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Abstract of Optimizing Lyophilization Techniques for Enhanced Stability and Functionality
of Hyper-Compliant Microparticles, by Stephanie Calderon, ScM, Brown University, May
2025.

Microparticles have been researched for their use as a drug delivery system due to
their non-toxicity and flexibility. Recently, advancements have been made to formulate
microparticles with the elasticity and size of mammalian cells, allowing for a wider breadth
of use. The goal of this study was to evaluate different lyophilization techniques and how
they would affect the size and remaining count of hyper-compliant microparticles. We also
observed how lyophilization would affect the drug release profile of a double encapsulated
hyper-compliant microparticle with curcumin inside. All formulated microparticles were
visualized using microscopy and measured using ImageJ. Aliquots from H20O sinks were
taken at predetermined time points and analyzed over 96-192 hours for drug concentration.
Regardless of freezing method, it was found that hyper-compliant microparticles post-
lyophilization were always smaller than the control, and a significant loss of microparticles
was also associated with lyophilization. With the addition of a surfactant, and sugar,
lyophilization did not have a significant effect on size, but less microparticles were still
counted. Lyophilized double encapsulated microparticles were found to have a slightly
faster dissolution than non-lyophilized double encapsulated microparticles. However, even
by the end of the 192 hours, not all the drug had been release. It was also found that
lyophilization changes the drug release profile of the microparticle from zero order
transport to Fickian diffusion. These findings show that lyophilization of hyper compliant
microparticles can be done in a way that preserves the size of the microparticles without
changing their mechanical properties significantly. Furthermore, it shows that double

encapsulated microparticles may be a viable system as a microcarrier.



Introduction
Drug Delivery Systems

As the field of medicine advances, the complexity of therapeutic agents has grown
significantly. Modern treatments increasingly rely on biologics, such as proteins and
peptides, which offer targeted and highly specific mechanisms of action. The administration
of medication, however, faces a self-made roadblock with the proteins/peptides that the
drug is made of. The delivery of certain proteins may be impeded by their hydrophilic or
hydrophobic nature, protein structure, or how they interact with the body.! Many
therapeutic peptides also have very short in-vivo half-lives (t2 2 - 30 minutes) because of
enzymatic degradation and fast renal clearance.? This results in poor bioavailability and in
order to obtain the necessary therapeutic effect, higher doses or more frequent
administration is given which increases the risk of adverse effects.! As such researchers
developed a variety of drug delivery systems (DDSs) to address this issue of drugs being
delivered to the wrong site or at the incorrect dosage. Drug delivery systems are
formulations or devices that allow the introduction of a drug into the body and streamline
the delivery to the target site.> Drug delivery systems can be advantageous for the treatment
of patients via a variety of ways including: controlled release of drug or peptides, precise
targeting of the damaged/diseased tissue, enhancing protein solubility, sustained release

instead of burst release to avoid side effects, and improve distribution of protein/peptides in




the body.> Drug delivery systems are also capable of decreasing the rate of drug clearance
from the body, such that lower concentrations of the drug can be given, decreasing the
chances of an overdose.! Lower concentrations would also be useful for certain drugs that
are difficult to synthesize, purify or become toxic at higher doses. Treatment duration
would also be lengthened, decreasing treatment frequency which would increase patient
compliance.* In addition, the DDSs must be able to bind the therapeutic protein/peptide in a
fashion that does not affect its bioactivity but hold it sufficiently until the DDS reaches its
site of action and releases the protein/peptide in a controlled, sustained manner. In this
instance, DDSs formulated with bio-compatible and biodegradable materials would
certainly be advantageous to minimize any adverse host response to the DDSs.! Using drug
delivery systems has been shown to drastically improve patient outcomes via reducing
toxicity, being able to bypass certain bodily barriers such as the blood brain barrier,
enhancing therapy efficacy, and increasing patient compliance.’ There are a variety of novel
DDSs that have been developed over the years, with one of the most well-known being

microparticles.
Microparticles

Microparticles are micrometer-sized particles that are made from synthetic or
natural biomaterials.® Microparticles come in a variety of structures, depending on their use
and intended drug release profile. They can be a single, double or even multi-shelled
hollow microparticle that surrounds the drug-filled core, or a matrix system, where the drug

is dispersed throughout the polymer.” Their small size enables administration via inhalers or



needles, which is advantageous for the non-intrusive delivery of drugs.® Microparticles also
fit various drug release methods, such as osmosis, or dissolution depending on the drug’s
and the polymer’s properties.” Micro encapsulation as a drug delivery system provides
solutions to the issues that arise in hospital settings that lead to adverse events. They protect
the encapsulated drug against degradation, are made from safe and biodegradable materials
for a low risk of toxicity and can accurately control the release rate of the incorporated
drug.’ Additionally, they have flexible dosage and drug combinations and as such, may be

used with a variety of drug regimens.

