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ABSTRACT OF THE THESIS

Targeted Polymeric Micelles for Anti-inflammatory Drugs for Ocular Application

by

Yimin Gu

Master of Science in Chemical Engineering
University of California, Los Angeles, 2023

Professor Nasim Annabi, Chair

Inflammation is one of the most common conditions that impact the health of the eye. Due to the
static and dynamic barriers caused by the tear film and blinking, effective and sustained delivery
of anti-inflammatory pharmaceutics remains a challenge of ocular treatment. Surface
functionalization with mucoadhesion moieties on drug slivery systems could boost the
bioavailability of pharmaceutics by increasing the retention time on corneal mucin. Herein, in
chapter [, we developed a polymeric micelle (MC) as a nano-drug carrier and functionalized it with
an ocular-targeted moiety, phenylboronic acid (PBA). The MC is composed of poly (ethylene
glycol)-b-poly(N-(2-hydroxypropyl) methacrylamide-oligolactate) (PEG-b-(HPMA-Lacm+1))
copolymers. The HPMA-Lacn+1 was modified to increase the encapsulation efficiency (EE%) for
anti-inflammatory drugs. The EE% of loteprednol etabonate (LE) was increased by more than 20%
compared to the result prior to the modification in this study and to a previous work published by
our lab.! The resulting MC exhibited a sustained release profile of LE for 12 days. PBA
functionalization achieved a 91.5% conjugation efficiency on the PEG, and the resulting PBA-MC

exhibited excellent adhesion to mucin. Further, high cell viability (>95%), cell spreading, and



proliferation of human corneal epithelial cells was found after incubation with PBA-MC for five
days. Therefore, PBA-MC is a promising candidate for delivering the anti-inflammatory drug (LE)
to the ocular target. In addition, the MC was synthesized using PEG with an amine chemical
handle, which allows for further functionalization of various moieties. For example, in chapter II,
gallic acid (GA) was conjugated onto PEG through the amine group as an alternative
mucoadhesive moiety. Further, PEG provides numerous sites for hydrogen interactions. In chapter
I, tannic acid (TA), another outstanding mucoadhesive group, was crosslinked onto the surface
of MC through hydrogen bonding with PEG. However, the incorporation density of GA and TA

was suboptimal in this study and require further optimization.
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List of abbreviations used in this thesis:

'H NMR: hydrogen-1 nuclear magnetic resonance
ACN: Acetonitrile

ACVA: 4,4'-Azobis(4-cyanovaleric) acid

CDCl;: deuterated chloroform

(CD3)2S0O: deuterated dimethyl sulfoxide

DCC: N,N'-Dicyclohexylcarbodiimide

DCM: methylene chloride

DMF: dimethylformamide

DMSO: dimethyl sulfoxide

DP: 4-dimethylamino pyridinal

EDC: 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
HPMA: N-(2-hydroxypropyl)methacrylamide
PEG-b-(HPMA-Lacm+1): poly (ethylene glycol)-poly(N-(2-hydroxypropyl)methacrylamide-
lactate)

GA: gallic acid

Lac: lactide

LE: loteprednol etabonate

L-lactide : (3S)-cis-3,6-dimethyl-1,4-dioxane-2,5-dione
MC: micelle

NHS: N-Hydroxysuccinimide

NMR: nuclear magnetic resonance

PBA: 4-carboxyl phenylboronic acid



PBS: phosphate buffered saline
PEG: polyethylene glycol
Sn(Oct),: Tin(II), ethylhexanoate
TA: tannic acid

TEA: triethylamine

THEF: tetrahydrofuran

TFA: trifluoroacetic acid

TLC: thin layer chromatography

TS: p-toluensulfonic acid
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Introduction

Inflammation in the eye is a common condition typically treated using conventional
methods, such as topical eye drops and ointments. However, these methods have limitations
in effectively delivering drugs to the intraocular tissues. The limitations are primarily due
to the static and dynamic ocular barriers that impede the uptake of topically applied drugs.
While these barriers are crucial in protecting the eyes from environmental stress, they also
hinder the delivery and retention of conventional topical drug molecules on the cornea. In
addition to ocular barriers, many anti-inflammatory drugs are hydrophobic, further
reducing their bioavailability in the eye. When administered topically, these drugs often
have less than 5% bioavailability at the intended target site, primarily due to the
aforementioned barriers.? 2 Consequently, frequent application of the drugs is necessary to
achieve the therapeutic dosage required for effective treatment against inflammation. To
address these challenges, novel ocular delivery systems have been developed as alternatives
to the current treatment methods. These systems include nanoparticles (NPs),*
microneedles,> © drug-eluting contact lenses,” & and polymeric micelles (MCs).® The
primary objective of these delivery systems is to prolong the retention time of anti-
inflammatory drugs on the ocular surface, thereby increasing the chances of reaching the
intraocular tissues. By utilizing these advanced delivery systems, the bioavailability of anti-
inflammatory drugs can be significantly improved. They help overcome the limitations
posed by ocular barriers and hydrophobic drug properties, enabling enhanced drug delivery
to the targeted sites within the eye. This advancement in drug delivery technology offers

promising prospects for more effective treatment of ocular inflammation.



In the past few decades, polymeric MCs have emerged as a superior choice among various
delivery systems due to their advantageous features, including high drug encapsulation
efficiency and controlled drug release capabilities.’® These MCs are formed through the
self-assembly of amphiphilic polymers in an aqueous environment, allowing them to
efficiently encapsulate hydrophobic drug molecules within their cores and enhance the
solubility of these medications. This property makes them particularly suitable for
delivering hydrophobic drugs.! Despite their effectiveness in encapsulating hydrophobic
drugs, MCs face a challenge regarding their rapid clearance from the ocular surface due to
factors such as constant blinking and tear flux. To overcome this limitation and achieve
active targeting of the ocular surface, surface modification of polymeric MCs with a
suitable targeting group is necessary. Commonly employed targeting moieties include
PBA,® 1215 maleimide,®2® and thiol groups.?* 2 Among these functional groups, PBA
stands out as a promising candidate for mucosal targeting because it can covalently bind to
sialic acid groups found in mucin. By incorporating PBA groups on the surface of micellar
delivery systems, the issue of rapid clearance can be addressed, leading to extended
retention on the ocular surface. This surface modification enables the MCs to actively target

the ocular tissues and enhance drug delivery to the interior parts of the eye.

In order to overcome the challenge of retention time on the cornea, this work focuses on
forming covalent interactions between the micellar drug delivery system and the targeted
site. The MC is formed by a copolymer poly (ethylene glycol)-block-poly (N-(2-
hydroxypropyl) methacrylamide-lactate) (PEG-b-(HPMA-Lacm+1)). In chapter I, PBA was
conjugated onto the MC, and the conjugation was optimized to ensure high efficiency that

would increase the retention time of MC on the ocular surface. Moreover, in chapter II,



gallic acid (GA) was examined as a potential alternative to PBA. In chapter |11, tannic acid

(TA) was incorporated onto PBA-MC as an attempt to improve mucoadhesion.



Chapter 1. Targeting MCs through PBA functionalization

1.1 Introduction

Drug delivery for ocular diseases faces challenges of retention of the therapeutics.®
Ointments, hydrogels, adhesive patches, drug-eluting soft contact lenses, and ocular inserts
are common approaches to increase the retention time of therapeutics.?® 2" However, the
ocular surface is a sensitive area; solid gels, patches, and inserts containing therapeutics
can adhere to the ocular surface, but they often cause discomfort and technical barriers for
the patients to apply them properly. Eye drops can be easily applied; however, due to the
blinking force from the eyelids and the fast turnover rate caused by the tear, eye drops are
frequently rinsed away and usually require multiple administrations on a daily basis, which

significantly lowers the patients’ compliance.

In order to improve the retention of the drugs on the cornea, targeted nanocarriers emerged as a
new approach. Nanocarriers can be easily loaded into an eye drops formulation. These targeted
nanocarriers often contain moieties that can form strong interactions, such as covalent bonds, with
the ocular surface.?®-3! Such moieties would allow highly selective targeting in ambient conditions.
The covalent bonds greatly boost the retention time of the drug carriers on the cornea, allowing
the carrier to slowly degrade near the target, significantly improving the bioavailability of the
encapsulated drugs for ocular diseases. Examples of the targeting moieties include PBA,3 1215
maleimide,'®?® and thiol groups.?* % Due to its unstable nature, using maleimide often needs
protection groups to prevent it from degrading during multi-step synthesis.*?> Thiol groups are
prone to oxidization, and the resulting linkages between the thiol groups and the targets are often
reversible.>® On the other hand, PBA can form covalent bonds with the cis-diol group-containing

compounds, including polysaccharides, glycoproteins, and glycolipids.>*> This interaction leads
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to the formation of boronic esters that are stable at physiological pH.** Due to this property,
numerous studies have taken advantage of the carbohydrate-targeting nature of PBA. For example,
micellar nanocarriers have been previously functionalized with PBA to target glycan-rich mucin
layers in the eyes,® 12 sialic acid-overexpressed cancerous cells,®" and to release encapsulated
insulin upon hyperglycemia detection.®® In recent years, PBA has gained an increasing amount of
spotlight on ocular applications because of its ability to react with the diol groups on the
glycoprotein and glycolipids on the corneal mucin. Studies reported outstanding treatment effects
using PBA-functionalized nano-drug carriers for eye diseases.'? ° A list of the ocular-targeting
nanocarrier using PBA is summarized in Table 1. Some studies achieved good in vitro and in vivo
ocular-targeting outcomes due to PBA grafting.*®* However, these studies share common
drawbacks, including low PBA conjugation efficiency and an initial burst release of the drugs. In
this chapter, PBA was selected as a targeted moiety due to its stable interaction with mucin. To
address the current limitation of PBA functionalized nano-delivery systems, | specifically

investigated improving conjugation efficiency to enhance the targeting effects

Table 1. PBA-functionalized nanocarrier for ocular applications

Material Design PBA Drug and Release Outcome Ref.
conjugation | encapsulation Profile
efficiency efficiency
PBA-chitosan 15.4% coumarin-6 75% was PBA group yielded 15
oligosaccharide- released at 0.5 | lower amount of fungal
vitamin E MC 85.0 + 0.4% h and almost colony-forming units
all drugs were (0.09 fold) than the
released at 2 h control in vivo
PBA-poly(Lac)- 176 % £ | cyclosporine A | released for 5 Released clinically 4
dextran NP 2.7% days; relevant dosage for 5
11.9 + 1.6 wt% | near 40% was days
released at 12
h and over
50% by day 1
poly(Lac)-b- 20 wt% cyclosporine A 35 to 45% Reduced the initial burst | 3
poly(methacrylic released by release
15 wt% day 1, 74 to




acid-co-PBA) 80% after 14 Showed reduced cell
MC days proliferation and altered
morphology
Poly(Lac)-b-poly / latanoprost 80% was Reduced intra-ocular 12
(methacrylic released after pressure in vivo more
acid-co-3- 23.7+1.2% 12 days than the control
acrylamido-PBA)
MC
(3-aminomethyl | 4.7 +£0.8% | dexamethasone 25% was High drug encapsulation | 12
PBA)-conjugated released at 1 h, efficiency
chondroitin 88 + 2% ~90% by 12 h
sulfate nano-lipid Not a carrier for
carrier sustained release
PBA- / dexamethasone | ~2-11% was | Drug-loading efficiency | 34
methylcellulose- released by can be tuned by grafting
poly(N-tert- 95% day 1, the density of
butylacrylamide) depending on hydrophobic moieties
MC the degree of
hydrophobic
modification

