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ABSTRACT OF THE DISSERTATION

Biomaterials for Enhanced Care in Sickle Cell Disease

and Complex Wounds

Nneamaka Isioma Enueme
Doctor of Philosophy in Bioengineering
University of California, Los Angeles, 2025

Professor Andrea M. Kasko, Chair

This dissertation presents a materials-driven approach to designing therapeutics that respond
to the clinical complexity of sickle cell disease (SCD) and trauma-induced wounds. Though
vastly different in origin, both challenges are marked either by oxidative stress, impaired tissue
healing, or high infection risk-particularly in underserved populations or austere environments.
While curative therapies for SCD exist, their financial inaccessibility and infrastructural
demands highlight an urgent need for intermediate, accessible treatment options. Similarly,
battlefield and trauma wounds require rapid, on-site care that is robust and capable of sustained
therapeutic delivery. This work addresses both challenges by developing modular biomaterials
built primarily from naturally derived components and engineered for function. Over the course
of this project, I synthesized flavonoid-based macromolecules and developed chitosan- and
PEG-based hydrogels to investigate how material chemistry can be tuned to deliver therapeutic
function over time. Specifically, I engineered flavonoid-based macromolecules to enable
sustained antioxidant activity, targeting the oxidative stress that drives vaso-occlusion and

disease progression in SCD. I also designed two distinct hydrogel systems. The chitosan-based
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hydrogels release a vasodilator and an antibiotic to address the impaired perfusion and
microbial colonization characteristic of sickle cell leg ulcers. Alternatively, the PEG-based
hydrogel system was engineered for rapid polymerization and multifunctional delivery,
releasing antibiotics, hemostatic agents, and analgesics to meet the urgent therapeutic needs of
battlefield and trauma wounds. I characterized all constructs for functional properties,
including degradability, drug release kinetics, radical scavenging activity, mechanical
performance, cytocompatibility, and their ability to interact with biological tissue without
impairing healing. Key findings demonstrate that the flavonoid-macromer systems display
sustained antioxidant activity, with tunable release governed by functionalization and
degradation rate. Hydrogels designed for local drug delivery exhibited favorable mechanical
properties and released therapeutics over multi-day periods. When translated into preclinical
models, the PEG-based systems significantly reduced microbial burden and demonstrated
efficacy in both murine and large animal studies. Altogether, this body of work establishes a
framework for developing accessible biomaterials that address the challenges of systemic
disease and complex wound care. By integrating natural therapeutics with materials design,
this dissertation contributes new tools to a space where efficacy, biocompatibility, and
accessibility are equally critical. These materials not only hold potential to alleviate the burden
of'sickle cell complications but also extend toward broader applications in trauma care, offering

practical solutions where conventional therapies fall short.
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Chapter 1: Introduction and Background

1.1 Understanding Sickle Cell Disease (SCD) and its complications

"A disease believed to have evolved as a defense against malaria is now the most
prevalent inherited genetic disorder worldwide”!?. SCD is an umbrella term used to describe
specific variations of a red-blood cell (RBC) mutation. These include sickle cell anemia
(HDbSS), the most common and severe form; HbS B-thalassemia and HbSC, which involve co-
inheritance of hemoglobin S (HbS) with another abnormal B-globin; and other sickle cell
variants such as HbSD, HbSE, Hb Lepore, and HbO-Arab®. They are caused by a single
nucleotide mutation in the B-globin gene that leads to several life altering complications*.

SCD begins at the molecular level when a single point mutation replaces the amino
acid, glutamic acid for valine leading to the production of HbS. Unlike normal hemoglobin,
HbS undergoes polymerization, forming rigid 14-membered fibres that elongate to form rod-
like polymers that denature the naturally round RBCs, and alter their properties®. At the
macroscopic level, this cellular sickling causes significant vessel occlusion that triggers the
acute and chronic complications seen in SCD patients (Fig. 1.1). The pathophysiology of each
SCD complication is similar; however, the manifestation of these complications are dependent
on the affected region of the human body®. The most prevalent and life-threatening
complication is vaso-occlusive crisis (VOC). As the name implies, it is a downstream effect of
blockages occuring in the blood vessels in response to denatured RBC. Vaso-occlusion
generally occurs due to impaired blood flow caused by increased plasma viscosity as well as
RBC sequestration’. VOC manifests in three distinct types of pain: acute recurrent painful
episodes, chronic pain syndromes, and neuropathic pain. Acute painful crises are a hallmark
SCD and the leading cause of hospitalization. These episodes are characterized by
inflammation, reduced red blood cell flexibility, and pain caused by tissue damage. Chronic
pain syndromes, which may persist for months, are often associated with avascular necrosis,
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inflammatory pain, leg ulcers, and chronic osteomyelitis. Lastly, the third manifestation,
neuropathic pain although fairly evaluated in SCD patients, is characterized as a burning or
sharp sensation®®. Asides from the crisis symptoms described above, vaso-occlusion also
drives other severe SCD complications including chronic organ damage and non-healing leg
ulcers that progress from tissue ischemia. These complications are known to greatly affect the

quality of life'©,
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Figure 1. 1. A summary of the clinical complications of sickle cell disease!!

1.2 Global impact of SCD

The impact of SCD on health and the economy is one of the incentives for research in
this field. A Global Burden of Disease study reports SCD affecting 7.74 million individuals

worldwide, with approximately 300 million living with the trait'?

. The prevalence and
incidence of the disease has increased globally by 41.4% in 21 years. It is also increasingly
becoming one of the factors that contribute to health care burdens and disparities worldwide,

with higher incidence in malaria endemic regions of Africa, the Middle East, the Caribbean

and South Asia'?!3 (Fig. 1.2). One of the major health care burdens include the high incidence
2



of child mortality. Cross-sectional studies show that under-5 mortality rate for SCD (the
probability of a newborn dying before the age of 5), is as high as 90%, with sickle cell disease
attributing for 7.3% of under-5 mortalities in Africa!?. The economic burden of SCD is also
substantial. Due to the numerous complications associated with the disease, individuals often
face high healthcare costs. In 2016 alone, the total economic burden of in-patient care was $811
million. SCD related lifetime medical costs also add up to approximately $1.7 million per

individual'4.

Birth incidence per 100000 livebirths
Boto<5 E5to<15 [J15to<50 [50t0o<150 [J150to <500
1 500t0 <1000 [EH1000to <2000 M 2000 to 2595

Figure 1. 2. A map showing the worldwide birth incidence of sickle cell disease per 100,000

livebirths!?

1.3 Current treatment, disease management and limitations

Considering the complications of SCD and the impact the disease has on the livelihood
of individuals all around the world, several treatment strategies have been explored to manage
the disease. These strategies range from the use of pharmaceuticals for disease management,
to curative approaches with hematopoietic stem cell transplantation (HSCT) and gene therapy.
Undoubtedly, advances in gene therapy have created a ‘beacon of hope’ for SCD patients. By

modifying the patient’s genotype to target the root cause of the disease, these therapies,
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primarily gene editing and gene addition, offer the potential of a lifelong cure
addition strategies use vectors, such as lentiviruses, to introduce anti-sickling -globin genes,
while gene editing approaches like CRISPR-Cas9, activate y-globin gene expression to elevate
fetal hemoglobin (HbF) levels in the bloodstream. These methods, alongside HSCT show great
promise, with clinical trials reporting increased hemoglobin levels (Table 1.1).

Despite these advances, the ‘beacon of hope’ they offer has been dimmed by the
financial burden associated with these therapies. As of 2023, ten promising treatments for SCD
were in clinical testing, each with the potential to revolutionize disease management. However,
the projected costs for these therapies were around $2 million. Recently approved gene
therapies: Casgevy and Lyfgenia exemplify this issue, priced at $2.2 million and $3.1 million
respectively'®!°. For many individuals in the affected population, these curative treatments
remain financially inaccessible, illustrating that while scientific breakthroughs have brought us
closer to a cure, equitable access is still a distant goal'6.

Another growing aspect in SCD management involves the use of disease-modifying
drugs that inhibit HbS polymerization. These therapies act either by stabilizing the oxygenated
form of HbS, as seen with voxelotor or by inducing fetal hemoglobin production, such as with
hydroxyurea'>?°, While more accessible than gene therapy, these drugs come with their own
challenges such as the necessity for lifelong oral administration, potential organ toxicity,
treatment dependency, and psychological strain?'. Finally, for localized, non-systemic
complications such as leg ulcers, standard care relies on non-specific interventions like
compression therapy, negative pressure devices, and analgesics. These approaches, while
helpful, often fail to address the underlying pathology that stems from vessel occlusion,
allowing the wounds to persist and significantly diminish quality of life. Taken together, these
limitations underscore two urgent needs in SCD care: (1) the development of effective therapies

that can serve as a bridge while curative therapy remains financially out of reach, and (2) the

creation of lower-toxicity interventions that provide targeted treatment for SCD-related
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complications. To address these treatment gaps, bioengineered solutions offer a promising yet

underexplored avenue, which we aim to further develop in this work.

Table 1. 1. Overview of current therapeutic strategies for sickle cell disease, their mechanisms,

clinical progress, and associated limitations.

donor stem cells

Therapy Mechanism Recent progress Limitations

Hemopoietic stem | ¢  Autologous: use | Over 50 clinical e Limited

cell transplantation of the patient’s trials as of 2025 affordability

2123 own stem cells | with about 25 e Low donor
e Allogenic: use of | currently recruiting availability

e Patient rejection
e Risk of death
e Age limitations

e CRISPR-Cas 9
e Zinc finger
nucleases

Gene therapy
Gene addition e Lentiviral Lyfgenia (FDA e Limited
15,24,25 vectors approved in 2023) affordability
e Gammaretroviral | NCT02140554 e Risk of
vectors hematologic
e Otherse.g malignancy
adenoviral and
foamy viral
vectors
Gene editing?>2 e The use of Casgevy (FDA e Limited
transcription approved in 2023) affordability
activator-like NCT03745287 e FEthical concerns
effector
nucleases

Disease-modifying therapy

Discontinued in
2024

Hydroxyurea 327 | o Increase of HbF | FDA approved in e Impact on HbF
production 1998 decreases over time
e Side effects
including
myelosuppression
Voxelotor?%23282% | o Increase of FDA approved in e Side effects such as
hemoglobin 2019 increased risk of
oxygen affinity venous thrombosis

e Discontinued
because of risks
that outweigh the
benefits

Targeting vaso-occlusion and inflammation (drug therapy)




Crizanlizumab'5-20 Inhibits RBC FDA approved in Discontinued

adhesion 2019
Discontinued in the
EU in 2023

Poloxamer®-? Reducing blood | Phase III clinical 2021 studies show
viscosity and trial that poloxamer
adhesion of does not improve
sickled cells to NCTO01737814 the symptoms of
the endothelium VOC
(ref)

L-glutamine?! Preventing FDA approved in Mild and
oxidative 2017 infrequent adverse
damage effects

N-acetylcysteine Oxidative stress | FDA approved Mild and
reduction infrequent adverse

NCT01800526 effects

1.4 Scope of research

This dissertation seeks to address the critical challenges outlined above by exploring
how bioactive compounds and bioengineering principles can be harnessed to develop
therapeutic materials for SCD. The research primarily focuses on two debilitating
complications that significantly affect quality of life: vaso-occlusive crises and sickle cell leg
ulcers. In chapter 2, we utilize naturally occurring compounds (flavonoids) to synthesize
macromolecules that can act as slow releasing antioxidants to relieve oxidative stress in SCD
— a factor shown to influence the progression of painful crises®?. In chapter 3, we synthesize a
tunable, photo-crosslinked hydrogel network from chitosan that aims to release antibiotics and
a vasodilator locally. This approach targets microvascular occlusion, a driving force behind

ischemia and the chronicity of non-healing leg ulcers in SCD patients.

Exploiting bio-active molecules: Chitosan and Flavonoids
Chitosan and flavonoid compounds were selected for these studies because they offer

unique advantages as therapeutic agents due to their inherent bioactivity and biocompatibility.


doi:10.1001/jama.2021.3414

Chitosan, a naturally derived polysaccharide, is widely recognized for its biocompatibility,
biodegradability, and intrinsic antimicrobial activity. In the context of wound care, particularly
for SCD-associated leg ulcers, chitosan offers several key benefits. Its positive charge allows
it to interact with negatively charged bacterial cell membranes, leading to antimicrobial effects
without the need for additional antibiotics. Furthermore, its chemical structure also allows for
functionalization and crosslinking, enabling the design of hydrogels with tunable mechanical
and drug release properties®®. Flavonoids, a diverse class of polyphenolic compounds found in
plants, are known for their antioxidant and anti-inflammatory properties. In SCD, chronic
oxidative stress plays a pivotal role in hemolysis, endothelial dysfunction, and the increased
incidence of vaso-occlusive crises. By leveraging the radical scavenging capabilities of
flavonoids, we aim to explore their incorporation into polymer networks as sustained-release
antioxidant agents™?.

By incorporating chitosan and flavonoids into biomaterial design, the majority of this
dissertation highlights a dual approach (utilizing both structure and function) to address the
complications of SCD. Their use also aligns with the growing need for safer, naturally derived

therapeutics.

Broader applications in complex wounds

Expanding beyond SCD, Chapter 5 applies similar hydrogel synthesis strategies
developed in Chapter 4 to address the challenges of complex, traumatic wounds. This is a
collaborative project funded by the U.S. Department of Defense and working with colleagues
in the UCLA Department of Orthopaedic Surgery, and the University of Texas Medical Branch
that focuses on battlefield injuries—settings where access to timely and comprehensive wound
care is limited. In this chapter, we develop hydrogels capable of inhibiting both gram-negative
and gram-positive bacterial colonization, while concurrently providing analgesic and

hemostatic effects. The unifying theme of this dissertation lies in the rational to design of



biomaterials that not only address the pathophysiological complexity of SCD but are also
translatable to broader wound care applications. By leveraging natural compounds and
bioengineering tools, this work contributes to the ongoing effort to develop accessible,
effective, and targeted therapies for both genetic complications and trauma-induced chronic

wounds.
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Chapter 2: Synthesis of Flavonoid-based Macromolecules: Antioxidant Therapy

2.1 Introduction

Oxidative stress in SCD has been a point of interest as a bio-marker for the diseases’
progression and severity!-2. This is because polymerization of HbS, the hallmark of SCD is a
direct cause of oxidative stress in SCD patients. Global oxidative stress markers,
malondialdehyde (MAL) and advanced oxidation protein products (AOPP) have been reported
at higher concentrations in SCD patients®*. Oxidative stress occurs when there is an imbalance
between the intracellular level of oxidizing species such as reactive oxygen species (ROS) and
antioxidant activity. Under normal conditions, there is a balance between ROS and the body’s
defence system of antioxidants namely, molecules like superoxide dismutase, glutathione and
catalase'’. However, in sickle cell patients, the continual polymerization and depolymerization
of HbS leads to the deficiency of the antioxidants typically formed in RBCs, mononuclear cells
and platelets, resulting in high oxidative stress.

Oxidative stress also plays a central role in the pathophysiology of secondary
complications associated with SCD, including hemolysis, vaso-occlusion, and organ damage.
Studies have shown that reducing ROS levels in SCD patients significantly decreases the
incidence of these downstream complications>”’. As a result, antioxidants such as N-
acetylcysteine, L-glutamine, L-arginine, and zinc are commonly used as supportive therapies
in SCD management. Of particular interest is the use of phytochemicals—also referred to as
nutraceuticals, a term coined by Stephen DeFelice in 1989—which has gained traction due to
their natural antioxidant properties and reduced risk of renal toxicity®!?. One nutraceutical,

Jobelyn®, a sorghum bicolor leaf extract has been used in regions of West Africa as a dietary

supplement to reduce vaso-occlusive crises and other complications associated with SCD. A

study by Diaku-Akinwumi et al., demonstrated a significant decrease in oxidative stress

markers 6 — 12 weeks from the start of Jobelyn® supplementation. This treatment was also
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seen to increase the levels of hemoglobin. Interestingly, beyond the scope of SCD, Jobelyn®

was shown to reduce inflammation and oxidative stress in animal models of rheumatoid
arthritis®!!,

Despite the efforts in the use of natural antioxidative therapy in managing disease
complications, there are several setbacks. Particularly with low bioavailability and excessive
antioxidative supplementation, with the latter potentially exacerbating the condition!>!3. In
addition, high antioxidant dosage can have pro-inflammatory effects and pose a risk to SCD
patients who already experience chronic inflammation>!%!°, To address these limitations, this
study was designed to develop polymeric materials derived from bioactive compounds in
nutraceuticals that enable sustained release and prolonged antioxidant activity. Inspired by

sorghum bicolor leaf extract (Jobelyn®), which contains multiple flavonoids as active

constituents, we selected apigeninidin and apigenin as model compounds. These flavonoids
were used to synthesize macromolecules that retained their antioxidant properties and exhibited
extended activity in vitro. Additionally, Poly Lactic-co-Glycolic Acid (PLGA) microparticles
incorporating the flavonoids were synthesized to study their release kinetics. The long-term
goal of this work is to develop a microparticle-based drug delivery systems utilizing flavonoid-

derived polymers for enhanced, sustained antioxidant therapy in SCD.

