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Abstract

Biocompatible zwitterionic polymer chemistries and hydrogels for gene therapy, drug
delivery, and regenerative medicine

Andrew Sinclair

Chair of the Supervisory Committee:
Shaoyi Jiang

Chemical Engineering

Zwitterionic polymers have recently gained significant attention as a unique class of bioma-

terials, with their superhydrophilicity and unrivaled biocompatibility setting them apart

from non-ionic and single-charged polymers. In particular, polycarboxybetaine (PCB) is

easy to functionalize, highly resistant to nonspecific cell and protein interactions, and able

to evade immunological responses in the body. The work described in this dissertation uses

several strategies to add new functionality to PCB-based materials; specifically, it strives for

simple and elegant approaches to engineer the chemical and material properties of PCB-

based polymers and hydrogels toward clinical applications.

First, PCB-ester side chain chemistries were tailored to engineer a nontoxic gene de-

livery platform, based on optimized pH buffering during gene trafficking and cationic-

to-zwitterionic charge switching through hydrolytic and photolabile groups. Next, step-

growth polymerization strategies were investigated to design a new class of heterodifunc-

tional "linear" PCB architectures featuring zwitterionic groups positioned directly along the

polymer backbone; these polymers are promising candidates to reduce immunogenicity

and extend the circulation time of biologics. Then, new physical and chemical crosslink-

ing strategies were explored to expand the capabilities of PCB hydrogels. In one approach,

bioorthogonal thiol chemistrieswere combinedwith star-shaped PCB architectures to facili-

tate cytocompatible stem cell encapsulation and robust ex vivo expansion. Finally, a versatile

strategy was developed to give PCB hydrogels dynamic viscoelasticity. These "zwitterionic

injectable pellet" (ZIP) hydrogels exhibit tunable shear-thinning and self-healing attributes,

are simple tomake and use at any scale, and can be sterilized, lyophilized, and reconstituted

into custom injectable drug formulations and cell-protective materials.
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Chapter 1

INTRODUCTION

Continued medical breakthroughs promise to prolong life and cure diseases once con-

sidered fatal—these advancements are among the most uplifting products of technological

progress and human ingenuity. Medicine has traditionally been as much of an art as a true

science, but this balance has tipped towards the latter in recent decades. Academic dis-

coveries and clinical findings are now disseminated around the globe instantly; this has

accelerated research and finally begun to illuminate many of the "black boxes" of physiol-

ogy and pathology. Treatments of the near future will be highly personalized, precisely

targeted, and likely created through collaborative work spanning biology, chemistry, tech-

nology, and engineering.

1.1 Biomaterials and "biocompatibility"

One key to developing these advanced treatments is a deep understanding of interactions

between physiological systems and engineered materials. These materials—biomaterials—

play an irreplaceable role in more and more modern medical and biotechnological ad-

vances, but the importance of optimized biomaterials is still underestimated.

Early biomaterials were typically discovered through trial and error, as various poly-

mers, metals and ceramics were adopted and occasionally modified before experimental

use by surgeons.1 Many synthetic polymers still considered the "gold-standard" for a par-

ticular intervention rose to prominence simply because of luck and convenience, and remain

there in part because of regulatory or cost hurdles faced by their modern competitors. A

continuous stream of new products based on crude and often disproven decades-old as-

sumptions are promoted as advanced medical technologies. Thus, these material strategies

should be periodically reevaluated to ensure the best outcomes, particularly in light of our

evolving understanding of material-tissue interactions. This is particularly true in regards

to the loosely-defined concept of "biocompatibility".

Many classes of biomaterials are routinely referenced as biocompatible when they would

be more accurately termed bio-tolerable—this shift in perspective has been suggested by
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Buddy Ratner.2 That is, while these materials may be nontoxic and traditionally suitable

for implantation or injection, the body will eventually recognize them as foreign and work

to eliminate, sequester, or separate them from physiological interaction. This process, il-

lustrated in Fig. 1.1, typically begins with nonspecific protein interactions, also known as

biofouling.

BIOMATERIAL
(hydrophobic)

proteins

antibodies

(hydrophobic)

collagen capsule

BIOMATERIAL

BIOFOULING FOREIGN BODY RESPONSE

Figure 1.1 – Biofouling and the foreign-body response. Left: When hydrophobic materials are
implanted in the body or injected into circulation, nonspecific interactions with proteins ("foul-
ing") eventually lead to immune attack or sequestration (right).

Biofouling initiates a cascade resulting in many undesirable outcomes—clotting around

catheters and implants,3 premature clearance of polymeric nanocarriers4 and even danger-

ous anaphylactic responses. Some outcomes of biofouling and immune system activation

are helpful in specific situations; for example, the "foreign-body response" prevents sys-

temic lead poisoning from gunshot wounds as a dense fibrous capsule is formed around

bullet fragments. However, the goal of most modern biomaterials is to specifically inter-

act with targeted biomolecules, cells, or tissues with a high sensitivity and specificity that

enables their designed functionality. In practice, nonspecific protein interactions present a

huge challenge to these targeted interactions.5 The propensity of a material to foul typically

increases along with its hydrophobicity. Therefore, several types of hydrophilic materials

have been highly researched in recent years for their ability to avoid fouling, and these non-

fouling materials have seen growing applications in engineering and medicine.
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BIOMATERIAL

NONFOULING MATERIALS

Hydrophilic coating

HYDROGEL
O

O

n

HO

H
O

OH
n

a

dc

b

Figure 1.2 – Popular strategies to reduce fouling and improve biocompatibility. Left: Biomate-
rials can be coated with hydrophilic "nonfouling" polymers, or the hydrophilic polymers can be
made into a hydrogel. Popular non-ionic nonfouling materials include: a, poly(ethylene glycol)
(PEG); b, alginate; c, poly(2-hydroxyethyl methacrylate) (PHEMA); and d, hyaluronic acid.

1.2 Nonfouling materials

Selected non-ionic nonfoulingmaterials are highlighted in Fig. 1.2. Among these, polyethy-

lene glycol (PEG) (Fig. 1.2a) has seen thewidest use. Other popular choices include polysac-

charides such as alginate, dextran, and hyaluronic acid. All of these significantly mitigate

most nonspecific interactions, but there are drawbacks to each as well. In long-term use,

PEG is susceptible to oxidation in physiological environments,6 and is also more accurately

characterized as amphiphilic instead of purely hydrophilic; proteins and other biomolecules

still have some nonspecific interactions with the carbon atoms in its backbone. Notably,

reports of anti-PEG antibodies induced by PEGylated therapies and PEG-containing cos-

metics have been increasing, raising serious concerns about its future potential.7–9 Polysac-

charides also have poor long-term physiological stability, varying biocompatibility, and are

difficult to purify from natural sources to medical grade materials.10

Most nonfouling materials represent incremental steps towards true biocompatibility; a

moremodern definition of this termmay be closer to physiological interaction or integration

instead of a simple lack of toxicity. However, simply reducing nonspecific interactions or

delaying an immune response is insufficient for long-term biocompatibility. A universal
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strategy to eliminate nonspecific interactions and immunogenicity completely remains an

open and important challenge.

1.3 Current trends in materials and medicine

In recent years, most research into biomaterials and nonfouling materials has moved be-

yond macroscopic surface modification. Two of the most rapidly growing interest areas are

nanomedicine and regenerative medicine.

1.3.1 Nanomedicine

TNanomedicine has developed novel strategies to enhance medical imaging, diagnosis and

treatment by leveraging the unique attributes of physiology at the sub-micron-scale. For ex-

ample, nano-encapsulated chemotherapies can exploit the so-called enhanced permeation

and retention (EPR) effect to passively target rapidly-growing tumor tissues through their

"leaky" vasculature.11 In addition, therapeutic proteins (or biologics) have become ubiqui-

tous treatments and account for nearly half of prescription drug expenditures in the United

States.12 Biologics are costly to develop and face many practical challenges, with many ex-

hibiting poor stability during production, formulation, storage, or physiological circulation.

This has given rise to biomaterials-based strategies such as PEGylation, or the conjugation of

PEG to proteins. PEGylation generally improves protein stability and circulation time, but is

typically detrimental to bioactivity and product homogeneity.13–15 Notably, reports of anti-

PEG antibodies induced by PEGylated therapies and PEG-containing cosmetics have been

increasing, raising particular concerns about its future in treatments requiring repeated ad-

ministrations.7,8 Nevertheless, this approach remains the gold standard in the field. Finding

alternative materials and strategies to stabilize proteins and prolong their circulation and

bioactivity should be a priority, to prevent unexpected setbacks for many pending and ap-

proved biologics and other nanomedicines. Along with conjugating alternative polymers

to biologics, some researchers have recently employed hydrophilic peptides instead,16–18

which can be genetically linked to the protein for one-step expression.

Gene-level manipulations are creatively combined with the engineered practicality of

biomaterials in another way as well—as nonviral gene delivery vectors. By influencing a

target protein’s expression instead of simply supplementing or inhibiting its activity, DNA

and siRNA-based gene therapies act at amore fundamental level of biology thanmost small-

molecule drugs and biologics. This demands a particularly high bar for safety. The 1999
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clinical trial death of Jesse Gelsinger focused intense scrutiny on the immunogenicity of

adenovirus-based vectors and slowed gene therapy research for years,19 but also spurred

rapid development of a biomaterials-based alternative. Nonviral transfection gained atten-

tion as a capable strategy thatmitigates the immunogenicity, manufacturing, and scalability

concerns of viruses.20,21 In particular, nucleic acid-complexing polymers were found to be

highly customizable and facilitate the safe transport of nucleic acids to target cells. This

tunability has inspired studies revealing fundamental aspects of nanoparticle uptake and

cellular trafficking that apply broadly to drug and gene delivery strategies.22–24 Viral vector

safety has improved substantially in the past two decades, but biomaterials have increas-

ingly proven their pivotal role in realizing the next generation of medicine.

1.3.2 Regenerative medicine

Cell-based regenerative treatments dominate headlines and may finally be the proverbial

"cure" to many cancers and other diseases. However, many regenerative breakthroughs

rely on expanding a limited number of a patient’s own cells into a large and homogeneous

population while maintaining their pluripotency or therapeutic value. This ex vivo expan-

sion is proving to be a key bottleneck; cells frequently lose bioactivity and change their

phenotype when expanded using typical culture platforms, which dramatically reduces

their therapeutic value. Its becoming clear that expansion success is critically dependent on

ex vivo culture environments, as biophysical interactions between a stem cell and its niche

combine with biochemical signals to control its growth and fate.25–27 Does its culture en-

vironment mimic the physiological niche closely enough to support desired differentiation

behavior and maintain high viability? To what extent can we program or restrict cell ac-

tivities through external stimuli? How can we maximize the therapeutic activity of cells or

drugs at a tumor site? These are questions biomaterials are playing a key role in answering,

and I explore these among others in this work.

1.4 Zwitterionic polymers

Zwitterionic polymers (or polyzwitterions) have recently gained significant attention as a

unique class of biomaterials. These polymers contain an equal number of cationic and an-

ionic groups repeated along their polymer chain. Though most in this class are syntheti-

cally produced, they take inspiration frommany important molecules in the natural world;

Fig. 1.3 shows some examples of zwitterions in nature. Glycine betaine, a nutritious zwit-
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Figure 1.3 –Natural insight into zwitterionic materials. Top: Glycine betaine, found in beets, is
a natural protein stabilizer. Bottom: Analysis of surface residues (White et al) has found charged
amino acids in equal proportions (+ and -) to enable the natural stability of proteins in many
organisms and environments.

terion found in beets, is widely known to stabilize protein structures and prevent denat-

uration and aggregation.28,29 Phospholipids’ zwitterionic phosphorylcholine head groups

enable the formation and integrity of double-layer cell membranes, and recent investiga-

tions have foundmost proteins to exhibit quasi-zwitterionic surfaces dominated by cationic

and anionic amino acids in equal proportions.30,31

The synthetic polyzwitterions derived from these natural phenomena are uniquely suit-

able for many biomedical applications. Their ultra-low fouling attribute is linked to their

very high hydrophilicity and strong hydration in aqueous solutions,28,32 which are typi-

cally superior to non-ionic materials such as PEG and polysaccharides. Several families of

polyzwitterions have been developed, nearly all based on phosphorylcholine,33 phosphobe-

taine, sulfobetaine, or carboxybetaine zwitterionic moieties. Fig. 1.4 shows the structures of

some of the most popular types of zwitterionic polymers, with their charged groups high-

lighted.
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a b c d

Figure 1.4 – Zwitterionic polymers used for biomedical applications. a) poly(carboxybetaine
acrylamide) (pCBAA), b) poly(carboxybetaine methacrylate) (pCBMA), c) poly(sulfobetaine
methacrylate) (pSBMA), and d) poly(methacryloyloxyethyl phosphorylcholine) (MPC).

More recently, polyzwitterions have also been successfully applied to several biomedical

applications that reach beyond surface modification. In particular, zwitterionic polymers

based on carboxybetaine have shown significant promise in nanomedicine and as highly

biocompatible hydrogels. Polycarboxybetaines (PCBs) are unique among polyzwitterions

in several ways; particularly important to the work in this dissertation, many molecular

attributes of the CB monomer and PCB polymers can be systematically modified without

compromising the superhydrophilicity for which they are known. Fig. 1.5 highlights some

of the variations and derivatives of PCB studied in this work. As seen in the figure, the

amine substitution (b), alkyl spacer length between the charged groups (c), and backbone

group (d) can all be modified, and derivatives incorporating a hydrolytically degradable

ester (e), cell-binding RGD (f), or dual acrylic groups for crosslinking (g) can be produced.

PCB polymers made from these and similar monomers have enabled many ground-

breaking platforms over the previous decade. Nanoparticles incorporating a functional-

ized PCB shell—including liposomes,? PLGA,34 gold,35 silica,36 iron oxide37,38 and quantum

dots39—can target specific tissues to release their drug cargo locally or enhance diagnostic

imaging. At the same time, PCB-based nanoparticles exhibit prolonged circulation times,

slowMPS clearance and and do not elicit immunogenicity.35 Similarly, proteins conjugated

to PCB40,41 or encapsulated in PCB nanogels8,42 see their circulation half-life enhanced, sta-
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Figure 1.5 – Selected varieties and derivatives of carboxybetainemonomers used in this work.
Notable differences from a, carboxybetaine methacrylate-1 (CBMA-1) highlighted. b) carboxy-
betainemethacrylate-1-tertiary amine (CBMA-1-3°; c) carboxybetainemethacrylate-2 (CBMA-2);
d) carboxybetaine acrylamide-2 (CBAA-2); e) carboxybetaine acrylamide-2-ethyl ester (CBAA-2-
EE); f) carboxybetaine acrylamide-2-RGD (CBAA-2-RGD); and g) carboxybetaine diacrylamide
crosslinker (CBAAX-1).

bility heightened and opsonization reduced or eliminated—all without a significant reduc-

tion in bioactivity. This positions zwitterionic modification as a promising alternative to

PEGylation.

This "stealthy" biocompatibility is not limited to the nanoscale. Purely zwitterionic PCB

hydrogels made with zwitterionic crosslinkers were shown not to produce a foreign-body

reaction or induce collagenous capsule formation for three months when implanted subcu-

taneously in mice, and even promote healing around the implant.43 This result was later

highlighted by the journal Nature Biotechnology as one of eight major breakthroughs pub-

lished over the past 20 years. The growing evidence showing polyzwitterions uniquely

able to avoid this adversarial response is exciting and motivates more application-specific

development towards clinical use. PCB hydrogels also act as excellent cell culture platforms,

and human stem cells grown on or inside PCB hydrogels are restrained from prematurely

differentiating.44,45 As demonstrated in Chapter 4 of this work, these and other cell lines can
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be expanded in PCB hydrogel platforms while retaining high viability and full functional

bioactivity. This may prove incredibly useful for many regenerative medicine applications,

and also help elucidate fundamental mechanisms driving stem cell fate choices. Clearly,

zwitterionic polymers have the potential to overcome many longstanding limitations faced

by biomaterials and in the biotechnology field in general.

1.5 Organization of thesis

1.5.1 Adding new functionality to polyzwitterions for nanomedicine

Many polymers commonly used as biomaterials feature a "backbone–side-chain" design,

in which a material’s unique functionality is primarily defined by the side chain structure,

while its acrylic backbone is sharedwithmany varied classes of polymers. This is frequently

valuable, as it allows researchers to design and synthesize homopolymers and copolymers

or various linear and branched architectures using established polymer chemistries. Since

the side-chain functionality is relatively independent of the polymer architecture and poly-

merization process, polymers of similar overall structures but varying side chain functions

to be designed, synthesized, and comparedmore easily for each targeted application. Zwit-

terionic polymers use this design as well—with the zwitterionic moiety in the side chain—

and are commonly based on methacrylate and acrylamide backbones, as shown in Fig. 1.4.