Prior to PBA functionalization, | first modified a polymeric MC that was previously developed®
41 as a micellar drug delivery platform. This MC was formed by PEG-b-(HPMA-Lacm«1) block
copolymer. The hydrophilic shell was made of PEG chains, a material widely used as a
biocompatible polymer, due to its prolonged lifespan in circulation and low risk of triggering
immune responses.*> 43 The hydrophobic core was made of b-(HPMA-Lacm+1); it can encapsulate

non-water-soluble drugs and is biodegradable through hydrolysis of the ester bonds.! 44

The monomer of the HPMA-Lacm+1 block was obtained via a ring-opening polymerization (ROP)
between HPMA and L-lactide catalyzed by Sn(Oct), as previously reported.l: ¢ This synthesis
method yielded a mixture of HPMA-Lacm+1 (m =1, 3, 5). As the monomers were used to synthesize
amphiphilic copolymers, different numbers of Lac repeating units contributed to various

hydrophobic chain lengths of the copolymer. MCs synthesized using longer hydrophobic chains



resulted in lower cloud points,® larger sizes, lower critical micelle temperatures, and lower critical
micelle concentrations (CMC).** A low CMC is desirable for drug delivery. The concentration of
MCs can be diluted after entering the human body. Failing to maintain CMC would cause MC to
disassemble prematurely. Efforts have been made to reduce CMC, including co-injecting non-
drug-loaded MC to raise micelle concentration,*®*® modifying the hydrophobic segment of the
polymer backbone, and incorporating amphiphilic surfactants to lower the CMC due to synergistic
interactions.*® In addition, studies using nanoparticles as drug delivery platforms reported that the
encapsulation efficiency of non-polar drugs increased by increasing the ratio of hydrophobic:
hydrophilic building blocks.*® 5 However, an insufficient amount of studies demonstrated whether
increasing the hydrophobic chain lengths of the MC copolymer can lead to better encapsulation of
non-polar drugs. Therefore, | first focused on purifying monomers with various hydrophobic chain
lengths. These purified monomers were used to synthesize MCs to assess the encapsulation
efficiency of LE. Then, PBA was incorporated into the MC to improve the retention of the micellar
drug carrier on the cornea. PBA can form covalent interaction with sialic acid and other structures
with cis-diol on corneal mucin.!® A schematic illustration of PBA-functionalized MCs and how

it interacts with the cornea is shown in Figure 1.
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Figure 1. (A) Formation of LE-loaded MCs with PBA-PEG-b-(HPMA-Lacm+1) copolymer in a
buffer solution. PBA-PEG-b-(HPMA-Lacm+1) copolymer self-assembled into MC structure in an
aqueous environment; (B) schematic illustration of the interaction between LE loaded PBA-MCs
and sialic acid groups of mucin on the ocular surface; (C) dispersion of MCs in an eye-drop

solution for the release of LE from micelles in a targeted manner.



1. 2 Materials and methods

1.2.1 Materials

Tert-butyloxycarbonyl (tBoc) protected amine polyethylene glycol (tBoc-NH-PEG-OH, MW
3.4k) was purchased from Biopharma PEG Scientific Inc.. 4-carboxyl phenylboronic acid (PBA),
(3S)-cis-3,6-dimethyl-1,4-dioxane-2,5-dione (L-lactide) were purchased from Sigma-Aldrich. N-
(2-hydroxypropyl)methacrylamide (HPMA) was purchased from Polysciences, Inc. 4-
methoxyphenol was purchased form Acros Organics Chemicals, Thermo Fisher. 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), N,N'-Dicyclohexylcarbodiimide (DCC), and N-
Hydroxysuccinimide (NHS) were purchased from Tokyo Chemical Industry Co., Ltd. (TCI
Chemicals). 4,4'-Azobis(4-cyanovaleric acid) (ACVA), 4-dimethylamino pyridinal (DP), p-
toluensulfonic acid (TS), Tin(I12 ethylhexanoate (Sn(Oct)), porcine gastric mucin were purchased
from Sigma. Acetonitrile (ACN), ethyl acetate, hexane, cyclohexane, tetrahydrofuran (THF),
ethanol, methanol, dimethyl sulfoxide (DMSO), methylene chloride (DCM), trifluoroacetic acid
(TFA), deuterated chloroform (CDCl3), and deuterated dimethyl sulfoxide ((CD3).SO) were
purchased from UCLA chemical store. Human corneal epithelial cells (PCS-700-010) were
purchared from American Type Culture Collection. Alveolar epithelial cell medium was purchared
from ScienCell. Live/Dead™ Viability/Cytotoxicity Kit, Alexa Fluor 594—phalloidin, and DAPI

were purchased from Invitrogen.

1.2.2 Synthesis of MCs

1.2.2.1 Synthesis of NH2-PEG and PBA-PEG

The protection group of tBoc-NH-PEG-OH (200 mg, 58 pmol) was cleaved by a 1:1 (v/v) mixture
of TFA (1 mL) and DCM (1 mL). The mixture was shaken at 130 rpm in a shaker at 25 °C for 4

hours to deprotect the primary amine group. After the deprotection reaction, NH>-PEG was diluted



by DCM, followed by evaporation using a rotary evaporator and dialysis against Mili-Q water.
Then, NH>-PEG (105 mg, 0.2 equivalent) solution was prepared in 0.8 mL 0.1M MES buffer at
pH = 6. Separately, EDC (148 mg, 5 equivalent) dissolved in 0.1 mL MES buffer was added to
PBA (25.5 mg, 1 equivalent) dissolved in 0.1 mL DMSO. This mixture was stirred at 45 °C for 20
min, followed by dropwise addition of NHS (35.5 mg, 2 equivalent) dissolved in 0.1 mL MES
buffer). Then, the mixture was stirred at 45 °C for 2 hours to activate the carboxyl functional group
on PBA. Finally, the NH>-PEG solution was added dropwise to this mixture, and the pH was
adjusted to 7 using NaOH. The reaction was allowed to proceed for 20 hours. The product was

purified by dialyzing against Mili-Q water for 5 days, and obtained by freeze-drying.

1.2.2.2 Synthesis of monomer HPMA-Lacm+1

The monomer was synthesized using HPMA and L-lactide. The resulting products contain multiple
lactide repeating units —[COCH(CH3)O]— and a —COCH(CH3)OH tail. m denotes the total
number of repeating units. The monomer was named HPMA-Lacp+1.

HPMA-Lacm+1 mixture

The monomer was synthesized by stirring L-lactide (4.998 g, 1 equivalence) and HPMA (5.000 g,
1 equivalence) in a round bottom flask in a 130 °C oil bath under a N> flow for 2 h. Sn(Oct)> (0.141
g, 0.01 equivalence) and 4-methoxyphenol (0.004 g, 0.001 equivalence) were dissolved in 0.1 mL
anhydrous toluene and added to the reaction mixture.* The round bottom flask was baked at 130
°C overnight and de-gassed under vacuum and nitrogen alternating cycles after loading the
reactants. This method generated a mixture of HPMA-Lacm+1, with m = 1, 3, 5. Once the reaction
was completed, the product was purified and separated using silica column chromatography and
thin layer chromatography (TLC). The separation of the mixture was optimized. The method

optimizations were illustrated in Figure S2-S6.
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HPMA-Lacs

A modified synthesis yielded a monomer product mainly consisting of HPMA-Lacs. L-lactide
(9.996 g, 2 equivalence), HPMA (5.000 g, 1 equivalence), Sn(Oct), (0.141 g, 0.01 equivalence)
and Na;SO4 (0.010 g, 0.002 equivalence) were mixed and heated to 110 °C for 16 h under a N»
atmosphere.>?> After the reaction was completed, the product was purified by participating in

cyclohexane. The purified product was dried under a vacuum.

1.2.2.3 Synthesis of macoinitiators (NH2-PEG)2-ACVA and (PBA-PEG)2-ACVA

The macroinitiators were synthesized by an esterification reaction between NHz-/PBA-PEG and
ACVA. 2 equivalent of NH>-/PBA-PEG and 1 equivalent of ACVA were dissolved in 5 mL of
anhydrous DCM. Meanwhile, 0.3 equivalent of DP and 0.3 equivalent of TS were separately
dissolved in 0.1 mL of THF. Then, the mixture was added into NH>-/PBA-PEG and ACVA solution
and purged with N> while stirring on an ice bath for 30 min. 3 equivalence of DCC (dissolved in
0.5 mL of anhydrous DCM) was added dropwise to the reaction mixture at 0 °C. The reaction was
then moved to 25 °C and stirred for 16 h. The following day, urea salts were filtered out, and the
remaining mixture was vacuum-dried. Finally, the solid product was dissolved in MiliQ water and

purified by dialyzing against Mili-Q water.

1.2.2.4 Synthesis of diblock copolymers NH:-PEG-b-(HPMA-Lacs) and PBA-PEG-b-
(HPMA-Lace)

The diblock copolymer, polyethylene glycol-b-(N-(2-hydroxypropyl) methacrylamide-co-
oligolactate) (PEG-b-(HPMA-Lacs)), is composed of a hydrophobic N-(2-hydroxypropyl)
methacrylamide derivatized with a monodisperse oligolactide (HPMA-Lacs) block and a

hydrophilic PEG block. PEG-b-(HPMA-Lacs) copolymers were synthesized through a free radical
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polymerization,'?” using HPMA-Lace as a monomer and (NH2-PEG),-ACVA or (PBA-PEG),-
ACVA as a macroinitiator, respectively. In the polymerization process, the monomer and

macroinitiator maintained a molar ratio of 200:1.

1.2.2.5 Formation of drug-loaded and non-drug-loaded MCs

Drug-loaded MCs were prepared by a solvent evaporation method. MCs formed by PBA-
copolymer (PBA-MC) and by NHz-copolymer (NH2-MC) loaded with LE are denoted as PBA-
MC-LE and NH;-MC-LE. Initially, 10 mg of copolymer with and without PBA end group
(dissolved in 970 pL of acetone) and 1 mg of LE (dissolved in 30 uL DMSO) were mixed and
incubated at 37 °C for 30 min. The copolymer-drug mixture was then added dropwise into the
ammonium acetate buffer (AAB, 120 mM, pH 5), followed by stirring at 25 °C for 30 min.
Subsequently, the mixture was stirred at 45 °C for 2 h. To facilitate the evaporation of the solvent,
the vial was uncapped and stirred overnight in the hood at 25 °C. Non-drug-loaded MCs, both

PBA-MC and NH>-MC, were prepared with the same method but without adding the drug.