15



Sickle Cell Disease

|

I ROS production

Antioxidant therapy - | l

Oxidative stress
Inflammation
HbS polymerization

|

Vaso-occlusive crisis

Figure 2. 1. Role of antioxidant therapy in SCD management”’.

2.2 Materials and methods

Jobelyn®, sorghum bicolor leaf extract obtained from Health Forever Products (Lagos,

Nigeria), apigenin obtained from Xi’an NEO Biotech, methanol (Fisher, 99.8%), acryloyl
chloride (Sigma, > 97%), triethylamine (TEA, sigma, > 99%), dichloromethane (DCM,
Thermo Scientific, >99.5%), tetrahydrofuran (THF, Fisher Scientific, 99.9%), ethyl acetate
(Fisher Scientific, 99.5%), hexanes (Fisher Scientific, 98.5%), methyl-3-mercarptopropionate
(MMP, Fisher Scientific, 98%), pentaerythritol tetrakis (3-mercaptopropionate) (PETMP,
Sigma Aldrich, 97%), adipoyl chloride (Acros organics, > 95%), sodium hydroxide (NaOH,
Fisher Scientific, 97%), pyridine (Fisher Scientific, 99%), Poly(lactic-co-glycolic acid) (PLGA
50:50) (Sigma Aldrich), poly (vinyl) alcohol (Sigma Aldrich), sodium dodecyl sulfate (SDS,

sigma Aldrich, 99%), 2,2’-azobisisobutyronitrile (AIBN, Sigma Aldrich, 98%), deuterated
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solvents; chloroform-d, 99.8%, deuterium oxide, 99.8% and dimethyl sulfoxide-d6, 99.9%

(Acros Organics)

2.2.1 Soxhlet extraction of apigeninidin from sorghum bicolor

To extract apigeninidin, 0.20 g sorghum bicolor was soxhlet extracted with 50 mL of

refluxing methanol for 48 h. The typical yield of the extracted compound was 29.1%.

2.2.2 Interfacial polymerization of apigeninidin

Apigeninidin (0.48 g, 2.1 mmol) was dissolved in a 0.1 M solution of NaOH (5 mL)
and stirred at room temperature for 5 minutes. A mixture of adipoyl chloride (0.3 ml, 2.1 mmol)
in DCM (5 mL) was also prepared. To the adipoyl chloride mixture, apigeninidin solution was
added slowly over a couple of minutes. The organic phase and aqueous phase were stirred to
react at 450 rpm for 10 minutes. The product was then collected via vacuum filtration (0.62 g,

96%).

2.2.3 Condensation polymerizations of apigeninidin

Polycondensation reactions were performed by dissolving apigeninidin (0.01 g, 0.039
mmol) in 5 mL pyridine at 70 °C, then cooled to room temperature. Argon was bubbled through
the solution to remove dissolved gases. Next, 1.5 equivalents of adipoyl chloride (8 pL, 0.059
mmols) was added directly into the reaction flask and left stirring for 24 hours. Purification
was carried out by removing pyridine under vacuum, and triturating the resulting solids in cold
IM HCI water to remove residual pyridine and salts formed as a by-product. The product was
then isolated by vacuum drying (0.005 g, 34%). These set of reactions were initially carried out
in THF with the addition of triethylamine as a base. The reaction conditions were modified to

improve the solubility of apigeninidin by switching the reaction solvent from THF to pyridine.
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Due to the solubility of both interfacial and condensation polymers, proton nuclear magnetic
resonance ('HNMR) analysis was carried out on the polymers after soxhlet extraction in
methanol. This was used to estimate functionalization and the molecular weight (MW) of the

compounds.

2.2.4 Acrylation of apigenin

Apigenin (1.0 g, 3.7 mmol) was suspended in 5 mL THF and mixed with TEA (1.5 mL,
13 mmol). Acryloyl chloride diluted in 3 mL THF was then added dropwise into the reaction
flask, over an ice bath. After dropwise addition, it was allowed to react overnight at room
temperature. The resulting mixture was concentrated using a rotary evaporator, the remaining
compound was then washed with deionized water by stirring for 5 hours. The product was
isolated via freeze drying to yield a yellow powder (1.24 g, 80.7%). In order to separate mono-
acrylated from di- and tri-acrylated compounds, the compound was further purified through
column chromatography in 60:40 hexanes and ethyl acetate (35% yield). "H NMR spectra were
recorded on Bruker AV-300 or Bruker AV-400 spectrometers at room temperature in CDCls.
Chemical shifts are reported with respect to the internal solvent, 7.26 ppm (CDCl3). NMR
spectra shown in supplemental fig. 2.7. '"H NMR (400 MHz, CDCI3) § = 7.90 (d, 2H, ArH),
7.43 (d, 1H, ArH), 7.31 (d, 2H, ArH), 6.96 (d, 1H, ArH), 6.63 (s, 1H, ArH), 6.67-6.09 (m, 9H,

vinylic protons).

2.2.5 Emulsion polymerization of apigenin acrylate

Emulsion polymerizations were performed in an aqueous environment. First, sodium
dodecyl sulfate (SDS, 1.7 mg, 0.005 mmol) as an emulsifier was added to 1.5 mL water in a
two-neck round bottom flask. Apigenin acrylate (280 mg, 0.5 mmol) dissolved in DCM was

added to the flask and stirred at 800 rpm, 60 °C for 30 minutes. The reaction temperature was
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set to 44 °C. Ammonium Persulfate (APS, 1.3 mg, 0.005 mmol) was added to the reaction, and

it was left stirring overnight. The resulting compound was isolated via freeze-drying.

2.2.6 Free-radical polymerization of apigenin acrylate

Apigenin acrylate (250 mg, 0.6 mmol) and AIBN (0.94 mg, 0.006 mmol) were
dissolved in 2 mL THF. The mixture was bubbled through with argon for 10 minutes and
degassed with argon through 6 cycles of freeze-pump-thaw. The reaction solvent (THF) was
dried under vacuum and the resulting solids were washed with cold water and isolated by

freeze-drying.

2.2.7 Micheal addition with methyl-3-mercaptopropionate (Apigenin-MMP)

Apigenin-MMP was synthesized by dissolving apigenin acrylate (0.1 g, 0.25 mmol) in
5 mLDCM. Triethylamine (1 pL, 0.0073 mmol) was added directly to the reaction vessel,
followed by MMP (81 puL, 0.73 mmol). The equivalents for this reaction were determined based
on a 1:1 ratio of acrylates to thiols. The reaction was left to stir overnight at room temperature.
The resulting solution was washed three times with an equal volume of brine, dried with
magnesium sulfate and concentrated using a rotary evaporator (0.11 g, 65.7%). ). 'H NMR
spectra were recorded on Bruker AV-300 or Bruker AV-400 spectrometers at room temperature
in CDCIl3. Chemical shifts are reported with respect to the internal solvent, 7.26 ppm (CDCls).
NMR spectra shown in supplemental fig. 2.8. 'H NMR (400 MHz, CDCI3) 6 = 7.87 (d, 2H,
ArH), 7.37 (d, 1H, ArH), 7.28 (d, 2H, ArH), 6.88 (d, 1H, ArH), 6.62 (s, 1H, ArH), 3.71 (s, 9H),

3.02-2.66 (m, 24H).
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2.2.8 Micheal addition with pentaerythritol tetrakis-3-mercaptopropionate (Apigenin-

PETMP)

Apigenin-PETMP was synthesized using similar methods as described above. Apigenin
acrylate (0.1 g, 0.25 mmol) was dissolved in 3 mL DCM. Triethylamine (0.25 pL, 0.0018
mmol) was then added directly to the reaction vessel, followed by PETMP (68.7 uL, 0.18
mmol). The equivalents for this reaction were also determined based on a 1:1 ratio of acrylates
to thiols. The reaction was left to stir overnight at room temperature. The resulting yellow solid
was dried using a rotary evaporator (0.25 g, 45.5%). Due to the insolubility of the reaction

product, all analyses were carried out via IR spectroscopy.

2.2.9 Characterization of apigeninidin polymers

The synthesized apigeninidin polymers were also characterized via Fourier-Transform
Infrared (FTIR) spectroscopy and Thermogravimetric analysis (TGA). These characterization
techniques were chosen due to the insolubility of the polymers. IR spectroscopy was used to
qualitatively determine phenol functionalization through -OH stretch disappearance and the
appearance -COOH stretches. Thermal analysis was used to examine differences in the thermal
characteristics of monomers and polymers. FTIR measurements were performed via the
Attenuated Total Reflectance method using an FTIR spectrometer (Spectrum RX, PerkinElmer,
Waltham, MA). TGA of the apigeninidin polymers where characterized by a thermogravimetric
analyzer (TGA 8000, PerkinElmer, Waltham, MA) from 30 — 600 °C in an inert atmosphere

and a heating rate of 10 °C/ min. Samples were weighed to approximately 2 mg for analysis.

2.2.10 Hydrolytic degradation of apigenin-thiol molecules

The hydrolysis of apigenin-MMP and apigenin-PETMP was evaluated using NMR and

FTIR spectroscopy, respectively. Briefly, 0.02 g of each sample was placed in a scintillation
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vial containing 2 mL of dPBS (pH 7.4). The samples were incubated at 37 °C and continuously
agitated at 250 rpm using an MSC-100 thermo shaker incubator (Allsheng Instruments, China).
At days 1, 4, 7, 14, and 30, the buffer solution was removed from each vial. The remaining
solid and buffer solutions were freeze-dried and analyzed for mass loss and structural changes.
Qualitative NMR analyses were performed on apigenin-MMP samples. Chloroform-d was used
as the deuterated solvent, and 5 mM duroquinone was set as the internal standard. This was
done using the capillary tube method to quantify changes in peak signal intensities. Apigenin-
PETMP samples were qualitatively analyzed using IR spectroscopy due to its solubility

limitations. The buffer solutions were also analyzed in D20,

2.2.11 Determination of antioxidant activity

DPPH (2,2-diphenyl-1-picryl-hydrazyl) assay was used to analyze the antioxidant
activity of the synthesized flavonoid compounds. A DPPH methanolic solution (100 pL, 100
uM) was added to methanolic solutions of each sample (100 pL) at concentrations between 10
— 350 uM. After mixing, the samples were incubated for 30 minutes in the dark, and absorbance
at 517 nm was measured using a BioMate 3S UV-visible spectrophotometer (Waltham, MA).

The percent of DPPH scavenging activity was calculated using the following equation:

Ay— A
DPPH scavenging activity (%) = % x 100 Eq.(1)
0

Where Ao is the absorbance of the negative control (100 pL of methanol mixed in 100 pL of
DPPH and maintained under the same conditions as samples) at 517 nm and A1 is the
absorbance of the samples. For apigeninidin samples known to absorb light around 517 nm, a
blank correction method using the Beer’s law was employed for calculations. A calibration

curve of each apigeninidin-containing sample was made ranging between 5 — 200 uM.
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This linear curve was used to determine the absorbance of the apigeninidin-containing
samples at calculated concentrations. The exact concentration of the apigeninidin samples left

over from the DPPH radical scavenging reaction was calculated using the equations below:

Absorbance (A) = exb*C Eq.(2)

AA = Absinitiai — AbSfinai Eq.(3)
AA

A[DPPH] = —— Eq.(4)
exb

Where the change in DPPH concentration was estimated to be equivalent to the amount of
antioxidant consumed in the reaction, based on a 1:1 stoichiometry!”. A1 for all apigeninidin-
containing samples were normalized using the values calculated. ICso values were estimated

by linear regression and the assays were performed in triplicate!'®.

2.2.12 Flavonoid-loaded microparticle synthesis and characterization

PLGA microparticles loaded with apigenin and apigeninidin were prepared using a

modified emulsification-evaporation method'*°,

Due to the high water solubility of
apigeninidin, the microparticles were fabricated using a double emulsion (water-in-oil-in-
water) technique. PLGA was first dissolved in DCM at a concentration of 150 mg/ml. Then,
100 pL of apigeninidin (20 mg/ml in deionized water) was added dropwise and the mixture
was emulsified by sonication twice on ice at 90% amplitude for 10 seconds with a 10-second
pause using a Sonics Vibra-Cell ultrasonicator (Newton, CT, USA). Next, I mL of apigeninidin
at the same concentration, and 2 mL of 1% PVA were slowly added into the solution followed
by another round sonication to form the final emulsion. The emulsion was then added to a

solution containing 5 mL of apigeninidin (25 mg/ml) and 5 mL of 0.3% PVA, this was stirred

at 350 rpm for four hours to allow solvent evaporation. The microparticles were isolated by
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centrifugation at 10,000 rpm for five minutes, after which the supernatant was discarded and
replaced with 10 mL of deionized water. This washing step was repeated twice before the
particles were collected via freeze-drying. For apigenin-loaded microparticles, the same
method was followed with minor modifications. Due to the lower water solubility of apigenin,
a single emulsion (oil-in-water) technique was used. While all other conditions remained
unchanged, apigenin was dissolved in hot ethanol at a concentration of 1.4 mg/mL before
emulsification?!. Calculated yields were 50% for apigeninidin-loaded particles and 85% for
apigenin-loaded particles.

The encapsulation and loading efficiencies of the microparticles were also determined.
First, 5 mg of loaded microparticles were dissolved in 2 mL acetone for apigeninidin particles
or ethanol for apigenin particles, then sonicated at 37°C for 10 minutes. The amount of
flavonoids encapsulated was quantified using a UV-vis spectrophotometer, with absorbance
measurements converted to concentration using a standard curve??. The drug encapsulation

efficiency and drug loading efficiency was calculated from equation 5 and 6.

W,
Encapsulation Ef ficiency = Wt X 100 Eq.(5)
i
. . Wi
Loading Ef ficiency = W x 100 Eq.(6)
y

Where W is the total amount of incorporated material, Wiis the total amount of material added
during microparticle preparation (polymer + drug), Wx is the amount of encapsulated drug and
Wy is the amount of drug used for preparation in the microparticle. Furthermore, to measure
the average size, zeta potential and polydispersity index, the microparticles was analyzed using
a Zetasizer Nano ZS (Malvern, UK). The samples were dispersed in 5 mM NaCl solution and
examined at room temperature. Each sample was kept at a concentration of 1 mg/ml and

scanned in triplicates.
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2.2.13 Release of flavonoids from PLGA microparticles

In vitro release experiments were conducted at 37°C to evaluate the kinetics of
flavonoid release. Flavonoid-loaded microparticles (1 mg) were suspended in 2 mL of PBS (pH
7.4) and incubated on a thermoshaker at 200 rpm. At predetermined time points (1 hr, 4 hr, 24
hr, 48 hr, 72 hr, and 124 hr), samples were centrifuged at 4000 rpm for five minutes, and the
supernatant was collected for analysis using a UV-visible spectrophotometer. Absorbance
measurements were taken at 410 nm for apigeninidin and 336 nm for apigenin. For apigenin
analysis, the samples were freeze-dried and redispersed in ethanol prior to measurement.
Standard curves of apigeninidin in PBS and apigenin in ethanol were used to quantify flavonoid
release from the microparticles. Each time point included a blank microparticle control, and all

experiments were performed in triplicate?>>*

2.3 Results and discussion

2.3.1 Extraction of apigeninidin and synthesis of apigenindin polymers

Sorghum bicolor contains several phytochemicals, including apigeninidin, luteolinidin,
and naringenin, with apigeninidin being the most abundant?>2°, After the soxhlet extraction of
sorghum bicolor, electrospray ionization mass spectrometry (ESI-MS) analysis confirmed that
apigeninidin was the sole compound present (Fig S.1). Apigeninidin contains phenolic groups
that provide reactive sites for polymerization?’?°. Specifically, we are interested in the
incorporation of ester linkages which would introduce hydrolytically cleavable bonds. This
allows for tunable and potentially prolonged activity based on the degradation rate of the
polymer. Extracted apigeninidin was used for the synthesis of interfacial and condensation

polymers as shown in scheme 2.1.
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Scheme 2. 1. A) Interfacial polymerization of apigeninidin. B) Condensation polymerization

of apigeninidin. The R group represents attachment of an adipoyl chloride spacer.