Acrylic-backbone polyzwitterions are thus excellent platforms for exploring structure–

function relationships through systematic side-chainmodifications or comparisons between

different zwitterions. In particular, carboxybetaine-based materials have invited creative

monomer modifications that enable functionalities beyond the intrinsic hydrophilicity of

PCB. The carboxylate group in CB is amenable to many conjugation chemistries, and CB-

ester monomers can be easily synthesized.46 PCB-esters are capable of switching charge,

changing their hydrophilicity, or degrading into synergistic products.47,48 Likewise, while

Figure 1.6 – Switchable PCB
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the cationic amine inCB ismost commonly a quaternary ammonium (so that the polymer re-

tains a zwitterionic charge over awide pH range) secondary and tertiary amines are reliably

cationic (protonated) at some pH values and neutral at others, motivating the development

of pH-responsive CB-based polymers for specific applications.

In Chapter 2 of this work, I present our work exploring some of these switchable and pH-

responsive variations and applying them to gene delivery applications. Results from this

work have been published in Biomacromolecules.49 Then inChapter 3, I propose a new class of

zwitterionic polymers that enable a similar degree of tunability to their polymer backbone.

Variations in this class are formed through step-growth,Michael-type polyaddition or thiol-

ene "click" reactions, and are designed to be more flexible and have greater hydrodynamic

volumes than acrylic-backbone polyzwitterions at comparable molecular weights. This ar-

chitecture is advantageous for protein conjugation and other drug delivery applications,

and enables fully degradable backbone chemistries.

Figure 1.7 – Linear-backbone PCB

1.5.2 In situ-forming and injectable zwitterionic hydrogels

The exciting recent findings that polycarboxybetaine hydrogels are able to avoid the foreign-

body response and eliminate nonspecific cell interactions suggest that commercial clini-

cal uses are imminent. Our lab and others typically produce hydrogels by mixing acrylic

monomers, crosslinkers, and free-radical initiators in amold under the necessary conditions

for radical generation such as UV light exposure. This method of making bulk hydrogels

is well-established and allows many material properties (such as modulus) to be accurately

programmed by changing the monomer:crosslinker ratio or intensity of localized light ex-

posure.
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As hydrogels have shown growing promise as ECM mimics to study and improve ex

vivo cell growth and behavior, a need had arisen for alternative gelation chemistries. These

are generally known as in situ forming strategies, and avoid radical-based chain reactions

that can damage cells, leave behind toxic molecules, and are difficult to initiate in physi-

ological environments. Thiol-ene coupling and refinements of azide-alkyne cycloaddition

reactions such as SPAAC are now popularly employed to add this functionality to PEG- or

polysaccharide-based hydrogels.26,50–53

Figure 1.8 – In situ-forming sPCB hydrogels

In Chapter 4, I present our work to integrate in situ crosslinking and unique polymer ar-

chitectures to enable one-step formation of degradable constructs for cell expansion. We

explore a new star-shaped PCB architecture (spCB), and functionalize the stars’ termini to

produce two complementary variations: spCB-SH (thiol-terminated) and spCB-DP (disul-

fide pyridine-terminated). An extension of thiswork currently in review54 substituted enzy-

matically degradable SPAAC crosslinking and achieved robust expansion of hematopoietic

stem cells derived from cord blood and bone marrow. We hope these platforms will con-

tinue to be useful tools with which to study fundamental cell-matrix interactions, as well as

lead to expanded clinical applications of stem cell based therapies.

For many of their growing clinical applications—including cosmetic procedures, lo-

calized chemotherapy and as regenerative cell scaffolds—injectable hydrogels are in high

demand to avoid invasive implantation surgery and enable reshaping to fill unique 3-D

spaces.55–57 Most traditional hydrogels architectures are elastic until they break, and these
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hydrogels cannot be injected through a needle, evenly spread on a surface or tissue (i.e. like

jam on toast), or reconfigured into new self-supporting shapes without dramatic changes

in their overall properties.

In Chapter 5, I present a simple and scalable strategy to create injectable, shear-thinning,

and self-healing PCB hydrogels by reconstructing microgel units into new bulk materials.

The unique combination of chemical crosslinking and dynamic supramolecular interactions

in these zwitterionic injectable pellet (ZIP) constructs, known as "zwitterionic fusion",58 give

them a supportive modulus and tunable viscoelasticity. Their uniquely tunable and desir-

able rheological properties, including shear-thinning and self-healing behavior, are demon-

strated and discussed. LyophilizedZIP powders retain their strength and elasticity upon re-

hydration, simplifying sterilization and storage. When reconstituted with aqueous suspen-

sions of cells, proteins, or drug-loaded microspheres, ZIP powders rapidly self-heal into a

homogeneous composite hydrogel formulation without requiring any specialized reagents

or conditions. Potential clinical applications discussed include injectable drugdepots, active

enzyme gels, and injectable cell scaffolds that protect therapeutic cells from shear damage.

This work is pending submission.59

Figure 1.9 – Injectable "ZIP" PCB hydrogels
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Chapter 2

POLYMER SIDE CHAIN CHEMISTRY FOR GENE DELIVERY

2.1 Chapter overview

In this chapter, I present how variations in the polymer side chains of polycarboxybetaine

methacrylate (PCBMA) can enable its use as a effective and nontoxic polymeric vector for

gene delivery applications. One unique aspect of carboxybetaine monomers (all CBMA-

based in this chapter) is that nearly every functional part can be modified to integrate addi-

tional features, often with little detriment to its core nonfouling function. PCBMA substi-

tuting tertiary for quaternary amines is still strongly nonfouling, but also pH-responsive. In

addition, hydrolytic or photolabile esters can be added to CBMA, temporarily "hiding" the

free carboxylic acid to render the polymer cationic until ester cleavage. Both of these fea-

tures are explored in this chapter to demonstrate how optimized PCB-based formulations

can enable application-specific functionality.

2.2 Introduction

While viral vectors remain the most efficient for systemic gene delivery, nonviral vectors

and particularly those based on polymers have gained increasing attention. Several plat-

forms have been show to be capable and broadly-applicable, while mitigating the safety,

immunogenicity, manufacturing, and scalability concerns of viruses.20,60 For over a decade,

polyethyleneimine (PEI) has been the benchmark in this class, mediating effective complex-

ation and protection of anionic nucleic acids by virtue of its plentiful amines. Unfortunately,

PEI remains cationic under physiological conditions and is not biodegradable, resulting in

its well-known cytotoxicity through cell membrane destabilization.60 An ideal polymeric

vector would condense nucleic acids into stable polyplexes that can successfully navigate

the extracellular environment and pass through the cell membrane, as well as protect genes

from degradation inside and outside the target cells and assist with escape from the en-

dosome or trafficking vesicle. However, many current polymers including PEI fall short

when it comes to two final desired functions: controlled DNA release and a lack of inherent

toxicity.
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Many researchers have modified PEI or other well-studied cationic polymers to reduce

their toxicity or boost efficiency.61–63 Others have focused on engineering new polymers

with a rational design or combinatorial chemistry approach, incorporating environmental

responsiveness or biodegradability.64–66 Most of these systems necessarily operate on a prin-

ciple of compromise-one function of the vector (e.g., toxicity or DNA release) is improved at

the expense of another (e.g., transfection rate or polyplex stability) until a balance is found.

We have found polycarboxybetaine with degradable esters to offer unique potential in this

regard; its charge-switching potential allows optimizing each function without detriment

to the others. When the anionic carboxylate groups in zwitterionic PCBMA side chains

are esterified, the polymer is rendered cationic and thus able to bind and condense nucleic

acids.47,67 A tertiary amine can be introduced in place of the quaternary ammonium tomake

the polymer pH-responsive, buffering pH changes during polyplex trafficking and provid-

ing a mechanism via the "proton sponge" effect for endosomal escape.68 Another key func-

tion of this platform is the hydrolytic conversion of cationic PCBMA esters to zwitterionic

PCBMA. The rate of this charge shifting can be easily modified by the incorporation of dif-

ferent ester leaving groups and different distances between the ester and the tertiary amine

groups. This appends a "smart" characteristic to this polymer; DNA is first strongly com-

plexed by cationic PCB-esters, but is efficiently released when ester degradation reveals the

anionic carboxylate groups, rendering PCB zwitterionic and nontoxic. Thus, the PCBMA-

ester platform is of great potential because its charge-shifting ability remedies the delicate

binding-release compromises of other platforms.

Previously, we have demonstrated the in vitro gene transfer potential of the PCBMA-

ester platform: an optimized tertiary/quaternary PCBMA-ethyl-ester (PCBMA-EE) copoly-

mer mediated luciferase gene transfection approximately an order of magnitude higher

than PEI, but without toxicity.67 A similar strategy has also been applied to DNA vac-

cine delivery. This motivated a fundamental study of how altering specific characteris-

tics of the monomers and polymers influenced their functions. Therefore, additional ter-

tiary monomers were developed in this study to arrive at a small library of four unique

monomers. Specifically, the side chain length was varied to include either a methyl or ethyl

"spacing" length between the amine and the carboxylate/ester groups, denoted as an alkyl

spacer length (ASL) of 1 or 2. Additionally, each ASL variation was synthesized with both

ethyl ester (EE) and tert-butyl ester (tBu) hydrolytic groups. These molecular modifications

produced monomers and resulting polymers with varying proton buffering capacities and
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Figure 2.1 – Carboxybetaine methacrylate tertiary amine ester monomers synthesized for this
study. By comparing a-d, the effects of charge spacing and ester stabilitywere found. a, CBMA-1-
3°-EE; b, CBMA-1-3°-tBu; c, CBMA-2-3°-tBu; d, CBMA-2-3°-EE. The o-nitrobenzyl group added
to monomer e explores the viability of photolabile charge switching in this system.

hydrolytic profiles. The monomer structures are pictured in Fig. 2.1.

While the post-hydrolysis, zwitterionic form of PCB does not condense DNA, the direct

contribution of the ester degradation step toDNArelease deserved further study. Therefore,

we developed a photolabile o-nitrobenzyl derivative of polycarboxybetaine (PCBMA-NBE)

to give this platform a UV-sensitive "switch" for active degradation control. The monomer

structure of CBMA-NBE is shown in Fig. 2.1e. Similar photoresponsive linkers have been

utilized by others to develop photodegradable hydrogels and release DNA from the surface

of gold nanoparticles.53,69, 70 We have incorporated it into the multifunctional PCBMA-ester

platform to study how the charge neutralization caused by ester degradation directly cat-

alyzes DNA release from a polyplex. The library of PCBMA-3°-esters and the photolabile

PCBMA-NBE shows that the rational adjustment of buffering ability and degradation char-

acter can tune desired functions of PCBMA-esters and endow them with "smart" abilities.

2.3 Methods

Chemicals used in the synthesis, purification, and characterization ofCBMA-estermonomers

and polymers, and phosphate-buffered saline (PBS, 138 mM NaCl, 2.7 mM KCl, pH = 7.4)

were purchased from Sigma-Aldrich. Dulbecco’s Modified Eagle Medium, fetal bovine

serum, nonessential amino acids, penicillin-streptomycin, andPicoGreen kitwere purchased

from Invitrogen/Thermo Fisher. COS-7 cells were purchased from the ATCC. All water
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used had been purified to 18.2 MΩ·cm with a Millipore Simplicity water purification sys-

tem.

2.3.1 Synthesis and characterization

Figure 2.2 – Synthesis of CBMA-1-3°-esters

N-tert-Butoxycarbonyl-N-methyl-ethanolamine (2): N-Methyl-ethanolamine (13.9 g, 185mmol)

was dissolved in 1 N sodium hydroxide (250 mL) and the solution was cooled to 0°C. Di-

tert-butyl dicarbonate (45.0 g, 206 mmol) was added to the mixture and the reaction was

stirred and allowed to warm to room temperature overnight. The product was then ex-

tracted with ethyl acetate (4 x 125 mL) and the combined organic phase was dried over

anhydrous sodium sulfate. After removal of the ethyl acetate under reduced pressure, the

pure product was obtained as a colorless oil (31.8 g, 181 mmol). Yield: 98%. 1H NMR (300

MHz, CDCl3) δ (ppm): 3.71 (t, 2H, J=6.0 Hz), 3.36 (t, 2H, J=6.0 Hz), 2.90 (s, 3H), 1.44 (s, 9H).

N-tert-Butoxycarbonyl-N-methyl-2-aminoethyl-methacrylate (3): N-tert-Butoxycarbonyl -N-

methyl-ethanolamine (14.5 g, 82.7 mmol) and triethylamine (34.7 mL, 249 mmol) were dis-

solved in anhydrous dichloromethane (150mL) and the solutionwas cooled to 0 oC.Methacry-

loyl chloride (12.3 mL, 125mmol) was added dropwise and the solution was stirred at room

temperature for 24 h. The reaction was quenched at 0°C by slow addition of ice water then

dilutedwith dichloromethane (100mL). The solvent phases were separated and the organic

phase was washed with H2O (4 x 25 mL) and brine (25 mL). After drying over sodium sul-

fate, the solvent was removed under reduced pressure and the crude mixture was purified
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by silica gel chromatography using a gradient of pure hexane to hexane:ethyl acetate 10:1.

The pure product was obtained as a yellow oil (17.8 g, 73.2 mmol). Yield: 89%. 1H NMR

(300 MHz, CDCl3) δ (ppm): 6.15 (s, 1H), 5.56 (s, 1H), 4.28 (t, 2H, J=5.9 Hz), 3.27 (s, 3H), 2.90

(t, 2H, J=5.9 Hz), 1.96 (s, 3H), 1.44 (s, 9H).

N-Methyl-2-aminoethyl-methacrylate (4): N-tert-Butoxycarbonyl-N-methyl-2-aminoethyl -

methacrylate (15.0 g, 61.7 mmol) was dissolved in anhydrous dichloromethane (100 mL).

Trifluoroacetic acid (24.0 mL, 313 mmol) was added and the reaction mixture was stirred at

room temperature for 12 h. The solventwas removed under reduced pressure and the crude

residuewas purified by silica gel chromatographyusing a gradient of pure dichloromethane

to dichloromethane:methanol 2:1. The pure product was obtained as a light yellow oil (8.65

g, 60.4 mmol). Yield: 98%. 1H NMR (300 MHz, CDCl3) δ (ppm): 6.11 (s, 1H), 5.55 (s, 1H),

4.17 (t, 2H, J=5.9 Hz), 3.10 (s, 3H), 2.70 (t, 2H, J=5.9 Hz), 1.94 (s, 3H).

2-((2-Ethoxy-2-oxoethyl)(methyl)amino)ethyl methacrylate (5):

N-methyl-aminoethylmethacrylate (8.18 g, 57.1mmol) and triethylamine (25.0mL, 171mmol)

were dissolved in anhydrous acetonitrile (100mL). Ethylbromoacetate (9.48mL, 85.6 mmol)

was addeddropwise and themixturewas stirred at 60°C for 12 h. The reactionwas cooled to

room temperature and the solventwas removed under reduced pressure. The crude residue

was dissolved in ethyl acetate (100 mL) and the organic phase was washed with H2O (4 x

25 mL). After drying over sodium sulfate and evaporation of the solvent, the crude mixture

was purified by silica gel chromatography using a gradient of pure hexane to hexane:ethyl

acetate 1:1. The pure product was obtained as a light brown oil (9.56 g, 41.7 mmol). Yield:

73%. 1H NMR (300 MHz, CDCl3) δ (ppm): 6.00 (s, 1H), 5.66 (s, 1H), 4.15 (t, 2H, J= 5.9 Hz),

4.05 (q, 2H, J= 14.3, 7.1 Hz), 2.80 (t, 2H, J= 5.9 Hz), 2.34 (s, 3H), 2.30 (s, 2H), 1.89 (s, 3H), 1.18

(t, 3H, J=7.1 Hz).

2-((2-(tert-Butoxy)-2-oxoethyl)(methyl)amino)ethyl methacrylate (6):

N-methyl-aminoethylmethacrylate (12.1 g, 84.5mmol) and triethylamine (35.3mL, 253mmol)

were dissolved in anhydrous acetonitrile (150mL). t-Butylbromoacetate (19.0mL, 129mmol)

was addeddropwise and themixturewas stirred at 60°C for 12 h. The reactionwas cooled to

room temperature and the solventwas removed under reduced pressure. The crude residue

was dissolved in ethyl acetate (150 mL) and the organic phase was washed with H2O (4 x

25 mL). After drying over sodium sulfate and evaporation of the solvent, the crude mixture

was purified by silica gel chromatography using a gradient of pure hexane to hexane:ethyl

acetate 1:1. The pure product was obtained as a light yellow oil (14.5 g, 56.3 mmol). Yield:
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67%. 1H NMR (300 MHz, CDCl3) δ (ppm): 6.13 (s, 1H), 5.58 (s, 1H), 4.28 (t, 2H, J= 5.9 Hz),

3.27 (s, 2H), 2.90 (t, 2H, J= 5.9 Hz), 2.48 (s, 3H), 1.96 (s, 3H), 1.47 (s, 9H).