1.2.3 Characterization

1.2.3.1 'H NMR spectroscopy

The "H NMR spectroscopy of tBoc-NH-PEG, NH,-PEG, PBA-PEG, macroinitiators, monomers,
and copolymers was conducted using a Brucker AV 400 MHz NMR Spectrometer (128 scans, 2-
second delay). The chemical shift of CDCI3 at 7.26 ppm and (CD3)2SO at 2.50 ppm were used to
calibrate the reference line. The percent conjugation efficiency of PBA onto NH2-PEG, the number
of average Lac repeating units (m), the number of hydrophobic blocks (x), the average molecular
weight of the hydrophobic block (Mw-b), and the average molecular weight of copolymer (Mw-

cop) were determined by 'H NMR through the following equations (1-5):
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Conjugation Efficiency% = —benzen=H/% 1 500, (1)

I pEG-H/296
— I'Lac repeat unis—H (2)
I'Lac tail-H
I tunits—H
m= ac repeat units (2 1)

I HPMA vinyl-H /2

— I Lactail-H /1
IpEG-1/296 3)
Mw-b =%Lace x Mw-Lacs + %Lacs X Mw-Lacs + %Lac, x Mw-Lacs (4)
MW-cop = Mw-PEG + x x Mw-b (5)

Ibenzen-n represents the integration of the total areas of the 4 benzene protons on the PBA. Ipgg.n
corresponds to the integrated area of 296 protons on PEG repeating units. ILac repeat units- denotes
the integrated area of Lac repeating units —[COCH(CH3)O]— (at 5.12 — 5.26 ppm), and Ipac tail-n
represents the integrated area of the proton at the tail —COCH(CH3)OH (at 4.30 ppm) of the
HPMA-Lacm+1 monomer. Each HPMA-Lacm+1 monomer forms a hydrophobic block within the
copolymer after free radical polymerization. Molecular weights of different monomers (HPMA-
Lacs, HPMA-Lacs, HPMA-Lac,), denoted as Mw-Laces, Mw-Lacs, and Mw-Lac,, are 575, 431,

and 287 g/mol. The percentage of each monomer is calculated from the '"H NMR.

1.2.3.2 Dynamic light scattering (DLS) and zeta potential of MCs

Freshly prepared micellar dispersions were concentrated using a protein concentrator, diluted with
PBS (pH 7.4), and filtered with a 0.45 pum filter to prevent dust contamination and MC
aggregations. The sizes of the MCs were analyzed with dynamic light scattering (DLS) on a

Malvern Zetasizer Nano-Z instrument (Malvern Instruments, Malvern, UK). For each sample,
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three measurements were performed under standard operating procedure parameters (25 °C with
20-second equilibration time).

The Zeta potential of the MCs was determined at 25 °C using a Malvern Zetasizer Nano-Z
(Malvern Instruments, Malvern, UK) equipped with universal ZEN 1002 ‘dip’ cells and DTS
(Nano) software (version 4.20). Zeta potential measurements were performed in PBS at pH 7.4 at

a final polymer concentration of 333 pg/mL.

1.2.3.3 Transmission electron microscopy (TEM) of MCs
The TEM images of MCs were taken using T12 Quick room temperature TEM with 120 kV
electron-beam energy. The samples are dispersed in Milli-Q water for TEM measurements, then

dropped and dried on carbon-coated copper grids.

1.2.3.4 Assessment of drug encapsulation efficiency and loading capacity of MCs

The amount of the loaded anti-inflammatory drug, Loteprednol Etabonate (LE), in the polymeric
MCs was determined using High-Performance Liquid Chromatography (HPLC). A standard curve
was obtained using LE dissolved in ACN at concentrations ranging from 0.01 to 0.1 mg/mL. The
concentrations of LE solutions were measured using HPLC with an ACN/water gradient solvent
system at 242 nm. HPLC was run using water without acid as solvent A and acetonitrile without
acid as solvent B. Column (5C18-MS-II, 4.6ID x 250mm) was used at 1 mL/min flow rate, with a
70%-90% solvent B gradient for 10 min. The set inject volume into the HPLC was 5Sul per sample.
A higher concentration than 0.1 mg/mL or a higher injection volume per sample caused the peaks

will max out of the measurable range of the instrument.

The freshly prepared MCs were centrifuged at 4000 rpm at 20 °C for 10 min to separate the MCs-

LE supernatant and the unencapsulated LE pellet. After the centrifuge process, the supernatant was
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carefully pipetted out. The LE pellet was dissolved in 1 mL ACN and diluted 10 fold. The
concentration was measured by HPLC using the same method as the measurements of the samples

of the standard curve.

The encapsulation efficiency (EE%) and loading capacity (LC%) were calculated using equations

(6) and (7), respectively:

unencapsulated drug

EE% = (1 -
/o ( total drug added

) x 100% (6)

unencapsulated drug

LC%=(1

) x 100% 7)

" total copolymer added

1.2.3.5 Release study of LE

After separating the MCs from the unencapsulated LE pellet by centrifugation, the supernatant
was concentrated to 100 uL using a protein concentrator with a specified molecular weight cutoff
(MWCO 100 kDa). Subsequently, it was mixed with 900 pL of an eye drops solution to obtain a
10 mg/mL MCs solution. The eye drops solution was made of hyaluronic acid, glycerin,
hypromellose, purified water, benzalkonium chloride, and buffering systems based on the
ophthalmic formulations.>*-® To conduct the release study, 1 mL of MCs solution was pipetted
into a dialysis bag (MWCO 12 kDa), and the bag was submerged in 10 mL of artificial tear solution
placed in a falcon tube. The falcon tube was then placed in a shaker at 37 °C and gently shaken at
80 rpm for 15 days. To monitor the release of LE into the artificial tear solution, 2 % non-ionic
surfactant Triton X-100 was added to the solution to enhance the solubility of LE. At
predetermined time intervals (0 h, 2 h, 6 h, 24 h, 2 days, 3 days, 5 days, 7 days, 9 days, 12 days,

15 days), 2 mL artificial tear was sampled, and an equal volume of fresh release media was
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replenished. The samples were freeze-dried, re-dissolved in ACN, and their concentration was

measured by HPLC using the same method described in 1.1.3.4.

1.2.4 In vitro mucoadhesion tests

1.2.4.1 Mucin-targeting evaluation via zeta potential

Commercially available porcine gastric mucin was prepared as a 1 mg/mL solution with Mili-Q
water. The solution was then incubated in a 37°C oven for 2 h to ensure complete dissolution.
Subsequently, a series of MC solutions with varying concentrations (6, 3, 0.75, 0.18, 0.09 mg/mL)
was mixed with 1 mL of mucin solution and 100 mM KCI, then shaken at 37°C for 1 h. After
centrifugation and filtration using a 0.2 pum filter, the zeta potential of the mixed solutions was

measured.

1.2.4.2 Mucin-targeting evaluation via turbidity

Porcine gastric mucin was prepared as a 1 mg/mL solution with MiliQ water using a probe-type
sonicator (FisherBrand) at 500 watts, 20kHz. Sonication was performed at a 5-second interval after
every 15 seconds of sonication until the mucin was completely dissolved. PBA-MC and MC are
suspended in PBS (1 mg/mL, pH = 7.4). The MC and mucin solutions were mixed to achieve
various MCs to mucin ratios (0.1, 1, 2, 3, 10, w/w) and vigorously vortexed for 1 min. The optical
density at 600nm (OD 600nm) of PBS and MCs/mucin solutions was measured by a UV-vis

spectrophotometer (Thermo Scientific, NanoDrop One®).

1.2.4.3 Mucin-targeting evaluation via spectrofluorometer
First, the suitable excitation wavelength and the emission wavelength range were determined by a
spectrofluorometer (Photon Technologies International QuantaMaster) using 0.01 mg/mL PBA-

copolymer solution. Then, PBA-bearing MC suspensions were mixed with varying concentrations
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(0, 0.02, 0.05, 0.1, 0.2, 0.5 mM) of SA solutions to achieve constant final attention of PBA-MC
(50 pg/mL). The mixtures were vortexed for 30 s before measurement with a plate-reader-type
spectrofluorometer (Tecan Infinite M1000 Pro). The samples were excited at 295 nm, and an

emission scan from 335 to 435 nm was obtained for each sample.

1.2.5 In vitro biocompatibility tests
Human corneal epithelial cells (passage 51) were seeded in a 48-well plate. 0.3 mL of alveolar
epithelial cell medium (with 2% fetal bovine serum, 1% penicillin/streptomycin, and 1% cervical

epithelial cell medium) and 0.03 mL of 300 mg/mL PBA-/NH>-MC was added to each well. The

cells were incubated in a 37 °C oven.

1.2.5.1 Live/Dead assay

In a dark environment, a dye solution was made (0.5 pL/mL calcein and 2 pL/mL ethidium
homodimer in PBS). The media in the well of the 48-well plate was carefully pipetted out, and 0.1
mL of the dye solution was added. The 48-well plate was covered with aluminum foil and
incubated for 20 min. Then, the dye solution was removed and replaced with 1 mL PBS. The

images were taken with a fluorescence optical microscope (Primovert, Zeiss).

1.2.5.2 Actin/DAPI assay

The cells were fixed with Paraformaldehyde 4% and incubated at 25 °C for 20 min, followed by
three washes with PBS. Triton X-100 (0.3% w/v, in PBS) was added into each well of the 48-well
plate, incubated at 25 °C for 30 min, followed by three washes with PBS. Bovine serum albumin
(1%, in PBS) was added and incubated at 25 °C for 1 h. In a dark environment, phalloidin was
diluted in 1% bovine serum albumin in a 1 : 400 ratio (2.5 pL/mL actin) and added to each well.

The 48-well plate was incubated at 25 °C for 45 min, followed by two washes with PBS. DAPI
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was diluted in PBS in a 1 : 1000 ratio (1 pL/mL DAPI) and added to each well. The 48-well plate
was incubated at 37 °C for 10 min, followed by two washes with PBS. The images were taken

with a fluorescence optical microscope (Primovert, Zeiss).

1.3. Results and discussion

Targeting MC through PBA functionalization was synthesized by multiple steps. First, PBA was
conjugated onto PEG with an amine chemical handle. Then, PBA-PEG was reacted with ACVA
azo-initiator via a DCC/DMAP coupling reaction, resulting in a macroinitiator (PBA-PEG);-
ACVA. Separately, a monomer HPMA-Lace was synthesized using a ring-opening method.**
Finally, the amphiphilic block copolymer (PBA-PEG-b-(HPMA-Lacs)) was synthesized by a free
radical polymerization of HPMA-Lacs monomer initiated by (PBA-PEG),-ACVA macroinitiator.
The resulting copolymer was used to form drug-loaded PBA-MC through a solvent evaporation
method. PBA can form covalent interaction with the glycoprotein and sialic acid of the corneal
mucin and anchor PBA-MC onto the ocular surface. Therefore, PBA-MC has the potential to

improve the retention time of the micellar drug delivery system in the eyes.

