge knife and sublimed
for three minutes at -100°C. After subliming, the sample was cooled back to -130°C. Imaging was
performed in variable pressure mode (30 Pa) using the backscatter detector (EHT = 10 kV).
Particles were not sputter-coated. Images were taken by first scanning the droplet to locate a field
of particles. Once there was a view of interest, the microparticles were used as a focus for the
microscope to zoom in on. The contrast and amount of light was adjusted to appropriately view
the particles.

Analysis of cryo-SEM images was performed in ImagelJ. To investigate if the sublimation
preparation process changed the size of the particles, the diameter of soft and stiff particles from
session two was calculated in ImageJ, assuming circular shape. Individual pore size diameter for
each formulation was determined by manually tracing pores from a distribution of images from
session two. Microparticles from session three were analyzed for their polymer pore wall thickness
by measuring mean gray value per particle. This was done by setting a black and white threshold
adjusted so that as much of the polymer was showing in white, while still maintaining a black
background. A circle was then drawn around the particle, and the mean gray value was measured,

with a lower limit of 0 (black) and an upper limit of 255 (white).

FITC-dextran size exclusion assay
Fluorescent isothiocyanate (FITC) is often used in permeability assays because it is easily
detected with fluorescence, and varying weights of dextran molecules can be attached to measure

exclusion.'” In this study, FITC-dextran was used to indirectly estimate the effective permeability



of the 0.25 and 10 kPa empty HCMP hydrogel network. FITC-dextran (MilliporeSigma) with
increasing molecular weights (MW) shown in table 1, were dissolved in 1x PBS to achieve a final
concentration of 0.065 mg/mL (molarity = 1.63x10, 2.60x1077, 3.25x10® mol/L for 40, 250, and
2000 kDa, respectively). FITC alone was used as a positive control, diluted to 0.004 mg/mL in 1x
PBS. Low concentrations of FITC were required to stay within the excitation wavelength of the
microscope. To decrease measurement error, a highly concentrated stock solution was first created

before further diluting in 1x PBS.

FITC-dextran size (kDa) | Hydrodynamic Diameter (nm)
0 (FITC control) 0
40 9
250 22
2000 63

Table 1. FITC-dextran sizes corresponding to reported radii (A) were converted to
hydrodynamic diameter in nanometers for better understanding of size.*® Free FITC (no dextran)
was used as a positive control for complete permeation into the microparticles.

Monodispersed, droplet-generated 0.25 and 10 kPa microparticles dyed with pink
rhodamine (Sharpie) were centrifuged and resuspended in the FITC-dextran and free FITC
solutions. Suspensions were equilibrated overnight to ensure complete permeation of FITC-
dextran molecules into the hydrogel mesh. Images were taken on an Olympus FV3000 confocal
microscope using Alexa 488 (green) and Alexa 568 (red) channels to see the emitted wavelength
from FITC and Sharpie die, respectively.

Image processing on 2-4 images containing anywhere from 100-400 microparticles for
every treatment was performed using ImageJ and MATLAB. Image channels were split in ImageJ

to reveal the individual Alexa 488 and Alexa 568 images. The contrast between the particles and



background on the red channel were used as a guide in the MATLAB script for locating the
particles on the green channel, where FITC-dextran exclusion could be observed. A trim radius of
20% was employed and the mean FITC signal intensity within the particle region, up, and the
background, po, was found. To quantify the permeation of FITC-dextran and FITC into the soft
and stiff polyacrylamide microparticles, the fluorescence signal intensity ratio between the

particles and background was calculated, given by up/po.

In-vitro dissolution studies

Dexamethasone-entrapped HCMPs were fabricated and washed as previously described,
and then placed in a 50 mL DI H,O sink. Simultaneously, free dexamethasone of matched
concentration from the same sonicated suspension was placed in another DI H2O sink. Three
experimental replicate pairs were fabricated, each pair consisting of one DEX HCMP sample, and
one matched free DEX sample. A sink containing empty microparticles was used as a control.
After placing samples in the sink, tubes were gently inverted and allowed to settle for 10 minutes
before taking the first time point. Time points were then taken at t = 30, 50, 70, 120, 180, 240
minutes, and once at 24, 48, 72, and 96 hours, inverting after each time point. Aliquots were taken
in triplicate from the top half of the sink to ensure only dissolved DEX was being read. A BioTek
Cytation 3 Cell Imaging Multi-Mode Reader was used to measure UV-Vis at 242 nm (A max) in a
quartz 96-well plate. *° Images of the DEX HCMP particles were taken over the course of the
experiment.