Figure 2.3 – Synthesis of CBMA-2-3°-esters

Ethyl 3-((2-hydroxyethyl)(methyl)amino)propanoate (7): N-Methyl-ethanolamine (10.2 g, 136

mmol) was added to a 250 mL round bottom flask cooled to 0°C. Ethyl acrylate (17.4 mL,

163 mmol) was added and the mixture was stirred at room temperature overnight. The

mixture was concentrated on the rotovap to remove unreacted ethyl acrylate and further

dried under high vacuum to yield the pure product as a colorless oil (23.8 g, 136 mmol).

Yield: 99%. This product was used in the next step without further purification.

tert-Butyl 3-((2-hydroxyethyl)(methyl)amino)propanoate (8):

N-Methyl-ethanolamine (15.6 g, 208 mmol) was added to a 250 mL round bottom flask

cooled to 0 oC. tert-Butyl acrylate (45.6mL, 312mmol)was added ad themixturewas stirred

at room temperature overnight. The mixture was concentrated under vacuum on the roto-

vap to remove unreacted tert-butyl acrylate and further dried under high vacuum to yield

the pure product as a colorless oil (42.1 g, 207 mmol). Yield: 99%. This product was used

in the next step without further purification.

2-((3-Ethoxy-3-oxopropyl)(methyl)amino)ethyl methacrylate (9): Compound 7 (23.8 g, 136

mmol) was dissolved in anhydrous CH2Cl2 (200 mL). The solution was cooled to 0°C then

triethylamine (47.3 mL, 340 mmol) and methacryloyl chloride (17.0 mL, 170 mmol) were

added successively. The mixture was stirred at room temperature for 24 h. The reaction

was quenched at 0°C by addition of ice water (50 mL). After separating the phases, the

organic solution was extracted with H2O (3 x 25 mL) and dried over sodium sulfate. Af-

ter filtration and concentration under vacuum, the crude mixture was purified by silica gel

chromatography using a gradient of hexane:ethyl acetate (20:1 to 10:1). The pure product

was obtained as a light yellow oil (26.4 g, 109 mmol). Yield: 80%. 1H NMR (300 MHz,

CDCl3) δ (ppm): 6.11 (s, 1H), 5.57 (s, 1H), 4.24 (t, 2H, J= 5.9 Hz), 4.14 (q ,2H, J= 14.3, 7.1 Hz),
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Figure 2.4 – Synthesis scheme of CBMA-o-nitrobenzyl ester (CBMA-NBE)

2.79 (t, 2H, J= 7.3 Hz), 2.72 (t, 2H, J= 5.9 Hz), 2.47 (t, 2H, J= 7.3 Hz), 2.32 (s, 3H), 1.95 (s, 3H),

1.26 (t, 3H, J= 7.1 Hz).

2-((3-(tert-Butoxy)-3-oxopropyl)(methyl)amino)ethyl methacrylate (10):

Compound 8 (15.1 g, 74.5mmol) was dissolved in anhydrous CH2Cl2 (150mL). The solution

was cooled to 0°C then triethylamine (31.1 mL, 223 mmol) and methacryloyl chloride (11.0

mL, 112 mmol) were added successively. The mixture was stirred at room temperature for

24 h. The reaction was quenched at 0°C by addition of ice water (50 mL). After separating

the phases, the organic solution was extracted with H2O (3 x 25 mL) and dried over sodium

sulfate. After filtration and concentration under vacuum, the crudemixturewas purified by

silica gel chromatography using a gradient of hexane:ethyl acetate (20:1 to 10:1). The pure

product was obtained as a light brown oil.

CBMA-o-nitrobenzyl: The monomer was synthesized in a two-step process as shown in

Fig. 2.4. First, 2-Nitrobenzyl-bromoacetate (2) was generated. Bromoacetic acid (11.2 g,

80.6 mmol), p-toluenesulfonic acid (2.78 g, 16.1 mmol) and 2-nitrobenzyl alcohol (14.8 g,

96.6 mmol) were successively dissolved in anhydrous toluene (200 mL). The solution was

refluxed at 120 °C for 24 h and toluene was removed via evaporation on a rotovap. The re-

sulting residuewas dissolved in ethyl acetate (200mL) and the organic solutionwaswashed

with H2O (4 x 50 mL). The organic phase was dried over Na2SO2, after which the solvent
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was removed under reduced pressure and the residue purified by silica gel chromatography

using a gradient of pure hexane to hexane:ethyl acetate 3:1. The pure product was obtained

as a light yellow oil (19.6 g, 71.5 mmol). Yield: 89%. 1H NMR (300 MHz, CDCl3) δ (ppm):

7.99 (d, 1H, J = 8.0 Hz), 7.59 (m, 1H), 7.43 (m, 2H), 5.49 (s, 2H), 3.89 (s, 2H). 13C NMR (75

MHz, CDCl3) δ (ppm): 166.3, 146.8, 133.7, 130.8, 128.7, 128.5, 124.7, 63.9, 25.3.

Following this, CBMA-Nitrobenzyl-bromoacetate (CBMA-NBE) (4) was synthesized.

2-Nitrobenzyl-bromoacetate (2) (19.5 g, 71.1 mmol) was dissolved in anhydrous acetonitrile

(150 mL). Dimethylaminoethylmethacrylate (DMAEMA) (10.8 mL, 63.3 mmol) and hydro-

quinone (150 mg, 1.36 mmol) were added to the mixture and the solution was stirred at

60°C for 18 h. The solvent was removed under reduced pressure and ether (400 mL) was

added to the oily residue. The resulting suspension was stirred for 4 h and the ether phase

decanted. The process was repeated three times and the residue was concentrated on the

rotovap. The resulting oil was dried further under high vacuum to afford the pure product

as a yellow oil (24.6 g, 57.0 mmol). Material was protected from light to avoid unintentional

degradation. Yield: 90%. 1HNMR (300 MHz, CDCl3) δ (ppm): 8.05 (d, 1H, J = 8.3 Hz), 7.71

(m, 1H), 7.47 (m, 2H), 6.68 (s, 1H), 6.02 (s, 1H), 5.53 (s, 2H), 5.09 (s, 2H), 4.60 (m, 2H), 4.26

(m, 2H), 3.59 (s, 6H), 3.35 (s, 3H), 1.82 (s, 3H).

Polymerization: Tertiary and quaternary monomers were copolymerized at a molar ratio

of 3-to-1 via RAFT polymerization. Variousmolar ratios of monomer to chain transfer agent

ranging from100 to 400were used to obtain long,medium, and short length polymer chains.

To calculate the molar ratio, total moles of monomer were used (tertiary plus quaternary).

Briefly, for each separate tertiary monomer and molar ratio formulation, the appropriate

amount of chain transfer agent (4-cyano-4-(phenylcarbonothioylthio) pentanioc acid), initia-

tor (azobisisobutyronitrile), and 4°CBMA-ethyl ester, were weighed sequentially into 5-mL

round-bottom flasks. The appropriate volume of tertiary monomer was then added, along

with a small stir bar. The reactant flasks were deoxygenated by flowing nitrogen gas for 1 h.

Vacuum purges were skipped to avoid loss of the powder reactants. During deoxygenation

of the reactants, nitrogen gas was bubbled through anhydrous DMF to deoxygenate the sol-

vent before use. Onemilliliter of the deoxygenated anhydrous DMFwas then added to each

reactant flask. Still under nitrogen protection, the flasks were swirled gently to ensure that

all reactants dissolved. Once the solutions were uniform, the flasks were sealed and trans-

ferred to an oil bath heated to 70°C to initiate polymerization. Polymerization was allowed

to continue overnight for up to 24 hours. The polymer solutions were then transferred to
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Figure 2.5 – 1H NMR spectrum of CBMA-o-nitrobenzyl ester (CBMA-NBE)

hydrated Spectra/Por molecular porous membrane tubing (Spectrum Laboratories) with a

molecularweight cutoff of 3.5 kDa and dialyzed overnight inMilliporewater. After dialysis,

the polymers were lyophilized to powder.

CBMA-NBE monomer was polymerized at a concentration of 10 wt% with an uncon-

trolled free-radical method in deoxygenated DMF, using 1 wt% azobisisobutyronitrile as an

initiator, in a 5-mL round-bottom flask. Once the monomer/initiator solution was checked

for uniformity, the flask was deoxygenated for 1 hr, sealed and transferred to an oil bath

heated to 70°C to initiate polymerization. Polymerization proceeded for 24 hours. The poly-

mer was then isolated and purified by dropwise precipitation into diethyl ether and dried

under high vacuum for 24 h. Polymer purity was confirmed with NMR.

Molecularweights of the polymerswere determinedusing aqueous gel permeation chro-

matography (GPC), using a Waters 2695 Separations Module fitted with a Waters 2414 re-

fractive index detector and a Waters Ultrahydrogel 1000 column (7.8 mm ×300 mm). The

buffer solution (0.05 M sodium acetate, 1.0 M sodium chloride, and 0.02% sodium azide,

titrated to pH 5.0) was used as the eluent with a flow rate of 0.5 mL/min at room temper-
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ature. The system was calibrated with narrow molecular weight polyethylene oxide stan-

dards (Polymer Laboratories, Varian, Inc.) The low pH of the running buffer was chosen

to ensure protonation of the tertiary amines and thereby ensure the hydrophilicity of the

polymers. Samples of all polymers were completely hydrolyzed before characterization to

ensure elution times were more representative of chain length than of any difference in the

hydrophobicity or size of the ester side chains. The tBu esters were hydrolyzed in triflu-

oroacetic acid (TFA) for 2–3 h and then precipitated in ether at 0°C. A small amount of

the precipitate was then dissolved in the running buffer. The ethyl esters were hydrolyzed

overnight in ammonium hydroxide solution (pH 10) and then mixed at 1:1 volumes with

the running buffer.

2.3.2 Characterization of pH-responsiveness

To titrate the monomers and determine their proton buffering capabilities, 5 µL of each

pure liquid monomer was dissolved in 0.1 M NaCl to a concentration of 1 mg/mL. The pH

of the solution was lowered to 2 with 1 M HCl. Initial titration curves were obtained with

sequential 0.1 mL additions of 0.1 M NaOH, with sufficient time between each addition

to allow for pH stabilization. After initial curves were obtained and regions of buffering

were identified, more thorough titration curves were obtained with additions of 0.02 mL

0.1 M acid or base in the buffering regions. Buffering capacity was calculated with molar

equivalency.

2.3.3 Characterization of hydrolytic and photolabile charge switching

Hydrolytic rates of CBMA-1-3°-EE, CBMA-1-3°-tBu, CBMA-2-3°-tBu, and CBMA-2-3°-EE

were determined using reverse-phase HPLC, with a C18 column (Econosil, 250×4.6 mm,

5µm, Alltech), and a UV detector (227 nm wavelength). Monomers at a concentration of

1 mg/mL in 100 mM sodium phosphate (pH 7.4) or 100 mM sodium citrate buffer (pH

5.1) were held at 37°C. A chromatography buffer solution of 0.50 vol/vol acetonitrile and

aqueous sodium phosphate (100 mM) was used. This buffer caused the monomer to elute

based on hydrophilicity; hydrolyzed monomers are significantly more hydrophilic due to

their zwitterionic character. Peak areas were normalized and compared to show hydrolytic

rate over 48 h. The photodegradation rate of the UV-sensitive CBMA-NBE monomer was

determinedwith a similar method. A handheld UV lamp emitting 365 nmwavelength light

was positioned directly above an open-top sample of a 1 mg/mL solution of CBMA-NBE in
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pH 7.4NaAc in a shallow 3 cm2 glass dish for a radiation rate of 10mWcm-2. A 10 µL sample

was removed each 5 min until a complete shift in peak areas confirmed photodegradation

was complete.

2.3.4 Characterization of phototriggered DNA release

PicoGreen quantitative binding assays were adapted from Green et al.66 PCBMA-NBE and

quaternary PCBMA-EE solutionswere prepared at 1mg/mL in 25mMNaAc buffer, pH 5.2.

Then, 50 µL/well of 30 µg/mL gWiz-luciferase DNA plasmid was added to each well of a

96-well plate. The polymer solutions were diluted to correspond to polymer/DNA weight

ratios from 1:1 to 20:1 and added to the DNA samples. Initial DNA concentration in each

well was set to 1 µg/mL and then condensed with PCBMA-NBE or PCBMA-tBu in NaAc

buffer. Solutionswere gentlymixedwith pipetting and allowed to sit for 10min for polyplex

formation. Half of each sample was transferred to another open-top plate and exposed to

365 nmUV light for 1 h via a handheld lamp. Then, 100 µL/well of PicoGreen solution was

added. PicoGreen working solution was prepared by diluting 80 µL of the purchased stock

into 15.2mLNaAc buffer. After 5min, 30 µL/well of polymer-DNA-PicoGreen solutionwas

added to 150 µL/well of NaAC in black 96-well polystyrene plates. The plate fluorescence

was thenmeasured on a Perkin-Elmer Victor 3 plate reader using a FITC filter set (excitation

485 nm, emission 535 nm). The relative fluorescence (RF)was calculated using the following

relationship:

RF =
Fsample − Fblank

FDNA − Fblank

where Fsample is the fluorescence of the polymer-DNA-PicoGreen sample, Fblank is the

fluorescence of a sample with no polymer or DNA (only PicoGreen), and FDNA is the fluo-

rescence of DNA-PicoGreen (no polymer), but an equivalent amount of DNA. The binding

percentage was determined by 1-RF, because DNA bound to polymer or entrapped in a

polyplex does not contribute to dye fluorescence. A standard curve of free DNA concentra-

tion was used to ensure linear correlation between free DNA content and fluorescence for

all measurements and quantify the free DNA concentration of the samples.
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2.3.5 Gene transfection studies

DNA-polymer nanoparticles, also referred to as polyplexes, were prepared as follows. Plas-

mid DNAwas diluted from 5mg/mL stock to 0.1 mg/mL in sterile 25 mMNaAc buffer, pH

5.2. Plasmid solutions were aliquoted in a 96-well plate. Then, the polymer of interest was

dissolved in the same NaAc buffer and diluted to a concentration that would lead to the de-

sired polyplex weight or N:P ratio. The polymer solution was added to the DNA and gently

mixed with a pipette and allowed to sit for 10 minutes for polyplex formation. Polyplexes

were then characterized or used for transfection experiments immediately.

COS-7 cells (African Green Monkey fibroblast cells, ATCC) were grown to 80% conflu-

ence in Dulbecco’s Modified Eagle Medium (Gibco) supplemented with 10% Fetal Bovine

Serum, 1x non-essential amino acids, and penicillin-streptomycin. Cells were incubated at

37°C and 5% CO2. One day prior to transfection, the cells were transferred to 48-well tissue

culture plates, at 20,000 cells per well. All cells used in these studies were from passages

5-10.

For each transfection, mediumwas removed from wells and the cells were washed with

sterile filtered PBS. 20 µL of polyplex suspension (prepared as noted in 2.2.9) was added to

180 µL of serum-free medium in a separate 48-well plate. The PBS was removed from cells,

and replaced with the polyplex-containing medium. Regardless of the polyplex weight

ratio, 1 µg of DNA was added to each well. 25 kDa branched PEI (Aldrich; St. Louis, MO)

was used as a positive control for each transfection, at N:P ratios of 5 and 10. DNA-only

samples and medium-only samples were used as negative controls. Cells were incubated

with the transfection solutions for 3 hours at 37°C, 5% CO2, after which the medium was

removed from the cells, they were washed with PBS, and then supplied with 200 µL/well

of supplemented medium. Luciferase expression was assayed after 48 hours.

For luciferase expression assays, cells were washed with PBS and lysed with 200 µL 1x

Reporter Lysis Buffer (Promega) at room temperature for 10 minutes before a freeze/thaw

cycle. 20 µL cell lysate was then transferred to a 96-well polystyrene plate, and 100 µL

Bright-Glo Luciferase Assay System (Promega) was added to each well, with minimal de-

lay between substrate addition and luminescence detection. Luminescence of the triplicate

samples was measured in a Perkin Elmer Victor 3 microplate reader. For protein content

measurement, 20 µL cell lysates were transferred to a 96-well plate and incubated 30 min-

utes at 37°C with 200 µL BCA protein assay kit working reagent (Pierce). The plate was

then allowed to cool to room temperature. Absorbance was measured at 562 nm on a Victor
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3 microplate reader and converted to protein concentration using a standard curve made

from serially diluted bovine serum albumin (Sigma) solutions in 1x Reporter Lysis Buffer.

Luminescence was then normalized to protein concentration.

2.4 Results and discussion

To study the influence of molecular variations on the buffering capacity and degradation

behavior of tertiary PCBMA esters, four monomers were synthesized for this study. These

monomers are referred to as CBMA-1-3°-EE, CBMA-2-3°-EE, CBMA-1-3°-tBu, and CBMA-

2-3°-tBu in the following charts and graphs, in reference to their alkyl spacing length (ASL)

between the charged groups (1 or 2) and identity of ester leaving group (2-carbon ethyl ester

or 4-carbon tert-butyl). All monomers/polymers in this chapter contain a methacrylate

backbone.