1.3.1 Synthesis and characterization

1.3.1.1 Synthesis and characterization of PBA-PEG

PBA-PEG was synthesized by conjugating PBA and amine-PEG with an EDC/NHS catalytic
amidation (Figure 2A). Without EDC/NHS activation, the primary anime of NH2-PEG is not a
strong enough nucleotide to directly attack the carboxyl carbon of PBA; the hydroxy group on the
carboxyl carbon is also an unstable leaving group, further hinders the direct conjugation.>’ In the
presence of EDC, the carboxyl group of PBA becomes the nucleophile, attacks the carbodiimide

group (—N=C=N—) of EDC, and forms an intermediate O-acylisourea. Then, NHS reacts with
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the carbonyl and replaces O-acylurea with an NHS-ester. The NHS-ester intermediate is crucial
for facilitating carboxyl acid and amine conjugation due to its high reactivity. Amine of NH2-PEG
can then react with the NHS-ester. Both products (amide and NHS) exhibit resonance stabilization
of electrons among N—C=O0 structures. Therefore, the reaction favors amide formation.’” A two-
step method is widely used for EDC/NHS activated conjugation between carboxylic acid and a
primary amine, as the activation step favors a slightly acidic condition and the amine conjugation
step requires a neutral-to-basic pH to occur, as a charged amine does not display good
nucleoticity.’® > In some studies, a one-step method is employed to avoid excess waste and
successful conjugations were reported using buffer solutions with pH = 6, pH = 7,%! and pH =

9.52 The optimal ratio of EDC : NHS is reported at the range of 5:3 to 4:1.5%%

The conjugation efficiency was characterized by 'H NMR spectroscopy in (CD3),SO (Figure 2B)
and in CDCI3 (Figure S1). Modifications of parameters and the outcomes were included in Table
2. Initially, due to the low solubility of PBA in aqueous solution, it was dissolved in 0.1 M MES
buffer (pH = 4.5) and heated to 90 °C. The temperature was then cooled to 60 °C before adding
EDC and NHS. The conjugation efficiency was low (17.5%), as shown by the 'H NMR spectrum
(1) in Figure 2B. Previous literature reported that the optimal pH for EDC to react with carboxylic
acids is 3.5-4.5,°% 6% 66 ikely due to the stronger nucleophilicity of a deprotonated carboxyl group
at a low pH compared to a protonated one. Thus, the activation buffer (0.1M MES) was initially
set at pH 4.5. However, the conjugation efficiency was low. Upon closer investigation, it was
found in the literature that EDC reacts with carboxyl acid to form an intermediate O-acylisourea,
which allows for amine coupling.®’” This O-acylisourea is not only easily rearranged into a N-
acylurea, which is not reactive to amine, but also more prone to hydrolysis. Thus, acidic conditions

(e.g., pH 3.5-4.5) are favorable for using EDC alone as an activation agent. However, introducing
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NHS as a second activation agent converts the O-acylisourea into a NHS-ester, which is not
rearrangeable and less prone to hydrolysis. EDC/NHS activation is well developed to suit different
amine-barring systems, and the optimal pH often falls into the range of 5-6.5> - %3-7l In another
attempt, PBA was dissolved in 0.1 M MES buffer (pH = 6) and heated to 90 °C. The dissolution
of PBA decreased the pH of the solution to 5. The temperature was then cooled to 55 °C and EDC
was added. After 20 min, NHS was subsequently added. Switching to a less acidic buffer improved

the conjugation efficiency to 44.8%, as shown in the 'H NMR spectrum (ii) in Figure 2B.

However, pH is not the only condition that affects the conjugation efficiency. The formation of
NHS-ester intermediate is crucial for facilitating carboxyl acid and amine conjugation due to its
high reactivity. A high temperature (> 50 °C ) favors NHS-ester hydrolysis instead of reaction with
amine.’’ To prevent PBA from precipitating after the solution temperature dropped to 45 °C,
DMSO was used as a solvent for PBA dissolution. The temperature was set to 45 °C for EDC/NHS
activation. The amount of PBA used (25.5 mg) could be easily dissolved in 0.1 mL DMSO. The
final concentration of PBA was 0.14 M after mixing with other reagents. In the contract, it requires
2 mL MES buffer to dissolve the same amount of PBA properly, and the final concentration is 0.04
M after mixing with other reagents. The conjugation efficiency was improved to 91.5% after
dropping the EDC/NHS activation step temperature, as shown in the "H NMR spectrum (iii) in
Figure 2B. The conjugation efficiency was determined by calculating the integration ratio between
benzene protons of PBA (peaks at 7.84 and 7.79 ppm) and protons of the PEG repeating units

(between 3.71 - 3.38 ppm) in (CD3)>SO, using equation (1):

Conjugation Efficiency% = benzen=H/% g0, _ (186+180)/% _ gy 50,
1 pEG_p/296 296/296
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Figure 2. (A) Synthesis of PBA modified PEG; (B) "H-NMR spectrum of PBA conjugated PEG

obtained by different reaction conditions in (CD3)>SO.

Table 2. Synthesis of PBA-modified PEG in different activation conditions to increase conjugation
efficiency of PBA to PEG. During all trials, the activated PBA and amine-PEG conjugation were

conducted at pH 7, 25 °C for 14 h.

Trial Solvent Activation pH | Activation T (°C) Efficiency %
i MES 4.5 60 17.5
1 MES 6 55 44.8
i | DMSO/MES 6 45 91.5

21



1.3.1.2 Synthesis of monomer HPMA-Lacm+i

As previously mentioned, a degradable hydrophobic HPMA-Lacs monomer was obtained via a
ring-opening polymerization (ROP) between HPMA and L-lactide catalyzed by Sn(Oct). as
previously reported.r * This synthesis method yielded a mixture of HPMA-Lacm+1. As the
monomers were used to synthesize amphiphilic copolymer, different numbers of Lac repeating
units contributed to various hydrophobic chain lengths of the copolymer. In order to verify whether
MCs made of copolymers with longer hydrophobic chain lengths can lead to better encapsulation
efficiency of non-polar drugs, the first step is to separate the mixtures of monomers.

Silica column chromatography and TLC were used to separate the mixture of monomers. Four
modified methods were used, and the results are illustrated in (Figure S2-S5). Method 4 is the
optimized method for separating different HPMA-Lacm+1 (Figure S5). During the solvent rinsing,
method 4 used the slowest solvent gradient change among these four methods. An evident and
broad absorbance peak was observed in the 242 nm channel monitor of silica column
chromatography, suggesting the products were well-separated. This was because increasing the
solvent B% gradually increased the separation of monomers with different degrees of
hydrophobicity. The unreacted HPMA, which is more hydrophilic than HPMA-Lacm+1, was
flushed out of the silica column last due to the highest high affinity to silica gel. The more Lac
repeating units present in a monomer, the more hydrophobic it is, which is expected to be flushed
out of the column slower. Due to its hydrophobicity, the unreacted L-lactide was flushed out of
the column first. Hydrophobic species ran faster in TLC due to the low affinity of these species to
the silica board. HPMA was used as a reference. A series of separated bands were observed on the
silica board. Some samples consist of mainly the fast-running bands, some contain bands that run

at amedium speed, and some have bands at the slower end. This result confirmed that the monomer
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products were well-separated. The separated monomers were characterized by 'H NMR

spectroscopy (Figure S6).

Instead of separating the mixture, a modified monomer synthesis was used later. By increasing the
ratio of lactide: HPMA from 1:1 to 2:1 and allowing the reaction happened at a lower temperature
for longer, a product consisting of mainly HPMA-Lacs was obtained and characterized by *H NMR
spectroscopy (Figure S7), which was consistent with HPMA-Laces obtained through silica column
separation (Figure S6, spectrum a). NMR results showed the integration ratio between the
repeating Lac units protons and the protons at the tail of HPMA- Lacm+1 monomer was used to

calculate the average Lac repeating units (m), which was found as m = 5 using equation (2):

— I'Lac repeatunits—H __ 495 5

I Lac tail-H 1.05

Alternatively, the integration ratio between the repeating Lac units protons and the vinyl protons
at the HPMA part can also be used to calculate average Lac repeating units (m), and it was also

found as m= 5 using equation (2.1), which was consistent with the previous calculation.

_ I Lac repeat units—H _ 4.95 =5
I ypMA vinyl-u /2 (1.00+1.03)/2

1.3.1.3 Synthesis and characterization of (PBA-PEG):-ACVA, and PBA-copolymer

PBA-functionalized PEG was conjugated with ACVA azo-initiator via a DCC/DMAP coupling
reaction, forming hydrophilic macroinitiator (PBA-PEG)>-ACVA, as shown in Figure 3A. The
characterization of (PBA-PEG):-ACVA macroinitiator was performed using 'H NMR

spectroscopy in CDCl3, which revealed characteristic signals of PBA at 7.91 and 7.81 ppm, protons
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adjacent to ester oxygen at 4.26 ppm, and protons within PEG repeating units —[CH2CH>O]—

between 3.44 — 3.84 ppm (Figure 3B).

Finally, the amphiphilic block copolymer (PBA-PEG-b-(HPMA-Lacs)) was synthesized by a free
radical polymerization of HPMA-Lacs monomer initiated by (PBA-PEG)>-ACVA macroinitiator
(Figure 3A). The polymerization was carried out in anhydrous acetonitrile (ACN) at 70 °C for 24
h. The successful synthesis of PBA-PEG-b-(HPMA-Lace) block copolymers was confirmed by 'H
NMR analysis in CDCI3. Characteristic peaks corresponding to the PEG repeating units appeared
between 3.44 and 3.84 ppm, while peaks attributed to the Lac repeating units of HPMA-Lac were
observed between 5.12 and 5.26 ppm. Moreover, PBA groups located at the end of the copolymer

chain were clearly identified at 7.92 and 7.81 ppm (Figure 3C).

The number of hydrophobic blocks (x) in the copolymer was determined by the integration ratio
between the protons at the tail of the HPMA-Lacs monomer and protons in the PEG repeating
units, resulting in 37. The average molecular weight of the hydrophobic block (Mw-b) was
calculated (518.7 g/mol). Additionally, the average molecular weight of the copolymer (Mw-cop)
was calculated as 22591.9 g/mol. These results were obtained through the equations (3-5) shown

below:

_Tractail-H /1 _ 024/1 _
I pEGg-H/296  1.92/296

MW-b = %Lace x MW-Lace + %Lacsa x MW-Lacs + %Lacy; x MW-Lac;

=75.2% x 575 +10.5% % 431 + 14.3% x 287 = 518.7

MW-cop = MW-PEG + x x MW-b = 3400 + 37 x 518.7 =22591.9
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As a control group, we also synthesized a block copolymer using HPMA-Lacs monomer and (NH»-

PEG)2-ACVA macroinitiator devoid of PBA groups based on the procedure explained previously.