However, while microparticles have great therapeutic potential, they are far from
perfect. Microparticles are especially limited due to their rapid circulation times in the
human body, which can often lead to unsuccessful delivery of the therapeutic agent to the
correct site.! Furthermore, due to the stiffness of their outer shells, which is higher than that
of mammalian cells, microparticles have a real risk of blocking blood flow.'? Unlike
microparticles or microbeads, mammalian cells have 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 blockage.!! In collaboration, the Darling and Mathiowitz Laboratories
at Brown University formulated the first microparticles with similar properties to that of
mammalian cells.'? These particles were deemed hyper-compliant microparticles (HCMPs)
and can mimic the elasticity (0.1-5 kPa), size and shape of the softer mammalian
cells.!? HCMPs are made from polyacrylamide through inverse emulsion, and their elastic

properties can be tuned from 0.25 - 10 kPa.'2
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Lyophilization

The industry standard for storage is to lyophilize micro and nanoparticles, but this is
the case for microbeads that have a stiffer outer shell compared to HCMPs. Additionally,
lyophilization has been found to cause stress to nanoparticles, decreasing the stability of these
particles.!®* Freeze-drying is also known to cause several stresses leading to physical
instability, such as aggregation, fusion, or leakage.'* Although it has been found that addition
of sugars such as glucose, aids in the prevention of stress that leads to physical instability

that is commonly seen.

This study was inspired by previous work which investigated the drug dissolution
properties and rates of hyper-compliant microparticles loaded with dexamethasone. Sowers
found that HCMPs loaded with dexamethasone released all of the drug within 24 hours due
to their high swelling ratio that causes their pores to quickly fill with water and release the
drug.!® Sowers proposed for future studies to entrap drug into nanoparticles and then
encapsulate those nanoparticles into HCMPs for long-term release. In this manner, the
HCMPs would act as a carrier, and drug release would mainly be affected by the properties
of the microparticle that is encapsulated within itself. This study will expand upon this idea
posed by Sowers’ work, studying the drug release mechanisms of a microparticle
encapsulated in HCMPs, as well as researching the effects of lyophilization in HCMPs. Due
to hyper-compliant microparticles being a novel type of particle, lyophilization in these
particles has not been adequately investigated. This is crucial information that is missing, as

it would be ideal to store HCMPs for long-term use. This would allow manufacturers to
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produce drug-loaded HCMPs in large quantities and store them for months or potentially
years at a time. In this way, thousands of HCMPs can be used once rehydrated. This would
save both time and money, as it would be cheaper and faster to produce and store large

batches rather than make them as needed.

The aim of this study is to both evaluate how different lyophilization techniques affect
hyper-compliant microparticles’ properties, and double-encapsulating HCMPs to observe

how lyophilization affects drug dissolution rates.

Methods

Hyper-compliant microparticle formation

The aqueous, or dispersed phase was created in a 1.7 mL conical tube that consisted
of 2% bis-acrylamide (Bio-Rad), 4% acrylamide (Bio-Rad), 8% dye (Sharpie), 0.1% initiator
which was ammonium persulfate (APS) and 1% catalyst, TEMED (Fisher) (116g/mol). The
rest of the aqueous phase was DI H20 which was added until the dispersed phase equated to
400uL in volume. After TEMED was added to the dispersed phase, it was vortexed and
quickly added to 3-5x volume of the oil, or continuous phase, which consisted of 1%
Hypermer 1031 (Croda). Particles were then left for 45 minutes to an hour at room
temperature in the dark to ensure cross-linking and particle formation. After this time,
contents were centrifuged at 15,000 rpm (Eppendorf 5418 Benchtop Microcentrifuge Fixed
Angle Rotor) for 10 seconds to separate the continuous and dispersed phase. The continuous
layer on top was removed, and particles were washed three times with a 0.1% triton X-100

solution followed by three DI H20 washes. After washing, particles were resuspended in
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ImL DI H20 and stored at room temperature in the dark. The particles made via this method

had an elasticity of 4 kPa.

In order to make stiffer (10 kPa) microparticles, the percentage of acrylamide was
increased to 8% and bisacrylamide was increased to 0.3% of the total volume of the dispersed
phase. The percentage of the remaining reagents were unchanged, and methodology is as
described above. Additionally, for experiments with the addition of sucrose or triton, prior to
lyophilization either 1% triton x-100 or 1% sucrose was added to the particles suspended in

ImL H20.