Monomers were titrated to identify the pKa of their tertiary amines, with the goal to

evaluate how the chemical structure of the monomers affects their potential buffering ca-

pacities. For clinical applications, a vector encounters changes in pH as it is trafficked to

its target, which can degrade DNA if it is not sufficiently protected. Endocytosed materials

are exposed to an increasingly acidic environment; the pH in the endosome is lowered via

proton pumps in the endosomal membrane, from physiological pH of 7.4 to approximately

5. Therefore, materials with a pKa and buffering capacity in this endosomally appropri-

ate range can absorb protons as they are pumped into the endosome and help to create

an osmotic pressure gradient across the endosomal membrane that may ultimately lead to

membrane rupture and endosomal escape, though this "proton sponge" mechanism is still

being studied.68,71 One reason for the high transfection efficiency of PEI may be due to its

buffering capacity in this range. Dimethylaminoethyl methacrylate (DMAEMA) has been

used as a gene transfer vector, but mediates inferior transfection to PEI.72,73 The pKa of its

tertiary amine is around 8.4, which is not well-suited for endosomal buffering. Both of these

polymers remain substantially protonated at physiological pH, leading to post-transfection

toxicity.

The monomers in this study have a tertiary amine like DMAEMA, but also have an

electron-withdrawing carboxylate ester connected to each amine. The proximity of this es-

ter group decreases the pH required to protonate the amine, shifting the pKa and buffering

range down into the pH environment of the endosome, as compared to DMAEMA. Chang-

ing the separation distance between the amine and ester changes the extent of this shift.



26

Figure 2.6 – Titration of CBMA-3°-ester monomers, showing their pH buffering ability, tested
by titrating with NaOH in 100 mM NaCl. Region of interest is between pH 5.1 and 7.4.

All of these monomers featured either a one- or two-carbon distance (ASL = 1 or 2) be-

tween the ester and amine and exhibited pKas that were significantly lower than the pKa

of DMAEMA. The four monomers showed pKas in two distinct subsets: ASL 1 monomers

had pKas of 5.5-6 and ASL 2 monomers had pKas of approximately 7. Titration curves and

the molar buffering capacities of the monomers are shown in Figs. 2.6 and 2.7.

These data show that the pKa is sensitive to the proximity of the electron-withdrawing

group down to a one-carbon difference in distance. The pKa values imply that half of the

amines on the ASL 2 monomers will be protonated (cationic) at physiological pH, which

may aid in DNA packaging. Conversely, few of the amines in the ASL 1 monomers will

be protonated at physiological pH, and the fraction available for endosomal buffering will

greatly increase. We expect CB esterswith this shorter ASL tomediate optimal DNAprotec-

tion. Their inclusion in copolymers could extend the polymer buffering range to a lower pH

without resulting in leftover charge that contributes to toxicity. The pKa of a hydrolyzed

ASL 1 monomer (tertiary CB1) is 8.3, very similar to that of DMAEMA. Importantly, this

implies that after DNA delivery and transfection, the polymeric residue of the vector will

be almost entirely protonated at the amine and unprotonated at the carboxylic acid, render-

ing it zwitterionic and biocompatible. The size of ester leaving group (ethyl vs tBu) had no

significant effect on the pKa, showing that the ester size can be changed without sacrificing

the desired buffering range.



27

Figure 2.7 –Molar buffering capacity of CBMA-3°-ester monomers, with vertical dashed lines
showing the pH range present in the endosome. Curve peaks correspond to the pKa of each
monomer.

While others74,75 have incorporated hydrolytically degradable bonds in polymers, the

wide variation in possible hydrolysis profiles necessitate a more discriminating selection

of ester leaving group. For example, it could be rationalized that a bond stable at physi-

ological pH (7.4) but labile at the lower endosomal pH (5.1) would ensure that the DNA

stays protected for cellular uptake. However, such a strategy may result in DNA release

and degradation within the acidic environment of the endosomal pathway. An ester more

stable in acidic conditions may remain intact in the endosome, but if it is overly labile at a

higher pH, it may experience premature degradation. Therefore, an ester relatively stable at

both pH conditions may be desirable, and it is important to study their hydrolytic profiles

to help identify unsuitable leaving groups and provide design insight.

The hydrolysis of each ester was monitored over a period of 40 h with reverse-phase

HPLC. As seen in Figs. 2.8 and 2.9, CBMA-2-3°-EE and CBMA-1-3°-tBu monomers exhib-

ited pH-dependent hydrolysis behavior. At physiological conditions, the CBMA-2-3°-EE

hydrolyzed much more rapidly, reaching more than 80% hydrolysis after 40 h, but only

degrading 20% over the same time period at endosomal pH. Conversely, CBMA-1-3°-tBu

was more stable at physiological conditions than endosomal ones. The CBMA-1-3°-EE and

CBMA-2-3°-tBu esters were relatively stable at both physiological (pH 7.4) and endosomal

(pH 5.1) conditions. These data show that the parameters of the CBMA-ester platform can
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Figure 2.8 –Hydrolysis rates of CBMA-3°-ester monomers at pH 7.4, representative of physio-
logical pH.

Figure 2.9 – Hydrolysis rates of CBMA-3°-ester monomers at pH 5.1, representative of lowest
endosomal pH.

be modified to confer ester stability while maintaining other desirable functions, such as

an optimal buffering range. It is apparent that both types of molecular design variations,

the ester size and amine–ester ASL, contribute to the stability of these esters. The proto-

nation state of the amines (which is dependent on ASL) may thus play a role. While this

could explain the ester stability difference at physiological pH between CBMA-1-3°-EE (de-
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protonated amine) and CBMA-2-3°-EE (protonated amine), a larger library of monomers is

needed to support this hypothesis. Overly rapid hydrolysis at any relevant pH may sacri-

fice polyplex stability. Of the two most stable monomers, CBMA-1-3°-EE features a more

suitable pKa for endosomal buffering. The hydrolytic product of ethyl esters, ethanol, also

is of lowest toxicity.76 These insights could assist with further platform development.

PCBMA-3°-ester copolymers were used to mediate luciferase expression in COS-7 cells,

and the polymer toxicity was evaluated. As our previous work found 3:1 to be the optimal

tertiary to quaternary amine ratio in PCB side chains, all polymers were generated with

this monomer ratio in the reaction mixture. RAFT polymerization resulted in the genera-

tion of well-controlled molecular weights for each polymer, but increased MW beyond 10

kDa (up to 40 kDa) did not result in a statistically significant transfection increase. There-

fore, 10 kDa polymers were used to control for this parameter. A nitrogen/phosphorus

(N/P) ratio of 20 was found to result in optimal expression for all PCB-based polymers,

while N/P ratios of 5 and 10 were used for the 25 kDa bPEI positive control. Copolymers

based on the four tertiary CB-esters were all able to mediate transfection without any ap-

parent cytotoxicity. Notably, the two copolymers featuring ethyl esters (PCBMA-1-3°-EE

and PCBMA-2-3°-EE) resulted in expression about an order of magnitude higher than both

those featuring tBu esters (PCBMA-1-3°-tBu and PCBMA-2-3°-tBu) and bPEI. Transfection

and toxicity data are shown in Fig. 2.10. The higher stability of ethyl esters at the lower en-

dosomal pH (PCBMA-2-3°-tBu) or both pH conditions (PCBMA-1-3°-EE) might play a role

in their improved transfection, potentially by delaying anyDNA release until the polyplexes

escape from endosomes.

While more stable esters may complex DNA more efficiently and protect it for a longer

time, substantial hydrolysis delaymay bottleneck gene release. As the charge-switching be-

havior of PCB-esters is their key feature, the direct contribution of this charge switch toDNA

release from a polyplex deserved further study. PCBMA-NBE, a photolabile o-nitrobenzyl

ester of PCB, was developed to quantitatively study the charge-switching contribution to

DNA release. Photoconversion of CBMA-NBEwas verified with reverse-phase HPLC; after

1 h, degradation was complete.

We quantitatively measured DNA binding and release in PCBMA-NBE polyplexes with

a PicoGreen assay, in which the fluorescence signal corresponds to the concentration of free

(unbound) DNA over a wide range of magnitudes. An initial screening determined the

minimum weight ratio of PCBMA-NBE and PCBMA-1-EE required to condense nearly all
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(a) (b)

(c)

Figure 2.10 – a) Luciferase expression in COS-7 cells mediated by each tertiary copolymer vari-
ation. b) Relative toxicity, determined by BCA assay of µg protein content per mL cell lysate,
normalized to medium only. c) DNA release from PCBMA-NBE polyplexes upon photodegra-
dation of o-nitrobenzyl groups.

DNA (over 95%) was 5:1. As shown in Fig. 2.10c, both PCBMA-1-EE and PCBMA-NBE at

this ratio complexed nearly all the DNA in each sample, quenching fluorescence. A 365

nm wavelength UV lamp was held directly above each polyplex sample for 1 h. This wave-

length was chosen because it is least harmful to cells but still catalyzes degradation of the

nitrobenzyl ester. The released DNA in these irradiated samples bound to the fluorescent

dye, restoring fluorescence. Photoinitiated ester degradation released 72±5% of the DNA

from the PCBMA-NBE polyplexes as separation of the ester converted them to zwitterionic

PCB. The non-photosensitive PCBMA-1-EE released a statistically insignificant amount un-

der the same conditions, as expected based on its hydrolytic profile. Previously, the post-
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degradation form of PCB esters have been simply shown not to condense DNA due to their

zwitterionic nature. Here, this photolabile polymer shows that the charge-switching step

plays the key role in releasing DNA from an entangled polyplex, which is vital for trans-

fection. This result supports one of the key benefits of the PCB-ester system: since tunable

hydrolysis or photoresponsive "smart" ester degradation is the primary driver of DNA re-

lease, strong initial binding need not bottleneck eventual polyplex dissociation. Thus, un-

like many other platforms, PCB-esters do not need to establish a fragile balance between

DNA binding and release, but these parameters can be engineered individually.

2.5 Conclusions

This work demonstrates how rational molecular design can tune the functionality of PCB-

esters and add "smart" responsiveness to environmental stimuli. A small library of CB-

esters was designed, synthesized, polymerized and characterized to study the role of small

modifications on the platform’s buffering and hydrolytic characteristics. A methyl spac-

ing (ASL=1) the charged groups was found to shift the pKa of the tertiary amine into the

optimal endosomal buffering range. Ester hydrolysis converts this polymer from cationic

(DNA binding) to zwitterionic (DNA releasing) form, while enabling nontoxicity. CBMA-1-

EE was most stable at both physiological and endosomal pH, while possessing the highest

buffering capacity. A copolymer dominated by the CBMA-2-EE monomer mediated trans-

fection an order of magnitude better than bPEI, with no toxicity. To further study how the

charge-switching feature affects polymer binding with DNA in polyplexes, a photolabile o-

nitrobenzyl ester of PCB (PCBMA-NBE) was developed to allow rapid and externally con-

trolled hydrolysis. Quantitative PicoGreen DNA binding assays demonstrated that photo-

initiated ester degradation precipitates rapid release of approximately 72% of complexed

DNA from PCBMA-NBE polyplexes. Further work will expand the library of ASL-1 non-

toxic PCB-esters, and study the role of enzyme-catalyzed hydrolysis.
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Chapter 3

POLYMER BACKBONE CHEMISTRY FOR DRUG DELIVERY

3.1 Chapter overview

Polymeric nanoparticles andpolymer-protein conjugates represent someof themost promis-

ing and actively-developed areas of drugdelivery. Almost anydesired attribute—biodegradability,

size, surface charge, ligand conjugation, stimuli-responsiveness, theranostic capability, or

others—can be integrated into polymers through rational design or combinatorial opti-

mization. Polycarboxybetaine is especially interesting as a potentially universal platform

for nanocarrier design and protein conjugation. It has proven very successful in recent

years as a hydrophilic shell for nanoparticles. PCB-coated nanoparticles exhibit prolonged

circulation times, slowed MPS clearance and and do not elicit immunogenicity.77 It has

also demonstrated surprising utility in practical use, simplifying often-overlooked produc-

tion issues by enhancing diblock self-assembly and preventing aggregation upon freeze-

drying.34 These benefits have been attributed to its "super-hydrophilicity" that few other

materials can match. Similarly, proteins conjugated to PCB40,41 or encapsulated in PCB

nanogels8,42 see their circulation half-lives enhanced, stability heightened and opsoniza-

tion reduced or eliminated—all without a significant reduction in bioactivity. This positions

PCB modification of biologics as a promising alternative to PEGylation.

In this chapter, a new polymerization strategy will combine the hydrophilicity advan-

tages of current PCB polymers with advantages of more flexible and degradable bioma-

terials. These step-growth polymers change the distribution of zwitterionic CB moieties

and move the cationic amine centers to the backbone, while incorporating labile esters,

stable amides or thioethers between each zwitterionic group. In this way, drug delivery

applications—particularly protein conjugation where degradability and increased hydro-

dynamic volume is desirable—will be enhanced by this versatile new class of polyzwitteri-

ons.
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3.2 Introduction

Current zwitterionic polymers feature a backbone/side-chain design, which is also com-

mon among other engineered biomaterials. This enables researchers to design and synthe-

size homopolymers and copolymers or various linear and branched architectures tailored

for biological and engineering applications. Chain-growth polymerization techniques—

includingATRP, RAFT, andphotopolymerization—are now routinely used to generate ionic,

nonionic and zwitterionic polymers. Structures of selected polymeric biomaterials with

acrylic backbones and functional side chains are shown in Fig. 3.1. Those in the top row (a-d)

are examples of popular zwitterionic polymers, while the bottom row shows poly(NIPAM)

(e) and poly(HEMA) (f), examples of non-ionic acrylic polymers, as well as PLGA (g) and

PEG (h), non-ionic linear polymers typically formed through polycondensation reactions.

Figure 3.1 – Selected zwitterionic and non-ionic biomaterials. Top: zwitterionic poly-
mers a) poly(carboxybetaine acrylamide) (pCBAA) b) poly(carboxybetaine methacrylate)
(pCBMA) c) poly(sulfobetaine methacrylate) (pSBMA) d) poly(methacryloyloxyethyl phospho-
rylcholine) (MPC). Bottom: nonionic polymers e) poly(n-isopropyl acrylamide) (pNIPAM) and
f) poly(hydroxyethylmethacrylate) (pHEMA).
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As shown in Fig. 3.1, these zwitterionic polyacrylamides (e.g., PCBAA) andpolymethacry-

lates (e.g., PCBMA, PSBMA, and MPC) share backbones with several other polymeric bio-

materials, such as PNIPAM and PHEMA. However, polymers such as PEG and PLGA fea-

ture a markedly different structure—their structural backbone and defining functionality

are one and the same. In the case of PEG, its simple linear polyether structure allows it to

occupy a relatively large hydrodynamic volume for a given molecular weight.78,79 This fea-

ture is one of the mechanisms by which PEGylation improves the circulation time of small

proteins. Likewise, the hydrolytically degradable polyester backbone of PLGA enables it

to be metabolized completely, which has led to many commercially successful PLGA-based

drug delivery platforms.80–82

Inspired by simple structure-function relationships of flexible PEG and biodegradable

PLGA, we propose a new class of "linear" polycarboxybetaines, containing charged groups

directly along or adjacent to the backbone. As with PCBAA and PCBMA, the plentiful car-

boxylates enable robust functionalization. Uniquely, we expect the structure of linear PCBs

to give them greater flexibility and hydrodynamic volume than acrylic-backbone PCBs for a

given molecular weight. In one variation, labile backbone esters allow complete hydrolytic

degradation. Thus, we hypothesize linear PCBs conjugated to therapeutic proteins will

extend conjugate circulation times beyond that of comparable PEG-protein and PCBAA-

protein conjugates, as they combine the key benefits of both materials for protein modifica-

tion.

To realize such a polymer, we explored polymerization strategies beyond chain-growth

radical polymerization. Two classes of polymers were notable as templates because of their

broad tunability and amine-containing backbones: poly(β-amino esters) (PBAEs) andpolyami-

doamines (PAAs). The synthesis methods and generalized structures of PBAEs and PAAs

are very similar.83,84

Fig. 3.2 shows examples of typical monomers and synthesis strategies. Both types of

polymers contain tertiary amines in their main backbone chain, and are formed in a step-

growth mechanism through repeated Michael addition reactions. Their main difference is

the presence of hydrolytically labile esters ormore stable amides in theirmain chain. PBAEs

(Fig. 3.2a) are typically formed through the polyaddition of equimolar amounts of diacry-

late monomers and either primary or bis(secondary) amine monomers; numerous choices

for each are commercially available, and large libraries of PBAEs were synthesized combi-

natorially in the mid-2000s by the Langer and Andersen labs at MIT and optimized for nu-
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Figure 3.2 – Schematic of representative PBAEs and PAAs, and a heterodifunctional PAA. a)
poly(β-amino ester) (PBAE) using a primary amine monomer. b) poly(amidoamine) (PAA), us-
ing a bis(secondary) amine monomer. c) Heterodifunctional PAA formed from one monomer.

cleic acid complexation and delivery.22,75 Similarly, PAAs (Fig. 3.2b) are formed through the

polyaddition of bisacrylamides to primary or bis(secondary) amines, and have been devel-

oped since the 1970s primarily by Ferruti and coworkers at the University ofMilan, Italy85–87

Notably, poly(amidoamine) dendrimers (typically referred to as PAMAMdendrimers) have

a similar structure to linear polyamidoamines, though they are branched. The synthesis of

PAMAM dendrimers involves iterative steps to reach higher generations, whereas linear

PAAs are synthesized continuously in one step.