Initially, (NH2-PEG),-ACVA macroinitiator was synthesized and the '"H-NMR spectrum is given
in Figure S8. Thereafter, similar to PBA-bearing copolymers, the polymerization was carried out
in anhydrous ACN for 24 h at 70 °C. The obtained copolymer (NH>-PEG-b-(HPMA-Lace)) was

characterized by 'H-NMR spectroscopy Figure S9.
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Figure 3. (A) Synthesis of PBA-PEG-ACVA macroinitiator via DCC/DMAP coupling and block
copolymer PBA-PEG-b-(HPMA-Lacs) via free radical polymerization; (B) 'H-NMR
characterization of PBA-PEG-ACVA macroinitiator; and (C) '"H-NMR characterization of PBA-

PEG-b-(HPMA-Lace) copolymer in CDCls.
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1.3.1.4 Synthesis and characterization of MCs

The copolymers, with and without PBA end groups, were used to self-assemble into micellar
structures using a solvent evaporation method (Figure 1A). The copolymers were dissolved in
acetone and then dropped into AAB. The self-assembly of MCs was induced through an entropy-
driven phenomenon. The amphiphilic copolymers were exposed to an aqueous environment as the
organic solvent evaporated. The hydrophobic blocks of the copolymers exhibited an unfavorable
interaction with water molecules, resulting in the formation of a rigid water cage around the
hydrophobic blocks, leading to low entropy. As the hydrophobic blocks started to entangle with
each other, less surface area was exposed to water. Consequently, some water molecules were
released from the rigid cage, leading to increased entropy. The entropy gain drove an increasing
amount of hydrophilic blocks to aggregate, eventually forming a hydrophobic core to minimize
interactions with water. Meanwhile, the hydrophilic PEG blocks remained at the outer layer,
forming the hydrophilic shell of the MCs. The hydrophobic core of the MCs, composed of HPMA -
Lace, enabled the encapsulation of various hydrophobic drugs such as doxorubicin, paclitaxel,
etc.’? In this study, we encapsulated an anti-inflammatory drug, LE, within the hydrophobic core
of MCs formed by PBA-PEG-b-(HPMA-Lacs) and PEG-b-(HPMA-Lacs) copolymers. Drug-
loaded MCs formulations were obtained by an additional drug dissolution step in which LE was
dissolved in DMSO before incubation with copolymers solution.

Hydrodynamic size, PDI, zeta potential, and TEM of MCs

The hydrodynamic sizes of drug-loaded and unloaded MCs were measured using dynamic light
scattering (DLS). The hydrodynamic sizes PBA-MC and PBA-MC-LE were measured to be 130.6
+ 0.3 nm with a PDI of 0.064 and 133.8 + 0.8 nm with a PDI of 0.040, respectively. Similarly, the

hydrodynamic sizes of MCs formed by PEG-b-(HPMA-Lace) copolymers (as a control group)
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were also measured. The sizes of unloaded MCs (MC) and LE-loaded micelles (MC-LE) were
measured to be 127.4 + 0.5 nm with a PDI of 0.021 and 127.8 + 8.1 nm with a PDI of 0.049,
respectively (Figure 4A, B No significant difference was observed in size between unloaded and
LE-loaded MCs in both PBA and control groups. The size of these MCs was slightly larger
compared to published studies using PEG and HPMA-Lac type of copolymer (117.30 = 0.30 nm
by Chen et al."). Such a difference is likely resulted from one or both of the reasons: 1. a longer
hydrophobic chain length (HPMA-Lacs) was used in this study compared to HPMA-Lac, (n =1,
2, 3) in Chen et al.’s study; 2. a 200:1 monomer to macroinitiator ratio was used in this study
compared to 150:1 in Chen et al.’s study. Macroinitiator is mainly hydrophilic due to the PEG
block. Another study by Riley et al., reported by a higher polylactide : PEG ratio resulted in
significantly larger nanoparticles.”> Another study by Soga et al. examined that by increasing the
HPMA-Lac block from 3000 to 13 600 g/mol, the size of the MC decreased first and then increased
again.*! The initial decrease in size could result from a more densely packed hydrophobic core
since more hydrophobic interaction can be formed in the presence of more non-polar segments.
The increased size could result from too large of a hydrophobic block, eventually overpowering
the dense interaction and occupying more space. The low PDIs in this study indicated a high level
of homogeneity in the size of the MCs. Typically, the PDIs are below 0.2 (0.17 by Soga ef al. and
0.094 by Chen et al.). Finally, the surface charge of the MCs was determined using a Zetasizer.
The zeta potentials of MCs were found as 0.64 = 0.61 mV, 0.49 = 0.29 mV, 1.35 + 0.97 mV, 2.47
+ 0.43 mV for PBA-MC, PBA-MC-LE, NH,-MC, and NH,-MC -LE, respectively (Figure 4C).
Also, the morphology of drug-loaded PBA-bearing MCs (PBA-MC-LE) and MCs devoid of PBA
group (NH>-MC -LE) was evaluated by TEM (Figure 4E). The average sizes of dried micellar

structures were 20 nm, as observed from TEM for PBA-MC and NH2-MC. This was attributed to
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the hydrophilic PEG shell, which can retain a large amount of water in the solution. However, the
water portion was depleted during the drying process, leading to the observed size reduction in the
dried micellar structures.

Drug encapsulation efficiency, loading capacity, and in vitro release from MCs

The amount of LE loaded inside the hydrophobic core of MCs can be regulated by adjusting
polymer/LE. A previous study in our group showed that EE% of LE increased as the copolymer/LE
ratio decreased. However, no significant differences were observed among groups with a
copolymer/LE ratio lower than 10:1 (w/w).! Based on these findings, a copolymer-to-LE ratio of
10:1 (w/w) was selected to calculate EE% and conduct in vitro release experiments in this work.
The EE% and LC% of the drug were determined by HPLC, using a standard curve of LE
established at five different concentrations (Figure S10). MCiaem+1 represents MC formed by
copolymer PEG-b-(HPMA-Lacm+1), which was synthesized using a mixture of monomers
(HPMA-Lacm+1, m=1,3,5). MCiac represents MC formed by copolymer PEG-b-(HPMA-Lacs),

which was synthesized using monomer HPMA-Lace separated from a mixture.

LE-loaded MCiacm+1 and MCiacs were synthesized, and the concentrations of unencapsulated LE
were measured using HPLC. The standard curve and measurement of LE absorption peak areas

are shown in Figure S5. The calculations of EE% using equation (6) are shown below:

unencapsulated drug

o = -
EE A)—Mclacmﬂ (1 total drug added

) % 100% =( 1 —-0.0772x10/1) x 100% = 22.8%

unencapsulated drug

N = -
EE A)_MClac6 (1 total drug added

) x 100% =(' 1 —0.0535x10/1) x 100% = 46.4%

MC made from copolymer with a mixture of HPMA-Lacm+1 showed an EE% of 22.8%, consistent

with a study that used the same MC for anti-inflammatory therapeutic (25.5 +2.8%).! As expected,
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MC made from copolymer with longer hydrophobic chains (MCiacs) exhibited better EE% of LE

(46.4%) compared to MCiacm+1.

After the modified monomer synthesis was implemented, the assessment of EE% was repeated.
EE% MCiacs” denotes the MC formed by HPMA-Lace that was synthesized by the modified
synthesis. EE% MCiacs’ of LE was found as 45.8 £ 2.0% for PBA-MC-LE and 46.5% + 3.2% for
MC-LE. Furthermore, the LC% of MCs was calculated as 4.6% + 0.2% for PBA-MC-LE and 4.7%
+ 0.3% for MCs-LE (Figure 4D). EE% MCiacs’ was consistent with EE%_ MCiacs—both were

more than twice the EE%_ MCiacm+1.

As the number of Lac repeating units increased, copolymer PEG-b-(HPMA-Lacs) aggregated with
a higher amount of LE in an aqueous environment as the MC 1.6 formed. This was attributed to
the hydrophobic effect and the non-polar nature of LE. Such a phenomenon provides a powerful
tool to tune the drug payload for polymeric micelle drug delivery platforms. Further experiments
are needed to examine whether this trend can be observed with other non-polar therapeutics, such

as prednisolone acetate (PA), dexamethasone (DEX), paclitaxel, and coumarin.

In vitro drug release behavior of PBA-MC-LE and MC-LE in an eye drops solution was studied
via a dialysis method using artificial tear’* as the release medium. The eye drops solution was
made of hyaluronic acid, glycerin, hypromellose, purified water, benzalkonium chloride (as a
preservative), and buffering systems based on the ophthalmic formulations.’*>® Hyaluronic acid
can provide desirable viscosity, shear thinning behavior, and lubrication; glycerin helps to reduce
surface tension; hypromellose provides mucoadhesion, which can extend the retention time of the
eye drops on the cornea and allow the targeting moieties to form interaction with the corneal

mucin.>®> The MCs were dispersed in 1 mL of eye drops solution and dialyzed against 10 mL of
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artificial tear fluid. During the period of release study, 2 mL of artificial tear solution was sampled
at each time point, and an equal volume of fresh artificial tear solution (2 mL) was added to
maintain a constant total volume. The concentration of released LE in these samples was
determined by HPLC. Similar to many drug delivery nanocarriers, PBA-MC showed a two-phase
release profile—an initial burst release phase (35.79 +4.15% at 12 h, 51.85 + 3.88% at 24 h) and
a slow, non-linear release of up to 100% drugs for 12 days. NH>-MC released 32.58 + 3.22%,
47.08 + 3.89%, and 95.85 + 4.43% by 12 h, 24 h, and day 12, respectively. Modifying the surface
of MCs with PBA did not affect the release profile, as shown in Figure 4F. The MCs completely
released their drug payload after 12 days due to the hydrolysis of lactate chains of copolymers.
Initial burst release is a common phenomenon for nano-drug carriers. A study utilizing PBA-
chitosan oligosaccharide-vitamin E MC showed 75% of the encapsulated coumarin-6 was released
at 0.5h, and almost all drugs release at 2 h.'*> In another study, Liu et al. used PBA-poly(Lac)-
dextran NP and reported near 40% of encapsulated cyclosporine A was released at 12h and about
53% at day 1.* In a study that used the PEG-b-(HPMA-Lac,) MC, the release of LE was 24.2% at
2hand 53.1% at 24 h.! PBA-MC in this work showed a lower release during the first day compared
to these studies (especially during the first couple of hours), potentially due to a denser
hydrophobic interaction in the core of the MC because the longer Lac chains. However, a study
that used poly(lac)-b-poly(methacrylic acid-co-PBA) reported only 35 to 45% encapsulated
cyclosporine A released on day 1. Their material incorporated PBA into the repeating units. As MC
was formed, the drug and PBA were evenly distributed and it helped to stabilize the drug in the