2.3.2 Characterization of apigeninidin polymers

The synthesized polymers were structurally characterized through "HNMR and FTIR

spectroscopy. Due to the limited solubility of the polymers, soxhlet extraction with methanol
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was performed to isolate a soluble fraction for analysis. '"HNMR spectra revealed aromatic
proton signals consistent with the native apigeninidin structure (Fig S2.2 — 2.4). To estimate
the molecular weight, the integrals of the aromatic peaks were compared to those of the
aliphatic four-carbon chain from the adipoyl chloride spacer. Particularly, the C3 and C4
protons of apigeninidin were used as reference peaks due to their prominence in the proton
NMR spectrum (Fig 2.3). The interfacial polymer (IP) had an estimated molecular weight of
1716 g/mol, while the condensation polymer (CP) was estimated at 1351 g/mol. It is likely that
higher molecular weight species remained insoluble and were not captured in this analysis,
suggesting the presence of larger, more complex polymeric structures. Further analysis of these
fractions can be done using techniques like Matrix-Assisted Laser Desorption/Ionization Time-
of-Flight Mass Spectrometry (MALDI-TOF-MS)3%3!, 1t is also important to note that two of
the four condensation polymers could not be analyzed by "THNMR due to the absence of
characteristic apigeninidin aromatic peaks, even after Soxhlet extraction. This may be
attributed to low functionalization or the presence of predominantly unreacted starting

materials and reagents.

Figure 2. 3. Atom numbering of apigeninidin

To further characterize the samples, FTIR analysis was performed. IR spectra of
flavonoids such as apigeninidin have a characteristic broad peak at 3200-3428 cm’!
representing the phenolic-OH groups®?. As shown in Fig 2.4, the synthesized polymers

displayed little to no peaks around the 3200-3428 cm™' region, indicating partial or total
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functionalization of the phenolic groups. A distinct increase .\

in peaks between 2850-3000 cm™! suggests the successful

incorporation of sp3-hybridized aliphatic groups from the
adipoyl chloride spacer. Furthermore, the emergence of
peaks between 1715-1730 cm’! which is absent in the
monomer, suggests the formation of ester bonds across all

polymer samples. Overall, these results are consistent with

'"HNMR data confirming the functionalization of apigeninidin. Finally, thermogravimetric
analysis was performed for all apigeninidin samples. The thermal stability of apigeninidin and
apigeninidin polymers were assessed. Specifically, the temperature at which 25% weight loss
occurred was calculated as shown in Table 2.1. A 25% weight loss threshold was selected for
TGA analysis to capture early-stage degradation behavior, including partial thermal
decomposition and the evaporation of residual volatile compounds from the synthesis process.
We observed that native apigeninidin degraded at 334 °C, while functionalized apigeninidin
polymers exhibited degradation temperatures ranging from 201-300 °C. These results indicate

that in an inert atmosphere, polymer functionalization does not significantly affect thermal

stability (Fig S2.5).
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2. 1. Showing the temperature
at which 25% of each material is

degraded
Sample 25% weight loss
Apigeninidin 334 °C
AE-CP 55.2 201 °C
AE-CP 61.2 300 °C
AE-CP 81.2 280 °C
AE-IP 104.1 295 °C
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Figure 2. 4 Stacked IR spectra of apigeninidin and apigeninidin polymers. IP stands for

interfacial polymer and CP stands for condensation polymer.

2.3.3 Utilizing click chemistry in the synthesis of apigenin-thiol molecules

Prior to synthesizing the apigenin-thiol molecules, we attempted emulsion and free-
radical polymerizations of apigenin acrylate These reactions were unsuccessful, likely due to
the presence of phenol groups on partially “acrylated” apigenin molecules that can scavenge
the free radicals formed during the reaction. To overcome this challenge, we separated the di-
and tri-acrylated apigenin molecules using an hexanes and ethyl acetate column
chromatography (60:40 v/v). The di- and tri-acrylated fractions were re-subjected to the same
reaction conditions. Despite these efforts, polymerization remained unsuccessful. However,
these limitations led to a new approach, the development of thiol-acrylate Michael reactions.
Thiol-Michael reactions are referred to as prized tools in materials chemistry because of their

modular “click” nature which stems from fast kinetics and high yields??. In respect to this work,
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the synthesis of highly functionalized molecules with hydrolytically cleavable groups makes
this chemistry particularly desirable and it overcomes the polymerization limitations we faced
with partially acrylated compounds. The apigenin-thiol molecules were synthesized following
a two-step reaction that involved acrylation of apigenin and subsequent thiol-michael addition
(scheme 2.2). The thiol-michael additions were performed using two thiol molecules. The first
molecule being MMP and the second, PETMP, a larger molecule containing four 3-
mercarptopropionate groups (scheme 2.3). The synthesized molecules, apigenin-MMP and
apigenin-PETMP were analyzed via 'THNMR spectroscopy and FTIR spectrometry respectively
(Fig S2.7 - 2.9). Due to the high functionality of apigenin-PETMP samples, we observed
solubility limitations making IR analysis one of the most suitable characterization techniques.
The IR spectra of apigenin-PETMP showed loss of the phenolic-OH stretch around 3200 cm™!,
the appearance of a thioether and an ester stretch around 698 cm™! and 1700 cm! respectively,

suggesting the formation of the product**33 (Fig S2.9).
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Scheme 2. 2. Two-step synthesis scheme for apigenin-thiol molecules. A) Apigenin-MMP and
B) Apigenin-PETMP. Where MMP is methyl-3-mercaptopropionate; PETMP is pentaerythritol

tetrakis-3-mercaptopropionate, R represents the apigenin moiety.
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Scheme 2. 3. Showing the structural differences between MMP and PETMP. PETMP contains

four methyl-3-mercaptopropionate groups connected by a pentaerythritol core.

2.3.4 Sustained release of apigenin: hydrolytic degradation studies

The hydrolysis-driven release study of apigenin from the apigenin-thiol molecules was
performed at 37°C in PBS and with agitation, to simulate physiological conditions. At pre-
determined time points, the various samples were analyzed using "THNMR for apigenin-MMP
samples and FTIR for apigenin-PETMP samples. In 'HNMR analysis, degradation was
quantified by monitoring the reversion of apigenin-MMP to apigenin using the ‘x’ peak labeled
in Fig 2.5. The ‘x’ peak which corresponds the phenolic-OH group attached to the 4'-position
of the B-ring in the apigenin structure. This peak was selected due to its prominence and
stability across all apigenin samples, with no observed overlaps. In contrast, peaks ‘a-e’which
correspond to the aromatic region of apigeninidin showed variability in peak area and
overlapped with signals from apigenin-MMP. As a result, they could not be reliably used for
accurate analysis. (Fig 2.5). Degradation was calculated using Equations 7 and 8 and

normalized to day 0.

eak area (peak'x’
Degradation = - p _ (p ) x 100 Eq.(7)
total areai.e.integration if there was 100% deg.
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deg.atday 1,4 or 7 — deg.at day 0

Normalized degradation = x 100 Eq.(8)
deg.at day 0

At days 4, 7, 14, and 30, we observed 15.6 %, 28.1 %, 40.6 %, and 31.3 % degradation,
respectively (Table 2.2). There was no observed degradation on day 1. Surprisingly, the
calculated degradation at day 30 was lower than at day 14. Although this was unexpected, it
may indicate that hydroylsis of the ester group used for degradation calculations reaches a
plateau after 14 days (that is; the COOH group attached to the 4’-position of the B-ring in the
apigenin structure). This also suggests that the 30-day hydrolysis data likely reflects cleavage
of only one of the three ester groups in the apigenin-MMP structure, indicating that more

detailed quantification will require 'THNMR peak deconvolution.

Table 2. 2. Showing the hydrolytic degradation of apigenin-MMP in respect to the integral of

‘x’ peak
Timepoint  Deg. using Normalized deg.
peak x (%) using peak x (%)
Day 1 32 0
Day 4 37 15.6
Day 7 41 28.1
Day 14 45 40.6
Day 30 42 313
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Figure 2. 5. Stacked 'THNMR spectra of apigenin-MMP after a 30-day incubation in PBS at
37 °C. The phenol peak of apigenin labeled ‘x’ in the box was used to calculate hydrolytic

degradation.

Qualitative FTIR analysis of apigenin-PETMP samples also indicate hydrolysis. We
observed the emergence of phenol stretches in incubated samples, with the most prominent

phenol-OH band observed at day 30 (Fig 2.6). These results align with the future objectives of
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this work, demonstrating that the synthesized apigenin-thiol molecules may enable sustained
release of apigenin. This approach can be further developed into a particulate delivery system

using our established synthesis.
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Figure 2. 6. Stacked FTIR spectra of apigenin-PETMP after a 30-day incubation in PBS at 37

°C, showing the appearance of broad phenol bands in relation to time change.

2.3.5 Characterization of flavonoid-loaded PLGA microparticles

Dynamic Light Scattering (DLS) and encapsulation efficiency experiments were
performed to evaluate the behavior of the flavonoids as drugs in a microparticle drug delivery
system. The results will be useful as a control for future studies with microparticles synthesized
from flavonoid-based polymers. Encapsulation and loading efficiencies were calculated using
equations (4) and (5). Apigenin-loaded and apigeninidin-loaded MPs exhibited low
encapsulation efficiencies of 6% and 4%, respectively, with corresponding loading efficiencies
of 22% and 17%. This may be attributed to the low encapsulation often observed between
PLGA microparticles and hydrophilic drugs®®37. Despite the low incorporation, these findings
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show that incorporation of the flavonoids into a synthetic polymer requires further
optimization, and may not be ideal. This supports our rationale for synthesizing microparticles
using flavonoid-derived polymers in future studies. The hydrodynamic size and polydispersity
index (PDI) were obtained from DLS analysis. The mean particle sizes of the loaded
microparticles were between 1.9 uM and 2.4 uM. The PDI was between 0.9 to 1 indicating
polydisperse samples (Table 2.3). Considering their intended application, these sizes are
particularly favorable. In the context of SCD, the primary targets for mitigating oxidative stress
are the circulatory system and the spleen, an organ that plays a central role in filtering damaged
red blood cells and modulating immune responses. Intravenous delivery of microparticles
within the 0.2-3 um range has been shown to preferentially promote spleen accumulation,
making this size distribution promising for targeted delivery in SCD therapy. These findings
suggest that the developed system has potential for future in vivo applications aimed at reducing

oxidative damage®3-°

Table 2. 3. The hydrodynamic size and polydispersity index for the various PLGA

microparticle formulations

Formulation Hydrodynamic size (nM) PDI
Blank PLGA microparticles 0.94 £0.07 0.67 +£0.05
Apigenin-PLGA microparticles 2.40+0.20 1
Apigeninidin-PLGA microparticles 1.90 £0.05 0.98 £0.03

2.3.6 In vitro release

Figure 2.7 A & B show the in vitro release profiles of apigenin and apigeninidin from
PLGA microparticles over a five day period. To account for simultaneous degradation of the
PLGA carrier, each sample was centrifuged to separate the microparticles from the released
drug. Measurements were then normalized using blank microparticle controls*>*!. Apigenin

showed an initial burst release, with the majority of the compound released in the first 24 hours,
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followed by a plateau, indicating limited sustained release. In contrast, apigeninidin displayed
a more gradual release profile, with approximately 39% cumulative release, suggesting more
controlled release kinetics. Interestingly, this phenomenon may be attributed to differences in
loading efficiency, with apigenin-loaded microparticles exhibiting burst release corresponding
to their higher loading efficiency. A similar trend was reported in PLA microspheres, where a
30% increase in drug loading resulted in significantly accelerated release kinetics*?. Overall,
the observed release profiles highlight the need for further optimization of the microparticle
synthesis process for both apigenin and apigeninidin formulations. While the current systems
have potential, the release duration falls short of our ideal therapeutic window. A cumulative
release over 5-7 days would be preferred to maximize drug availability before clearance from

the bloodstream*3.

:150-
E ?
2 | o  —
~— O ¢
= 100- S0
0o
£
5
O
c
S
0 r I . | .
0 50 100
Time (h)

35



20—
E o
g’ 15- T 5
s
E 10— o
IE ""l
]
c S-E
o
(&)
0 ' 1 T T .
0 50 100

Time (h)

Figure 2. 7. In vitro release profiles of A) apigenin and B) apigeninidin. Concentrations were

determined using a standard curve.

2.3.7 Antioxidant activity of flavonoid polymers and complexes

A key objective of this study was to synthesize flavonoid-based molecules that retain
their ability to scavenge free radicals while enabling sustained antioxidant activity in vivo. To
evaluate this, a DPPH free radical scavenging assay was performed*. After a 30-minute
incubation, apigeninidin polymers exhibited ICso values (the concentration required to
scavenge 50% of DPPH radicals) ranging from 81.3-269 uM (Table 2.4). For comparison,
melatonin, a well-known antioxidant, has reported ICso values between 75 and 200 pM,
suggesting that our synthesized polymers exhibit comparable antioxidant efficacy*>6. We also
observed that the 1Cso value of non-polymerized apigeninidin was lower than that of the
polymerized apigeninidin. This difference correlates with the estimated molecular weights of
the apigeninidin polymers, where higher molecular weight polymers generally displayed
higher I1Cso values (Table 2.5). This trend suggests that increased polymerization reduces the
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availability of functional groups responsible for radical scavenging. Particularly, FTIR analysis
showed loss of functional groups like phenolic-OH groups that scavenge radicals, confirming
this idea. This observation aligns with findings in other studies. For instance, research on
chitosan gallate derivatives demonstrated that lower molecular weight samples had
significantly lower ICso values in DPPH assays, indicating higher antioxidant activity*’#3,
Furthermore, this supports the idea of a delayed-release antioxidant system, where antioxidant
activity can increase as more apigeninidin is released in vivo. Additionally, a trend of increasing
scavenging activity was observed as concentration increased (Fig 2.8)

For apigenin-thiol molecules, we observed little to no scavenging activity on
functionalized molecules after 30 minutes. However, scavenging activity was tested on samples
that were used in hydrolytic degradation studies, specifically day 0, day 4, day 14 and day 30
samples. Here, we saw that scavenging activity increased as more hydrolysis occurred (Fig
2.9). This activity was also observed to increase as a function of time. Apigenin-PETMP
samples had higher % scavenging over time when compared to apigenin-MMP samples. The
results from both flavonoid complexes suggest that they can be used to facilitate controlled

antioxidant activity.

Table 2. 4. ICso values of apigeninidin and apigeninidin polymers. Ascorbic acid was used as

the standard. IP stands for interfacial polymer and CP stands for condensation polymer.

Samples I1Cs0 (uM)
Ascorbic acid 11.34
Apigeninidin 58

AE-CP 55.2 81.3
AE-CP 61.2 132
AE-CP 81.2 67.8
AE-IP 104.1 269
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Table 2. 5. Estimated molecular weight of polymers based on NMR analysis. IP stands for

interfacial polymer and CP stands for condensation polymer.

Polymers Estimated molecular ICso value (radical scavenging)
weight (g/mol)
AE-IP 104.1 1716 269
(interfacial polymer)

AE-CP61.2 1351.3 132
(condensation polymer)

AE-CP 55.2 - 67.8
(condensation polymer)

AE-CP 81.2 - 81.3

(condensation polymer)

100
Ascorbic acid
g -=— Apigeninidin
2 —+ AE-CP55.2
% ~—+ AE-CP61.2
8 -0- AE-CP 81.2
X - AE-IP 104

| | 1
0 50 100 150 200
Concentration (UM)

Figure 2. 8. Radical scavenging activity of apigeninidin and apigeninidin polymers. Ascorbic

acid and unconjugated apigeninidin were set as the standard (control).