As PBAE structures were developed as a gene delivery platform, amino alcohols rep-

resent the most commonly used amine monomers; several variations of pH-responsive,

weakly cationic PBAEs with alcohol side chains have demonstrated excellent efficacy as

nonviral gene vectors. No zwitterionic PBAEs or quasi-zwitterionic PBAEs have been re-

ported. On the other hand, PAAs have seen decades of study from a polymer chemistry

perspective, and been tested in widely varying applications as biomaterials and otherwise.

Quasi-zwitterionic or amphoteric poly(amidoamino acids) have been sporadically reported

by Ferruti et al over the past 30 years, both for their metal-ion-chelating ability and potential

biomedical applications.88,89 Insight from the synthesis of amphoteric poly(amidoamino

acids) has proven particularly valuable in our development of zwitterionic polymers formed

through similarmechanisms. Specifically, Ferruti et al recently first reported PAAswith het-
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Type Analogous to? Degradable?

PACB Poly(amido amine) No

PECB Poly(β-amino ester) Yes

PSCB Polysulfide Either

Table 3.1 – Variations of linear polycarboxybetaines

erodifunctional terminating groups,90 formed from a single ’A-B’-type monomer (Fig. 3.2c).

Most polymers producedviaMichael polyaddition haveutilized two symmetricalmonomers,

’A-A’ and ’B-B’, producing matching or random end groups depending on reaction stoi-

chiometry. This proves problematic for bioconjugation applications, as it results in many

polymer chains containing either zero or two terminal groups amenable to a chosen conju-

gation reaction. This lowers conjugation efficiency, reduces predictability, and results in

"looped" polymers conjugated at both ends. Heterodifunctional polymers have reliably

asymmetrical terminating groups, enabling more reliable surface grafting, bioconjugation

and other post-polymerization reactions.

In this work, we propose a new class of heterodifunctional zwitterionic polymers and

three constituent variations, eachwith the cationic aminemoiety contained in the functional

polymer backbone. The basic illustration to the right shows the key difference between cur-

rent polyzwitterions and these new "linear" polyzwitterions, and the key differences be-

tween each type is summarized in Table 3.1.

All three types are formed through step-growth, Michael-type polyaddition reactions.

The first type is a PAA-based, denoted poly(amidocarboxybetaine) (PACB), containing alter-

nating carboxybetaine and hydrolytically stable amides in the main chain. We expect PACB

to maintain a stable molecular weight in physiological conditions and be especially useful

for applications necessitating long-term stability, circulation, or implantation. The second

type is PBAE-based, though also derived from a single ‘A-B’-type monomer. We denote this

type poly(estercarboxybetaine) (PECB), and it contains alternating carboxybetaine and hy-

drolytically labile esters along itsmain chain. This biodegradable zwitterionic polymermay

be optimal in short-term drug and gene delivery formulations—a hydrophilic analogue to

hydrophobic polyesters like PLGA and amphiphilic ones like most PBAEs. The third type,

poly(sulfidecarboxybetaine) (PSCB), is derived from a zwitterionic monomer that contains
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a thiol group in addition to the betaine functionality. This thiol is designed to participate

in the polyaddition reaction in place of the cationic ammonium, which may enhance the

reaction efficiency and simplify post-polymerization modification steps.91–93

3.3 Methods

3.3.1 Synthesis of PACB

A schematic outlining the synthesis of poly(aminocarboxybetaine) is shown in Fig. 3.3.

Briefly, aminoethylmethacrylamide is added to tert-butyl 3-bromoproionate in THF to form

an acrylamidemonomer containing a secondary amine and tBu-protected carboxylate (Fig. 3.3a).

Then, the ester is removed under acidic conditions using TFA (Fig. 3.3b) and themonomer is

placed in a basic aqueous solution (pH=9, adjusted with triethylamine) to initiate Michael-

type polyaddition (Fig. 3.3c). The reaction is allowed to proceed at room temperature for

up to one week. Finally, iodomethane is added to quaternize the tertiary backbone amines

and produce a zwitterionic PACB (Fig. 3.3d). Polymers are purified by dialysis.

Figure 3.3 – Scheme showing typical synthesis of heterodifunctional zwitterionic PACB. a)
‘A-B’-type monomer syntheized in one step reaction. b) Monomer deprotection (can also oc-
cur following polymerization). c) Polymerization through Michael-type polyaddition in mild
aqueous basic conditions. Alternate conditions and catalysts are also under investigation. d)
Methylation of tertiary amines in backbone for truly zwitterionic polymer.

3.3.2 Synthesis of PECB

Aschematic outlining the synthesis of poly(estercarboxybetaine) is shown in Fig. 3.4. Briefly,

aminoethyl methacrylate is added to tert-butyl 3-bromoproionate in DCM to form an acry-
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latemonomer containing a secondary amine and tBu-protected carboxylate (Fig. 3.4a). Then,

the ester is removed under acidic conditions using TFA (Fig. 3.4b), which were chosen

to avoid degrading the acrylate ester. The monomer is placed in triethylamine to initiate

Michael-type polyaddition (Fig. 3.4c). Reaction is allowed to proceed at room tempera-

ture for up to one week. Finally, iodomethane is added to quaternize the tertiary backbone

amines and produce a zwitterionic PECB (Fig. 3.3d). Polymers are purified by dialysis at

4°C. Synthesis procedures are substantially similar to PACB, with extra care taken not to

hydrolyze the backbone esters prematurely.

Figure 3.4 – Scheme showing typical synthesis of heterodifunctional zwitterionic PECB. a)
‘A-B’-type monomer syntheized in one step reaction. b) Monomer deprotection in basic condi-
tions. c) Polymerization throughMichael-type polyaddition in triethylamine to avoid hydrolysis
in aqueous solution. d) Methylation of tertiary amines in backbone.

3.3.3 Synthesis of PSCB

A schematic outlining the synthesis of poly(sulfidecarboxybetaine) is shown in Fig. 3.5. This

synthesis differs markedly from PACB and PECB, and care is taken throughout not to ox-

idize thiol groups so as to avoid disulfide formation. In part I, a tBu-protected acrylate

monomer containing a tertiary amine is formed (Fig. 3.5, A). In part II, a trityl-protected,

bromoacetamide thiol component is produced (Fig. 3.5, B). Finally, these two molecules

are reacted in acetonitrile at 70 °C to generate the trityl-protected monomer used to pro-

duce PSCB. Next, this monomer is deprotected and polymerized in one pot to minimize the

chance of disulfide formation after deprotection. To deprotect the thiol, triethylsilane and

TFA are added in a 1:2 volume ratio to the protected monomer dissolved in degassed DCM

with a stir bar. The reaction is ventedwith a needle and stirred rapidly for 15min until color
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change indicates the deprotection is complete. The triethylsilane acts as a scavenger to pre-

vent reprotection of the thiol. The solution is once again degassed and polymerization is

initiated by adding TEA (basic catalyst) or hexylamine (nucleophilic catalyst). Polymeriza-

tion reaction is stirred for 48 h and watched for color or viscosity changes. Finally, product

is purified through repeated precipitation and dialysis.

Figure 3.5 – Synthesis of CB-SH monomer and PSCB
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3.3.4 Polymer characterization

PACB, PECB, and PSCB molecular weights were first analyzed for their molecular weight

using aqueous gel permeation chromatography (GPC) (Agilent 1200 Separations Module)

fitted with a Wyatt refractive index detector and a Waters Ultrahydrogel 250 column. The

buffer solution (0.05MTris buffer + 1.0MNaCl)was used as the eluentwith a flow rate of 0.5

mL/min at 35°C. All sampleswere filtered through 0.2micron PTFEfilters prior to injection.

The system was calibrated with narrow molecular weight polyethylene oxide standards.

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-

TOF MS) spectra of crude and purified samples were obtained in both linear and reflected

modes. Each polymer was mixed with DHB or CHCA matrix and spotted on a steel plate,

then allowed to dry at room temperature. Using a Bruker Autoflex II, mass spectra were ob-

tained,with the laser power adjusted for each sample anddependent onmatrix andpolymer

concentration. While polymer characterization via MALDI-TOF is less common than GPC,

this method is growing in popularity due to improvements in spectrometer sensitivity.94

3.4 Results and discussion

While step-growth polymerization can present some challenges in obtaining products of

lowpolydispersity and highmolecularweight, it enables fundamentally different structures

and functionality than typical chain-growth, radical-mediated strategies. For the majority

of polymerizations, both GPC and MALDI-TOF analysis found predominantly oligomers

of 3-15 monomers in length.

3.4.1 PACB synthesis and characterization

While this variation initially appeared to be the most straightforward, we have experienced

some challenges in its synthesis. First, the secondary amine critical to the polyaddition re-

action is the same moiety destined to be the cationic charge in the final polymer. While this

results in one of the most structurally simple forms of amidoamine-backbone PCB, it also

means that molecular modifications of and near the zwitterions can also affect the poly-

merization kinetics. This may be the biggest challenge in obtaining high molecular weight

polymers of this class. Our previous work has demonstrated the hydration and nonfouling

character of polyzwitterions to decrease rapidlywith a three-or-more carbon length distance

between the charged groups.32 This suggests that for any polymer architecture, there is an

apparent ceiling on the zwitterionicmoiety spacing before key hydration properties are lost.
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Sample Solvent Conditions Mn (kDa)

PACB-1 water/CaCl2, pH 8.5 (NaOH) 25°C, 6 d 1.6

PACB-2 water, pH 8.5 (TEA) 40 °C, 5 d 8.5

PACB-3 water, pH 9 (NaOH) 25 °C, 11 d 4.1

Table 3.2 – GPC characterization of PACB synthesis

At the same time, work by Ferruti has reported extremely slow reaction rates for symmetri-

cal PAAs using alpha amino acids such as glycine,88 but reasonable rates for species such as

β-alanine. It is with these constraints we chose the ethyl spacer when designing the PACB

and PECB monomers.

Based on GPC characterization, we achieved slow but progressive polymerization of

PACB in aqueous basic conditions. A summary of the molecular weights achieved as deter-

mine by GPC comparison with PEG standards is shown in Table 3.2. In addition, we used

MALDI-TOF to characterize PACB polymers. As shown in Fig. 3.7, the signal decreases

substantially as the molecular weight increases, though the distance between major peaks

indicates short polymers (or long oligomers) were formed. We are conducting further tests

to determine if this is an accurate characterization method for this polymer.
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Figure 3.6 – PEGMWstandard curve used for GPC characterization of PACB and PECBpolymers
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Figure 3.7 – MALDI-TOF mass spectrum of PACB polymer/oligomers

3.4.2 PSCB synthesis and characterization

The PSCB variation of this class is advantageous in that neither the zwitterionic moiety (nor

precursors to it) are involved in the polymerization reaction. This makes it easier to adjust

the structure of each part to optimize the overall characteristics of the polymer. Also, in ad-

dition to Michael-type polyaddition synthesis, the acrylic moiety could be substituted with

an alkene to be more reactive under thiol-ene "click" conditions, such as norbornene.95–98

MALDI mass spectra of the protected CB-SH monomer and resulting PSCB polymer are

shown in Figs. 3.8 and 3.9.

3.4.3 Use of nucleophilic catalysts

While mild basic conditions are typically used for polyaddition-based synthesis of PBAEs

and PAAs, nucleophilic catalysis has recently been shown to improve reaction efficiency,

in some cases considerably. Relevant catalysts in this class include hexylamine and triph-

enylphosphine.93 One issue with any type of step-growth polymerization as compared to

chain-growth methods is only low-molecular weight products are obtained until very high

conversion is reached. This has inspired us to further tune the PSCB strategy to utilize thiol-

ene photopolymerization, which can bemore rapid thanMichael additions. For this, we are

in the process of designing amonomer incorporating a norbornene group in addition to the
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Figure 3.8 – The protected CB-SH monomer was easily detected with MALDI-TOF mass spec-
troscopy, suggesting this may be the best method to analyze the polymer.
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Figure 3.9 – PSCB polymer as characterized by MALDI-TOF MS.

thiol, as this group has been reported the most reactive in these reactions.

3.4.4 Protein conjugation

In future work, we plan to conjugate these polymers to model enzyme β-lactamase. This

is a naturally stable and well-characterized protein produced by E. coli, and many surface

amines are available as conjugation sites. In one potential conjugation strategy, a crosslinker
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will be attached to the enzyme as reported previously.40 Themodified enzymewill be char-

acterized with MALDI-TOF, which was shown to work well in our recent work reporting

amino acid conjugation.18 Enzymatic stability will then be assayed through temperature,

salt, and chemical denaturant challenges, and the remaining activity measured with nitro-

cefin color change.

3.5 Conclusions

We have designed a new polymerization strategy aiming to combine the hydrophilicity of

current zwitterionic polymers with advantages of more flexible and degradable biomate-

rials. These step-growth change the spacing of CB moieties and move the amines to the

backbone, while incorporating labile esters, stable amides or thioethers between each zwit-

terionic group. While promising, the majority of products obtained were of insufficient

molecular weight for protein conjugation.
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Chapter 4

HYDROGEL CHEMISTRY FOR IN SITU CELL ENCAPSULATION

4.1 Chapter overview

In this chapter, I present cytocompatible anddegradable thiol-based crosslinking chemistries

aimed to enable in situ-forming PCBAA hydrogels for stem cell expansion. First, PCBAA

star polymers (spCB) were synthesized found to be cytocompatible. These star polymers

were end-modified with either thiol (spCB-SH) or disulfide pyridine (spCB-DP) groups to

enable cytocompatible in situ gelation via a thiol-disulfide exchange reaction. Several cell

lines including mesenchymal stem cells were encapsulated in this hydrogel, and demon-

strated high expansion rates of 25–30-fold in two weeks. Through analyzing characteristic

biomarkers and gene expression, we found spCB-expanded hMSCs to retain their multi-

potent phenotype and full differentiation potential. As most non-zwitterionic biomaterial

platforms provide encapsulated cells with nonspecific interactions that trigger phenotype

change and contribute to cellular senescence, this spCB platform is a useful 3D growth plat-

form that avoids damaging encapsulation chemistries and difficult recovery procedures.

4.2 Introduction

As the clinical importance of cell-based therapies continues to grow, the ability to suffi-

ciently and reliably expand cells ex vivo is proving to be a key challenge; cells frequently lose

bioactivity and change their phenotype when expanded using typical culture platforms,

which dramatically reduces their therapeutic value. As a large and homogeneous popula-

tion of mesenchymal stem cells (hMSCs) is needed for their clinical use, the limited number

of cells obtained fromaprimary culture or patientmust typically be expanded throughmul-

tiple passages. Cells are routinely cultured on 2D hydrophobic surfaces or in stirred biore-

actors, but these methods expose cells to many nonspecific material interactions, promote

aggregation, and exhibit progressive losses in bioactivity.99 Increasing evidence highlights

the importance of mechanical signals or environmental interactions to the long-term fate of

cultured cells; these signals can trigger phenotype change or differentiation independent

of biochemical cues.26 Maintaining stem cell multi- or pluripotency during in vitro expan-
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sion is particularly important and challenging, deeply affecting the study and application

of these sensitive cells.

A promising way to tackle this long-standing problem is culturing cells in a biomimetic

3D niche thatmore accuratelymodels their in vivo extracellularmatrix.26 However, very few

biomaterials are suitable for 3D culture platforms due to concerns about their long-termbio-

compatibility and immunogenic potential. Hydrophilic polymers are desirable tominimize

unwanted interactions, and many cell scaffolds have thus been based on the perennially

popular poly(ethylene glycol) (PEG).100 However, PEG is actually amphiphilic instead of

purely hydrophilic as generally assumed, and is under increasing scrutiny as reports of its

immunogenicity suggest it is not as bio-inert as originally thought. Among next-generation

biomaterials that improve upon PEG’s weaknesses, zwitterionic polymers, and particularly

poly(carboxybetaine) (PCB), are unique for several reasons. A hydrogel matrix constructed

exclusively from PCB will provide zero nonspecific signals to encapsulated cells—we re-

cently found this unique characteristic to result in mesenchymal stem cells temporarily ‘los-

ing’ their ability to differentiate inside pure PCB hydrogels.44 The carboxyl group in each

monomer side chain can be functionalized using straightforward EDC/NHS chemistry to

immobilize biomolecules with a high efficiency and capacity, and unreacted groups can

be easily restored to their original nonfouling state. In one example, the important cellu-

lar recognition and adhesion peptide RGD can be functionalized to PCB in this way while

maintaining the polymer’s overall zwitterionic character. These combined attributes make

PCB particularly amenable to specifically targeting desired biomolecules or promoting inte-

grin mediated cellular adhesion while remaining highly resistant to any other non-specific

interactions. In contrast, PEG and its derivatives are relatively difficult to functionalize, and

unreacted activated carboxylate or amine groups still carry charge and remain as fouling

moieties after this process.