MC.? Their result showed that there is room to reduce the initial burst release in our design.
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Figure 4. (A) Hydrodynamic size measurements of LE loaded and unloaded MCs; (B) PDI of MCs

obtained by Zetasizer; (C) surface zeta potential measurements of MCs; p value < 0.05 (*), p <

0.01 (**); (D) encapsulation efficiency and drug loading capacity of MCs with copolymer/LE ratio

10:1 w/w%; (E) TEM images of PBA-MC-LE and NH>-MC-LE; (F) in vitro release studies of LE

from PBA-MC-LE and NH>-MC-LE at 37 °C in an artificial tear solution containing 2% Triton X-

100.
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1.3.2 In vitro mucoadhesion studies of PBA-MCs

1.3.2.1 Mucin-targeting effect access via zeta potential

Zeta potential of nanoparticles in the incubation system was employed to predict the mucin binding
capacity of the formulations, thereby assessing the mucoadhesive performance.” Initially, the zeta
potentials of PBA-MC and NH>-MC were 0.64 £ 0.61, and 1.44 + 0.88 mV, respectively. Mucin
solution (1 mg/mL) without any MCs was measured as -7.01 + 0.65 mV due to its aspartate and
glutamate residues. When MCs were absorbed into the mucin, a decrease in zeta potential would
occur due to the negative charge of mucin. A higher zeta potential difference compared to pure
MC:s solution represents better adhesion. As shown in Figure 5A, the zeta potential of PBA-MC
and mucin mixture increased significantly from -7.01 £ 0.65 mV to 3.25 + 0.63 when increasing
the PBA-MCs concentrations from 0 to 0.08 mg/mL. As expected, the zeta potential of NH>-MC
at the same concentration range (0-0.08 mg/mL) did not change by mixing with mucin since there
was not a strong interaction between mucin and NH2-MC due to the lack of PBA group. However,
at higher concentrations (>0.3mg/mL), NH>-MC started to exhibit mucoadhesion properties,
although it was significantly weaker than the PBA-MC groups. This is likely due to the amine
group on the end of PEG chains. The pKa of the amine-PEG ranges from 9 to 11.7° Amine end
group bears a positive charge at pH below 9, which means it can interact with mucin (bears

negative charges due to carboxyl groups and sulfate groups’> ") through ionic interaction.
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1.3.2.2 Mucin-targeting effect access via turbidity

Free mucin is a large soluble macromolecule.”® As MCs with mucoadhesive property form
interaction with mucin molecules, they tend to tangle up and aggregate into larger, irregular-shaped
granules, which can scatter visible light and reduce the transparency of the solution.” The turbidity
of mucin solutions was measured after mixing with MCs using UV-vis spectroscopy at OD s00nm
(Figure 5B). At a 1:10 MCs to mucin ratio (w/w), PBA-MC, NH>-MC, and PBS (no MCs) groups
showed no significant differences. Mucin samples mixed with PBA-MC and NH>-MC at and above
1:1 MCs/mucin ratios (1, 2, 3, 10) exhibited increased turbidity as the weight ratio of MCs
increased. This trend suggests that both PBA groups on PBA-MC and the amine group on NH»-
MC exhibit mucoadhesion properties. At MCs/mucin ratios 1, 2, and 3, PBA-MC induced
significantly higher (nearly two folds) changes in the turbidity compared to NH>-MC, indicating a
much better mucoadhesion effect. At a MCs/mucin ratio of 10, PBA-MC led to a further increase
of turbidity compared to samples at a MCs/mucin ratio of 3, but with a slower increasing rate. This
suggests that the majority of the mucin in the solution formed interactions with PBA-MCs and
there was not enough free mucin to support the increasing trend. MC group did not show a
significant increase in turbidity at the MCs/mucin ratio of 10 compared to 3, indicating a limited

mucoadhesion effect by amine groups alone.

1.3.2.3 Mucin-targeting effect access via spectrofluorimeter

Furthermore, we also investigated the mucoadhesive properties of PBA-modified MC with sialic
acid by a fluorescent spectrometer. Sialic acid, abundant in corneal mucin, was chosen because
PBA can covalently bind to its cis-diol structure.®” PBA exhibits an intrinsic fluorescence property.
However, its fluorescence will be quenched when PBA forms covalent bonds with a diol group.

Such a phenomenon can be monitored via a fluorescent spectrometer to access the binding of PBA
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and other diol species.?!"** PBA can be excited at 295-302 nm and give an emission range between
310-450 nm.*> ® The excitation and emission range of PBA-copolymer (0.01mg/mL) was
measured by a spectrofluorometer. The excitation and emission can be slightly shifted after the
conjugation of PBA to a copolymer. In our case, the peaks of excitation and emission curves were
found at 307nm and 354nm, respectively (Figure S6). The emission of PBA-MC (50 pg/mL)
before and after mixing with various sialic acid solutions (0, 0.02, 0.05, 0.1, 0.2, 0.5 mM) was
measured by a fluorescent plate reader. The fluorescent plate reader was set to measure an emission
range between 335-374 nm based on the emission peak (354 nm) found by the spectrofluorometer.
The excitation wavelength was set at 295 nm because of the limitation of the instrument. Due to
the wide bandwidth of the light bulb in this fluorescent plate reader, the excitation wavelength
needs to be set to at least 40 nm, different from the emission scanning range, so that the emission
scanning channel does not pick up any excitation signal. It was observed when PBA-MCs were
mixed with an increased amount of sialic acids, the fluorescence emission intensity of the solution
gradually decreased, as shown in Figure 5C. This result showed that PBA-bearing MC has the

ability to bind efficiently to sialic acids in the mucin.
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Figure 5. In vitro mucoadhesion studies of MCs. (A) zeta potential of mucin solutions before and
after the addition of MCs; p value < 0.05 (*), <0.005 (***), and <0.0001 (****); (B) turbidity of
mucin solutions measured with various MCs to mucin ratios (0.1, 1, 2, 3, 10, w/w); and (C)
fluorescence spectrometer measurement of 50 pg/mL PBA-MCs dispersion mixed with different

amount of sialic acid solutions (0, 0.02, 0.05, 0.1, 0.2, 0.5 mM).

1.3.3 In vitro biocompatibility studies of PBA-MCs

To assess the biocompatibility of PBA-MC, the viability and metabolic activity of human corneal
epithelial cells were examined using Live/Dead and Actin/DAPI assays on day 1 and 5. The cells
were exposed to a high concentration of PBA-MC (30 mg/mL), cells without treatment served as
a control. The Live/Dead assay results revealed a notable increase in cell numbers and high cell
viability (>95%). No significant difference was observed between the PBA and control groups
(Figure 6A & B). Additionally, fluorescent staining of the cultured cells demonstrated the
spreading and proliferation of cells on the culturing dish, as evidenced by the assembly of actin
filaments in the cytoskeleton. These findings indicate the in vitro biocompatibility of the MCs

(Figure 6C).
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Figure 6. In vitro biocompatibility studies of MCs. (A) Representative Live/Dead images from
Human corneal epithelial cells cultured with 30 mg/mL PBA-MC and NH>-MC (control) on day
1 and 5; (B) cell viability% of Human corneal epithelial cells cultured with 30 mg/mL PBA-MC
and NH2-MC (control) on day 1 and 5; and (C) Representative Actin/DAPI images from Human

corneal epithelial cells cultured with 30 mg/mL PBA-MC and NH2-MC (control) on day 1 and 5.

1.4 Conclusion

In this chapter, a polymeric micellar drug delivery platform was modified and functionalized with

an ocular-targeting moiety, PBA, to deliver an anti-inflammatory therapeutic (LE). The MCs were
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formed by amphiphilic copolymers, NH>-PEG-b-(HPMA-Lacs) and PBA-PEG-b-(HPMA-Lacs).
The amine handle of NH2-PEG also equipped the NH>-MC with further potential to conjugate with
countless functional groups and cargos. Amine is a volatile functional group that can introduce
moieties containing thiol, ketone, epoxide, ether, acetic anhydride, etc. PBA was then conjugated
on PEG through the anime chemical handle. The highest conjugation efficiency (91.5%) was
achieved by varying the pH, temperature, and solvents of EDC/NHS activation. Using a cosolvent
system of DMSO and MES buffer to dissolve PBA allowed for a higher reactant concentration and

lower reaction temperature.

PBA functional group can adhere to the cornea by forming covalent bonds with the cis-diol
structures on glycoproteins and sialic acids on the corneal mucin. The mucoadhesion ability of
PBA-MC was proven by the altered zeta potential and increased turbidity after mixing with mucin.
Furthermore, the results of spectrofluoroscopy showed that as PBA on the surface of MC forms
covalent bonds with sialic acid, the intrinsic fluorescent of PBA is quenched. The amount of
fluorescent signal quenched was positively related to the amount of sialic acid added, suggesting
the PBA group present on MC formed covalent bonds with sialic acid. Therefore, PBA-MC
demonstrated a promising ability to adhere to sialic acid-abundant mucin. Future experiments

should focus on ex vivo and in vivo assessments of the mucoadhesion of PBA-MC.

A previous study demonstrated good biocompatibility and an efficient delivery effect for anti-
inflammatory drugs using this type of MC. The MC in their study was made of PEG-b-(HPMA-
Lacm+1) copolymer and the MC was loaded into an adhesive GelPatch before being applied to the
eyes.! Funtionalizing MC with ocular-targeting moieties allows the MC to adhere to the cornea

without the help of the additional patch. Therefore, the targeted micellar drug delivery platform
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can be formulated into an eye drops. The eye drops is easier to apply to the eye than a gel patch,
which can effectively lower the technical barrier for the patients. Additionally, since the PBA-MC
can covalently attach to the corneal mucin, it showed a great potential to stay on the cornea and
release encapsulated drugs sustainably over for 12 days as it slowly degrades. Furthermore, the
anti-inflammatory drug-loading efficiency was improved. Lastly, Live/Dead assay and
Actin/DAPI assay results demonstrated good biocompatibility of PBA-MC. Although future ex
vivo and in vivo experiments are needed, the PBA-MC drug delivery platform is a promising

candidate for treating ocular diseases and injuries.
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Chapter II. Targeted MCs through GA-functionalization

2.1 Introduction

GA is a phenolic acid with three adjacent hydroxyl groups and a carboxyl group on a benzene ring.
It is a natural compound that is produced by a wide range of plants and fungi, such as oak, mango,
and papaya, and can be found in animal products like honey.®> 3¢ GA exhibits excellent antioxidant,
anticarcinogenic, and antimicrobial properties similar to TA. This polyphenol contains multiple
GA moieties.!*” 87- 8 Recently, dopamine, tannic acids, and their derivatives have gained lots of
spotlight through their outstanding performance on bioadhesive materials; the catechol groups and
benzenetriol groups on these compounds can mimic the phenol-rich proteins on mussels, which
help them to anchor on the wet and salty surfaces against ocean waves.*”! Based on the shared
chemical structures (catechol groups and benzenetriol groups), GA is expected to display a similar
bioadhesive property as TA and dopamine. Ramirez-Barron et al. reported a bioadhesive
nanocomposite made of GA-functionalized gelatin for wound dressing.”® In addition, GA consists
of the same carboxyl group as PBA, which was used to conjugate PBA to the MC. Therefore, in

this chapter, GA was explored as an alternative to PBA to add bioadhesive properties on MC.