Double-encapsulated hyper-compliant microparticle formulation

1-2 um curcumin-encapsulated PLGA microparticles were obtained from the
Mathiowitz lab. These microparticles were encapsulated in our hyper-compliant
microparticles utilizing similar methodology as described above. In order to make these
double-encapsulated microparticles, the dispersed phase was created in a 1.7 mL conical tube
with 4% acrylamide (Bio-Rad), 0.08% bis-acrylamide (Bio-Rad), 0.1% ammonium
persulfate, 1% TEMED, and 0.37% curcumin-encapsulated PLGA microparticles. Similar to
HCMPs, the rest of the dispersed phase was DI H20 until the dispersed phase was 400ul and

methodology is as described above.

Lyophilization Process

Prior to lyophilization, particles were frozen using two different methods for separate
experiments. The first method was flash-freezing via submergence in liquid nitrogen for 15

seconds. The second method was slowly freezing overnight in a Mr. Frosty Freezing
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Container (Nalgene) with 100% isopropyl alcohol. Regardless of the freezing method,
particles were vortexed briefly before freezing and frozen particles were put in the lyophilizer
and sealed. Lyophilizer settings were 84 mT and temperature was kept at -51° C. Particles
were left overnight and removed from the lyophilizer the following day. After lyophilization,
particles were either stored at room temperature or in a -20° C freezer for seven days. At the
end of this time period, particles were resuspended in ImL DI H20 and stored at room
temperature for at least 72 hours to ensure proper rehydration of the microparticles. Imaging
was done by using a microscope, and particle counting was conducted after this time using a

hemocytometer.

Imaging

After complete rehydration, particles were vortexed briefly before imaging. For each
sample, 50ul of the HCMPs suspension was pipetted onto a glass slide with a cover slip
gently placed over as to cause minimal disturbance to the HCMPs. Imaging was performed
with a microscope at either 10x or 4x magnification. Once there was a view of interest, the
HCMPs were used as a focus for the microscope to zoom in on. The amount of light was
adjusted to appropriately view the particles. At least 50 pictures were taken of each sample
and analysis of all images were done in ImagelJ. To investigate if lyophilization changes the
size of the particles, the size of the particles was calculated in ImageJ. This was done by
calibrating the scale bar in ImageJ based on the pixels/um for each camera and different

magnification settings.
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In-vitro dissolution studies

Double curcumin-encapsulated microparticles were produced, washed, and
lyophilized as described previously, and then placed in a 50mL H2O sink. Simultaneously,
curcumin-encapsulated PLGA microparticles of matched concentration were placed in
another H20 sink. 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 minutes, and every 24 hours until 96 hours,
and 192 hours for lyophilized and non-lyophilized samples, respectively. Aliquots were taken
in triplicate from the top half of the sink to ensure only dissolved curcumin was being read
and placed in a quartz 96 well plate. A BioTek Cytation 3 Cell Imaging Multi-Mode Reader

was used to measure UV-Vis at 300 nm.

A standard curve of curcumin v.s absorbance was calculated using serial dilutions of
known curcumin concentrations. A stock solution of 14 mg was dissolved in a 50:50 ethanol
and H20 solution in 50mL (0.28 mg/mL) (solubility limit = 10 mg/mL).!® A mixture of
ethanol and H20 was used due to the fact that curcumin has extremely low solubility in water
(solubility limit = 0.6 pg/mL).!” Curcumin's poor solubility in water necessitates the use of

an ethanol-water mixture to achieve concentrations suitable for analysis.

This solution was serially diluted by two to produce the following concentrations:
0.28, 0.14, 0.07, 0.035, 0.0175, 0.00875 mg/mL. Absorbance was measured using UV-Vis at
300 nm on the BioTek Cytation machine and plotted against concentration. Using this, the

subsequent standard curve equation was used to calculate the unknown concentration of
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curcumin in the sink at each time point. Dissolution profiles of all sample groups were fit to

the Korsmeyer-Peppas model:

M/ Moo=k (1)

or the Peppas-Sahlin model:

Mt/ Mo =k " + k2 " (2)

Where M; / M« is the fraction of drug released at time ¢, & is the kinetic constant, and n is the

diffusional exponent, used to describe the type of release mechanism.'® Average dissolution
for each time point for control microparticles and double encapsulated HCMPs were plotted

against time with their respective standard deviations.
Statistical analysis

A one-way ANOVA, followed by a post-hoc test: the Dunnett’s test, was performed
on the size and count measurements on the formulated HCMPs to determine whether any
significant changes occurred post-lyophilization. The same statistical analysis was done on
the double-encapsulated HCMPs to determine if there were any significant differences in %

drug dissolution between the lyophilized and non-lyophilized groups.
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Results
Liquid Nitrogen

An estimated average of 200,000 non-lyophilized control particles per mL were
counted at the end of the flash-freezing experiment. Post-lyophilization, an average of 84,000
particles per mL were counted for the freezer group. For the room temperature group, an
average of 91,000 particles per mL were counted. All samples, including controls, were
initially flash-frozen using liquid nitrogen. Across all experimental conditions,
approximately 600 particles were imaged via microscopy and analyzed using Image]

software.