We have typically used free radical polymerization to produce pCB hydrogels in our

previous work.101 This often makes dialysis or prolonged soaking necessary to remove all

unreacted monomers and initiators, and if cells are encapsulated during gelation the free

radicals generated can cause irreversible cellular damage and compromise their viability

and function. This damage is especially concerning for sensitive and clinically valuable

cell lines such as stem cells. To avoid free radical exposure, injectable or thermoresponsive

hydrogels incorporating zwitterionic components have been reported, that can gel under

physiological conditions without radical-mediated chemical crosslinking.102 However, all
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of these "injectable" hydrogels have been based on copolymers with zwitterionic and hy-

drophobic portions; if used as a stem cell scaffold, the hydrophobic content in these copoly-

mers will trigger differentiation as we have demonstrated. A strategy for forming a purely

zwitterionic hydrogel under physiological conditions is highly desirable for this reason.

In the strategy presented here, we synthesized four-arm, star-shaped PCB (spCB), and

modified their termini with complementary reactive moieties—either thiols (spCB-SH) or

disulfide pyridine groups (spCB-DP). These two functionalized star polymers can be sim-

ply mixed to spontaneously form a disulfide-crosslinked, bioreducible and fully zwitteri-

onic hydrogel. As this gelation process generates no cytotoxic species or free radicals, we

applied this platform to cell encapsulation and expansion. We hypothesized the purely

zwitterionic and degradable spCB network may present an effective matrix for the expan-

sion of therapeutic cell lines, while preserving their bioactivity and phenotype. To test the

suitability of spCB hydrogels for this purpose, we encapsulated and expanded several cell

lines, including human mesenchymal stem cells (hMSCs). We then used immunofluores-

cent sorting, histological marker staining andmRNA expression to evaluate their expansion

rates, phenotype, multipotency and differentiation potential.

4.3 Methods

4.3.1 Zwitterionic star polymer synthesis

PCBAA star polymerswere synthesized using atom-transfer radical polymerization (ATRP)

as previously reported and briefly summarized in Figs. 4.1 and 4.2. In brief, appropriate

amounts of carboxybetaine acrylamide (CBAA), 2,2’-bipyridine (BPY) catalyst, and tetra-

functional initiator pentaerythritol tetrakis(2-bromoisobutyrate) were placed in a 10 mL re-

action tube. The mixture was subjected to three freeze-pump-thaw cycles, and equilibrated

at room temperature for 20 min before water and methanol were added at a 1:1 ratio. The

polymerization reaction was stirred at room temperature for 8 h, after which the polymer

product was treated with alumina, recovered, and purified by precipitation twice into ace-

tone. Desiredmolecularweights of the polymerswere tuned by adjusting the stoichiometric

ratio between the monomer and the initiator. Polymers were then partially functionalized

with cyclic RGD to mediate cell attachment via an EDC/NHS reaction, using conditions

previously reported. Star-shaped pCBAA (spCB) samples with targeted molecular weights

of 5, 20, 50, 80 and 120 kDa were synthesized.
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Figure 4.1 – Star-shaped PCB (spCB) strategy for cytocompatible cell encapsulation. a) Br-
terminated spCB synthesized with ATRP at various molecular weights, and functionalized with
cRGD to mediate cell attachment. b) End groups modified to primary amine groups to en-
able EDC/NHS functionalization with complementary thiol and disulfide pyridine groups. c)
Batches of spCBwere functionalized with each terminal group and solutions of each were mixed
with cells. d) Complementary spCB termini react in situ to form a soft matrix for cell expansion.

4.3.2 Star polymer functionalization

Purified spCB polymers were first end-functionalized with azide (N3) groups by reacting

2 g of each polymer with 50 mg of sodium azide for 48 h in water at room temperature.

N3-functionalized polymers were purified using dialysis and lyophilized. Azide groups

were then reduced to NH2 using a MCM-Silylamine Pd(II) Complex, which was prepared

as previously reported. Here, 1.5 g of azide-terminated spCB and 10mg ofMCM-Silylamine

Pd(II) Complex were dissolved in 10 mL of methanol and reacted for 3 h at room tem-

perature, after which the complex was removed by filtration and the polymer dried un-

der vacuum. To functionalize spCB with thiol (SH) or disulfide pyridine (DP) groups, 3-

Mercaptopropionic acid or 3-(2-Pyridyldithio) propanoic acid, respectively, were used. In

brief, equimolar amounts of N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochlo-

ride (EDC) (Sigma) and N-Hydroxysuccinimide (NHS) (Sigma) were added an aqueous so-

lution of 3-Mercaptopropionic acid or 3-(2-Pyridyldithio) propanoic acid. After incubation

at 25°C for 1 h to activate the carboxylate group, 1 g of NH2-terminated spCB was added to

each activated reagent. The molar concentration of in the reaction solution was set at 100

µM. The reaction proceeded for 24 h at 25°C before purification via LC-MS. The efficiency

of the reaction was also calculated by LC-MS (Yield 68%).
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Figure 4.2 – sPCB synthesis and functionalization. CBAA monomer (1) was functionalized
with cRGD (2) to mediate cell attachment. A tetrafunctional initiator (3) was used to initiate an
ATRP reaction forming the star PCB polymers of various molecular weights (4). End groups
were modified azides (5), after which azide groups were then reduced to NH2 using a MCM-
Silylamine Pd(II) Complex (6) Batches of spCB were functionalized with each terminal group (I
and II) once again using EDC/NHS to produce spCB-SH (7) and spCB-DP (8).

4.3.3 Characterization and purification of spCB polymers

An Agilent 1200 LC 6520 Q-Tof MS system was employed to purify the functionalized star

polymers and quantify the efficiency of the conjugation reactions. In brief, after the reaction,

functionalized star polymer sample was injected. The chromatographic separationwas per-

formed in hydrophilic interaction chromatography (HILIC)mode on a SeQuant ZIC-cHILIC

column (150 x 2.1 mm, 3.0 µm particle size, Merck KGaA). The flow rate was 0.500 mL/min,
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auto-sampler temperature was kept at 4°C, the column compartment was set at 40°C, and

total separation time for both ionization modes was 40 min. The mobile phase was com-

posed of Solvents A (5 mM ammonium acetate in 90% H2O/10% acetonitrile + 0.2% acetic

acid) and B (5 mM ammonium acetate in 90% acetonitrile/10% H2O + 0.2% acetic acid).

TheQ-Tofmass spectrometerwas equippedwith an electrospray ionization (ESI) source.

The instrument was controlled by an Agilent Mass Hunter Workstation (Agilent Technolo-

gies). The ESI voltage was set at 3800 volts. The source gas was N 2 (99.999% purity). The

ion source conditions in positive mode were: drying gas = 10 L/min, nebulizer gas = 45 psi,

temperature = 325°C. The extracted ion chromatography (EIC, 3-Mercaptopropionic acid

m/z=106.14, 3-(2-Pyridyldithio) propanoic acid m/z=312.36) peaks were integrated using

Agilent Mass Hunter Qualitative Analysis software (Agilent Technologies). The function-

alized star polymers were purified by the LC system and obtained via lyophilization.

The functionalization efficiency (FA) was determined using:

FA =
Vc − Vf
Vc

∗ 100%

whereV f is the integrated value of the free 3-Mercaptopropionic acid or 3-(2-Pyridyldithio)

propanoic acid after the reaction andV c is the integrated value of the free 3-Mercaptopropionic

acid or 3-(2-Pyridyldithio) propanoic acid in the aqueous solutions in which no coupling

agents (EDC or NHS) were added.

Molecularweights of the polymerswere determinedusing aqueous gel permeation chro-

matography (GPC) (Waters 2695 Separations Module) fitted with a Waters 2414 refractive

index detector and a Waters Ultrahydrogel 250 column (7.8 mm 300 mm). The buffer solu-

tion (0.05M Tris buffer + 1.0 MNaCl) was used as the eluent with a flow rate of 0.5 mL/min

at 35°C. All samples were filtered through 0.2 micron PTFE filters prior to injection. The

system was calibrated with narrow molecular weight polyethylene oxide standards.

4.3.4 Cytotoxicity evaluation

The polymers were dissolved directly in the cell culture medium at 10 mg/mL. NIH-3T3,

COS-7, HEK293 and hMSC cell lines (ATCC) were plated at 2 x 10 4 cells/mL in a 96-well

tissue culture treated plate and incubated at 37°C in 5% CO2 and 100% relative humidity.

After culture for 24 h, the culture medium was removed and 100 uL of monomer solution

was added in each well. Fresh medium was used as a control. After the cells were exposed

to the polymer-containing medium for how long, the medium was removed and the cells
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were rinsed with PBS. AnMTT assay was then used to evaluate cell viability after exposure

to each spCB polymer. 100 uL of MTT solution (5 mg of MTT/mL serum-free DMEM) was

added to each well and incubated for 4 h, then replaced with 100uL of DMSO per well. The

optical absorbance of formazan production was measured at 570 nm (OD570) and 630 nm

(OD630). The relative cell viability (RCV) was calculated using the following equation:

RCV =
OD570treated −OD630treated
OD570control −OD630control

∗ 100%

4.3.5 Hydrogel preparation and characterization

Degradable spCBhydrogelswere prepared via a disulfide exchange reaction between spCB-

SH and spCB-DP. SpCB-SH was dissolved in 100 uL PBS to make a 5% (w/v) solution.

Three amounts of spCB-DP (0.5, 1, and 2 mg) were added to the spCB-SH solution and

mixed briefly to initiate gelation. Gelation was monitored by inverting the tubes until the

gel solution stopped flowing.

Dynamic viscoelasticity of the spCBhydrogelswasmeasuredwith aKinexus Pro rheome-

ter (Malvern) using parallel plates 40-mm in diameter and a plate-to-plate distance of 900

µm. The frequency-sweep spectra were recorded in a constant-strain (10%) mode over

the frequency range of 0.1-100 rad/s at 25°C. The time-sweep spectra were recorded at

a constant-strain (10%) mode and constant frequency of 10 rad/s over time at 25°C. The

strain-sweep spectra were recorded in a constant frequency of 10 rad/s over the strain range

of 0.01-10 at 25°C. The temperature dependence of the storage and loss moduli was deter-

mined by oscillatory shear deformation over a temperature range of 20°C to 50°C.

4.3.6 Cell encapsulation, expansion, and recovery

Four cell types (NIH3T3, COS-7, HEK293, and hMSC, all fromATCC) were encapsulated in

the spCB hydrogels, all at seeding densities of 2x105 cells/mL. To encapsulate cells, cells

were suspended in their appropriate media and mixed with media aliquots containing

spCB-SH and spCB-DP, with each star polymer at a final concentration of 5% (w/v) to allow

gelation. The resulting hydrogels embedded with cells were incubated at 37°C in 5% CO2

and 100% relative humidity to promote cell expansion. Immediately after encapsulation,

selected cell-hydrogel constructs for each cell type were assayed for viability. For this via-

bility test, constructs were stained with 1 mg/ml fluorescein diacetate (FDA) and 1 mg/ml

propidium iodide (PI) for 30 min at 37°C in the dark. The samples were then washed with
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a large amount of PBS and observed under a Nikon Eclipse TE2000-U flurorescence micro-

scope. The initial viability was calculated as the number of live cells/the number of total

cells*100(%).

After a specified number of days of culture (3, 5, 7, 9, 11, and 15), the cell-laden hydro-

gels were incubated with hydrogel-dissociation medium (cell medium containing 2 mM

L-cysteine) at 37°C for 30 min, and cells were recovered upon hydrogel decomposition and

then collected by centrifugation. Cells were stained with Trypan blue, and their viability

and proliferation rate was calculated using a hemacytometer. The rate of cell expansion

was also determined by staining for DNA and glycosaminoglcan (GAG) content in each

hydrogel. After each chosen time point, cell-hydrogel constructs from each group (n=5)

were recovered and dehydrated by lyophilization. The dried constructs were then crushed

with a tissue grinder and digested in 1 mL of papainase for 15 h at 60°C. The DNA content

(nanograms of DNA per milligram dry weight of the hydrogel) was determined by staining

withHoechst 33258 andmeasuring fluorescence (Ex 352 nm, Em 461 nm). The GAG content

was determined by chondroitin sulfate using dimethylmethylene blue dye.

4.3.7 Mesenchymal stem cell differentiation

Multicolor analysis for progenitor and stem cell phenotyping was performed on a LSR II

flow cytometer (Becton Dickinson). Cells were stained in staining media (HBSS supple-

mented with FBS [2%] and EDTA [2 mM]) at 4°C for 1 h with Alexa Fluor®647 anti-STRO-1

(Biolegend), FITC anti-ALCAM (AbD Serotec), then washed with staining media and ana-

lyzed. At least 10,000 events were acquired for each analysis.

To test gene expression of hMSCs cultured in spCB hydrogels, constructs were removed

from culture media at specified time points and assayed with quantitative real-time PCR

(qRT-PCR). The constructs were transferred to TRI Reagent (Sigma) in RNase-free test tubes

and homogenized with a tissue homogenizer. Total RNA was extracted according to the

manufacturer’s instructions. Total RNA for each sample was quantified with a UV spec-

trophotometer and converted to cDNA using the QuantiTect Reverse Transcription Kit. Af-

ter amplification using SYBR Green PCR Master mix (Qiagen), thermocycling was carried

out in a solution with primers (Integrated DNA Technologies) and cDNA. PCR conditions

were as follows: 15 s at 94°C, 30 s at 55°C, and 30 s at 72°C. Here, we used RNase-free DNase

(Qiagen) to prevent genomic DNA contamination.

To test for differentiation of expanded hMSCs encapsulated in spCB hydrogels, hydro-
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gel constructs were first cultured in basal medium for 3 days. Following this time point, the

basalmediumwas replacedwith bipotential differentiationmedium to promote adipogenic

and osteogenic differentiation of hMSCs. This medium contained: low glucose DMEM

supplemented with 20% FBS and 1% penicillin/streptomycin (Invitrogen); an adipogenic

supplement: 1 µM dexamethasone, 50 µM indomethacin (Sigma), 0.5 µM 3-isobutyl-1-

methylxanthine (IBMX; Sigma) and 10 µg/mL human recombinant insulin (Invitrogen);

and an osteogenic supplement: 10 mM β-glycerol phosphate (Sigma) and 50 µg/mL ascor-

bic acid (Sigma). Media changeswere performed every 3 days. As a parallel control, amixed

adipogenic/osteogenic inductivemediawasmade by combining commercially available os-

teogenic and adipogenic inductive media (R&D Systems) in a 1:1 ratio and supplementing

with 1% (v/v) penicillin-streptomycin (Gibco). Themixedmedia was also used for differen-

tiation experiments and no significant difference was observed compared to the lab-made

bipotential differentiation medium.

After incubation for one week, cell-hydrogel constructs were fixed in 4% paraformalde-

hyde in PBS for 8 hours, transferred to 30 wt% sucrose for 72 h, frozen in Cryo-gel (In-

strumedics, Inc.) and cryosectioned (10 µm sections) to prepare for histological staining.

Osteogenic marker alkaline phosphatase (ALP) was visualized by staining with Fast Blue

BB (Sigma), while lipid accumulation was examined by staining with Oil Red O (Sigma) to

assay adipogenic activity. The total cell counts were obtained by staining the nuclei with

DAPI. The percentage of hMSCs that differentiated down an osteogenic or adipogenic path-

way was calculated by dividing the number of cells stained positive for ALP or lipids by the

total cell counts, respectively. Colormicrographswere acquired using aNikon E800 upright

microscope.

Examination and quantification of histological sections was done by three independent

researchers blinded to sample identity with at least five random images/fields in each sec-

tion per sample. A two-tailed Student’s t-test was used for all statistical analyses, with

*p<0.01 being considered as statistically significant.

4.4 Results

4.4.1 Star polymer cytotoxicity and hydrogel mechanical properties

We synthesized spCBs targeting a wide range of molecular weights (MWs), ranging from

5 kDa to 120 kDa. Modifying the ratio between monomer and initiator in the initial poly-

merization reaction tuned the degree of polymerization, and we found the conversion to
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Polymer (MW target) Monomer : Initiator Mn (kDa) Conversion (%)

spCB-5K 5 : 1 4.2 73%

spCB-20K 20 : 1 17.8 76%

spCB-50K 50 : 1 42.7 76%

spCB-80K 80 : 1 73 80%

spCB-120K 120 : 1 103 79%

Table 4.1 – Targeted and characterized molecular weights of spCB samples

be high (between 70-80%) upon characterizing the polymers with GPC. The targeted and

characterized MWs of all spCBs along with their polymerization conditions are shown in

Table 4.1.