Finally, we observed that non-
functionalized apigenin had low

scavenging activity, with

concentrations of 175 uM scavenging
Scheme 2. 4. Proposed scheme for resonance stabilization of

about 35% of DPPH radicals. A study 2pigeninidin radicals™.
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by Tian et al. showed that apigenin had a lower scavenging activity when compared to other
natural antioxidants like luteolin and quercetin because of a smaller amount of enol groups on
apigenin’s structure’®. However, since apigenin and apigeninidin have an equal amount of enol
groups, we hypothesize that the differences we observed may be due to the cation on

apigeninidin structure which can facilitate resonance stabilization during the scavenging

process>!.
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Figure 2. 9. Radical scavenging activity of apigenin-thiol molecules over time and hydrolysis
duration. A) Apigenin-PETMP and B) Apigenin-MMP. “Day 0 to “Day 30 refer to timepoints

collected during hydrolysis studies.

2.4 Conclusions

This work demonstrates the successful synthesis of flavonoid-based polymers and
macromolecules capable of sustained antioxidant activity in vitro. This activity is influenced
by both molecular size and the rate of hydrolytic degradation. Additionally, the synthesized
microparticles fall within the optimal range for spleen-targeted delivery via intravenous
administration-an important consideration for oxidative stress management SCD. These
findings provide a strong foundation for future studies focused on engineering delivery systems
from these bio-active polymers. Such systems offer a promising alternative to oral antioxidant
supplements in SCD, potentially overcoming challenges related to low bioavailability and risks

associated with excessive supplementation.
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Figure S2.4. 'THNMR spectra of apigeninidin condensation polymer (AE-CP 61.2) after a

soxhlet extraction. ‘c’ was set as the reference peak.

100 .
= Apigeninidin
—— AE-CP552
1 — AE-CP61.2
9 AE-CP 81.2
] — AE-IP 1041
5 50+
[+})
=
0 L] l ) I L '
0 200 400 600

Temperature (°C)

Figure S2.5. Thermogravimetric analysis of apigeninidin and apigeninidin polymers
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Figure S2.9. FTIR spectra of apigenin-PETMP, showing the starting material (apigenin),
reactant (PETMP) and product. The arrows represent the phenol, ester and thioether functional

groups where the most changes are expected in the IR spectra of the 3 molecules.
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Chapter 3: Multifunctional Chitosan Hydrogels Targeting Sickle Cell Leg Ulcers

3.1 Introduction

Chronic non-healing wounds are known to affect approximately 1-2% of the world’s
population. These wounds are classified as chronic based on their inability to heal within an
expected time frame'. They typically occur due to complications from other diseases such as
sickle cell anemia, diabetes, neuropathies and arterial insufficiency. Other factors that influence
their formation include burns, trauma and surgical complications'. Among chronic wounds,
sickle cell leg ulcers (SCLUs) are particularly challenging to treat due to their complexity and
unique pathophysiology. Their pathophysiology stems from the underlying driver of sickle cell
disease (SCD) — vaso-occlusion; where vascular blockages, low nitric oxide (NO)
bioavailability and hemolysis trigger and prolong ulceration. SCLU manifestation evolves
from random pain to subcutaneous necrosis, blister formation, and then epidermis destruction
which is known to persist for up to 20 years>3. They are also found on the lower extremities of
the body — regions already predisposed to poor blood circulation, which exacerbates delayed
healing and increases the risk of chronicity!. Furthermore, these wounds are often heavily
colonized by skin microflora such as Staphylococcus aureus and Pseudomonas aeruginosa,
which become opportunistic pathogens and contribute to their longevity.

The gold standard for SCLU treatment largely involves therapies that primarily target
bacterial colonization while failing to address the underlying pathophysiology. These include
hydrocolloids, silver- and iodine-based dressings, and standard protective bandages*. While
infection control is critical, addressing only this component overlooks vaso-occlusion that leads
to SCLU persistence. Recent work by Caterina Minniti has aimed to address this through the
use of topical sodium nitrite as a vasodilator and nitric oxide (NO) donor, to improve blood
flow in SCLUs and target vaso-occlusion®®. However, topical applications face significant
limitations, including poor control with dosage, the need for frequent reapplication, and a lack

of sustained release. These limitations highlight the need for an integrated therapy — one that
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provides sustained antimicrobial and vasodilatory effects while remaining biocompatible with
the mechanically active skin of the lower extremities. In this work, we present a hydrogel

system engineered to meet this urgent clinical need through a unified, multifunctional design’.

Hydrogels in Wound Care

Hydrogels are cross-linked 3D polymeric networks that can absorb large amounts of
water. In research for enhanced wound care, hydrogels have become promising candidates for
wound dressings due to their hydrophilicity, biocompatibility and their mechanical properties.
Hydrogels are ideal because of their ability to meet various wound healing requirements such
as adequate moisture retention and mechanical strength. Beyond their traditional role as passive
wound coverings, they can also be engineered for multifunctionality to include controlled drug
delivery, anti-inflammatory activity and stimuli responsiveness® !0, Currently, only a few
bioengineered approaches have been taken to reduce the burden of SCLUs. These include the
use copper-impregnated wound dressings and hydro-responsive dressings. However, these
interventions have been tailored to promoting angiogenesis and the regrowth of granular tissue
while reducing microbial colonization to improve healing, leaving the need to address vaso-
occlusion unmet®!!12,

To address this need, we developed a multifunctional chitosan-based hydrogel with
intrinsic antimicrobial properties, capable of achieving sustained release of a vasodilator to
promote wound healing. Our hydrogel was fabricated from chitosan methacrylate (CHIMA)
and poly (ethylene) glycol diacrylate (PEGDA) which offers tunability by adjusting polymer
composition to achieve varying mechanical properties. This adaptability is crucial for wound
dressings applied around the lower extremities of the legs, where dorsiflexion and mechanical
strain demand an elastic modulus that accommodates movement. CHIMA and PEGDA were
chosen as our hydrogel precursors due to their low cost, commercial availability, and ease of

synthesis, making them promising candidates for scalable and affordable wound care solutions,
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especially in resource-limited settings. The hydrogel was embedded with doxycycline, a broad-
spectrum antibiotic effective against Gram-positive and Gram-negative bacteria, as well as
aerobic and anaerobic pathogens'’. SCLUs are commonly colonized by S. aureus, P.
aeruginosa, Group A Streptococci, and, in some cases, anaerobic bacteria such as E. coli. These
pathogens fall within the antimicrobial spectrum of both chitosan and doxycycline. In addition,
we incorporated amlodipine, a vasodilator known to increase NO bioavailability and enhance
blood flow. The goal of this strategy was to address blood vessel occlusion — the driving force
of these ulcer persistence. We evaluated the ability of our engineered network to not only
release these therapeutics, but also to act as a natural antimicrobial agent due to chitosan’s
ability to disrupt bacterial cell growth. Furthermore, we assessed its wound closure abilities,
adhesive properties and in vitro biocompatibility, using NIH mouse 3T3 fibroblasts to validate

its clinical relevance.

3.2 Materials and methods

Chitosan, 85% DA, 1526.5 g/mol (Thermo Scientific) polyethylene glycol, 3350 g/mol (integra
chemicals), methacryloyl chloride (Anhydrous, Sigma, 97%), acryloyl chloride (Sigma, >
97%), triethylamine (TEA, sigma, > 99%), dichloromethane (DCM, Thermo Scientific,
>99.5%), acetic acid (macron fine chemicals, 99%), sodium hydroxide (Fisher, 97%),
deuterated solvents; CDCls, 99.8%, D20, 99.8% and TFA-d, 99% (Acros organics), Irgacure
2959 (TCI, >98%), methanol (Fisher, 99.8%), Miller’s LB broth, (Fisher Scientific),
Staphylococcus aureus (SA113 WT) and P. aeruginosa (PAO1 WT) Dulbecco’s phosphate-
buffered saline, dPBS (VWR), PrestoBlue cell viability reagent and live/dead viability kits
(Biotium), 4',6-Diamidino-2-phenylindole  dihydrochloride (DAPI, Sigma-Aldrich),
phalloidin-iFluor 488 conjugate (AAT Bioquest), paraformaldehyde (Acros organics), triton x-
100 (Fisher), Dulbecco’s modified eagle medium (DMEM, Gibco), antibiotic-antimycotic
(Anti-Anti, Gibco), bovine calf serum (BCS, Sigma-Aldrich), trypsin-EDTA (Gibco), mouse

3T3 fibroblasts cells (obtained from NIH), doxycycline (Fisher, 95%), amlodipine (TCI,
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>98%). Solvents used for chemical synthesis were purified under argon; DCM was distilled
over calcium hydride and stored under Ar in a dry air-free flask. TEA was distilled over
potassium hydroxide pellets and stored under Ar. Acryloyl chloride was distilled in the presence

of 2-methyl resorcinol to inhibit polymerization stored under Ar in a dry flask.

3.2.1 Chemical synthesis techniques

Synthesis of chitosan methacrylate (CHIMA)

CHIMA was synthesized by dissolving chitosan (1.0 g, 0.33 mmol) in a 4% v/v acetic
acid solution (20 mL) for five hours. Next, the pH was adjusted to pH 7 using a sodium
hydroxide solution and inert gas was bubbled through the solution for 15 minutes. To target
two to three amine groups for functionalization, methacryloyl chloride (0.2 mL, 2 mmol) was
added dropwise to the reaction mixture and allowed to react overnight, in the dark. The
resulting solution was dialyzed at room temperature against deionized water for 24 hours and

freeze-dried with a lyophilizer to yield white foam-like compound (0.92 g, 85.3%) '415.

Synthesis of poly (ethylene glycol) diacrylate (PEGDA)

PEGDA was synthesized following previously established methods!'®!7

. Briefly, poly
(ethylene) glycol 3350 (10 g, 3.0 mmol) was dissolved in 15 mL dry DCM and mixed with
TEA (1.25 mL, 9.00 mmol). Acryloyl chloride (0.5 mL, 7.2 mmol) was added dropwise to the
reaction mixture and allowed to react overnight. The resulting mixture was washed in a 2 M
solution of K2COs3, dried over MgSO4 and concentrated to a slurry using a rotary evaporator.

The product was precipitated into a powder with 200 mL of cold ether. The resulting solid was

a pure white compound collected via vacuum filtration and stored under inert gas (9.00 g,

86.8%).
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Synthesis of CHIMA and PEGDA hydrogels

To synthesize the CHIMA/ PEGDA hydrogels, prepolymer stock solutions were
prepared as follows: CHIMA (at concentrations of 5, 10, 15 w/w% in 4% acetic acid solution),
PEGDA (31.25 w/w% in either water or dPBS for cell culture), and the photo-initiator, Irgacure
(10 w/w% in methanol). The selected CHIMA concentrations were determined based on
solubility, with the maximum solubility limit of CHIMA being 15 w/w%. The final CHIMA
concentrations in each hydrogel were calculated and categorized into three experimental
groups: 0.8, 3.2, and 7.2 w/w% CHIMA hydrogels. For comparative analysis, PEGDA-only
hydrogels (20 w/w%) were also synthesized'®. The prepared stock solutions were mixed in
specified ratios to form a 1 mL hydrogel solution (Table 3.1). The hydrogel solution was placed
between glass slides with a 2 mm spacer, and cured under UV light (365 nm) for 10 to 15
minutes to form gels with a 2 mm thickness. The hydrogels were precisely cut to 2 x 6 mm
discs using a biopsy punch. For reference and method reproducability, the final weight

concentrations of each component in the hydrogel is detailed in supplemental table S3.1

Table 3. 1. A table showing the CHIMA/ PEGDA hydrogel formulation. Therapeutics for

release studies were typically added to the water composition of the hydrogel. 12959 stands for

Irgacure 2959.
Weight percent (w/w%) Volume in solution (%)
0.8 CHIMA 3.2 CHIMA 7.2CHIMA 0.8 CHIMA 3.2 CHIMA 7.2 CHIMA
CHIMA 5 10 15 16 32 48
PEGDA 31.25 31.25 31.25 48 32 16
12959 10 10 10 10 10 10
H,O 26 26 26 26 26 26
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3.2.2 In vitro mechanical characterization of hydrogels

Elastic modulus and swelling ratio

The mechanical characteristics of the hydrogel were evaluated to determine the
CHIMA/PEGDA composition with optimal strength, elasticity and water retention ability. For
these experiments, the hydrogels were cut into a 2 x 6 mm cylindrical discs (2 mm height and
6 mm diameter). The elastic moduli of the hydrogels were calculated from the slope of the
linear region of the resulting stress-strain curves, defined between 0% and -30% compressive
strain. A dynamic mechanical analyzer (Q-800, TA Instruments — New Castle, DE, USA) was
employed to achieve these results. A uniaxial compression test was employed. The initial
preload force was set to 0.001 N and the initial strain was set to -0.5%. The system ramped the
strain at 10%/min to a maximum strain of -100%.

The mass swelling ratios were calculated by determining the wet mass of the hydrogels
after equilibrium swelling at 48 h and the dry mass after lyophilization. The in vitro swelling
behavior was further evaluated over 72 h. The wet and dry mass of the hydrogels were
determined at different time points (0, 2, 12, 24, 48, 72 h). The swelling ratio (q) was calculated
using the equation below.

Ws — Wd

Mass swelling ratio (q) = Wa

Eq. (1)
where W5 refers to the mass of the swollen hydrogel and Wa refers to the mass of the dry

hydrogel.

Chitosan hydrogel mesh size (&)

The mesh size of a hydrogel describes the average distance between each crosslink in
its structure!®. The swelling ratio of chitosan hydrogels change with respect to the mesh size
and ionic interactions between the charged molecules on the chitosan structure. Placing these

factors into consideration, the mesh size was calculated using the series of equations below?°,
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The equilibrium swelling ratio (Qm) was calculated as follows with the polymer mass

considered?!

Ms—Mg

On = =y~ Eq. (2)
where Ms is the mass of the swollen hydrogel at equilibrium swelling and Ma is the mass of the

dried hydrogel after freeze drying. The volumetric swelling ratio, Qv was then calculated using

the swelling ratio based on hydrogel mass.

Q= 1+(22)+(Qn—1 Eq.(3)

ps
where pgp is the polymer bulk density and ps is the solvent density. The psp of chitosan and
PEGDA are 1 and 1.2 g/cm® respectively, and the average bulk density was calculated based
on the weight percentage of each polymer in the hydrogel. The polymer volume fraction in

equilibrium swollen hydrogel (v2,s) was calculated as:

1
Vyg = — Eq.(4)
2,8 Qv q
the specific volume of the polymer is.
v=2>5 Eq.(5)
PBD

The Peppas-Merrill equation was then used to determine the number average molecular

weight between crosslinks, Mc

1
M, = v Eq.(6)
2 o1 * (log(l — vz,s) + X1 * vz'sz)
(M_n) N 1 vy,
Vps3 — E

Here, Mn is the number average molecular weight of the un-crosslinked polymer, V1 is the
molar volume of the swelling medium, 18 cm?/mol for water, and X1 is the Flory polymer-
solvent interaction parameter, 0.426. The number of links in the chain (N) was calculated with

equation 7.
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N = Eq.(7)

Where the molecular weight of PEGDA repeating units was 44.05 g/mol and the repeating units
(Mr) of CHIMA was determined based on the degree of deacetylation: 161.2 (DD) + 203 (1-

DD). The root mean square end to end distance of the polymer chains between two crosslinks

1
((r0%)2 ) was determined to conclude the mesh size calculations.

(r03)% = L+ (Cy # N)2 Eq.(8)
The carbon-carbon bond length (1) is estimated as 1.54 A and the Flory specific characteristic
ratio (Cn) is 1922, Finally, to account for the electrostatic repulsion caused by the charged nature
of chitosan, the calculated mesh size was multiplied by felectrostatic, @ term estimated by
comparing the swelling ratio of the polyelectrolyte hydrogel to that of a neutral counterpart

(CHIMA and PEGDA in this case)?>.

_ onlyelectrolyte

felectrostatic - Q Eq- (9)
neutral
According, the mesh size (§) was calculated using the equation below:
1 PO
§= Vas 3% (r0%)2 « fzelectrostatic Eq.(10)

Since hydrogel formulations were based on varying ratios of CHIMA and PEGDA, each
parameter was calculated by factoring in the weight percent of both polymers used in each

hydrogel formulation.

3.2.3 Antimicrobial susceptibility testing

To assess the intrinsic antimicrobial properties of the chitosan hydrogels, we performed
a zone of inhibition (ZOI) assay using two bacterial strains known to colonize SCLUs. The
bacterial strains Staphylococcus aureus and Pseudomonas aeruginosa were used in this study.