A standard curve of dexamethasone vs. absorbance was created using serial dilutions of
known DEX concentrations, 88, 44, 22, 11, 5.5, 2.75, 1.375, 0.6875 pg/mL. A stock solution of

4.4 mg DEX was dissolved in 50 mL (0.088 mg/mL) of DI H20 (solubility limit = 0.1 mg/mL).*



This solution was then serially diluted by a factor of two in DI H20O to produce the desired
concentrations. Absorbance was measured using UV-Vis on the BioTek Cytation and plotted
against concentration. The standard curve equation was used to calculate the unknown
concentration of DEX in the sink at each time point. Values were then normalized against the
maximum concentration dissolved for each respective DEX HCMP and free DEX replicate and

multiplied by 100. Dissolution profiles of all samples were fit to the Ritger Peppas model:

M¢ _
= kt™ (1)

for 0-96 hours, where ;:—f iIs the fraction of drug released at time t, k is the kinetic constant relating

o)

to structural characteristics, and n is the diffusional exponent used to describe release
mechanisms.?® Average percent dissolution across each time point for DEX HCMP and free DEX
were plotted against time with standard deviations. Entrapment efficiency was found by comparing

maximum dissolution from DEX-entrapped HCMPs to that of free dexamethasone.

Statistical analysis

A two-sample t-test assuming equal variances was performed on the elastic modulus
measurements of 12 empty and 12 DEX-entrapped HCMPs to determine whether any significant
differences (a=0.0001) in elasticity exist. The same statistical analysis was performed on cryo-
SEM images to determine whether there are significant differences in particle size diameter,
individual pore size, and mean gray value between 0.25 kPa and 10 kPa particles. Sample size for
particle size diameter, individual pore size, and mean gray value was 38-42, 56-66, and 10 for both

formulations, respectively. Results are reported as mean +/- standard deviation.



Results
HCMP ultrastructure

Cryo-SEM images revealed that the ultrastructure of soft, 0.25 kPa and stiff, 10 kPa
microparticles featured non-interconnected pores (Fig. 1). Images of large, polydisperse particles
made via bulk emulsion conveyed a broad view of the polymer structure, revealing a difference in
pore wall thickness between soft (Fig. 1A) and stiff (Fig. 1B) particles. Session two images
provided the most accurate representation of the ultrastructure of soft and stiff particles (Fig. 1C
and 1D, respectively). Investigation of the microparticles’ diameter using images from this session
indicated that the 0.25 and 10 kPa particles did not have significantly different diameters (9.30 +/-
0.91 and 9.15 +/- 1.42 um, respectively, p>0.0001) (Fig. 1G). 0.25 kPa particles exhibited
individual pore size diameters that were 36% smaller than 10 kPa particles (1.47 +/- 0.51 pm vs.
2.28 +/- 0.76 pum, respectively, p<0.0001) (Fig. 1H). Mean gray value analysis on images from
session three highlighting the differences in pore wall thickness between soft (Fig. 1E) and stiff
(Fig. 1F) microparticles revealed that the 0.25 kPa particles had 33% less mean gray value area
per particle, correlating to thinner polymer pore walls than 10 kPa particles (60.4 +/- 11.1 vs. 90.7

+/- 14.0, respectively, p<0.0001) (Fig. 11).
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Figure 1. Cryo-SEM on 0.25 kPa and 10 kPa microparticles: Soft, 0.25 kPa (A) and stiff, 10
kPa (B) large, polydisperse microparticles revealed a broad view of the porous polymer
structure. Representation of the true ultrastructure of monodisperse soft (C) and stiff (D)
microparticles on the internal face of a fractured droplet. Differences in polymer pore wall
thickness highlighted between soft (E) and stiff (F) particles in images from session three.
HCMP diameter remained similar in both particles after cryogenic preparation (G). 0.25 kPa
particles possessed pore size diameters that were significantly smaller than those of 10 kPa
particles (H). Significantly lower mean gray values, correlating to thinner polymer walls were
exhibited in 0.25 kPa HCMPs (1). All error bars represent standard deviation.