Then, we exposed cell lines to each spCB sample to ascertain their cytotoxicity. As

shown in Fig. 4.3, the higherMW spCBswere nontoxic to all cell lines, as we expected based

on the demonstrated cytocompatibility of linear pCB. The lower MW spCB polymers and

oligomers (each ‘arm’ of 5-kDa spCB is only ∼4-5 monomers in length) resulted in lower

cell viability, possibly due to the reduced ratio of nontoxic zwitterionic moieties to the re-

quired initiator component. We thus used high-MW spCB for further cell encapsulation

and expansion experiments.
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Figure 4.3 – Star-shaped PCB (spCB) of varying molecular weights was tested for cell com-
patibility. spCB polymers 50-kDa and higher were nontoxic to cells because of the plentiful
zwitterionic groups.
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We next examined how the molecular weight of spCBs influenced the mechanical and

viscoelastic properties of corresponding spCB hydrogels. As all hydrogels formed were

designed to be very soft to allow robust cell expansion, the tensile strength and compressive

modulus measured with an Instron instrument were imprecise and rotational rheometry

proved to be a better characterization approach. To measure the dynamic viscoelasticity of

each spCB sample, we conducted a time sweep at constant strain (10%) and frequency (10

rad/s) and assessed themaximum storage (G’) and loss (G") moduli reached upon gelation.

When functionalized spCBs of a low MW (spCB-5K and spCB-20K) were mixed to initiate

crosslinking and examined rheologically, G" remained greater than G’ through the time

sweep, indicating insufficient crosslinking to form a free-standing elastic hydrogel at the

concentration used for cell encapsulation. In comparison, spCBs of high MW displayed

higher elasticity, forming soft elastic hydrogels with G’ and G" both between 200 and 400

Pa. This data is shown in Fig. 4.4.
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Figure 4.4 – Star-shaped PCB (spCB) of varyingmolecularweightswere tested using time sweeps
at constant strain (10%) and frequency (10 rad/s) to find their maximum elastic and viscous
moduli after gelation

4.4.2 Cell expansion in and recovery from spCB hydrogels

We encapsulated cells in spCB hydrogels and assessed their viability after 14 days of expan-

sion. As shown in the Live/Dead-stainedmicrographs in Fig. 4.5a, all cells showed excellent

(over 95%) viability after expansion in spCB gels.

To quantify expansion, we immersed cell-hydrogel constructs in dissociation media and

counted viable cells after recovery. Fig. 4.5b displays the expansion rate of each cell line,

which were all between 25x and 35x. These expansion rates were corroborated by quan-
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Figure 4.5 – Left: Micrographs of LIVE/DEAD stained cells after 14 days of culture in spCB
hydrogels. Right: Fold expansion of each line after 14 days, from counting.

tifying total DNA and glycosaminoglycan (GAG) content in dried cell-hydrogel constructs

using fluorescent markers; DNA content increased between 3000 and 3500% and GAG con-

tent increased between 4000 and 6000%. The DNA and GAG content found at each time

point are shown in Fig. 4.6.
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4.4.3 Preservation of mesenchymal stem cell bioactivity

Robust cell expansion is only clinically useful if expanded therapeutic cells maintain their

bioactivity or specific functionality. In the case of hMSCs, multipotency after expansion

must be maintained so their differentiation pathway can be deliberately chosen for optimal

therapeutic benefit. To test the multipotency of hMSCs expanded in spCB gels, we used

immunofluorescence staining to visualize the expression of multipotency biomarkers AL-

CAM and STRO-1. As shown in Fig. 4.7a, we used flow cytometry to count cells expressing

these biomarkers after one week of culture in spCB gels or in standard tissue culture flasks

and compared them to themultipotent cells initially seeded. The hMSCs expanded in spCB

hydrogels displayed positive expression of both biomarkers, equivalent to the population

initially seeded. In contrast, hMSCs expanded in a flaskwere heterogeneous inALCAMand

STRO-1 expression, with around half of the population appearing to lose multipotency.

To further examine hMSC differentiation or multipotency, we used qRT-PCR to quan-

tify the expression of mRNA characteristic to adipogenic (ADIPOQ, FABP4, LPL, PPARG)

or osteogenic (COL1A1, OCN, OPN, RUNX2) lineages. After one week, none of these genes

showed significantly enhanced expression in hMSCs cultured in spCB hydrogels, suggest-

ing neither adipogenic nor osteogenic fates had been chosen by the cells. The expression

measured for all genes relative to the initial population is shown in Fig. 4.7b. Notably, hM-

SCs that have conclusively chosen an adipogenic or osteogenic lineage typically show be-

tween 100x and 10000x higher expression of these characteristic mRNAs.

We finally recovered the hMSCs expanded in spCB gels or in flasks and cultured them

in bipotential (adipogenic and osteogenic) differentiation-promoting media. In this way,

we could assay their functional bioactivity and therapeutic potential after expansion. After

one week of culture, cells were fixed and histologically stained with Fast Blue salts to mark

osteogenic expression of alkaline phosphatase (ALP), and with Oil Red O to examine lipid

accumulation characteristic of adipogenesis. As shown in Fig. 4.7, therewas no difference in

the differentiation capacity of the initial hMSC population and cells expanded in spCB gels,

indicating their full bioactivity was preserved during expansion. Conversely, hMSCs ex-

panded in flasks displayed a significantly reduced ability to differentiate down adipogenic

and osteogenic lineages, signifying a loss in functional bioactivity.
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Figure 4.7 – a) Flow cytometry analysis of immunofluorescently stained expanded cells from
spCB hydrogels compared to a control flaskmade of TCPS. b) Expression ofmRNA characteristic
to adipogenic (red) and osteogenic (blue) lineages. c) Differentiation rate of expanded MSCs,
analyzedwith histological staining. The spCB-expanded populationwas functionally equivalent
to the original stock, whereas control populations cultured on TCPS lost substantial bioactivity.

4.5 Discussion

The challenge of expanding a patient’s lifesaving cells ex vivowhile maintaining their bioac-

tivity calls for interdisciplinary collaboration. In the case of stem cell expansion, its be-

coming clear that biochemical signals and physical interactions between a stem cell and

its niche are both key to triggering differentiation or maintaining multi- or pluripotency.

While several reports have claimed hydrogel scaffold stiffness is the key physical trigger of

differentiation lineage in these systems, we believe this is an incomplete explanation of the

phenomenon. Truly hydrophilic polyzwitterions, especially PCB, have unlocked deeper

studies of cell-biomaterial interactions since PCB itself presents no nonspecific cues to cells
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but can be easily functionalized to induce specific signaling or binding.44 Notably, when

we cultured mesenchymal stem cells in PCB hydrogels in our previous work, we found the

material stiffness irrevelvant to whether stem cells remain multipotent or commit to a differ-

entiated lineage; instead, precise tuning of nonspecific interaction sites in the hydrogel drives

fate choice, and these can be controlled independently of modulus. Pure PCB hydrogels

can maintain stem cell multipotency for an unprecedented length of time,44 and if we add

photo-switchable moieties to the network we can reversibly trigger differentiation through

specified wavelength exposure.45

This advance encouraged us to explore key applications in which premature cell phe-

notype change or senescence in vitro is bottlenecking advances in cell-based regenerative

medicine. Many treatments require growing a substantially expanded yet homogeneous

cell population in which expanded cells must retain their potency and specific bioactivity.

Although cell populations are routinely expanded in flasks and bioreactors, nonspecific in-

teractions from growth surfaces or aggregation reduce the usefulness of the population as

they exhaust their limited lifespan and change phenotype unpredictably. Many of these

same cell types are sensitive to external inputs such as UV light, so encapsulation through

a radical-mediated gelation reaction can also cause damage.

The spCB zwitterionic star polymers we developed in this work present several advan-

tages for cell expansion. First, polymerization and end-group functionalization both occur

independently of any cell interactions, so we were able to carefully tune spCB molecular

weight through robust living polymerization procedures as detailed in Table 4.1. Any un-

reacted reagents were removed after functionalization with LC-MS purification so sensitive

cells are only exposed to a pure, well-defined material. This high level of control proved

useful when optimizing spCB cytocompatibility and efficient gelation, as shown in Fig. 4.3.

Second, the star-shaped architecture ensures each functionalized "point" of the star can

quickly react with a complementary point on another, so simple mixing in the presence

of cells rapidly establishes a soft yet elastic supportive network that maintains high cell

viability, as presented in Fig. 4.5. Many cytocompatible reactions in the growing toolbox of

bioorthogonal chemistries could be used to crosslink this platform while maintaining the

overall zwitterionic nature of the network.103 In this work, we used a disulfide exchange

reaction to add degradable disulfide linkages between star building blocks, which allowed

us to easily break down the hydrogel by adding L-cysteine after expanding cells. These

mild conditions enable the robust expansion rate shown in Fig. 4.6 to translate to a large
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population of viable recovered cells.

And finally, this flexible new strategy did not hinder the ability of PCB niches to reliably

maintain the multipotency and full differentiation capacity of encapsulated hMSCs. As

shown in Fig. 4.7, we combined immunofluorescence labeling, quantification of mRNA ex-

pression and histological staining to test the bioactivity of expanded cells. Even at a 25-fold

rate of expansion, cells in the dramatically enlarged population demonstrated equivalent

potency and function to cells in the initial seeded culture. Many cell-based therapies have

a success rate directly proportional to the number of functional cells available for infusion,

so a simple platform mediating high expansion, simple cell recovery, and high bioactivity

of recovered cells could broaden the reach, reduce the cost, and improve the success rate of

these lifesaving treatments immediately.

4.6 Conclusions

We have developed a robust platform for expanding cell populations while maintaining

their full bioactivity, based on encapsulated culture in zwitterionic hydrogels that form

spontaneously by simplymixing twopoly(carboxybetaine) star polymers end-functionalized

with bioorthogonal reactive groups. This strategy extends the excellent reported capacity of

zwitterionic pCB hydrogels to act as cytocompatible scaffolds for tissue culture and regen-

erative medicine applications. The unique star architecture and spontaneous crosslinking

without external input or radical generation is a gentle and facile way to expand and recover

valuable cell lines without any loss in functionality. Reliable and broadly-applicable meth-

ods to expand rare cell populations could extend the reach of cutting-edge personalized

medicine.
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Chapter 5

ZIP HYDROGELS AS VERSATILE AND INJECTABLE
FORMULATIONS

5.1 Chapter overview

Injectable hydrogels combining high biocompatibility, physiological stability and practical

ease-of-use are highly desirable for biomedical applications. Zwitterionic PCB forms su-

perhydrophilic and non-immunogenic hydrogels completely devoid of nonspecific cell and

tissue interactions, uniquely enabling PCB to mitigate the foreign body reaction. In this

chapter, I present a simple and scalable strategy to create injectable, shear-thinning, and

self-healing PCB hydrogels by reconstructing microgel units into new bulk materials. The

unique combination of chemical crosslinking and dynamic supramolecular interactions in

these zwitterionic injectable pellet (ZIP) constructs gives them a supportive modulus and

tunable viscoelasticity. Lyophilized ZIP powders retain their strength and elasticity upon

rehydration, simplifying sterilization and storage. When reconstituted with aqueous sus-

pensions of cells, proteins, or drug-loaded microspheres, ZIP powders rapidly self-heal

into a homogeneous composite hydrogel formulation without requiring any specialized

reagents or conditions, forming an injectable drug depot or cell scaffold.

5.2 Introduction

Hydrogels are hydrated and elastic polymer networks that share many properties with

natural tissues. Many of their growing clinical applications—including cosmetic proce-

dures, localized chemotherapy and as regenerative cell scaffolds—demand injectable hy-

drogels to avoid invasive implantation surgery and enable reshaping to fill unique 3-D

spaces.55–57 Among the numerous natural and synthetic polymers used to construct hy-

drogels, polyzwitterions have gained particular attention in recent years because of their

superhydrophilic, highly biocompatible, and non-immunogenic attributes.6,41 These poly-

mers contain repeated pairs of cationic and anionic groups along their chain, mimicking

the phospholipids comprising cell membranes or the mixed-charge surfaces of many pro-

teins.30 As biomaterials, polyzwitterionic brushes or crosslinked hydrogels confer ultra-
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low levels of nonspecific protein fouling from complex physiological fluids, exceeding the

performance of popular hydrophilic and amphiphilic polymers like PEG.104,105 Zwitteri-

onic hydrogels formed from pure carboxybetaine monomers and crosslinkers have been re-

cently shown to inhibit the foreign-body response and resist collagenous capsule formation

when implanted in mice43 as well as shield proteins from immunogenic responses in the

bloodstream.8,41, 42 Key to regenerative medicine applications, stem cells cultured in PCB

hydrogel scaffolds maintain their therapeutic pluripotency and avoid nonspecific differen-

tiation.44,45 These exciting findings motivate accelerated development of PCB hydrogels

towards clinical applications, many of which require injectability. However, no straightfor-

ward strategy to make pure zwitterionic hydrogels injectable has been reported to date.

Making any hydrogel injectable while maintaining its tissue-like elasticity is challeng-

ing, and two general classes of injectable hydrogels have emerged. The first class is more

precisely termed in situ forming, and a cell expansion platform using this strategy was dis-

cussed in Chapter 4. While especially useful for cell encapsulation, in situ-forming hydro-

gels typically undergo an irreversible sol-gel transformation reminiscent of epoxy glues,

and can be complex and expensive to develop and use. An alternative class of injectable

soft materials are often referred to as viscoelastic hydrogels.106 Instead of a single in situ

reaction triggering irreversible gelation, viscoelastic hydrogels incorporate some form of

dynamic or reversible crosslinking, which enables repeated switching between "solid-like"

and "liquid-like" forms under different conditions.107,108 For many real-world applications,

this produces more practical and useful materials. Most are designed to flow in response to

increased shear (such as when pushed through a needle) and then self-heal into a new elas-

tic shape.109,110 Polysaccharides such as alginate, dextran, and hyaluronic acid are the basis

for many materials in this class; these natural polymers can reversibly crosslink by chelat-

ing divalent ions such as Ca2+ and Mg2+.111 Many polysaccharide gels are further modified

with covalent crosslinks to increase their strength or resistance to degradation; for exam-

ple, crosslinked hyaluronic acid is produced for cosmetic applications.112 Hyaluronic acid

has also been extensively modified by Burdick et al to incorporate adamantine, facilitating

reversible "guest-host" interactions with cyclodextrins.113,114 However, these complex mod-

ifications fail to eliminate several inherent limitations of polysaccharide gels, which have

poor long-term physiological stability, varying biocompatibility, and are difficult to purify

from natural sources to medical grade materials.10

The biocompatibility and non-immunogenicity achieved by zwitterionic PCB hydrogels
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surpasses those based on polysaccharides, PEG, and alternative materials such as NIPAM

and PEG-based poloxamers.40,115,116 We therefore aimed to develop injectable PCB hydro-

gels while maintaining their unique "stealth" properties. Ideally, their preparation and use

would be simple, easy to scale up, and useful in real-world applications without requir-

ing specialized knowledge or laboratory conditions. While exploring dynamic crosslinking

strategies, we speculated a set of attributes collectively referred to as "zwitterionic fusion"

may provide the key—this concept integrates strong hydration, intermolecular zwitterion

pair attraction, and H-bonding between side chains and backbone amides to facilitate time-

independent self-healing in some zwitterionic materials.58,117 Here, we explore how zwit-

terionic fusion can play a role in hydrogels developed to meet practical clinical needs. We

hypothesized that zwitterionic microgels could act as self-healing "building blocks" with

which to reconstruct macroscopic materials featuring desirable injectable and viscoelastic

characteristics.

5.3 Methods

5.3.1 Bulk hydrogel synthesis

We first made bulk zwitterionic hydrogels with a photopolymerization method. Carboxy-

betaine acrylamide (CBAA)monomer (2.5 M), CBAA-X crosslinker (0.01-1%mol/mol), and

photoinitiator 2-hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2-methyl-1-propanone (I2959)were

dissolved inwater, mixedwell, and degassed under vacuum. The concentrated solutionwas

then cast into a 1-mm thick glass mold and polymerized in a UV oven (Spectroline). The

resulting hydrogels were equilibrated in water for several days to remove any unreacted

reagents and allow swelling. We generated a small library of these parent hydrogels, us-

ing either CBAA-1 or CBAA-2 monomer and several CBAA-X crosslinker concentrations

between 0.025 and 1 mol%, relative to CBAA monomer.

5.3.2 Microgel production

Bulk zwitterionic hydrogels were then converted into zwitterionicmicrogels of tunable size.

The equilibrated bulk hydrogels were roughly cut into pieces and placed into an extrusion

apparatus, consisting of a tightly-fit piston and cylinder, capped with a section of micronic

steel mesh (TWP, Grainger). The steel piston apparatus was custom-built by Arne Biermans

(pictured in Fig. 5.1 below). Mesh of various weaves can be used, but typically we have

found Dutch-weave mesh made of 316 stainless steel, with pore sizes of 120 µm, 80 µm, 40
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µm, and 25 µm, to be most appropriate. Bulk gels generally must be progressively passed

through meshes of decreasing pore size, starting at 120 µm and decreasing to 25 µm. At

the final mesh size used, the material is extruded at least three times to improve pellet size

homogeneity. The final pellets can be stored in a hydrated state, or lyophilized for long-term

storage (Labconco FreeZone).