Briefly, overnight cultures of the bacterial strains were diluted to a density of 1 x 108 cfu/mL.
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A sterile cotton swab was used to create a bacterial lawn over the surface of sterile Luria-
Bertani (LB) agar. Using a sterile biopsy punch, the hydrogels were cut out to have a diameter
of 6 mm and placed carefully on the culture plates. The 6 mm diameter was chosen to replicate
antibiotic discs used in literature for ZOI studies. The plates were incubated at 37°C for 18 h.
After incubation, the diameters of the ZOI were measured. Each experiment was performed in

triplicate and PEGDA hydrogels were used as controls.

3.2.4 In vitro cell compatibility studies

Supernatant cell assay

NIH 3T3 mouse fibroblasts were used for all cell compatibility studies. The cells were
cultured in DMEM media supplemented with 10% bovine calf serum and 1% antibiotic-
antimycotic. Cells were incubated at 37°C in a 5% CO:2 atmosphere. The hydrogels were
synthesized following methods described previously with aseptic modifications by using sterile
filtered solutions and dPBS instead of water. The sample 2 x 6 mm discs were cut out and
incubated in 1 mL media till equilibrium swelling at 48 h. The cells were grown in a 75 cm?
culture flask, trypsinized and passaged into 48-well plates at a density of 1 x 10* cells/cm?.

After 24 h of cell growth, the media in the well plates were gently aspirated and replaced
with 1 mL media from the equilibrated hydrogel, containing hydrogel supernatant. Control
wells were replaced with fresh media. Cell viability was determined via a live/ dead stain
assay™., After 24 h, the supernatant was aspirated, and the cells were fixed and stained in the
dark using a solution of Ethidium Homodimer III (4uM) and Calcein AM (2uM) dispersed in
sterile PBS. All samples were imaged with a fluorescence microscopy (Alexa Fluor 42" =517
and mCherry A#™ = 610, Axiovert Observer Z1, Zeiss). Analysis was done with the ImagelJ

software.
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As an additional experiment to determine quantitative cell viability, a PrestoBlue
metabolic assay was performed following the previously described cell culture protocol. Cells
were seeded at a density of 3 x 10° cells/cm?. After a 24h incubation of cells with media
containing the hydrogel supernatant, the supernatant was replaced with 200uL of PrestoBlue
solution followed by a 30-minute incubation in the dark. The absorbance read out was
determined using a SpectraMax iD3 microplate reader [Ex: 530, Em: 585; gain 80]. The control
for this experiment was cells incubated with media containing no hydrogel supernatant. The
absorbance readout from these wells was used as a reference for 100% viability when plotting

cell viability graphs (Fig S3.5)

2D cell seeding

A 2D cell seeding assay was performed to study the adhesive nature of the hydrogel
groups. First, the cells were seeded on the hydrogels at a density of 1 x 10* cells per scaffold
and placed in 48-well plates containing 1 mL medium. The cells were left to proliferate for 24
h and imaged afterwards. The viability of cells were also visualized via a live/dead stain assay.
Using the same live/dead stain protocol stated above, the seeded hydrogels were stained and
imaged. The results from these experiments were used to narrow down the optimal hydrogel

formulation for further experimental analysis.

3.2.5 Hydrogel adhesion testing: in vitro analysis on cells and tissues

Based on the mechanical characterizations and initial cell studies, we were able to
identify the hydrogel experimental group that desired properties such as modulus that can
accommodate use within lower extremities and high cell viability (3.2% CHIMA). To confirm
that the hydrogels from this group will not adhere to cells and disrupt healing, we performed a

hydrogel-cell adhesion study using NIH 3T3 mouse fibroblasts. In this experiment, cells were
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plated on 24-well plates to achieve a density of 5 x 10* cells/cm?. After 24h cell growth, old
media was removed, and the hydrogels were then placed directly on the layer of cells then
supplemented with fresh media. At 24 and 48-hour time points, the media was aspirated, and
the gels were gently detached from the well plates containing cells. The cells were fixed with
4% paraformaldehyde and permeabilized with 0.1% triton x-100 then stained with Fluorescein-
isothiocyanate-conjugated phalloidin and DAPI to visualize the cytoskeleton and nuclei of the
cells. For these experiments, cells with no gels and 15% (w/w), GeIMA were used as negative
and positive controls respectively, and all experimental groups were tested in triplicate.

Next, to confirm that the hydrogel will not stick to tissue and impede the wound healing
process, we observed the interactions between the hydrogel and tissue over time by performing
a surface contact test. Here, two rectangular porcine lung tissues were cut using a scalpel blade
(1 cm x 2 cm) and fixed onto glass slides with super glue. A hydrogel slab with a 2 mm height
was cut out using a scalpel blade to achieve a dimension of 1 cm x 1 cm). The hydrogel was
then placed in between the tissue and adhesion was observed for 20 minutes?>.

Finally, the adhesive characteristics of the hydrogel were studied by using a wound
closure test (ASTM F2458-05) and a modified lap shear test (ASTM F2255-05) to determine
the adhesion strength and shear strength respectively. In the wound closure test, two rectangular
porcine lung tissues were cut using a scalpel blade (1 cm x 2 cm) and fixed onto glass slides
with super glue. The tissues were brought together and the groove in between each tissue was
covered with 3.2% CHIMA solution, covering a total surface area of 1 cm?. Next, the hydrogel
solution was crosslinked under UV36snm light for a total of 10 minutes. The amount of
prepolymer solution used was 200 pL, added in 100 pL increments, because of low solution
viscosity. A mechanical tester (Instron 5943) with a 100 N load cell was employed to determine
the failure point of the hydrogel while being pulled at a strain rate of 1 mm/min?°. A lap shear
test modified by replacing the standard gelatin coat on a glass slide with tissue was also

performed. Here, two rectangular porcine lung tissues (1 cm x 2 cm) were fixed onto glass
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slides with super glue. Next, 200 puL of the 3.2% CHIMA solution was pipetted and photo-
crosslinked between the two tissue samples. To address difficulties in crosslinking the
prepolymer solution with UV light, we first partially cured a small volume of the hydrogel
directly onto each tissue surface. The tissues were then brought together, and an additional

layer of the prepolymer solution was applied at the interface and fully crosslinked under UV

light2.

3.2.6 Kinetic release of therapeutics from the hydrogel

The release kinetics of the active components embedded in the hydrogel, doxycycline
(DOX) and amlodipine (AML) were determined by performing an in vitro release study.
Briefly, the hydrogels were fabricated using methods described earlier (Section 3.2.2), the
drug-loaded hydrogels were synthesized by replacing the water composition with stock
solutions of either doxycycline or amlodipine, at pre-determined concentrations (Table 3.2).
The gels were cut out into 2 x 6 mm hydrogel disks and placed in 0.5 mL deionized water. At
0.5h,2h,8h,12h,25h,37h, 45 h, 72 h, and 100 h time point intervals, aliquots were taken
and freeze dried for analysis using an LCT Premier TOF LC/MS (Waters, Milford, MA, USA).
Each time point included one blank hydrogel sample as a control and three drug-loaded
samples. The freeze-dried aliquots were dispersed in 0.1 mL filtered HPLC grade water and
analyzed using an optimized LC-MS acquisition method. Here, the concentration of unknown

samples were determined using a standard curve.
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Table 3. 2 Showing the Drug stock concentrations for each therapeutic and the final amount

in each hydrogel disc
Drug stock Volume in entire Amounts in 2x6mm
concentration (pg/mL) hydrogel (ul) hydrogel
Doxycycline 2000 260 29.38ug
Amlodipine 2900 260 42.60pug

3.2.7 Calibration and accuracy

The calibration curve for doxycycline and amlodipine were validated with a series of
standard samples in the range of 0 — 35 pg/mL and 27 — 50 pg/mL for DOX and AML
respectively. AML samples had an LC-MS limit of detection at a concentration of 27 pg/mL.
The linearity of the standard curve was created by plotting the area under the peak intensity
curves over the analyte concentration and fitted by a simple linear regression. The calibration

curve was obtained by analyzing triplicates of each standard sample. (Fig S3.7)

3.2.8 Instrumentation and chromatographic/ spectrometry conditions

The chromatographic system used for DOX and AML detection were different based
on varying wavelengths, solvent and column affinities. For DOX, samples were infused using
direct loop injection on a Waters Acquity UPLC system, using an Acquity BEH C18 1.7um
column (50 x 2.1 mm). The mobile phase consisted of an isocratic mixture of acetonitrile and
water (5:95, v/v) with 0.2% formic acid. The UV detection wavelength was set at 278nm, with
a flow rate of 0.ImL/min and an injection volume of Sul. For AML, samples were infused using
direct loop injection on a Waters Acquity UPLC system, using an Agilent Zorbax Eclipse XDB
fluoro-phenyl column (2.1 x 50 mm) . The mobile phase consisted of a gradient mixture of
acetonitrile and water (2:98, v/v to 98:2) with 0.2% formic acid. The UV detection wavelength

was set at 370nm, with a flow rate of 0.3mL/min and an injection volume of 5ul. The total run
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time for each samples was 10 minutes. ESI-TOF measurements were carried out on a Waters
LCT-Premier XE Time of Flight Instrument controlled by MassLynx 4.1 software (Waters
Corporation, Milford MA). The instrument was equipped with the Multi Mode Ionization
source operated in the electrospray mode. A solution of Leucine Enkephalin (Sigma Chemical,

L9133) was used in the Lock-Spray.

3.2.9 Statistical analysis

All data are presented as mean + standard deviation unless otherwise stated. Statistical
comparisons between groups were conducted using unpaired, two-tailed Student’s t-tests. An
alpha level of 0.05 was used to determine significance. Graph generation and statistical

analyses were performed using Microsoft Excel and GraphPad Prism.

3.3 Results and discussion

3.3.1 Synthesis of chitosan methacrylate (CHIMA) and polyethylene glycol diacrylate

(PEGDA)

CHIMA was synthesized based on established protocols, with a minor modification'>.
Methacrylic anhydride is commonly used for this reaction, however we switched this to
methacryloyl chloride due to its higher electrophilicity, improved selectivity for amine
functionalization. This modification led to better functionalization'>?’. One of the incentives
for using chitosan in this work was to leverage its intrinsic antimicrobial properties while
developing a hydrogel with optimal mechanical performance. To develop a mechanically
robust hydrogel, we regulated the crosslinking density by using low molecular weight chitosan
and limiting functionalization to two to three methacrylate groups per polymer chain. This was
achieved by calculating the amount of methacryloyl chloride required to functionalize the

chitosan NH2 groups. Our functionalization was kept at a range of 10 — 30% methacrylation
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(Scheme 1). 'H NMR (400 MHz, D20) 6 = 5.96 and 5.56 (vinyl protons, 2H, CH>), 5.56 (s, H,
CH>), 3.0 — 3.65 (m, 63H), 1.90 (s, 3H, CH3), 1.74 (s, 3H, CH3) (Fig S3.1). PEGDA synthesis
was also achieved using established protocols!®!7. The acrylation degree was 70 % or higher
for all batches synthesized. 'H NMR (400 MHz, CDCI3) 6 = 6.41 (d, 2H, CH>), 6.14 (m, 2H,

CH>), 5.82 (d, 2H, CH.), 4.30 (, 4H), 3.64 — 3.73 (m, 320H) (Fig S3.2).
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Scheme 3.1. A) Synthesis of chitosan methacrylate and B) Synthesis of polyethylene glycol
diacrylate. C) Graphical representation of hydrogel synthesis, I and II in varying and pre-

determined concentrations.

3.3.2 Mechanical characterization of the hydrogels

To determine the optimal hydrogel composition for our specific application, the
modulus, swelling ratio and mesh size of our hydrogels were calculated. The elastic modulus
of the hydrogels decreased with increasing CHIMA concentrations. Control (20% PEGDA),
0.8%, 3.2% and 7.2% CHIMA exhibited moduli of 285 + 2.86 kPa, 175 + 0.97 kPa, 51 + 8.38

kPa and 15 £ 0.70 kPa respectively (Fig. 3.1A). Next, we evaluated both the equilibrium and
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time-dependent swelling behavior of the hydrogels. Since the material is intended as a wound
dressing precursor, high and sustained water retention is desirable. As expected, swelling ratios
increased with higher CHIMA content, indicating enhanced water absorption over time. The
equilibrium swelling for each hydrogel was reached after 48 h. Control (20% PEGDA), 0.8%,
3.2% and 7.2% CHIMA showed ratios of 6.7 + 0.06, 8.9 + 0.24, 24.8 + 2.5, 94.3 + 11 (Fig.
3.1A).

Overall, the mechanical properties of the different gel compositions show that higher
CHIMA concentrations produce gels with enhanced water retention and reduced mechanics.
Regarding the mechanical strength, gels with moduli between 40 — 55 kPa are optimal because
this is the recorded modulus of the skin and tissues around the ankles. This makes 3.2% CHIMA
a good candidate for future experiments?®?’. These results also highlight the advantage of
tuning the mechanical properties of the hydrogel by adjusting its composition. We also recorded
a 388% relative swelling capacity (RSC) in the 3.2% CHIMA gel composition, showing its
ability to absorb a good amount wound exudate early on without compromising its structural
integrity. When compared to the 0.8% and 7.2% gels, we recorded a 104% and 1844% RSC
respectively, which are either too low, not absorbing enough initial moisture or too high,

compromising the gel’s strength.

Swelling ratio at equilibrium swelling — Swelling ratio at 0 h
Swelling ratio at Oh

RSC (%) = Eq.(11)
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Figure 3. 1. A) Elastic modulus and swelling ratio trends of CHIMA hydrogels. B) Time-

dependent swelling ratio of CHIMA hydrogels.

Finally, Table 3.3 also shows the mesh size values of the synthesized hydrogels. Mesh
size was initially estimated using conventional methods widely applied in chitosan-based
hydrogels, namely the Flory-Rehner theory and Peppas-Merrill equations?'. These models

relate the equilibrium swelling behavior of polymer networks to their molecular architecture,
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allowing an indirect calculation of network mesh size. However, these equations were
originally developed for neutral polymers and do not account for the polyelectrolye nature of
chitosan. Chitosan contains protonated amine groups in acidic or aqueous environments that
introduce electrostatic repulsion between polymer chains. This results in enhanced swelling
and altered chain conformations compared to neutral hydrogels. Therefore, applying neutral
network theory to such systems introduces limitations and can lead to inaccurate mesh size
estimations. To address this, we incorporated an electrostatic correction method described in
literature, which relates mesh size to the swelling ratio of polyelectrolyte hydrogels compared
to a neutral hydrogel (for this study, CHIMA and PEGDA were used)?*-**3!, This adjustment
introduces a factor, felectrostatic derived from the ratio of swelling in charged vs. uncharged gels,
and is used to modify the mesh size estimate accordingly. This approach allowed us to better
account for the contributions of charge-mediated swelling while still applying classical theory.

Nonetheless, determining the actual mesh size in polyelectrolyte hydrogels remains
challenging. Theoretical estimates may not reflect the true nanoscale architecture of the
network. Studies have shown that experimental techniques such as scanning electron
microscopy (SEM), and dynamic light scattering (DLS) offer more reliable and direct
measurements of hydrogel mesh structure®3?, For example, Lopez ef al. demonstrated a
significantly lower crosslinking density in theoretical predictions, when compared to
experimental models. Here, we aimed to address these limitations by using swelling-based
electrostatic corrections. Overall trends observed was an increase in hydrogel mesh size as the
chitosan composition increases. This matches with the stated hypothesis that charge-to-charge

repulsion seen in polyelectrolyte networks can increase mesh size and water uptake’.