Analysis revealed that lyophilized particles were significantly smaller in area
compared to their non-lyophilized counterparts, regardless of storage condition (one-way
ANOVA: F(2, 295) = 13.1, Dunnett’s post hoc test: P < 0.05; Fig. 1a). Furthermore, both
lyophilized groups demonstrated a significant reduction in particle count compared to the
non-lyophilized control group (one-way ANOVA: F(2, 7) = 6.9, Dunnett’s post hoc test: P <
0.05; Fig. 1b). Specifically, the room temperature-stored samples had an approximate 57%

reduction in particle count, while those stored in the freezer showed a 54% reduction.
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Figure 1. Comparison of area and counts between non-lyophilized and lyophilized HCMPs frozen using liquid
nitrogen. Bar graph displaying the average areas and counts of non-lyophilized and lyophilized samples with their
respective standard deviations. Non-lyophilized samples are considered the control group and are displayed in black.
Lyophilized samples include the samples stored at room temperature in green, and samples stored in a -20° C freezer in
blue. Significantly smaller particles were found in both groups of lyophilized samples (A). Significant loss in particle
count was found in both groups of lyophilized samples (B).

Mr. Frosty Freezing Container

An estimated average of 138,000 non-lyophilized, control particles per mL were
counted at the end of the Mr. Frosty freezing container experiment. Post-lyophilization, an
average of 65,000 particles per mL were counted for the freezer group. For the room
temperature group, an average of 76,000 particles per mL were counted. All samples,
including controls, were frozen using the Mr. Frosty container. A total of approximately 110

particles across all groups were imaged using microscopy and analyzed using ImageJ

software.

Both groups of lyophilized particles were found to be significantly smaller in area
compared to the non-lyophilized control group (one-way ANOVA: F(2, 84) = 13.65;
Dunnett’s post hoc test: P < 0.05; Fig. 2a). Moreover, lyophilization led to a significant

reduction in particle count relative to the control (one-way ANOVA: F(2, 5) = 41.48;
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Dunnett’s test: P < 0.05; Fig. 2b). Samples stored at room temperature had a 53% reduction

in particle count, while those stored in the freezer showed a 45% reduction.
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Figure 2. Comparison of area and count between non-lyophilized and lyophilized HCMPs frozen using Mr. Frosty
Freezing Container. Bar graph displaying the average areas and counts of non-lyophilized and lyophilized samples with
their respective standard deviations as error bars. Non-lyophilized samples are considered the control group and are
displayed in black. Lyophilized samples include the samples stored at room temperature in green, and samples stored in a
-20 ° C freezer in blue. Significantly smaller particles were found in both groups of lyophilized samples (A). Significant
loss in particle count was found in both groups of lyophilized samples (B).

Triton Inclusion

An estimated average of 256,000 non-lyophilized, control particles per mL were
counted at the end of the triton experiment. In comparison, lyophilized samples had
reduced counts, with an average of 132,000 particles per mL for the freezer-stored group
and 143,000 particles per mL for the room temperature-stored group. Prior to freezing, 1%

Triton was added to all samples, which were subsequently frozen using a Mr. Frosty

freezing container.

No statistically significant differences in particle area were observed between the

control and lyophilized groups (one-way ANOVA: F(2, 147) = 1.004; Dunnett’s test: P >

19



0.05; Fig. 3a). Despite this, lyophilized samples still had a significant reduction in particle
count compared to the non-lyophilized control (one-way ANOVA: F(2, 3) = 32.14;
Dunnett’s test: P < 0.05; Fig. 3b). The room temperature-stored samples demonstrated a

44% reduction, while the freezer-stored samples showed a 48% reduction in particle count.
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Figure 3. Comparison of area and counts between non-lyophilized and lyophilized HCMPs frozen with 1% triton
added. Bar graph displaying the average areas and counts of non-lyophilized and lyophilized samples with their
respective standard deviations. Non-lyophilized samples are considered the control group and are displayed in black.
Lyophilized samples include the samples stored at room temperature in green, and samples stored in a -20 ° C freezer in
blue. Both lyophilized sample groups had 1% triton added prior to lyophilization, which resulted in similar areas between
control and experimental groups (A). Significant loss in particle count was still found in both groups of lyophilized
samples (B).