2.2 Materials and methods

2.2.1 Materials
GA and triethylamine (TEA) were purchased from Sigma-Aldrich. The rest of the materials were

the same as in section 1.2.1.
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2.2.2 Methods

2.2.2.1 Synthesis of GA-PEG

tBoc-NH-PEG-OH was deprotected using the method mentioned in section 1.1.2. After
deprotection, NH>-PEG was purified with diethyl ether washes. At trial vi, GA (8.5 mg), DDC (46
mg), NHS (26 mg), and NH>-PEG (15 mg) were reacted in THF (3.5 mL). 10 pL. TEA was added
as a base. The mixture was purged by N> and reacted for 14 h. Previous attempts (trial i-v) were
made using different concentrations of reactants, solvents, activation reagents, and reaction
conditions (Table 3). The product was purified by a vacuum filter, dialyzing against Mili-Q water

for 3 days, and obtained by freeze-drying.

2.2.3 Characterization of GA-PEG

The '"H NMR spectroscopy of GA-PEG was conducted using a Brucker AV 400 MHz NMR
Spectrometer (128 scans, 2-second delay). The chemical peak of solvent (CD3)>SO at 2.50 ppm
was used to calibrate the reference line. The percent conjugation efficiency of GA onto NH>-PEG
was determined by "H NMR through the equations (6) using the same method as chapter I.
Ibenzen-n represents the integration of the total areas of the 2 benzene protons on the GA. IpeG-n

corresponds to the integrated area of 296 protons on PEG repeating units.

2.3 Results and discussion

2.3.1 Synthesis and characterization of GA-PEG

GA-PEG was synthesized using GA and NH2-PEG (Figure 7). During trials i-vi, multiple attempts
were made using different reaction conditions (Table 1). At the 'TH-NMR spectrum of trials ii-vi,
the peak of the two characteristics of benzene protons of GA can be found at 6.91 ppm,”

suggesting successful conjugation (Figure 7). The three phenyl protons were not visible on the
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spectra, which might be because they are labile protons and exchanged with the D>O in (CD3)2SO.
At trial 1, the activation and conjugation steps were conducted in MES buffer (pH 6). At trial ii, the
activation step was conducted in DMSO and the conjugation step was conducted in MES buffer
(pH 6). Literature reported that pH 5-6 is optimal for the activation step, as the carboxyl group of
GA is deprotonated and becomes nucleophilic, while the N on the carbodiimide group (—
N=C=N—) of EDC or DCC is protonated, making the C a strong electrophile.****¢ Meanwhile, for
the conjugation step, the amine group on PEG exhibits better reactivity toward the activated
carboxyl group at a more basic pH.*®>° To simplify the synthesis process, multiple studies explored
one-pot method using buffer solutions with pH = 6,°° pH = 7,°! and pH = 9.5? Since gallic acid is
unstable at a basic pH,”® MES buffer (pH 6) was used in trials i and ii. However, trials i and ii yield
the lowest conjugation efficiency (0% and 3%), indicating an aqueous environment at pH 6 might
not favor the conjugation between GA and amine-PEG. This is likely because, at pH 6, the majority
of primary amine is protonated and unable to attack the intermediate. Therefore, at trial iii, both
activation and conjugation were conducted in DMSO. DMSO is a polar aprotic solvent, which
means it cannot protonate the amine group and is unlikely to oxidize GA to a quinone. The

conjugation efficiency of trial iii is increased to 5.5%.

Further optimizations were made using various solvents. DMF is an excellent polar aprotic solvent;
it can stabilize polar species via hydrogen bonds, serve as a catalyst, and facilitates SN»
nucleophilic substitution.”* EDC/NHS and DCC/NHS catalytic coupling involved multiple SN»
substitution reactions as the intermediates were formed. Thus, DMF might contribute to the
improved conjugation efficiency (41%) in trial iv compared to trial iii. However, a large amount

of impurities around 4.2 and 7.7 ppm were observed in trial iv, potentially because DMF is not an
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inert solvent, but an active reagent itself and can generate a myriad of functional groups.’* This

result indicated that DMF might not be the optimal solvent.

DCC was used as an alternative to EDC. THF was used by multiple studies as a solvent of
DCC/NHS coupling.”>*7 The first attempt (trial v) using DCC yield a low conjugation rate (3.5%).
Another attempt (trial vi) added TEA as a base. Since the pH cannot be adjusted in an organic
aprotic solvent, a base such as TEA or diisopropylethylamine (Hiinig's base) is often used to
facilitate a reaction that requires deprotonation.’®!% In trial vi, the conjugation efficiency was
drastically improved compared to trial v (66%), likely because the presence of TEA can

deprotonate the primary amine of NH2-PEG, allowing it to attack the activated GA.
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Table 3. Synthesis of GA-modified PEG

efficiency corresponded to each condition.

in different reaction conditions and conjugation

GA | NH»-PEG Activation Conjugation
Trial | wiv% w/iv% Solvent reagents Base conditions Efficiency %
i 0.5 2 MES pH 6 EDC/NHS / 6h 0
i DMSO/MES
1 4 pH 6 EDC/NHS / 6h 3
ii 1 3 DMSO EDC/NHS / 14 h under N> 9.5
0\ 0.1 0.3 DMF EDC/NHS / 14 h under N» 41
% 0.2 0.4 THF DCC/NHS / 14 h under N> 3.5
Vi 0.2 0.4 THF DCC/NHS | TEA | 14 h under N2 66

2.4 Conclusion

GA was successfully incorporated into amine-PEG using a similar approach as PBA. However,

the conjugation efficiency was much lower than PBA. In addition, GA was prone to oxidation..”?

GA-PEG solutions turned brown during all trials, suggesting GA was oxidized to a quinone. This

phenomenon poses a challenge to the storage of GA-functionalized MC as additional precautions

are needed to present the oxidation, such as freeze-drying the MC and re-suspending it in the eye

drops right before applying it to the eyes. Furthermore, the color change could potentially blur

vision. These properties imply that GA might not be an ideal candidate for our intended

application.
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Chapter II1. Targeted MCs through TA-functionalization

3.1 Introduction

TA is a star-shaped polyphenolic acid with five arms. Each arm consists of two GA building blocks.
TA is widely found in plants and in fermentation products, such as wine and tea; it exhibits
outstanding antioxidant, anticarcinogenic, and antimicrobial properties.'®!* 12 In Recent years, an
increasing amount of research were focused on utilizing TA, dopamine, and their derivatives in
bioadhesive materials. Scientists revealed that mussels are capable to adhere to various surfaces
even when the surfaces are wet and turbulent waves constantly hit the mussels. The exceptional
features of strong adhesion on wet surfaces and high resistance to shear forces establish TA as an
outstanding candidate for ocular drug delivery applications. In this study, the MC consisted of a
hydrophilic shell crafted from PEG. The abundant hydrogen bonding sites offered by the ether
repeating units of PEG facilitated the crosslinking of TA through hydrogen interactions. In this

chapter, I focused on crosslinking TA on PBA-MC to increase the adhesion on the cornea.

3.2 Materials and methods

3.2.1 Materials

TA was purchased from Sigma-Aldrich. The rest of the materials are described in section 1.2.1.

3.2.2 Methods

3.2.2.1 TA coating of PBA-MC

PBA-MC was synthesized using the method mentioned in section 1.1.2, except the vials were
placed outside the hood, ensuring overnight stirring. Then, PBA-MC was concentrated with a
protein concentrator (MWCO 100kDa) at 2500 rpm and dispersed in 1x PBS with final a

concentration of 1 mg/mL. Four glass vials (labeled A-D), each contained 1 mL of the PBA-MC
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dispersion and they were stirred at 300 rpm for 5 min to ensure homogeneity. Separately, a series
of TA solutions (0.005, 0.01, 0.02 w/v%) was freshly prepared with Mili-Q water. 100 pL of each
TA solution was quickly added into vials A-C and 100 pL of Mili-Q water was added into vial D.

The dispersion was then stirred for an additional 3 min.

3.2.2.2 DLS and zeta potential measurements
The TA-coated PBA-MCs (TA-PBA-MCs) in 1x PBS were concentrated to 200 pnL and redispersed
in a total 1 mL of Milli-Q water. Then, the samples were filtered using 0.45 um filters. DLS and

Zeta Potential were measured using the methods mentioned in section 1.1.3.

3.2.2.3 Mucin-targeting effect access via turbidity
The turbidity of mucin solutions mixed with various concentrations of 0.02% TA-PBA-MC was

measured using the same methods mentioned in section 1.1.3.

3.3 Results and discussion

TA acid can be crosslinked onto PBA-MC and form a MC with dual mucin-targeting groups.
Unfortunately, the amount of TA crosslinked in this experiment was highly limited—we found that
if the MC was crosslinked with a TA solution of more than 0.02% (w/v), the MC precipitated. MC
concentration and coating pH can significantly influence the results and should be optimized in

future works, 03 104

3.3.1 DLS, PDI, and zeta potential measurements
DLS, PDI, and zeta potential of TA-PBA-MCs were measured using the same methods described
in chapter I (Figure 8). The size of the PBA-MC was measured at 213.3 = 5.9 nm. The larger size

compared to MCs in chapter I is likely due to the slower evaporation rate outside the hood. After
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TA coating, the hydrodynamic size of TA-PBA-MCs decreased. 0.005%, 0.01%, and 0.02% TA
coating resulted in TA-PBA-MCs with hydrodynamic sizes 169.3 = 4.8 nm, 149.9 + 1.9 nm, and
137.7 £ 7.4 nm, respectively. The higher w/v% TA coating led to a smaller MC size. This trend is
likely a result of the interaction between TA and PEG. The polyphenol groups in TA can form
hydrogen bonds with the ether groups in PEG.!% As the TA content increases, the five-armed TA
molecules interact with more PEG chains and act as crosslinkers between chains. The PEG chains
thus pack more densely, resulting in a decrease in size. We also found that the PDI increased after
TA-coating compared to that of MCs without TA-coating were below the 0.1 range (Figure 4B).
The higher TA% led to higher PDI, indicating TA caused the size of the MCs to become less
uniform. Zeta potential of TA-PBA-MCs was measured near zero; there was no significant
difference compared to PBA-/NH>-MCs in chapter I (Figure 4C) or a previous study that utilized

MC made of PEG-b-(HPMA-Lacm+1).!
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Figure 8. (A) Hydrodynamic size measurements of TA-PBA-MCs; (B) PDI of TA-PBA-MCs

obtained by Zetasizer; (C) surface zeta potential measurements of TA-PBA-MCs.
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With increasing amounts of TA, a noticeable reduction in the sizes of TA-coated MCs was
observed, indicating that TA promotes a denser packing of the PEG shell. This change is likely
attributed to the increased hydrogen bonding between TA and PEG chains. Studies have found that
polymers formed tighter layers after crosslinking with TA.!% 1% The compact arrangement of the
PEG shell is expected to slow down MC swelling in water and potentially mitigate the initial burst
release of encapsulated drugs. Therefore, further investigations are warranted to characterize the

drug-releasing profile, which should be explored in future experiments.