Table 3. 3. A table showing the estimated mesh size of the hydrogel groups in correlation to

their respective water retention ability.
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Experimental group Mesh size (A) Relative swelling capacity (%)

Control (0% CHIMA; w/w) 53.0+0.16 101.0
0.8% CHIMA (w/w) 66.0+1.5 104.0
3.2% CHIMA (w/w) 165+ 13 388.0
7.2% CHIMA (w/w) 394 +41 1844

3.3.3 Antimicrobial properties of CHIMA hydrogels

Chitosan is known as a nontoxic, natural antimicrobial polymer which is GRAS
certified (Generally Recognized as Safe by the FDA). Therefore, we evaluated the ability of
our hydrogels to display these intrinsic antimicrobial behaviors in the absence of any added
antimicrobials®>. The PEGDA control and 0.8% CHIMA groups displayed no antimicrobial
behavior ZOIs with recorded at 0 mm. However, as the concentration of chitosan increased, an
increase in the antimicrobial activity was observed in both S. aureus and P. aeruginosa cultures.
In S. aureus cultures, ZOIs of 8.3 £ 0.6 mm and 9.7 + 0.6 mm were seen for 3.2 and 7.2 CHIMA
hydrogels respectively. Higher microbicidal activities were seen in P. aeruginosa cultures with
ZOIs 0f 9.7 £ 0.6 mm and 12 + 1 mm for 3.2 and 7.2 CHIMA hydrogels respectively (Fig.
3.2B). These values are comparable to the ZOIs of commercially available antibiotics used
against S. aureus and P. aeruginosa. For instance, ceftriaxone (30 pg) exhibits a ZOI of 19 mm
against P. aeruginosa, while erythromycin (5 pg) produces a ZOI of 10 mm against S. aureus.
Notably, bacitracin (0.04 pg), a commonly used antibiotic for SCLU, shows no inhibition (0
mm ZOI) against S. aureus®®37. These results highlight the functionality of our construct and
directly addresses the microbial colonization issues seen in SCLUs which increases the

longevity of SCLUs.
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Figure 3. 2. A) Images of bacterial culture plates after ZOI experiments. B) Quantification of
the ZOI studies. Hydrogels made in triplicates where; a = 0.8% CHIMA gel, b = 3.2% CHIMA

gel, ¢ = 0% CHIMA/ control, d = 7.2% CHIMA gel. 0% CHIMA gels were set as the control

3.3.4 In vitro cell viability

Supernatant cell assay

To assess the biocompatibility of the hydrogels, we performed a supernatant cell assay
to evaluate how components released from the hydrogel may affect mammalian cell viability.
In these experiments, we quantified the cytocompatibility of all the CHIMA experimental
groups, 7.2% CHIMA, 3.2% CHIMA, 0.8% CHIMA and 0% CHIMA group (20% PEGDA).
We observed an increase in cell viability as CHIMA concentration decreased with the 7.2%
group having the lowest viability. However, when compared to the positive control which was
cells grown with 100% fresh media and no hydrogel supernatant, we saw no significant
differences in the 0.8 and 3.2 group. The cell viability of the 0.8 and 3.2 groups were 96% and

70% respectively (Fig 3.3A, B)

2D cell seeding
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To further evaluate hydrogel-cell interactions, we performed an experiment to study
adherence of cells to the hydrogel surface. This was done as the first proof-of-concept
experiment to confirm that the hydrogel wound dressing will not adhere to cells and disrupt the
wound healing process. Minimizing cell adhesion is critical for wound dressings, particularly
in chronic wounds or ulcers, as excessive cell attachment to the dressing can mechanically
disrupt re-epithelialization, damage newly formed granulation tissue during dressing changes,
and worsen local inflammation. Recent studies have shown that non-adherent dressings are
beneficial because they reduce trauma upon removal, support tissue regeneration, and help
maintain a favorable environment for healing?®3°. Here, we observed that as the concentration
of CHIMA increased, there was a decrease in the number of cells on the surface of the
hydrogels. For 20% PEGDA (control) and 7.2% CHIMA samples, there was an average of 2
and 3 cells/ gel surface respectively, showing low survival when cells are in direct contact with
the gel. 0.8% CHIMA had the highest cell survival and adhesion with an average of 51 cells/gel
surface. However, this increases the risk of cell adherence, making 3.2% CHIMA the best
candidate with approximately 9.5 cells/ gel surface, showing good cell viability without high

adherence as seen in the cell morphology (Fig 3.3C, D)
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Figure 3. 3. Hydrogel-cell compatibility assays. A) Representative live/ dead images showing
how cells respond in the presence of hydrogel supernatant after 24h. B) Quantification of cell
proliferation in hydrogel supernatant after 24h. Statistically significant differences in cell
viability were seen between the 7.2 CHIMA group and the positive control, no statistical
differences were found between the other groups and the control. Error bars indicate the
standard error from the mean, asterisks mark significant levels (**P <0.05), and ns refers to
no significance. C) Representative live/ dead images showing the growth of cells on the surface
of the hydrogels after 24h. D) Quantification of cell proliferation on hydrogel surface after 24h.
For all experiments, control groups were cells treated with no hydrogel and cells treated with

PEGDA hydrogels

3.3.5 Hydrogel adhesive properties

Cell adhesion

Building on the results of cell viability and mechanical characterization experiments,
we further assessed the adhesive properties of the optimal hydrogel formulation, 3.2% CHIMA.
These experiments worked to confirm the hydrogels’ ability to act as a great wound dressing
while avoiding the possibility of unwanted cell and tissue adhesion during the stages of wound
healing®. We observed no cell adhesion in both hydrated and non-hydrated (freeze-dried)

CHIMA gels (in contrast to GelMA hydrogels, which served as a negative control due to their
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known tendency to adhere to cells). The non-hydrated gels were rehydrated for 24 h and
observed at 24 hours (Fig. 3.4A) and 48 hours (Fig. 3.4B) after re-hydration. We observed a
limited number of instances where the cells did not adhere to GeIMA gels in the non-hydrated,
48 h timepoint. We hypothesize that this may be due to the amount of time that the cells spent
in culture (96 h). At 96 h, the cells are close to confluency leading to increased cell-cell
interactions, secretion of more ECM proteins like collagen and presence of stronger focal

adhesion (Fig S3.4)
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Figure 3. 4. Hydrogel cell-adhesion assay. A) Phalloidin/ DAPI stained cells showing hydrogel

adhesion to cells after a 24h incubation. B) showing adhesion after a 48h incubation. Control
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groups were cells treated with no hydrogel (negative control) and cells treated with GeIMA
hydrogels (positive control). The outline shows where the hydrogels were placed, this was
confirmed with markings made at the bottom of the well plates through phase and brightfield

images (Fig. $3.3)

Tissue adhesion

The adhesive characteristics of the 3.2% CHIMA gels were studied on the basis
standard adhesion tests provided by American Society for Testing and Materials (ASTM).
Particularly, a wound closure test (ASTM F2458-05) and modified lap shear test (ASTM
F2255-05) were used to determine the adhesion strength and shear strength respectively. The
tissue adhesive strength was determined at the point of failure as hydrogel-sealed tissues were
pulled apart with a mechanical tester (Instron 5943) at a strain rate of 1 mm/min. The set up
for both the wound closure and modified lap shear tests are shown in Fig 3.5. The results of
this experiment showed an average adhesion strength of 5.84 + 2.04 kPa and a shear strength
0f9.32 £0.6 kPa. These numbers are significantly low when compared to FDA -approved tissue
sealants such as Co-SEAL which has an adhesion and shear strength of 69 and 19 kPa
respectively>>*°. For context, these sealants are designed for surgical settings to achieve
homeostasis, so a high adhesion strength is desirable. For our hydrogels however, adhesion to
an open or healing ulcer may cause more damage by disrupting the formation of new tissue
and overall the wound healing process*!. This trend is important to study in hydrogel wound
dressings since it can affect the wound healing process. Particularly, acrylated and
methacrylated hydrogels such as PEGDA and GelMA have been reported to form covalent and
non-covalent bonds with tissue, through intermolecular hydrogen bonding interactions between
oxygen atoms on the hydrogel and amine, carboxyl and hydroxyl groups on tissues’6-®.
However, we hypothesize that the lack of this property is due to the high relative swelling
capacity of the hydrogel and its high water content, creating a diffusion barrier and reducing

direct interaction between the cells or tissue and the gel. Additionally, we performed a surface
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contact test where the cured hydrogel and tissue were observed for any interactions. This
showed that the hydrogels do not form any non-covalent bonds nor stick to tissue after a 20

minutes.
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Figure 3. 5. In vitro adhesive properties of 3.2% CHIMA gels using pig lung tissue. A)
schematic and actual representation of the wound closure test (ASTM F2458-05), B) schematic

and actual representation of the modified lap shear test (ASTM F2255-05)

3.3.6 Kinetic release profiles of doxycycline and amlodipine from CHIMA hydrogels

Release of embedded therapeutics from the hydrogel was evaluated using an optimized
LC-MS method. Amlodipine was best separated and detected using a fluoro-phenyl column
due to its high selectivity for halogenated compounds*. Its presence in each LC trace was
confirmed via electrospray ionization mass spectrometry (ESI-MS), as shown in Fig S.3.6.
However, there were two challenges faced when working with doxycycline namely its
incorporation into the hydrogel network and its detection. For DOX incorporation, we observed
that when a stock solution of DOX was added to the hydrogel formulation, a weaker gel that
had a longer crosslinking time was formed. We hypothesized that it stemmed from either the
presence of hydroxyl groups on its structure or
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its light absorption. Respectively, these two Table 3. 4. Effect of Irgacure 2959 concentration on
the modulus of DOX and AML-loaded hydrogels

phenomena may occur by hydroxyl group compared to blank unloaded gels.

) . 12959 stock Elastic modulus
scavenging of free radicals formed from the concentration (%) (kPa)
o ) o 1.20 25
photoinitiator (irgacure 2959) or by competition 1.25 31
1.30 37
of light absorption between DOX and irgacure 1.35 40
1.40 27.9
2959. To test the latter, we attempted Elntd R E00) - e

polymerization using a redox initiation system (APS and TEMED), thereby eliminating the
possibility that doxycycline was competing for light absorption during photoinitiation. Here
we observed that switching from a photoinitiator to a redox initiator did not change
polymerization outcomes, suggesting that changes in polymerization may stem from radical
scavenging activity of DOX. To investigate this, we made 0.5% increments in the
photoinitiator concentration during hydrogel synthesis and observed improvements in
polymerization time and hydrogel mechanical properties. To ensure that after DOX
incoporation, hydrogel mechanical properties remained consistent with the blank hydrogels,
the changes in elastic modulus were monitored. These results are summarized in Table 3.4,
which shows how varying initiator concentrations influenced the modulus of the gels. Moving
forward with release studies, we used hydrogels synthesized with 1.35% photoinitiator as the
modulus observed falls within our desired range.

Next, DOX detection from the hydrogels also proved to be a challenge. The initial
detection method was an adapted HPLC method from Vemula ef al, involving the seperation
of amlodipine and doxycycline in a 40:60 acetonitrile: phosphate buffer pH3 (v/v) solution.
The seperation and detection of calibration standards worked well with this method*.
However, both AML and DOX detection concentrations were inconsistent. To further optimize
the detection of DOX alone, we pivoted to LC-MS methods, to eliminate equipment error. In

the LC-MS methods, we made mobile phase changes by increasing polarity in efforts to
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increase detection, because of the high solubility of DOX in water. Table S3.1 details the
changes in detection methods. We hypothesize that these challenges might be due to an
interesting property seen in tetracycline-class antibiotics, such as doxycycline, where they
undergo hydrolytic degradation in aqueous media. According to work by Xu et al, doxycycline
exhibits pH and temperature dependent hydrolysis that can affect its stability in solution. This
degradation typically results in the formation of various cleavage products, including
epitetracycline and isotetracycline, which could impact drug release kinetics**. The formation
of these degradation products in vitro could be a limitation when using our LC-MS methods
that were established based on DOX standards, as these analyses depend on detecting specific
molar masses. Although we have not yet conducted analytical confirmation of this degradation
pathway in our hydrogel system, it is one direction for ongoing and future studies.

In contrast to DOX, the optimization of amlodipine detection was successful. We
observed a burst release profile that plateaued after 48 hours (Figure 3.7), which is suitable for
wound dressings intended for replacement every 2-3 days. It is important to note that
concentrations of AML lower than 27 pg/ml were non-detectable using LC-MS. To overcome
this challenge, each sample was freeze-dried and dissolved in the lowest dissolvable amount of
HPLC water (200 pL). Regardless, the data set for lower concentrations may still exhibit some

degree of variability.

A. B.

OHOHOSO O

Figure 3. 6. Chemical structures of A) amlodipine and B) doxycycline
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Figure 3. 7. In vitro kinetic release of amlodipine from chitosan hydrogels. Concentrations at

each timepoint was obtained using an LC-MS standard curve of AUC over concentration (Fig

$3.7)

3.4 Conclusions

In this work, we have successfully synthesized a hydrogel designed for the enhanced care
of sickle cell leg ulcers. Given that chitosan is a widely accessible biopolymer, and considering
the demographic most affected by sickle cell anemia, our goal was to develop a therapy that is
not only effective but also readily available worldwide. To meet these objectives, we ensured
the mechanical robustness of the hydrogel. Since these ulcers typically occur on the lower
extremities, daily activities such as walking, running, and engaging in sports can impede
healing. A durable hydrogel dressing addresses this challenge by providing mechanical stability
in dynamic environments. Additionally, the hydrogel’s inherent antimicrobial properties, even
in the absence of added antimicrobial agents, create opportunities for versatile applications—
with or without supplementary antibiotics. Moreover, its ability to perform optimally in both
hydrated and non-hydrated conditions allows for flexible storage and an option for marketing

in either wet or dry form. Overall, the biocompatibility of the engineered CHIMA hydrogels
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supports their potential translation into clinical use as a viable wound dressing for sickle cell

leg ulcers.
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Table S3.1: Final weight percent concentrations of each hydrogel component across all

CHIMA hydrogel formulations

Component 0.8% CHIMA gel | 3.2% CHIMA gel | 7.2% CHIMA gel
CHIMA 0.8 3.2 7.2

PEGDA 15 10 5

Irgacure 2959 0.1 0.1 0.1
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Wet gels

Dry gels

GelMA

Wet gels

Dry gels

Figure S3.3: Reference phase images showing the outline of hydrogels made by markings
before the hydrogel was detached from the cells on the well plate. A) 24-hour timepoint. B) 48-

hour timepoint
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Figure S3.4: Fluorescent microscope images (with phase on the right) showing 48h GelMA

samples where cells did not adhere to the gel.
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Figure S3.5: PrestoBlue cell viability assay after 24h incubation. Cell viability expressed as a
percentage of cell control viability. Statistically significant differences were found between
PEGDA and all CHIMA groups (***P <0.001), no statistical difference was found between the

CHIMA groups.
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Figure S3.6. An examples of LC curves (A) and MS traces (B) of amlodipine release samples

at 24 hours.
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Table S3.1. Optimization of doxycycline detection parameters across HPLC and LC-MS
methods. This table summarizes the progression of method optimization for doxycycline
detection, comparing mobile phase composition, column type, injection volume, flow rate, and
detection wavelength across one HPLC and four adapted LC-MS methods. The HPLC, first
and third LC-MS method detected doxycycline in standards but not doxycycline released from

the hydrogels. The fourth LC-MS method detected amlodipine perfectly*®42,

HPLC method | 15t adapted LC- | 2"  adapted | 3™ adapted | 4t adapted
MS method LC-MS LC-MS LC-MS
method method method
Mobile phase: | Mobile phase: | Mobile phase: | Mobile phase: | Mobile phase:
Acetonitrile: Acetonitrile: Gradient Acetonitrile: Gradient
phosphate water 40:60  + | Acetonitrile: water 5:95  + | Acetonitrile:
buffer 0.2% formic | water 95:5  to | 0.2% formic | water 2:98  to
pH3 40:60  + | acid 5:95 acid 98:2
0.1% TFA
C18 column C18 column C18 column C18 column Fluoro-phenyl
column
Injection Injection Injection Injection Injection
volume: 20ul volume: 0.5 — | volume: 0.5 —|volume: 0.5 — | volume: 1 —5ul
7.5ul 7.5ul 7.5ul
(depending on
sample conc.)
Flow rate: 1 |Flow rate: 0.1 | Flow rate: 0.1 | Flow rate: 0.1 | Flow rate: 0.3
ml/min ml/min ml/min ml/min ml/min
Wavelength: Wavelength: Wavelength: Wavelength: Wavelength:
354nm 354nm 354nm 278nm 354nm
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Chapter 4: Hydrogel Wound Dressings for Prolonged Field Care in Austere

Environments

4.1 Introduction

Extremity injuries remain the most common cause of battlefield trauma and the leading
cause of long-term disability secondary to diminished function, infection and delayed
amputation'. One of the major demands in battlefield trauma care is minimizing the time
between critical injury and definitive care. This has been partly addressed by the “golden hour
policy” where transport time for treatment in these scenarios have been halved. However, the
evacuation of significantly injured military personnel to a treatment facility within 60 minutes
is often not possible for those who are deployed to remote & austere locations for prolonged
periods?. These limitations have led to the advent of prolonged field care (PFC), a strategy that
provides on-site medical intervention to stabilize patients until they can be successfully
transported to a medical facility?.