Sucrose Inclusion

At the conclusion of the sucrose experiment, the non-lyophilized control group had
an average particle concentration of approximately 218,000 particles per mL. Post-
lyophilization, an average of 195,000 particles per mL were counted for the freezer group.

For the room temperature group, an average of 161,000 particles per mL were counted.
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Prior to freezing, 1% sucrose was added to all samples, which were then frozen using a Mr.
Frosty freezing container. An estimated total of 220 particles across all groups were imaged

using microscopy and subsequently analyzed with ImageJ software.

No statistically significant differences in particle area were observed between the
control and lyophilized groups (one-way ANOVA: F(2, 189) = 1.330; Dunnett’s test: P >
0.05; Fig. 4a). However, lyophilization still resulted in a significant reduction in particle
count compared to the control group (one-way ANOVA: F(2, 3) = 200.7; Dunnett’s test: P
< 0.05; Fig. 4b). Room temperature-stored samples showed a 26% reduction in particle

count, while freezer-stored samples showed a 23% reduction.
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Figure 4. Comparison of area and counts between non-lyophilized and lyophilized HCMPs frozen with 1% sucrose
added. Bar graph displaying the average areas and counts of non-lyophilized and lyophilized samples with their
respective standard deviations. Non-lyophilized samples are considered the control group and are displayed in black.
Lyophilized samples include the samples stored at room temperature in green, and samples stored in a -20 ° C freezer in
blue. Both lyophilized sample groups had 1% sucrose added prior to lyophilization, which resulted in similar areas
between control and experimental groups (A). Significant loss in particle count was still found in both groups of

lyophilized samples (B).
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Stiffer (10 kPa) HCMPs

At the end of the experiment, the non-lyophilized 10 kPa particle group had an
average concentration of approximately 218,000 particles per mL. Following
lyophilization, particle concentrations decreased to 195,000 particles per mL for the
freezer-stored group and 161,000 particles per mL for the room temperature-stored group.
Across all groups, an estimated total of 220 particles were imaged using microscopy and

analyzed with ImageJ software.

No statistically significant differences in particle area were observed between the
control and lyophilized groups (one-way ANOVA: F(2, 215) = 0.6430; Dunnett’s test: P >
0.05; Fig. 5a). However, lyophilization resulted in a significant reduction in particle count
compared to the non-lyophilized control (one-way ANOVA: F(2, 4) = 57.81; Dunnett’s test:
P <0.05; Fig. 5b). Both the room temperature and freezer-stored samples had an

approximate 30% reduction in particle count.
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Figure 5. Comparison of particle area and counts between non-lyophilized and lyophilized 10 kPa HCMPs. Bar
graph displaying the average area and particles/mL of non-lyophilized and lyophilized samples with their respective
standard deviations as error bars. Non-lyophilized samples are considered the control group and are displayed in black.
Lyophilized samples include the samples stored at room temperature in green, and samples stored in a -20 ° C freezer in
blue. No differences observed in area between groups (A). Significantly lower counts of particles were found in both
groups of lyophilized samples compared to the non-lyophilized control group (B).
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Drug Dissolution

At 24 hours, the curcumin-encapsulated PLGA microparticles had dissolved
~100% of loaded drug into the sink, but double curcumin-encapsulated microparticles did
not dissolve completely throughout the entire duration of the experiment regardless of
lyophilization status (Fig. 6). Non-lyophilized samples were observed and measured for
192 hours, whereas lyophilized samples were measured for up to 96 hours. This difference
was due to both time constraints and procedural differences: non-lyophilized samples were
introduced to the H20 sink immediately, and thus samples could be taken immediately,
while lyophilized samples required an additional four days for processing and storage
before being introduced to the H20 sink. Among the double-encapsulated HCMPs, both
groups had significantly greater percent dissolution than their non-lyophilized counterparts
at all time points, with the exception of the 48-hour mark (one-way ANOVA: F(3, 16) =

228, Dunnett’s post hoc test: P < 0.05; Fig. 6).
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Figure 6. Dissolution profile of double curcumin-encapsulated HCMPs, non-lyophilized vs. lyophilized over 96-192
hours. PLGA microparticles served as the control and exhibited ~100% dissolution in the first 24 hours. At the end of the
experiment, both non-lyophilized and lyophilized sample groups did not reach 50% dissolution.
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The release kinetics of the control PLGA microparticles were modeled using the

Korsmeyer—Peppas equation, M¢/ M= kf". The model showed an excellent fit to the

experimental data, with an R? value of 0.99, a diffusional exponent of » = 0.02, and a

kinetic constant of 0.87. All the double encapsulated HCMPs sample groups were plotted

instead to fit the Peppas-Sahlin model, Mt/ M« = k1 " + k2 1°™.