FITC-dextran size exclusion assay
Images revealed an exclusion of FITC-dextrans from permeating through the polymer
mesh based on molecular weight (Fig. 2B and 2C). FITC alone (no attached dextran) acted as a

positive control for complete permeation into microparticles, making them the same color as the

11



background. Image processing of the Alexa 488 channel indicated that the 0.25 kPa particles’
maximum effective permeability was 22 nm, while the permeability of the 10 kPa particles was
~60% smaller, at 9 nm (Fig. 2A).

A) FITC-dextran permeation into 0.25 kPa and
10 kPa microparticles by molecule size
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| |
| [ 40 SOi
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0 (FITC control) 40 kDa 250 kDa 2000 kDa
=)

0.25 kPa

10 kPa

Figure 2. Size exclusion assay of HCMPs: Analysis revealed the maximum effective
permeability of 0.25 kPa microparticles was more than double that of the 10 kPa microparticles
(A). Alexa 568 channel (top right) was used as a guide in the MATLAB code to locate particles
in the Alexa 488 channel, which was subsequently used to analyze FITC-dextran permeation (B
and C). Error bars represent standard deviation.
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Dexamethasone entrapment into HCMPs

Sonicating dexamethasone for 20 minutes broke down large aggregates (Fig. 3A) into
much smaller crystals (Fig. 3B), allowing for entrapment into microparticles. Polarized light
microscopy (PLM) was used after entrapment to confirm the presence of crystalline
dexamethasone structure inside the amorphous polymer structure (Fig. 3C and 3D). Elasticity
testing on the bulk emulsion HCMPs using the AFM revealed that there was no statistical
difference in the elastic modulus of empty HCMPs and DEX-entrapped HCMPs (0.23 +/- 0.09
kPa, 0.27 +/- 0.04 kPa, respectively, p>0.0001).

Figure 3. Sonicated DEX-
entrapped HCMPs: Images

. taken before (A) and after (B)
sonication revealed broken down
aggregates into small crystals.
Brightfield microscopy (C)
showed DEX-entrapped HCMPs,
while PLM confirmed crystalline
structure was present inside the
amorphous polymer structure

(D).

Dissolution studies of entrapped vs. free dexamethasone
At 24 hours, both DEX HCMPs and free DEX had dissolved ~100% of loaded drug into
the sink, but free DEX exhibited a slightly faster dissolution within this time frame (Fig. 4A). DEX

HCMP and free DEX dissolution was plotted with an overlaying curve fit to the Ritger Peppas

model, Il:—t = kt™ (Eq. 1). The release profile fit the model with R? values ranging from 0.89-0.99.

13



From 0-96 hours, the DEX HCMP and free DEX fit revealed diffusional exponent describing
release mechanisms, n = ~0.05 and ~0.02, while the kinetic constant relating to structural
characteristics, k was 83.6 +/- 3.21, and 93.5 +/- 0.70, respectively. 2° Images of microparticles
before and after dissolution revealed that all the DEX had dissolved out of the microparticles by
the end of the study (Fig. 4B and 4C).

A) Dissolution profile of entrapped vs. free dexamethasone
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Figure 4. Dissolution profile of entrapped vs. free dexamethasone over 96 hours: Free DEX
exhibited slightly faster dissolution compared to DEX HCMPs within the first 4 hours, but both
profiles had n values below 0.5 (A). Images from before (B) and after (C) dissolution revealed
that all the DEX had been dissolved into the sink.
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Discussion and Conclusions

The goal of this study was to characterize the ultra and nanostructure of soft, 0.25 kPa and
stiff, 10 kPa microparticles, while also entrapping dexamethasone into the soft HCMPs and
comparing dissolution rates to that of free, non-entrapped drug. Results revealed that
microparticles featured non-interconnected pores, with the soft HCMPs exhibiting significantly
smaller pore size diameters and thinner polymer pore walls than the stiff microparticles. Maximum
effective permeability was on the nanoscale for both formulations, but the permeability of the soft
HCMPs was more than double that of stiff microparticles. Lastly, sonicating dexamethasone
decreased the size of DEX aggregates, which allowed more even distribution inside the HCMPs.
The inclusion of these small DEX crystals had no effect on the structure or stiffness of the
microparticles, and the dissolution profile for free DEX was only slightly faster than entrapped
DEX within the first four hours.