One of the primary concerns in battlefield wounds is susceptibility to infection.
Bacterial species, primarily Staphylococcus aureus, Escherichia coli, and Pseudomonas spp.
are known to colonize battlefield wounds either on-site, en route to treatment facilities, or from
the patient’s own micro-flora*>. Furthermore, these microbes can co-exist and display
synergistic interactions which enhances colonization and persistence, increasing risk of
amputation and mortality®®. Another major challenge is hemorrhage which accounts for ~50%
of preventable combat-related deaths. Treatment can be particularly difficult as evacuation
from the combat zone may be delayed. Additionally, pain management strategies typically rely
on intramuscular morphine, which has been found inadequate for severe wounds and can cause
respiratory depression with repeated dosing®. Addressing these challenges in PFC requires
solutions that prevent infection, control hemorrhage and provide both immediate and sustained

pain relief under real-world constraints!®!!,
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For PFC wound dressings to be effective, they should be lightweight, form almost
instantaneously, conform to the wound bed, and be rugged and durable. Hydrogels have a great
potential to serve simultaneously as PFC wound dressings and drug delivery vehicles. As
detailed in section 3.1, they are highly tunable, biocompatible and have adequate moisture
retention which are great components to enhance wound healing. PEG-based hydrogels in
particular, have gained attention for their ability to mimic the chemical and physical properties
of the native extracellular matrix, making them excellent candidates for active wound
healing'>!3. By tuning the properties of hydrogels (such as cross-link density or mesh-size),
the diffusion of entrapped therapeutic agents out of the wound dressing can be tailored, thus
allowing the delivery of therapeutic agents in a sustained manner. To address the potential for
polymicrobial infections, dual-antibiotic therapy can be employed using a combination of
tobramycin and vancomycin'*. When used together, these antibiotics have also demonstrated
increased bone defect re-ossification, particularly relevant for blast injuries associated with
fracture!®. Additionally, tranexamic acid (TXA), an antifibrinolytic agent can be employed to

16,17 For

reduce blood loss, significantly reducing mortality in trauma patients with bleeding
pain management local anesthetics such as lidocaine provide an alternative to opioids,
eliminating risks of addiction and abuse while also avoiding the bleeding complications
associated with nonsteroidal anti-inflammatory drugs.

This study aims to utilize hydrogel engineering methods as discussed in Chapter 3, to
address challenges in battlefield trauma. The proposed system - a field polymerizable hydrogel
capable of multi-drug delivery (with vancomycin, tobramycin, TXA and lidocaine) offers a
robust, multifunctional wound dressing for PFC applications. By bridging polymer design, in

vivo validation, and large animal studies (Fig. 4.1), this work seeks to translate biomaterial

research into practical solutions for battlefield trauma care.
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Figure 4. 1. Research workflow diagram illustrating the sequential steps to develop and

validate our hydrogel platform.

4.2 Materials and methods

Polyethylene glycol 3350 g/mol (Integra Chemicals), acryloyl chloride (Sigma, >97%),
triethylamine (Sigma, > 99%), dichloromethane (Fisher Scientific, >99.5%), potassium
carbonate (K2COs3, Fisher Scientific, 99.3%), anhydrous magnesium sulfate (MgSQOau, Fisher
Scientific), ether (Fisher Scientific, 99%), deuterated chloroform (Fisher Scientific, 99.8%),
ammonium persulfate (APS, Amresco, ACS Grade), tetramethylethylenediamine (TEMED,
Amresco, >99%), vancomycin (Fisher Scientific, >80%), lidocaine (Fisher Scientific),
tranexamic acid (Fisher Scientific, >98%), tobramycin (Fisher Scientific, >94%), LB broth,
Miller (Fisher BioReagents), phosphate buffered saline, PBS (VWR), acetonitrile, HPLC grade
(Fisher scientific, 99.95%), water, HPLC grade (Fisher scientific), trifluoroacetic acid, TFA

(Avantor, 99.5%).

99



4.2.1 Synthesis of poly (ethylene glycol) diacrylate (PEGDA) and PEGDA hydrogels

PEGDA was synthesized using the same procedure discussed in section 3.2.2. Each
batch was individually tested to ensure at least 75% conversion and a gelation time of < 2
minutes (Fig. S4.1). For PEGDA hydrogel synthesis, final concentrations of PEGDA, and
initiators (APS and TEMED) were kept consistent for in vitro and in vivo experiments. For all
hydrogels, final reagent concentrations were: 24.14 wt% PEGDA, 30 mM APS, and 30 mM
TEMED. PEGDA was diluted to 35.5 wt% in DI H20 and vortexed until dissolved. TEMED
and APS were diluted to 1 M, prepared fresh prior to each use. To prepare a 1 mL hydrogels
precursor solution, 680 uL 35.5 wt% PEGDA and 260 pL DI H20 or drug stock solution were
combined in an Eppendorf tube. To initiate crosslinking, 30 uL 1 M TEMED and 30 uL 1 M
APS were added. For murine and large animal experiments, hydrogel volumes were changed

to scaled up to 300 puL and 35 mL respectively.

4.2.2 Drug stock solutions

Fresh aqueous stock solutions were prepared for each therapeutic agent. The drugs
concentrations were determined based on detectability for in vitro experiments while in vivo
dosages were adjusted according to animal weight. For in vitro experiments, the following
concentrations were used 5.2 mg/mL vancomycin, 92.9 mg/mL tobramycin, 191.6 mg/mL
tranexamic acid, 10.5 mg/mL lidocaine. For in vivo murine studies, each hydrogel contained 4
mg vancomycin, 4.57 mg tobramycin, 5.56 mg tranexamic acid, and 1.38 mg lidocaine. The
mass of each therapeutic agent added was kept constant, regardless of final hydrogel volume.
For in vivo Merino sheep studies, the hydrogel formulations included 537.5 mg vancomycin,
638.98 mg tobramycin, 777.87 mg tranexamic acid, and 192.5 mg lidocaine. The amount of
therapeutics administered in animal studies was calculated based on published therapeutic

dosing guidelines and the weight (kg) of each animal.
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4.2.3 Characterization of Hydrogels

Mechanical characterization was performed on hydrogels fabricated using a range of
PEGDA molecular weights to evaluate elastic moduli and swelling ratios. Mass swelling ratios
were calculated by taking the ratio of swollen hydrogel mass to the dry hydrogel mass
following lyophilization. A dynamic mechanical analyzer (Q-800, TA Instruments — New
Castle, DE, USA) was used to measure the elastic modulus of hydrogels. Using a uniaxial
compression test, the initial preload force was set to 0.001 N and the initial strain was set to
0.5%, and the system ramped the strain 2.5%/min to a maximum strain of -20%. The linear
region of the stress-strain curve was used to calculate elastic modulus. This aspect of our

collaborative work was done solely by Dr. Elizabeth Pumford (PhD).

4.2.4 In vitro release study of embedded therapeutics

The release of vancomycin, lidocaine, tranexamic acid and tobramycin from hydrogels
were evaluated using an in vitro release study model. | mL PEGDA hydrogels were synthesized
with the specified reagents and concentrations detailed in section 4.2.1. To prevent premature
polymerization, the pre-polymer solution was prepared by sequentially adding the following
components in the specified order — PEGDA solution, water or drug stock solution, APS
solution and then the TEMED solution . The solution was then quickly mixed and cast between
a glass slide with a 2mm thickness. After gelation, the hydrogels were precisely cut into 2 x 6
mm cylindrical discs using a biopsy punch. Each hydrogel disc was placed in 48-well plates
and incubated in 1 mL deionized water at room temperature. At predetermined time points, the
hydrogel supernatant was collected and absorbance was measured using a UV-visible
spectrophotometer (Biomate 3S, Thermo Scientific — Waltham, MA, US). The drug
concentration in each hydrogel was determined using a standard curve (Fig. S4.1) . Each time

point was done in triplicate and blank hydrogels (drug-free) served as controls. Tobramycin
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and tranexamic acid lack UV absorbing chromophores, necessitating alternative detection
approaches. A ferric chloride assay was used to detect tobramycin and tranexamic acid. This

work was done in collaboration with Dr. Elizabeth Pumford (PhD).

4.2.5 Assessing multi-drug release: HPLC and Mass Spectrometry analysis

To confirm the ability of our hydrogels to simultaneously release multiple therapeutics,
we employed chromatographic and spectrometric techniques for analysis. The hydrogels used
for this study was synthesized as described above, with the only modification being the
incorporation of all therapeutics into each 1 mL hydrogel. The chromatographic system
consisted of Jasco (Tokyo, Japan) PU-2087 dual plunger pump, a high pressure dynamic mixer
(Jasco, MX-2080-32) and a UV-visible tunable absorbance detector (Jasco UV-2075). The
chromatograms were recorded using ChromNAV software (Jasco, Japan) to quantify peak
heights and entire data analysis and processing. The separation of the therapeutics (vancomycin
and lidocaine) were achieved using a 4.6 x 250 mm, 5 um particle size, C18 column. The
mobile phase consisted of a 70:30 (v/v) isocratic mixture of HPLC-grade water and acetonitrile.
The mobile phase was mixed with 0.1% trifluoroacetic acid and degassed via sonication for 30
minutes at room temperature. The flow rate was set at 0.5 mL/min. The UV detection
wavelength was set at 240 nm (an average between UVmax of vancomycin and lidocaine). The
injection volume was 20 uL with a total run time of 15 minutes!'®-2,

For mass spectrometry analysis, the samples were infused using a direct-loop injection
on a Waters Acquity UPLC system, separated using an Acquity BEH 50 x 2.1 mm, 1.7 um
particle size C18 column, and eluted with a gradient of 3 — 95% solvent A and B over 15 min
(solvent A: water, solvent B: acetonitrile, with 0.3% and 0.2% formic acid respectively (v/v)).
Mass spectra were recorded from a mass of 300-2000 Da. To ensure accuracy and optimal
calibration of these methods, standard curves for each therapeutic were plotted (Fig. S4.2).

ESI-TOF measurements were carried out on a Waters LCT-Premier XE Time of Flight
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Instrument controlled by MassLynx 4.1 software (Waters Corporation, Milford MA). The
instrument was equipped with the Multi Mode Ionization source operated in the electrospray

mode. A solution of Leucine Enkephalin (Sigma Chemical, L9133) was used in the Lock-Spray.

4.2.6 Calibration and accuracy

Calibration curves for each therapeutic was generated using a series of standard samples
with pre-determined concentrations relevant to the expected release. The linearity of the
standard curve was created by plotting absorbance (for UV-vis) or the peak area (for HPLC)
against the analyte concentration. These curves were fitted by a simple linear regression. (Fig.

S4.1, S4.2)

4.2.7 Efficacy of released antibiotics: A broth microdilution assay

A broth microdilution assay was conducted to confirm that antibiotics released from the
hydrogel system retained their antimicrobial activity. Hydrogels containing no drugs,
vancomycin (V), tobramycin (T), or a combination of vancomycin and tobramycin (V+T) in
PEGDA hydrogels were prepared following previously described methods. To quantify
antibiotic release, hydrogel sample discs were incubated at room temperature in 500 pL PBS
for 5 days. The concentration of vancomycin and tobramycin released from each disc was
quantified using UV-Vis spectroscopy. This measured drug concentrations were used as the
starting point for the assay. Subsequent well plates contained nine serial dilutions of the total
drug released from the gel (Fig. S4.3) The eluents were then tested in an LB broth microdilution
assay using E. coli (MG1655) and S. aureus (SA113) at an initial burden of 5 x 10° CFU/mL,
with sterile media control and growth controls included. After incubating at 37°C for 18 h, the
plates were examined to determine the minimum inhibitory concentration (MIC). The MICs of

tobramycin and vancomycin released from hydrogels containing each antibiotic alone were
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quantified for E. coli and S. aureus, respectively. These were then compared to the MICs of
antibiotics released from the dual-antibiotic-loaded hydrogels?'. This work was done in

collaboration with Dr. Elizabeth Pumford (PhD).

4.2.8 Efficacy of drug release

To test the efficacy of drug release, hydrogels used for murine infection studies were
explanted and evaluated for the presence of unreleased therapeutics. To accomplish this, the
hydrogels were subjected to three extraction cycles and analyzed via HPLC and mass
spectrometry. Briefly, the gels were placed in Eppendorf tubes containing 500 ul ethanol as an
extraction solvent for 24 hours. The tubes were capped, covered with parafilm to prevent
evaporation and incubated at 8°C. After 24 hours, ethanol was removed and replaced with 500
ul methanol for 2 hours at 8°C, this was repeated twice to complete the second and third
extraction cycles. The collected extraction solvents were then concentrated using a rotary
evaporator and redispersed in HPLC solvents for analysis. The samples received from our
collaborators in the Bernthal group included an infected group and a sterile group which were
murine open fracture models inoculated with and without S. aureus, E. coli, and P. aeruginosa

respectively.

4.3 Results and discussion

4.3.1 Synthesis of PEGDA hydrogels

The PEGDA hydrogels used in this study were scaled up from in vitro experiments,
where 56.5ul hydrogels were used, to in vivo animal studies which required 300 pl for murine
experiments and 35mL hydrogels for sheep studies. For the sheep studies, our collaborators in
the Wenke group developed a trapezoidal full-thickness wound model with a surface area of

35 cm?. To ensure effective and timely curing of the hydrogels to the wound bed, we designed
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a polyoxymethylene mold using Fusion 360 (Autodesk, USA) and fabricated it via (Computer
Numerical Control) CNC machining for high precision. The 3D model design was developed
collaboratively with James Popoli and Shannon Li (Fig. 4.2a). Gelation times for the 35 mL
hydrogels were consistently within 3 minutes. Notably, blank hydrogels exhibited faster
gelation compared to drug-loaded hydrogels (Fig. 4.2b, ¢). We presume that this is due to
factors like steric hindrance caused by high-molecular weight therapeutics such as vancomycin

(1,449.3 g/mol), which may obstruct the proximity required for polymer chains to cross-link

22,23

potentially slowing down the polymerization process

123,69

9562
|

|
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Figure 4. 2. Design and synthesis of 35mL hydrogels for large animal studies. A) Fusion 360
design of 3D mold. B) Blank hydrogels cured in the polyoxymethylene mold. C) Drug-loaded

hydrogels

4.3.2 Mechanical characterization of PEGDA hydrogels

Due to variations that can be seen between predicted and observed hydrogel mesh sizes,

more accurate release profiles can be obtained by experimentally determining hydrogel mesh
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size. PEGDA of varying molecular weights was crosslinked using the redox initiating system
of APS and TEMED, which produce free radicals when mixed in solution. Elastic moduli and
swelling ratios can be used to estimate hydrogel mesh size, which determines diffusion rates
of therapeutic agents. Elastic moduli decrease as a function of increasing PEGDA molecular
weight, which is consistent with computational models. Conversely, mass swelling ratios (Qm)
increased with PEGDA molecular weight. The Flory-Rehner theory was also used to calculate
volumetric swelling ratios, Qv, of hydrogels fabricated using different molecular weight
PEGDA?*. Qm, Qv, and mesh size increased as a function of PEGDA molecular weight. The
elastic moduli, swelling ratios and mesh size, as well as the estimated hydrodynamic radii of
each therapeutic agent, are summarized in Table 4.1. Overall, PEGDA 3350 was chosen as the
optimal molecular weight because of its moderate elastic modulus similar to that of the skin
(~150 kPa). Additionally, its light-weight solid form offers handling advantages. As mentioned
earlier, the applications for these hydrogels will require a durable wound dressing precursor.
The calculated mesh size of 50.6 = 0.20 nm was also desirable as this is moderate enough to
absorb wound exudate present in large wounds, yet not too large to compromise the mechanical
integrity of the hydrogel making it too weak for rigorous applications such as use in battlefield

scenarios.

Table 4. 1. Showing the experimental and derived mechanical properties of the different
molecular weight PEGDA hydrogels. The equilibrium swelling ratio (Qm), volumetric swelling

ratio (Qv) and mesh size were calculated using the Flory-Rehner theory.