The release profiles for the groups fit the model with a range for the R? values from
0.89 — 0.95, indicating good fit with the model. For the non-lyophilized double-
encapsulated HCMPs, the release exponent was m = 1.0, with a diffusion constant of k1 =
0.00045, and a swelling rate constant of k> = 0.00000191. The double encapsulated
lyophilized sample stored at room temperature, the release exponent was m = 0.23, with a
diffusion constant of k1 = 0.05 and a swelling constant of k> = 0.01. Finally, for the double
encapsulated lyophilized sample stored in the freezer, the release exponent was m = 0.25,

with a diffusion constant of k&1 =0.015 and a swelling constant of k&, = 0.001.
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Discussion

The goal of this study was two-fold: to evaluate how different lyophilization
techniques affect certain properties of hyper-compliant microparticles, and double
encapsulating curcumin into HCMPs and comparing dissolution rates for lyophilized and
non-lyophilized samples. Results demonstrated that regardless of freezing method, whether
flash freezing via liquid nitrogen or slowly freezing overnight utilizing a Mr. Frosty
freezing container, lyophilization significantly contorts and destroys the HCMPs. This is
consistent with literature that outlines how lyophilization causes significant physical stress
on microparticles, affecting their size and shape.!® Due to HCMPs being softer than other
microparticles, it stands to reason that they would be more affected by lyophilization.
Additionally, HCMPs are mostly made of water, making them vulnerable to developing ice
crystals during the freezing process of lyophilization. These ice crystals deform the shape
of the HCMPs, as well as tear them apart either during lyophilization or during the
rehydration process. This can be seen in the data as lyophilized HCMPs without any
additives were consistently smaller than the control, non-lyophilized particles. Furthermore,
because HCMPs are so soft, they are more susceptible to breakage from these ice crystals,
contributing to the significant low counts of HCMPs present after lyophilization regardless

of any additions or modifications.

However, it was also seen that with the addition of a surfactant (triton X-100), a
sugar (sucrose), or formulating stiffer HCMPs, the area between lyophilized and non-
lyophilized sample groups were the same. Surfactants reduce surface and interfacial

tension, stabilizing the interface between solids and liquids.?° Triton X-100 is a nonionic
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surfactant, making it useful in this case where it is compatible with both the HCMPs and
water. This binding has been found to inhibit the formation of crystals, including ice
crystals which are theorized to be the main culprits as to why HCMPs collapse and deform
following lyophilization.?! Sugars such as sucrose get dissolved in water as the polar water
molecules attract the sucrose molecules and form multiple hydrogen bonds with each
sucrose molecule. The addition of sucrose to our HCMPs and water solution creates space
between particles, preventing the HCMPs from sticking to one another during
lyophilization, and averting possible breakage once rehydrated. This is important since
previous studies have shown that particle size may increase after lyophilization and

rehydration.??

While the addition of triton or sucrose did not significantly aid in the preservation
of HCMPs following lyophilization, it did help HCMPs maintain their size, keeping it
comparable to that of the control. This suggests that even a minuscule amount of surfactant
or sugar can prevent HCMPs from collapsing. Moreover, there was an observed
improvement in concentration with the addition of triton or sucrose, yielding higher values
compared to experiments without any additives. This effect is likely due to triton’s ability to
lower surface tension as a surfactant, which minimizes stress and prevents particle collapse
during lyophilization. Similarly, the addition of sucrose appears to provide sufficient
spacing between microparticles, preventing clustering during lyophilization and

rehydration, and thereby reducing breakage.
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HCMPs have an elastic property range of 0.25 to 10 kPa.'> The HCMPs that were
created for this study were 4 kPa and 10 kPa. Hyper-compliant microparticles that were 4
kPa and did not have triton or sucrose added displayed a significant decrease in size
compared to the control. In contrast, the 10 kPa HCMPs maintained a size comparable to
the control non-lyophilized HCMPs, demonstrating that higher stiffness aids in HCMPs
maintaining their size post-lyophilization. Higher stiffness enhances the HCMPs structural
integrity by increasing their resistance to deformation under applied forces. This
observation aligns with previous findings using hybrid hydrogel microspheres, where stiffer
microspheres had high resistance to deformation, allowing the microspheres to keep their

original shape and size after being exposed to external forces.?