Cryo-SEM is an excellent method for viewing the general pore structure and polymer
walls, but the harsh and inconsistent preparation techniques bring variability to the size and
morphology of the samples.?! The fracturing of the droplet and temperature consistency during
imaging are both handled manually, leading to heterogeneous images obtained between each
session. Session two provided the most accurate representation of the HCMP ultrastructure, as it
revealed the full microparticle diameter as well as the internal pore size diameters (Fig. 1C and 1
D). These images showed a decrease in the diameter of both 0.25 kPa and 10 kPa particles from
12 to 9 um, and because the pores are non-interconnected, we can assume that the pore size
decreased to a similar proportion. It has been shown that pore size and number of pores is affected
by the degree of crosslinker, with a higher concentration correlating to larger pores, and a smaller

distribution.?? Stiff particles were formulated using a higher concentration of crosslinker, resulting

15



in larger pores (Fig. 1H). Because microparticle diameters between the samples were not
significantly different, and the 10 kPa particles had larger pore size diameters, we can also assume
a fewer number of pores in the stiff particles. It is important to note at the particles from session
one (Fig. 1A and 1B) cannot be analyzed for their diameter or pore size diameter because they are
not monodispersed. Images from session three (Fig. 1E and 1F) also cannot be used for this
analysis because only partial pore structure is visible.

Increasing crosslinker concentration increases the elastic modulus up until an inflection
point, when the highly crosslinked areas can increase heterogeneity, and decrease elastic
modulus.? After this point, the relationship between crosslinker concentration and elastic modulus
becomes unclear. This point has previously been identified for polyacrylamide hydrogels
consisting of 10-20% acrylamide, and 0.25-11% bis-acrylamide.?® The acrylamide and bis-
acrylamide composition used in this work was well below the reported inflection point, so we can
assume a well-defined relationship. Although images from session three revealed only partial pore
structure, there is a clear increase in pore wall thickness in the stiff microparticles (Fig. 1F), the
same of which can be observed in the stiff polydisperse sample (Fig. 1B). We hypothesize that the
thickness of these polymer pore walls is the presiding factor determining microparticle stiffness.
Because the pores of these HCMPs are non-interconnected, fluid would encounter more resistance
traveling from pore-to-pore as it flows through the 10 kPa microparticles, which have thicker
polymer sheets, therefore increasing the effective elastic modulus.

One of the most important features of these microparticles is their non-interconnected
pores, most closely resembling a honeycomb structure. There are three common types of reported
hydrogel structures; honeycomb (HC), in which polymer walls are formed by non-interconnected

sections parallel to each other throughout the depth of the hydrogel, fibrillar networks (FN),
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consisting of completely interconnected pores, and broken interconnected films (BIF), which are
partially connected by filaments.?* Because the FN and BIF pore structure feature either partial or
full connection from pore-to-pore, the HCMPs fabricated in this study most closely identify with
the HC structure, best seen in Fig. 1A and 1B. This feature is important for entrapment and
dissolution because drug release into the surrounding environment depends on its diffusion
through the polymer mesh. This indicates that the minimum size of DEX nanocrystals required for
entrapment is defined by the effective permeability of the polymer mesh. Microparticles with
higher crosslinking densities, such as the stiff HCMPs will exhibit a decrease in effective
permeability, or in turn, an increase the size selectivity.?> DEX nanocrystals would need to be 22
nm or above to remain entrapped in the monodisperse soft HCMPs because the mesh excluded the
250 kDa (22 nm) FITC-dextrans (Fig. 2A). This is more than double the effective permeability of
the stiff particles, meaning the nanocrystals would need to be larger to remain entrapped in the
softer particles. Any crystals smaller than this size would likely be lost during the washing process,
decreasing encapsulation efficiency. It should be noted that the dextran used in this study may
have some heterogeneity in size, so what appears as fractional permeation of 40 kDa FITC-dextran
into 0.25 kPa microparticles, was considered to be full permeation when interpreting the data. Most
likely, the actual effective permeability of the polymer mesh lies between 9 and 22 nm, which
reflects the resolution limit of the dextran molecular weights used in the experiment.