Elastic Modulus Mesh size Therapeutic

PEGDA n v :
(kPa) Q Q (nm) Agent rs (nm)
700 5194249 441006 4.88+0.07 188+0.09 Tranexamicacid  0.49
2000 3824216 5.88+0.04 6.95+005 352+ 0.09 Lidocaine 0.55
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3350 175+ 11.4 7.82+0.09 925+0.11 50.6+0.20 Tobramycin 0.69

4600 118 +£20.8 109+035 12.9+043 68.4+0.76 Vancomycin 1.00

4.3.3 Therapeutic release — drug release profiles

In vitro kinetic release profiles (Fig. 4.3) show that vancomycin is slowly released over
a four-day period. Tobramycin releases faster, with cumulative concentration plateauing after
approximately 24 h. The sustained release of both antibiotics is desirable for extended treatment
of bacterial challenges. Lidocaine diffuses out of the hydrogel over a 2.5-day period, with 80%
release within 8 h. This balance of relatively quick initial release with continual release over
several days is beneficial, as sufficient lidocaine will be released to provide pain relief quickly,
but the intermediate duration of efficacy of lidocaine necessitates controlled relief for extended
pain management. Finally, TXA exhibits burst release, which is ideal for controlling bleeding
quickly. The observed release trends can be attributed to the relationship between the
hydrogels’ mechanical properties, particularly its mesh size (nm) and the estimated
hydrodynamic radii (rs) embedded therapeutics. In this case, vancomycin having the highest rs
value, exhibited a more sustained release when compared to other therapeutics. This trend

remained constant across all tested therapeutics (Table 4.1).
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Figure 4. 3. Kinetic release profiles of therapeutic agents from PEGDA 3350 hydrogels: A)

vancomycin, B) tobramycin, C) lidocaine, and D) TXA.

4.3.4 Validation of multi-drug release

An important component of our hydrogel design is the ability to release multiple
therapeutics addressing bacterial colonization of wounds, hemorrhage and pain. To ensure that
multi-drug loading does not affect the observed hydrogel release kinetics in single drugs, HPLC
and mass spectrometry were used to validate release. Vancomycin was used as the model drug
in these experiments. First, retention times for vancomycin and lidocaine were determined
using a mixture of all therapeutic agents in HPLC solvents (Fig. 4.4A). Following this, HPLC
was performed on eluent from a hydrogel containing all therapeutic agents (Fig. 4.4B). The
results indicate that 98% of vancomycin was released from the multi-drug loaded hydrogel
after a 48-hour incubation period. This finding is in alignment with our previous study where

a 96% release of vancomycin was observed from the single-drug hydrogel (Fig. 4.3A). This
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comparative analysis suggests that the kinetics of vancomycin release are not significantly

influenced by the presence of additional therapeutic agents within the hydrogel matrix. The

results of this study support our hypothesis that multi-drug loading does not adversely affect

the release kinetics of vancomycin. This observation is critical for the development of

combination therapy ( with vancomycin, lidocaine, TXA and tobramycin). It implies that the

pharmacokinetic profiles of individual drugs may remain intact even when administered in

conjunction with the other therapeutics. Finally, efficacy of our separation method was

validated by ESI-MS, which confirmed the presence of vancomycin.
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Figure 4. 4. HPLC chromatograms A) showing the retention times of vancomycin and
lidocaine; B) showing the detection and separation of vancomycin and lidocaine from a
hydrogel system containing all therapeutics. Retention times: Vancomycin; 2.6 — 3 min.
Lidocaine; 3.7 — 4.2 min. C) Mass spectrum (electrospray ionization) of vancomycin, isolated

from a hydrogel system containing all therapeutics. Sample collected post-HPLC separation.

4.3.5 Efficacy of antibiotic release

Broth microdilution assay is one of the most commonly used techniques to determine
the minimum inhibitory concentration (MIC) of antimicrobial agents including antibiotics. The
incentive of having dual release of vancomycin and tobramycin is to target both gram positive
and gram negative bacteria known to colonize wounds in battlefield scenarios. After a 5 day
incubation in PBS, we recorded ~177.5 pg vancomycin and ~239.3 pg tobramycin release from

the hydrogel discs. These values were used to calculate the MIC after broth microdilution. The
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MIC of vancomycin and tobramycin were evaluated individually (Fig. 4.5A), and
simultaneously from a hydrogel loaded with both antibiotics (Fig. 4.5B). Vancomycin released
from the hydrogels had an MIC of 4.6 £ 1.5 pg/mL against S. aureus, and released tobramycin
had a MIC of 7.5 £ 1.7 ng/mL against E. coli. We observed that the MICs of dual-antibiotic-
loaded hydrogels were actually lower than that of single-antibiotic gels or it remained
approximately unchanged (Table 4.2). Compared to the standard concentrations published by
the Clinical and Laboratory Standards Institute (CLSI), the recorded MIC values for the
hydrogel-released antibiotic were of the same order of magnitude, demonstrating its ability to
remain effective against bacteria after five days of release. The dual-antibiotic-loaded
hydrogels exhibited a slightly higher efficacy. While no statistically significant differences
were observed between these values, the enhanced efficacy may be attributed to the potential
synergistic interactions between the mechanisms of action of the two antibiotics. Vancomycin
primarily inhibits bacterial cell wall synthesis, while aminoglycosides like tobramycin are
typically less effective against Gram-positive bacteria. However, increased cell membrane
permeability can enhance tobramycin’s effectiveness against S. aureus, contributing to the
improved bacterial inhibition observed. For E. coli, although tobramycin is its primary
antibiotic, vancomycin may still play a minor role by increasing membrane permeability,

making E. coli more susceptible to tobramycin'423.

Table 4. 2. Showing the MIC of antibiotics released from the hydrogel against S. aureus and

P aeruginosa

MIC Tobramycin Vancomycin Tobramycin + Vancomycin
(CLSI/Lit.) Hydrogel Hydrogel Hydrogel
S. Aureus <2 pg/mL - 4.60 = 1.50 pug/mL 3.60 £0.30 pg/mL
E. Coli <I pg/mL 7.48 £1.70 pg/mL - 5.37£0.50 pg/mL
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Figure 4. 5. Minimum inhibitory concentration (MIC) assay for PEGDA 3350 hydrogels A)
loaded separately with tobramycin and vancomycin and B) loaded with both tobramycin and
vancomycin, against E. coli and S. aureus. MIC results are graphically depicted on the left,

with the original scanned plates shown on the right.

4.3.6 In vivo efficacy of drug release

To test the efficacy of the drug loaded hydrogels in preventing infection in in vivo
models, our collaborators in the Bernthal group applied the hydrogels to murine open fractures
inoculated with bioluminescent S. aureus, E. coli, and P. aeruginosa. In these group of
experiments, the infectious burden was tracked via bioluminescence. Control mice were treated
with antibiotic powder during surgery or with a hydrogel containing no antibiotics. In vivo
longitudinal bioluminescence demonstrated that the unloaded hydrogel group had the highest
bioluminescent signal followed by the infected control group. (Fig. 4.6A). As expected, with
the addition of any foreign body in an infected environment, infectious burden was increased

with an “empty” polymer without embedded antimicrobial agents. Alternatively, the drug
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loaded hydrogel group demonstrated a gradual decrease in bioluminescent signal over three
days until it reached the sterile control line, indicating the consistent elution of antibiotics over
this period. The antibiotic powder group demonstrated no bioluminescent signal throughout
the post-operative period. On post-operative day 5 (PODS5), the hydrogel infected group had
the highest fluorescent signal, indicating the most granulocytes recruited and inflammatory
burden (Fig. 4.6B). Granulocyte recruitment did not differ between infected control, antibiotic
powder, and drug loaded hydrogel groups. Sterile mice recruited the least number of
granulocytes, but this finding was not statistically significant. Of the thirty mice who received
either antibiotic powder or drug loaded hydrogel, all mice were culture negative at the end of
the experiment (Fig. 4.6C and 4.6D). When comparing the infected control group to our
unloaded hydrogel group, the presence of hydrogel alone seemed to increase the bacterial
burden of both gram-positive and gram-negative species harvested from implants and tissue.
Following this experiment, the hydrogels were explanted from the murine wound model and
total drug release was evaluated. Vancomycin was used as the model drug because of our
established HPLC and mass spectrometry methods. Here we confirmed little to no therapeutics
entrapped within the hydrogel matrix with a calculated average of 96.9% release in infected
samples and 94.8% in sterile samples.

Finally, the Bernthal group performed Ex vivo Thromboelastography (TEG) assays to
validate the release of TXA. The results demonstrate that hydrogels do not induce coagulopathy
when co-incubated with blood for 24 hours and can effectively elute TXA to stabilize clots and
prevent thrombolysis in the presence of tPa, a robust thrombolytic agent. Histological analyses

also showed no evidence of renal toxicity (Fig. S4.4, S4.5).
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Figure 4. 6. In vivo efficacy of drug release in murine models. SC = sterile control. IC =
infected control. HI = hydrogel infected. AP = antibiotic powder. H+D = Hydrogel + drugs. A)
Longitudinal bioluminescence representing bacterial burden over 5 postoperative days. B)
Longitudinal fluorescence representing neutrophil recruitment to surgical site over 5
postoperative days. C) Implant CFUs from Xen36, Xen41, and Xen14 which were isolated and
selectively grown per experimental group. D) Tissue CFUs from Xen36, Xen41, and Xenl4

which were isolated and selectively grown per experimental group. E) Representative in vivo
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images demonstrating bioluminescent (bacterial) and fluorescent (neutrophil) signals in

representative mice from each experimental group on PODs 1, 3, and 5.

4.3.7 Large animal studies: Merino sheep wound model

The large animal studies were performed in collaboration with the Wenke group at
University of Texas Medical Branch. For these experiments, a trip was made to Texas to
facilitate hydrogel synthesis and scale-up while the remaining surgeries were conducted by Dr
Wenke and his team. An open fracture and complex wound of the proximal tibia was created
in adult Merino female sheep and inoculated with S. aureus (1 x 103 CFU/ml) spread over the
entirety of the wound surface (Fig. 4.7A). After a 6 h incubation, sheep underwent surgical
wound debridement, and wound dressings were polymerized and subsequently applied (Fig.
4.7B). Control animals did not receive any treatment beyond debridement. The control- and
hydrogel-treated groups were imaged with a photon-counting camera 0 h post-debridement and
48 h post-debridement (Fig. 4.7C). After 48 h, the control group (grey) exhibited an S. aureus
burden of 632.1 + 602.6% relative to pre-debridement levels (Fig. 4.7D). The hydrogel-treated
group had a significantly lower burden of 8.1 + 11.9% (blue). The large standard deviation of
the hydrogel group is due to sheep #4, in which the hydrogel had slipped out of place; even in
this instance, the bacterial burden was 25.8% relative to pre-debridement levels. Were this
animal participant excluded from analysis, the hydrogel-treated group exhibits a burden of 2.3
+2.0%. These data suggest that these therapeutic releasing hydrogels can prevent infection and
sepsis for at least 48 h post-traumatic injury. The results of this work validates the initial vision
of translating benchtop research into preclinical models, bridging the gap between laboratory

innovation and real-world application.
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Figure 4. 7. In vivo efficacy in ovine models. A) Merino sheep complex musculoskeletal
wound model, with injuries to the anterior tibia, muscle, fascia, and periosteum, hydrogel
application in sheep model B) Images of bioluminescent bacteria within the wound 0 h and 48
h post-debridement C) S. aureus contaminated wounds were created in the ovine model and
underwent debridement after 6 h. Photon counts were normalized with respect to the pre-
debridement values of each respective group, for percentage of pre-debridement bacterial

burden.

4.4 Conclusions

Hydrogel dressings are gaining attention as a promising tool for advanced wound care
and treatment due to their ability to provide hydration and deliver therapeutics. In this work,
through material design and optimization, a simple in vitro system was successfully translated
into a model that demonstrated promising results in pre-clinical studies. The antibiotics in our
system displayed release over a two-day period and demonstrated efficacy in both in vitro
microbial assays and animal models. The pain and hemorrhage control component of our
hydrogels were also effective. Notably, our findings indicate that the short polymerization time

and the physical state of our hydrogel precursor make it well-suited for applications requiring
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prolonged field care. Beyond the scope of this study, our hydrogel has potential in surgical,
burn or chronic wounds. Furthermore, these PEGDA hydrogels provide a great foundation to
build upon for wound healing, as other components like biodegradation can be incorporated

through the use of hydrolyzable linkages.
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4.5 Supplemental Information
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Figure S4.2. UV-visible calibration relating concentration to absorbance of (A) vancomycin
at 281 nm, (B) tobramycin with 0.2% FeCls at 370 nm, (C) lidocaine at 283 nm, and (D)

tranexamic acid with 0.2% FeCls at 370 nm.
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Figure S4.3. HPLC calibration curves for area under the curve (AUC) as a function of (A)
vancomycin and (B) lidocaine concentration, recorded with a mobile phase containing 70:30

(v/v) water and acetonitrile.
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Figure S4.4. Plate maps for LB broth microdilution assay to determine the minimum inhibitory
concentration (MICs) of tobramycin-loaded hydrogels, vancomycin-loaded hydrogels, and
dual-antibiotic-loaded hydrogels against E. coli and S. aureus strains. A) single antibiotics in
each well plate (vancomycin and tobramycin, and B) dual antibiotics (vancomycin +
tobramycin). Positive growth controls (11) contain log-phase bacterial culture in media, and

negative sterile controls (12) contain media alone.
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Figure S4.5. Efficacy of released tranexamic acid (TXA) (A) TEG curve for experiment 1
testing C57BL/6 mouse blood with or without dissolved TXA. (B) TEG curve for experiment
2 demonstrating C57BL/6 mouse blood incubated with hydrogel overnight. Clot strength is
determined by a measure of maximum amplitude (mm). Experiments and result analysis done

by the Bernthal group
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Figure S4.6. Tissue Histologic Analysis. Kidney sections obtained per experimental group on
PODS5 (A) H&E (B) Trichrome (C) PAS (D) IHC F4/80 (E) IHC CD3. Experiments and result

analysis done by the Bernthal group
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Chapter 5: Future perspective and broader impact

The theme of this work was to utilize chemical synthesis and engineering principles to
address complications that present as urgent, real-world clinical challenges. The promising
outcomes from the flavonoid-based polymers lay a strong foundation for the development of
novel therapies that are clinically and economically relevant. The sustained release observed
from the flavonoid-based macromers, less than 50% over 30 days, suggests significant potential
for long-acting antioxidant therapies. These polymers could be further engineered into
intravenous formulations that provide therapeutic benefit for up to a month, potentially
reducing the frequency of dosing and associated complications such as renal toxicity. This
feature addresses a well-known limitation in current vaso-occlusive crisis (VOC) management
strategies, which often rely on frequent, high-dose interventions. Looking ahead, broadening
the therapeutic scope of this platform will be essential. We aim to tailor the release profile
through controlled functionalization such as limiting the number of targeted phenolic groups
which can enable the design of flavonoid-based therapies with different release durations (e.g.,
1-2 weeks). Moreover, there is a vast array of flavonoids with similar properties of apigenin
and apigeninidin, expanding the flavonoid library to include flavones or flavonols with up to
four phenolic groups (e.g., quercetin) could enhance antioxidant potency and therapeutic
efficacy!. One important consideration for future studies is the biocompatibility of the chemical
spacers used in macromer synthesis. To study this behavior, we plan to perform cell viability
experiments on the polymer degradation products using already established cell culture
methods.

From a translational stand point, the chitosan-based wound dressings developed in this
study shows a potential for real-world application. Its efficacy in both wet and dry states
suggests that they can be tailored for different stages of ulcer progression, creating a versatile

product suitable for clinical use. To further support advancement, limulus amoebocyte lysate
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(LAL) testing can be carried out to confirm that the gels are free from endotoxins before
progressing to preclinical animal models?. Furthermore, the PEGDA-based hydrogels designed
for wounded soldiers, have already progressed to pre-clinical studies in large animal models.
A promising direction for future work involves incorporating hydrolyzable linkages into the
hydrogel network. This will allowing the wound dressing to gradually degrade over time in a
manner that can be controlled. This feature could eliminate the need for dressing removal and
improving patient comfort.

Overall, although this work focused on addressing vaso-occlusive crises and the
treatment of complex wounds in the context of SCD and battlefield injuries. The need for
antioxidant therapy, and specialized wound care extends beyond these applications. Chronic
wounds such as venous ulcers and diabetic foot ulcers share overlapping pathophysiological
features such as oxidative stress, inflammation, and impaired healing, and may similarly benefit
from these bioactive therapies®*. The hydrogel system may also hold potential for treating acute
wounds like those sustained by burn victims, where infection control, moisture balance are

equally critical.
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