In the drug dissolution experiment, it showed that PLGA microparticles released
approximately ~100% of the drug within 24 hours. In contrast, the double-encapsulated
microparticles did not release the entire drug load even by the end of the experiment. This
seems to suggest that double encapsulation aids in the sustained, long-term release of
curcumin. One possible explanation for this is that the drug must pass through two different
barriers, the PLGA and HCMP shells, instead of just one. Additionally, the method of
forming the double-encapsulated HCMPs may have caused the PLGA and HCMP shells to
stick to one another, further restricting drug diffusion and creating a bottleneck within the
system. This dual-shell structure likely contributed to the sustained release observed but

may also have impeded curcumin from diffusing effectively from the polymers.
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Furthermore, due to curcumin’s poor solubility in water, it tends to aggregate and
form clumps, especially when not uniformly dispersed. As a result, even after prolonged
immersion in water, complete dissolution of curcumin may not occur.'® This clumping can
skew concentration measurements, as undissolved curcumin may not be evenly distributed

within the sink, leading to an underestimation of the true concentration.

The difference in % drug dissolution between lyophilized and non-lyophilized
samples may also be explained by structural changes produced by lyophilization. As
previous results demonstrated, lyophilization can lead to significant collapse and
deformation of HCMPs due to ice crystals during the freezing phase. These ice crystals can
distort the microparticle matrix, resulting in increased porosity. Upon rehydration, these
structural openings create additional pathways for the drug to diffuse out of the

microparticles, accelerating its release compared to the non-lyophilized microparticles.

Drug release is influenced by various factors including but not limited to polymer
erosion and diffusion through the polymer shell or matrix.>* A model used to describe drug
release is the Korsmeyer-Peppas model. The additional model used in the analysis of the
lyophilized sample is known as the Peppas-Sahlin models. The Peppas-Sahlin model,
extrapolates on the aforementioned Korsmeyer-Peppas model, to fit more complicated

delivery systems, specifically systems that are prone to swelling or contain multiple

polymers.?? The Korsmeyer-Peppas model, M/ M«= k" specifies that the value of n, the

diffusional exponent, indicates the type of diffusion. If n» = < 0.43, the drug release

mechanism is Fickian diffusion, if 0.43 < n < 0.85, it is anomalous transport and if n = >
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0.85, it is zero order transport.2’ The #n value for the curcumin encapsulated PLGA
microparticles was observed to be significantly lower than 0.43 (n = 0.02), indicating
Fickian diffusion through the matrix of the PLGA microparticles.?> Additionally, because
the n-value is so low, this is also evidence of the burst release that is observed since ~100%

of the curcumin was released within 24 hours.

The Peppas-Sahlin model is different in that it considers the swelling and relaxation
of the polymer that may occur during drug release. This is relevant as HCMPs are
considered to be hydrogels, a swelling-controlled device.?> The Peppas-Sahlin model is also

used in cases where different forces may be at play due to the complexity and number of

polymers. In this model, Mt/ M« = ki " + k ™, on the right-hand side, the first term

accounts for diffusion, similar to the original Korsmeyer-Peppas model, and the second
term accounts for the relaxation contributions. M is the diffusional exponent, similar to the

n value in the Korsmeyer-Peppas model.?’

For the lyophilized samples stored at room temperature, the diffusion constant (k;)
was 0.04 and the swelling constant (k2) was 0.01, indicating that diffusion is the dominant
release mechanism, although there is some contribution from polymer relaxation
mechanisms. For the lyophilized samples stored in the freezer, the diffusion constant (k;)
was 0.015 and the swelling constant (k2) was 0.001, suggesting similarly to the room
temperature samples, that diffusion is the dominant release mechanism. For both
lyophilized sample groups, the release exponents are below 0.43, which indicates Fickian

diffusion through the matrix of both the PLGA and HCMP matrices. While the diffusion
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and swelling constants differ between the two storage groups, they have similar release
exponents. This suggests that storage temperature has little effect on drug release profiles

following lyophilization, only affecting release rates minimally.

For the double-encapsulated samples that were not lyophilized, the diffusion
constant (k7) was 5.74 x 107 and the swelling constant (k2) was 3.12 x 107'°, both
considerably lower than the lyophilized sample groups, but still indicates that diffusion is
the main force behind drug release. The m value for double-encapsulated non-lyophilized
particles was 1.0, suggesting a zero-order drug release mechanism.?® Zero-order drug
release kinetics describes when drug releases at a constant rate from a device,
independently from the concentration of the drug remaining in the system.?” This is
significant as its behavior contrasts with the Fickian diffusion observed in the lyophilized
samples and strongly suggests that lyophilization alters the drug release mechanism in

HCMPs, shifting it from a constant-rate release to diffusion through the polymer matrix.