Effective permeability of the polymer mesh, as well as the drug’s physical and chemical
characteristics are some of the properties determining the rate of release. An increase in
permeability, as seen in the soft microparticles may contribute to an increase in the drug release
rate by dissolution.?® Although the dexamethasone was sonicated, we still see proof of some

aggregation in microparticles due to hydrophobicity of the drug (Fig. 3D). Even so, the aggregates
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within the microparticles may still be smaller than those in the free DEX sink because they can
only be as large as the size of the pore in which they are entrapped. The amount of aggregation
will affect the surface area to volume ratio, which directly correlates to the drug release rate.?’ This

ratio is described in equation 2:

l
=2 L) e

where A’:’—t is the release rate, SA is the drug surface area, Vol is the drug volume, and Des is the

drug diffusion coefficient.?” As dexamethasone aggregates become larger in the microparticles or
at the bottom of the sink, the surface area to volume ratio decreases, slowing down the dissolution
rate. Therefore, the dissolution rate may be adjusted by tuning the size of the entrapped drug
crystal.

Drug release is typically defined by polymer erosion, diffusion through a swollen matrix,
or release from the surface of the particles.?® Most often, however, drug release is governed by
more than one of these mechanisms.?° Ritger Peppas (Eq. 1) is a popular kinetic model that has
often been used to describe drug release through Fickian and anomalous diffusion. This model,
My

= kt™ indicates that when n = 0.5, the process is Fickian diffusion, 0.5 < n < 1 represents

[ce]

anomalous non-Fickian solute diffusion, and n = 1 is zero order case 1l transport.22 However, these
values are dependent on the nature of the polymer and study. For example, in polydisperse samples,
these values change to n = 0.43 instead of 0.5, and 0.85 instead of 1.2° The n value for DEX HCMP
and free DEX dissolution are both below 0.43, suggesting quasi-Fickian diffusion through the
swollen polyacrylamide matrix of the HCMPs.2® The rate of diffusion is largely affected by the
chemical structure of the hydrogel, specifically the swelling ratio.?® Hydrogels possessing higher
initial swelling ratios will quickly release the drug, as the pores immediately fill with water.?®
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Because the soft microparticles used in this study were made of > 99% water, Q will be very high,
contributing to the quick release observed.

Kinetic constant, k in Eq.1 which was higher for free DEX than DEX-entrapped HCMPs,
depends largely on the geometric and structural characteristics of the system.?° The higher kinetics
in free DEX is observed mainly in the first four hours before both curves reach a plateau (Fig 4A).
We hypothesize that this very slight delay in release from the HCMPs occurs because the drug
needs to pass through the polymer sheets making up the pore walls and the microparticle surface.
This, in combination with the potential presence of a temporary “cloud” of higher concentration
of DEX in the HCMP pores diminishes the concentration gradient from one pore to the next. As
soon as the DEX diffuses through this gradient, it should release into the sink at the same rate as
the free DEX. While it is important to acknowledge that the free DEX dissolution does slightly
differ from the entrapped DEX, the discrepancies are so minor that they may be considered
negligible in the full dissolution profile. In addition, if the difference is indeed due to a temporary
concentration of DEX in the outer ring of internal pores, this would be cleared in-vivo due to
continuous flow of the microparticles.

This work is the first to demonstrate release characteristics of dexamethasone nanocrystals
from an extremely soft, cell-like carrier. However, it should be noted that the microparticles were
fabricated in a bulk-emulsion, leading to large, polydisperse samples not viable for in-vivo
delivery. Future steps include making smaller, 10 um monodisperse particles, which can be
fabricated with droplet generation like the those used in cryo-SEM and the size exclusion assay.
To entrap a drug like DEX into 10 um particles, it would need to be broken up into even smaller
crystals to avoid disrupting the elastic modulus or structure. This may be achieved by sonicating

more extensively and filtering any crystals larger than 1-2 um in diameter before loading into the
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microparticles. More repetitions of cryo-SEM on soft and stiff particles should also be performed
to gain a better understanding of how the ultrastructure influences elastic modulus.

Although all of the drug was released in the first 24 hours, these microparticles still have
potential therapeutic use for long-term, sustained drug release. Because we know that entrapping
a nano-sized substrate would not disrupt the structure or elasticity of these microparticles, future
studies should focus on entrapping the drug into biodegradable polymer nanoparticles for
controlled, long-term release, and then entrapping the nanoparticles themselves into HCMPs. We
also observed no hindrance in release of DEX from the microparticles, meaning the drug release
would only be controlled by the nanoparticle’s mechanism. The HCMPs would act more as a
carrier to avoid phagocytosis, as they mimic the shape, size, and elasticity of living mammalian

cells.
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