3.3.2 Assessment of mucoadhesion via turbidity test

As mentioned in chapter I, section 1.3, mucoadhesive nanoparticles can cause free mucin in a
solution to aggregate, which increases the turbidity level of the solution.” The turbidity changes
of various mucin solutions after mixing with TA-PBA-MCs (with 0.02% TA coating) were
measured. As shown in Figure 9, TA-PBA-MC outperformed NH>-MC and the PBS control on
mucoadhesion. However, TA-PBA-MC did not exhibit a better mucoadhesive ability compared to
PBA-MC. This was likely because the percentage of TA coated on PBA-MC was too low to make

a distinguishing difference.
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Figure 9. The turbidity of mucin solutions was measured with various MCs to mucin ratios (0.1,

1,2,3,10, w/w%).

3.4 Conclusion

In this chapter, TA was coated on PBA-MC in an attempt to increase the mucoadhesion ability of
PBA-MC. The sizes of the TA-coated MCs decreased as the amount of TA increased, likely
because TA caused the PEG shell to pack more densely together. A more tightly packed PEG shell
could slow down the swelling of MC and potentially reduce the initial burst release of encapsulated
drugs. Characterization of the drug-releasing profile should be explored in future experiments. TA-
PBA-MC Precipitation of the MC was found in samples coated with TA solutions higher than
0.02% (w/v). This phenomenon greatly limited the coating density of TA on PBA-MC. In the
turbidity test, TA-PBA-MC exhibited no distinct difference in mucoadhesion compared to PBA-
MC, likely due to the low amount of TA incorporated into the MC. Further optimization on TA-

coating density should be explored in future works.
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Conclusion

This work developed and functionalized a polymeric micellar drug delivery platform with an
ocular-targeting moieties to deliver anti-inflammatory therapeutic, LE. In chapter I, the
hydrophobic block of the MC was modified and increased the encapsulation efficiency of LE by
over 20%. The MC was found to display a sustained LE-releasing profile for 12 days. Additionally,
amine-PEG was used in the hydrophilic block of the MC. The amine functional group is a versatile
chemical handle to introduce other moieties onto the MC. PBA was incorporated into the MC
through amine-PEG, achieving 91.5% conjugation efficiency. The resulting PBA-MC exhibited
excellent adhesion to mucin. PBA-MC can adhere to the corneal mucin without the help of the
additional patch. Therefore, the MC drug delivery platform can be formulated into eye drops. The
retention on the cornea and the sustained drug release means that the PBA-MC eye drops do not
need to be repeatedly re-apply during a short period. Such properties can effectively lower the
technical barrier for the patients and improve patient compliance. Furthermore, after a five-day
incubation period with PBA-MC, it was observed that human corneal epithelial cells exhibited

high cell viability (>95%), along with notable cell spreading and proliferation.

In chapter II, GA was conjugated with the PEG. The conjugation efficiency of GA was suboptimal
(66%) compared to PBA. Moreover, GA is susceptible to oxidation, which presents a challenge in
terms of storing the GA-functionalized MC. Therefore, GA was not the optimal alternative for
PBA for this MC application. In chapter III, TA was coated onto PBA-MC in an attempt to improve
mucoadhesion further. The amount of TA that can be coated (0.02%) was too low to make a
difference. Thus, PBA-MC was concluded as the best candidate in this study for delivering the

anti-inflammatory drug, LE, to the ocular target.
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However, there are some limitations to this work. The amine functional group can be used to
introduce various moieties onto the MC, and more options should be explored. The EE% of LE
was improved in this work, but more hydrophobic drugs should be tested. Additionally, ex vivo
and in vivo experiments are needed in the future to assess the ocular targeting performance of the
PBA-MC. In chapter III, TA coating reduced the size of MC; this suggested a more tightly packed
PEG shell was formed and it has the potential to mitigate the initial burst release of encapsulated
drugs. Additional research is needed to thoroughly examine whether TA or other crosslinkers of

PEG could alter the drug-releasing profile.
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Figure S1. "H-NMR spectrum of PBA-PEG in CDCls.
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Separation of monomers

The mixture of monomers HPMA-Lacm+1 was synthesized using the method described in section
1.1.2.3. Then, the mixture was dissolved in ethyl acetate, mixed with silica gel, loaded in a column,
and ran in an automated Isco chromatography system. Solvent A is ethyl acetate and solvent B is
hexane. Four different methods were attempted to optimize the separation of HPMA-Lacm+i.
Samples eluted out of the silica column chromatography system were collected in a series of test
tubes. Thin layer chromatography (TCL) was used to determine which test tubes contained the
desirable products. HPMA was used as a reference in TLC. Afterward, the products are condensed

with a Rotary evaporator and characterized by 'H NMR spectroscopy.
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Figure S2. Absorbance peaks of silica column chromatography (top) and signals of TLC (bottom)
of method 1.

Method 1

The column was started by calibrating the column with 30% ethyl acetate (0-5 min), followed by
raising the up percentage of hexane up to 100% (5-15 min), continuing running the column at
100% hexane (15-40 min). The column was washed with methanol after the run. The absorbance
peaks only showed up at the first 5 min of silica column eluent. Signals were only observed at test
tubes #9-12 in TLC, corresponding to the samples eluted out of the silica column during the first
five minutes (Figure 10). Both results suggested that the products came out too fast and the
impurities did not separate well. This indicates the need to decrease the slope of the solvent

gradient in order to flush the products out slower and separate them better. There was no obvious
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signal in the silica column or TLC after 20 min, indicating that no products or unreacted reagents

were rinsed out after 20 min of column running nor during the methanol wash at the end.
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Figure S3. Absorbance peaks of silica column chromatography (top) and signals of TLC (bottom)
of method 2.

Method 2

The column was started by calibrating the column with 90% ethyl acetate (0-3 min), followed by
raising the percentage of hexane up to 100% (3-20 min). No methanol wash was used.

The absorbance peak measured by the silica column showed at 17-19 min, co-responded to test
tube #31-36. There were signals of monomer mixtures shown in TLC at test tubes #32-34 but they
were relatively weak (Figure 11). These results suggested that the products came out too slowly.
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Figure S4. Absorbance peaks of silica column chromatography (top) and signals of TLC (bottom)
of method 3.

Method 3

The column was started by calibrating the column with 50% ethyl acetate (0-3 min), followed by
raising the up percentage of hexane to 100% (3-9 min), and continue running the column at 100%
hexane (9-25 min). No methanol wash was used.

The result is shown in Figure 12. In silica column chromatography, the apparent signal peaks were
observed at 6-12 min (co-responded to test tube #16-23) and 12-17 min (co-responded to test tube
#24-35). The peak at 6-12 min was relatively narrow, meaning most of the products were eluted
out of the silica column in a short time. TLC result showed HPMA was found in tubes # 24-30.

HPMA-Lacm+1 were found in test tubes #16-23, including HPMA-Lac; in #20-23, HPMA-Lacs4 in
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#16-21, and HPMA-Lace in #16-20. The overlapping of the signals of different monomers

indicates the products were not separated well, and a slower change of solvent gradient is needed.
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Figure S5. Absorbance peaks of silica column chromatography (top) and signals of TLC (bottom)
of method 4.

Method 4

The column was started with 50% ethyl acetate (0-5 min), raised up to 100% (5-15 min), and run
at 100% (15-30 min). No methanol wash was used.

Method 4 is the optimized method for separating different HPMA-Lacwm+1. The obvious signal
peaks were observed at 2-3 min (co-responded to test tube #6-7), 6-15 min (co-responded to test
tube #14-29), and 15-27 min (co-responded to test tube #30-50) in silica column chromatography.

The peak at 6-15 min was much more widely compared to the corresponding peak using method
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3, meaning the products were separated better than the samples in method 3. This is because raising
the solvent B% gradually increased the separation of monomers with different degrees of
hydrophobicity. The unreacted HPMA, which is more hydrophilic than HPMA-Lacm+1, was
flushed out of the silica column last due to the highest high affinity to silica gel (tube #30-50). The
more Lac repeating units present in a monomer, the more hydrophobic it is, which was expected
to be flushed out of the column slower. Due to its hydrophobicity, the unreacted L-lactide was
flushed out of the column first (tubes #6-7). Hydrophobic species ran faster in TLC due to the low
affinity of these species to the silica board. HPMA was used as a reference. HPMA was found in
#29-35. HPMA-Lacm+1 monomers were found in test tubes #6-35, including HPMA-Lac; in #21-
30, HPMA-Lacs in #18-26, and HPMA-Lacs in #15-22. The separated monomers were

characterized by '"H NMR spectroscopy (Figure S6).
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Figure S6. "H-NMR-spectra of separated HPMA-Lacm+1 monomers in CDCl3 (i: m = 5; ii: m = 1,

3, 5;iii: m=1).
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Figure S7. 'H-NMR spectrum of HPMA-Lace monomer in CDCls. obtained by a modified

synthesis at 110 °C and reacted for 16 h.
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PEG

Figure S8. 'H-NMR spectrum of (NH2-PEG-ACVA) in CDCls.
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Figure S9. 'H-NMR spectrum of (NH2-PEG-b-(HPMA-Lacn+1)) in CDCl;.
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Figure S10. (A) A sample of HPLC measurement of LE concentration (0.06 mg/mL) at 242 nm
channel; (B) measured peak areas of samples with known LE concentrations at 242 nm channel
using HPLC; (C) plotted LE concentrations vs. measure peak areas and the obtained standard curve
function; (D) calculated LE concentrations. After separating the MC-LE supernatant and the
unencapsulated LE pellet using centrifugation, the LE pellet was dissolved in 1 mL ACN, and
diluted 10 fold. The concentration was measured by HPLC using the same method as the
measurements of the standard curve samples. MClaem+1 represents MC formed by copolymer PEG-
b-(HPMA-Lacm+1), which was synthesized using a mixture of monomers (HPMA-Lacm+1,
m=1,3,5). MCis represents MC formed by copolymer PEG-b-(HPMA-Lacs), which was

synthesized using monomer HPMA-Lacs.
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Figure S11. Excitation and emission scan of PBA-copolymer using spectrofluorometer.
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NH,-MC-LE

Figure S12. TEM images for PBA-MC-LE and NH>-MC-LE.
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