The most likely explanation for the observed differences in drug release profiles lies
in the structural changes caused by lyophilization, as seen in previous experiments.
Lyophilization creates a more porous matrix, facilitating water penetration and diffusion-
driven release. In contrast, non-lyophilized samples likely retain a denser, more intact
structure that leads to a different release mechanism, more controlled by swelling or matrix
erosion. Additionally, lyophilized samples exhibit much faster drug dissolution, likely due
to microcracks and increased surface roughness formed during the freeze-drying process.

These openings provide additional pathways from which curcumin may dissolve out from,
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accelerating release. The porous structure resulting from lyophilization increases the
surface area, which speeds up water uptake and rehydration, thus increasing drug
dissolution. The shift from zero-order release in non-lyophilized microparticles to Fickian
diffusion in lyophilized microparticles suggests that lyophilization disrupts matrix integrity,
likely through deformation, and alters the release mechanism from a constant release to

diffusion-drive, rapid release process.

Interestingly, non-lyophilized samples % dissolution increases at the 120-hour
mark. In previous experiments, it was seen that HCMPs were fully rehydrated in 72 hours,
however this was at room temperature and exposed to light. In contrast, the drug
dissolution samples were stored in a refrigerator and shielded from light using aluminum
foil. This colder, darker environment may have slowed the diffusion process. Curcumin is
sensitive to both light and heat, drastically increasing its degradation when directly exposed
to light and higher temperatures.?® This same sensitivity to heat and light is also present for
PLGA, with higher temperatures increasing the degradation rate.?’ Therefore, storing the
samples in a cool, dark environment likely reduced the degradation rate of both curcumin

and PLGA, and also slowed curcumin dissolution.

This study represents the first work to investigate and demonstrate the effects of
lyophilization on hyper-compliant microparticles, as well as the drug release profiles of
curcumin from double encapsulation in PLGA and HCMPs. The results offer new insights
into the influence of lyophilization on not only hyper-compliant microparticle’s properties,

but also drug release mechanisms, revealing a shift from zero-order to Fickian diffusion.
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It is important to remember however, that these HCMPs were made in bulk-
emulsion, which lead to large polydisperse samples with a broad size distribution and
variability. Future research should aim to fabricate monodispersed HCMPs with a droplet
generator to ensure uniform particle size to get more consistent data. Additionally, this
study only focused on the release of curcumin, a drug with low solubility in water, which
limits the generalizability of the findings. Future experiments should investigate the release
profiles of HCMPs as a microcarrier with other drugs, particularly those with higher
solubility, to better understand how release mechanisms might change depending on the

drug’s properties.

One limitation of this study involves the method used to generate the standard curve
for curcumin quantification. Due to curcumin’s poor solubility in water, the standard curve
was created using a 50:50 ethanol and water solution. While this solvent mixture was
necessary to dissolve curcumin effectively and obtain reliable absorbance readings, it does
differ from the pure water sink conditions used in the drug dissolution experiments.
Nevertheless, the standard curve was linear across the concentration range (R?> 0.99), and
absorbance measurements obeyed the Beer-Lambert Law. Additionally, absorbance values

were measured against appropriate solvent blanks to maintain analytical validity.

Another important consideration is the type of stability assessed in this work. This
study primarily demonstrated stability in vial, that is, how HCMPs hold up under storage
conditions prior to use. However, stability in use or stability in syringes have not been

tested. It is unclear whether HCMPs will maintain their structural integrity when exposed to
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shear forces and pressure during syringe injection after lyophilization and rehydration.
Given their soft composition, HCMPs may be especially vulnerable to rupture or
deformation during administration, which could compromise their microcarrier
functionality. Future research should investigate how the microparticles perform in

simulated injection conditions and during active use.

Despite these limitations, this work demonstrates the potential that hyper-compliant
microparticles have to be an innovative microcarrier. The ability of HCMPs to provide a
sustained, long-term release rather than a burst release demonstrates their fit for
applications where a steady low-dose administration of medicine is wanted. Furthermore,
the unique properties of HCMPs, namely their size and elasticity, could potentially allow
them to navigate through capillaries and softer tissues in the body. This offers the potential
for targeted drug delivery to more specific sites within the body. These characteristics make
hyper-compliant microparticles promising candidates as a microcarrier that may be used in

a variety of therapeutic applications, especially in cases where controlled release is critical.
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