Figure 5.1 – Steel piston assembly used to produce microgels by repeated mesh extrusion.

5.3.3 Rheological evaluations

Dynamic viscoelasticity properties of allZIP constructsweremeasuredwith a PhysicaMCR

301 Rheometer (Anton Paar) using parallel plates of 40-mm diameter and a plate-to-plate

distance of 900µm. Dynamic oscillatory frequency sweeps were conducted at a constant

10 %strain over a frequency range of 0.1-100 rad/s at 25°C. Oscillatory strain sweeps were

conducted from 0.1% to 100% strain, and G’, G" and the complex viscosity were recorded.

Step-strain experiments were conducted by toggling the strain between 1% and 300% for

three or more cycles.

5.3.4 Production of PLGA microspheres for depot formulation

Several drugs and dyes were encapsulated in PLGAmicrospheres to evaluate and optimize

ZIP depot formulations. We first manufactured dye-loaded PLGAmicrospheres by mixing
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(PLGA) copolymers of varying compositions (Evonik) with Methylene blue or Crystal vio-

let dyes in an organic phase (4 mL dichloromethane containing 400 mg PLGA and 100 mg

dye). This phase was slowly added to an aqueous phase (100mL of 0.5% poly(vinyl alcohol)

in 5% NaCl) under mixing with a high-shear impeller at 2500 RPM. After 5 min, emulsifi-

cation was stopped and solution was stirred with a magnetic stir bar at 300 RPM overnight.

Microspheres were washed and lyophilized.

To make doxorubicin (DOX) and peptide-loaded MS, either DOX (DOX HCl, Sigma) or

peptide (experimental cationic peptide SS31, donated by Stealth Biopharma) were encap-

sulated in PLGA using a W/O/W double emulsion method adapted from several similar

protocols.118,119 The inner aqueous phase (400 µL DI water containing 40 mg DOX or SS31)

was emulsified with the organic phase (4 mL dichloromethane containing 400 mg PLGA,

acid terminated) on ice, for 30 s. This emulsion was slowly added to the outer aqueous

phase (100mL of 0.5% poly(vinyl alcohol) in 5%NaCl) while being stirredwith a high-shear

impeller at 2500 RPM. After 5 min, impeller was removed and solution was stirred with a

magnetic stir bar at 300 RPM overnight. Hardened microspheres were washed through

repeated centrifugation in sterile water, and lyophilized. DOX and peptide loading were

found by dissolving a known mass of particles in DMSO and measuring the absorbance at

480 nm (for DOX) or 280 nm (for SS-31 peptide) with a microplate reader (BioTek Cytation

5). Surface characterization of microspheres was done via SEM.

5.3.5 In vitro drug release

DOX-PLGA and SS-31-PLGAmicrospheres were mixed with ZIP powder and reconstituted

formulation to 40mgDOX-PLGA or SS-31-PLGA (containing 2mg total DOX or 3.5 mg total

SS-31) per mL of ZIP gel. We evaluated the drug release rates at 37°C in vitro by dispensing

theZIP-drug-PLGAdepot (or drug-PLGAmicrospheres without gel) into porous Transwell

inserts suspended in PBS. The buffer was sampled and replaced at selected time intervals

and the cumulative amount of released DOX or SS-31 assayed spectroscopically, at 480 nm

or 280 nm, respectively.

5.3.6 Enzyme assays

TEM-1 β-Lactamase was diluted to 5 nM in 20 mM sodium phosphate, pH 7.0, with 10

µg/mL bovine serum albumin (BSA, Sigma-Aldrich) added as a blocking agent. Nitro-

cefin (Life Technologies) solution in the same buffer was added to enzyme samples or ZIP-
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enzyme formulations in UV-transparent 96-well microplates (Corning) at saturating con-

centration and enzyme activity (V) was measured using a microplate reader (BioTek Cyta-

tion 5) as the initial linear rate of increase in substrate absorbance at 490 nm.

5.3.7 Cell growth, expansion and injection

Media containing cells (1 mL, 106 cells /mL) was used to rehydrate 50 mg of lyophilized

ZIP powder of a particular formulation. The cells were gently mixed well with the gel. This

construct was transferred to a Corning Transwell tissue culture insert with a porous bottom

(8-micron pore size) which was then placed in a 12-well plate with cell media even with

the level of the microgels-cells construct. After two days of culture, cells were Live/Dead

stained with calcein-AM and ethidium bromide homodimer and imaged with a fluorescent

microscope (Nikon T2000U).

To evaluate cell expansion, a purified CD4+ human T lymphocyte population (Lonza)

was cultured in the ZIP scaffold and its proliferation was tracked. For the first part of this

experiment, cells were stained with 10 uM CellTrace carboxyfluorescein succinimidyl ester

(CFSE) and resuspended in RMPI media containing 10% FBS, 1% penicillin and strepto-

mycin. Stained cells were stimulated to proliferate with Dynabeads Human T-Activator

CD3/CD28, at a ratio of 1:1 bead:cell (seeded at 1x106 cells/mL), and 30 U/mL Interleukin-

2 (IL-2), and incubated at 37°C and 5% CO2 for 7 days. Cells were analyzed via fluorescence

flow cytometry on an LSR II instrument equipped with a 488 nm excitation source and a

530/30 nm band pass filter; the excitation and emission peaks of the CellTrace product after

hydrolysis are 492nm and 517nm, respectively. Proliferation analyses were performed us-

ing FlowJo software for a control and both high and low cell seeding density sampleswithin

the ZIP construct. Cells generations stained with CellTrace CFSE reagent were visualized

by separated fluorescence intensity peaks, in which the initial peak on the far right was

assumed to be the parent peak and subsequent peaks to the left represented subsequent

generations.

To evaluate cell protection during needle flow, healthyHEK293T cellswere resuspended

in PBS at 106 cells/mL and used to rehydrate an appropriate amount of ZIP powder (CB-1,

CB-X = 0.05%) to a gel while gently mixing. Then, the soft ZIP-cell construct was carefully

transferred to a 1 mL syringe and injected into a well plate through a 28G needle. A control

suspension was left in PBS and also injected. LIVE/DEAD reagents (calcein AM and EtBr

homodimer) were added to each sample to assay the resulting viability.
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5.4 Results and discussion

5.4.1 Design and production of ZIP hydrogels

To create zwitterionic microgels in bulk, we first produced macroscopic PCB hydrogels us-

ing a photopolymerization casting method previously reported.44 All hydrogels in this

work were constructed solely from zwitterionic carboxybetaine acrylamidemonomers (CB-

1 or CB-2) with various crosslinker (CB-X) concentrations. Bulk hydrogel sheets were equi-

librated in water for several days until they reached their equilibriumwater content (EWC),

between 97% and 99.5% w/w. After equilibration, we generated microgel "pellets" by re-

peatedly extruding these large sheets throughmicronic steelmeshusing a custom-fabricated

piston assembly. Changing the mesh weave and pore size allowed us to easily tune the av-

erage diameter of equilibrium-swollen microgels. Similar hydrogel "sizing" methods have

been reported in themanufacture of some cosmetic dermal fillers.120,121 In this work, pellets

were designed to be similar in scale to mammalian cells (10-100 µm), and we initially ob-

served these microgels to heal into moldable constructs with consistent properties between

batches. We refer to this class of reconstructed materials as "zwitterionic injectable pellet"

(of ZIP) hydrogels or constructs. As illustrated in Fig. 5.2, the overall production process is

straightforward and amenable to small or large scales.

We have previously shown that zwitterionic PCB hydrogel scaffolds act as a truly "blank

slate" to restrain stem cell differentiation,44,45 but only when all components are zwitteri-

onic: adding even trace amounts of hydrophobic compounds compromises this feature.

Similarly, pure zwitterionic gels are the only synthetic materials demonstrated to evade the

foreign body reaction upon subcutaneous implantation.43 Therefore, one of our key goals

when designing injectable gels was to preserve zwitterionic purity and retain these unique

attributes. Extensive "guest-host"-type material modifications would add synthetic com-

plexity, batch variability and—our biggest concern—hydrophobicity.

5.4.2 Rheological behavior of ZIP hydrogels

In single-charged or non-ionic self-healing materials, hydrophobic surface reconstruction

or a pH-dependent charge barrier limits their healing.58,122 The zwitterionic fusion healing

mechanism we previously reported58 is unique because it is time- and pH-independent.

Even so, only polymer chains near the exposed interface of crosslinked PCB hydrogels have

sufficient mobility to rearrange and form new supramolecular interactions. In ZIP con-
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Figure 5.2 – Combination of tunable covalent and dynamic zwitterionic fusion crosslinking
enables uniqueZIP hydrogels. Overview schematic showing the production and key features of
viscoelastic "zwitterionic injectable pellet" ZIP gels. After mechanical processing of a bulk poly-
carboxybetaine hydrogel to microgels, zwitterionic fusion enables their reconstruction into a vis-
coelastic gel that can be injected through needles and lyophilized for simplified storage and for-
mulation. a, Schematic showing themakeup of starting elastic hydrogels, formed by crosslinking
carboxybetaine acrylamide monomers (CBAA-1 or CBAA-2) with carboxybetaine diacrylamide
crosslinker (CBAA-X) via photoinitiated free radical polymerization in glass molds. b, Bulk hy-
drogels are mechanically processed to microgels, with each microgel possessing similar elastic
characteristics to its parent hydrogel. c, Whenmicrogels are brought into contact, dynamic inter-
microgel supramolecular interactions (zwitterionic fusion) enable rapid self-healing and tunable
shear-thinning characteristics. d, The resultingZIP constructs can be injected and lyophilized for
storage and formulation.
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structs, each internally crosslinked microgel participates in dynamic healing interactions

with multiple neighboring pellets in 3D—at this scale, each individual gel is large enough

to retain strength and elasticity, yet small enough to involve a high percentage of its polymer

chains in dynamic interactions. While the molecular identity of each microgel is the same

as the bulk hydrogel, inter-microgel zwitterionic fusion interactions are key to the tunable

rheological behavior of the aggregate material. This balance is illustrated in Fig. 5.2b-c.
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the injectability (left) and self- healing ability (right) of ZIP gels. Gels tinted for visual inspection.
b, Dynamic oscillatory frequency sweeps of CB-1 and CB-2- based ZIP hydrogels formed with
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CB-2 (d) based ZIP hydrogels formed at different CB-X concentrations.
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To evaluate the injectability and self-healing capabilities of ZIP constructs, we observed

their behavior and used rheology to study their viscoelasticity. All ZIP hydrogels in this

work were injectable through a 25G needle and rapidly reverted to a solid-like state in an

inverted vial (Fig. 5.3a). When transferred to a flat surface, ZIP constructs maintained self-

supporting shapes that varied in rigidity. We conducted dynamic oscillatory frequency

sweeps on ZIP gels based on CB-1 and CB-2 monomers, each incorporating 0.1 mol% of

CB-X crosslinker. This data showed the storage modulus (G’) to be dominant over the loss

modulus (G") over the full frequency range examined (0.1 - 100 rad/s), suggesting that both

reconstructed ZIPmaterials behaved like a hydrogel (Fig. 5.3b). Summaries of G’ (used as a

measure of strength) and tan δ (G"/G’, used as a measure of elasticity) values are shown in

Fig. 5.3c and Fig. 5.3d for CB-1 and CB-2 ZIP gels, respectively. These data were recorded at

1% strain and 10 rad/s. Notably, CB-2 ZIP gels displayed higher G’ values at each crosslink-

ing level compared with CB-1, especially at very low crosslinker content (0.025 mol% CB-

X). In addition, CB-2 constructs all exhibited lower tan δ values (around 0.25) compared

with CB-1 (around 0.6). As tan δ is inversely associated with elasticity, this indicated CB-

2 produced more elastic constructs—these results were consistent across all crosslinking

concentrations and between differently-crosslinked CB-1 and CB-2 samples with similar

G’, suggesting zwitterionic fusion interactions endow CB-2 constructs with additional bulk

strength and elasticity.

We further characterized ZIP gels with oscillatory strain sweep and step-strain experi-

ments. Fig. 5.4a shows these relationships for the lowest-crosslinked CB-1 construct, which

had amaximumG’ around 20Pa. Similarly, Fig. 5.4b shows comparable plots for the highest-

crosslinked CB-2 sample (G’ = 5kPa). We found G’ to dominate over G" in these and all

intermediate formulations at low strains (0.1 - 1%). The complex viscosity and G’ began to

decrease as we pushed the strain towards 100%, with most samples exhibiting a crossover

point (tan δ = 1) between 10% and 30% strain. Above this strain, G" becomes dominant

and the gels begin to adopt liquid-like behavior as inter-microgel associations break. When

the strain was toggled between 1% and 300%, both formulations showed inversion of G’

and G" at high strain followed by a rapid recovery of elastic properties when low strain re-

turned. This is indicative of efficient self-healing across all samples. While the data shown

in Fig. 5.4a and b are several orders of magnitude apart, axes are scaled appropriately for

direct visual comparison of their relative behavior.
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Figure 5.4 – Strain sweep and step-strain experiments. Oscillatory strain sweeps (left) and step-
strain tests (right) of the lowest-crosslinkedCB-1 sample (0.025%) (a) and the highest-crosslinked
CB-2 sample (b). Storage (G’, solid markers) and loss (G", openmarkers) moduli plotted as strain
increases from 0.1% to 100% (left) or toggles between 1% and 300% (right). While the data shown
in (a) and (b) are several orders of magnitude apart, axes are scaled for direct visual comparison
between relative behavior.

5.4.3 Lyophilization and reconstitution

Freeze-drying ZIP gels to store them as sterile lyophilized powders is practical and enables

simplified formulation of many drug- or cell-encapsulating constructs. But while several

types of macroscopic hydrogels have been lyophilized to create porous scaffolds for drug

delivery or cell attachment, the freeze-drying process is known to irreversibly change some

aspects of their structure and behavior.123 Lyophilized gels commonly require immersion

inwater for hours to days to fully rehydrate; even then, they fail to reach their original water
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Figure 5.5 – Lyophilization simplifies storage and formulation without detriment to strength,
elasticity and healing time. a, Soft ZIP hydrogel dollop on a glass slide (left) and lyophilized
to powder (right). b, Lyophilization dramatically reduces storage demands of sterile microgel
material. c, Strength (G’, left axis) and elasticity (tangent δ, right axis) of CB-1 (blue/grey) and
CB-2 (red/grey) ZIP gels before and after lyophilization; both gels contain 0.05% CB-X. Post-
lyophilization gels were rehydrated to their EWC. d, Recovery of G’ and G" by CB-2 (CB-X =
0.05%) ZIP gels upon reverting from high (300%) to low (1%) strain after step-strain cycles 1-3.
Left: prior to lyophilization; right: post lyophilization and rehydration to original EWC.
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content and display uneven shapes, surface roughness, andmodifiedmaterial properties.124

Due to the particularly stronghydration of zwitterionicmaterials101 and the high surface-

area-to-volume ratio of microgels compared to their macroscopic counterparts, we specu-

lated lyophilization may not have a detrimental impact on ZIP hydrogels. We tested this

by freeze-drying a volume of each ZIP formulation to desiccated powder; as the EWC of

lightly-crosslinked PCB hydrogels is near 99%, each mL of gel only contained around 10

mg of dry material, which could be combined from multiple batches for simplified storage

(Fig. 5.5a-b). Notably, when we mixed dry ZIP powder with the volume of water necessary

to return them to their original EWC, hydration completed within seconds. The rapidly re-

hydrated gel constructs retained their transparency, homogeneity, and practical attributes

(e.g., injectability and self-healing), so we conducted further rheological testing to compare

samples before and after lyophilization and rehydration. As highlighted in Fig. 5.5c, freeze-

drying CB-1 and CB-2 ZIP constructs had no effect on their bulk strength (G’) or elasticity

(G") post-rehydration. In addition, their high self-healing efficiency was unchanged, with

no difference in step-strain recovery time after multiple cycles (Fig. 5.5d). We believe both

the superhydrophilicity and scale/geometry of the microgel units enables this helpful at-

tribute. To sterilize the ZIP gels for tissue culture applications, we first addedEtOH in excess

of 70%125 and then washed out this solution with sterile water before freeze-drying.

5.4.4 Formulation and characterization of drug and protein depots

Injectable drug depot formulations that release therapies at a predictable rate over a des-

ignated period of time represent one example of a clinical need motivating the develop-

ment of biocompatible injectable hydrogels.56,126,127 Reconstitution of drug-loaded PLGA

or PCL microspheres in an injectable crosslinked gel facilitates accurate volumetric dosing

and keeps the formulation localized at the injection site. Based on the ability of zwitteri-

onic hydrogel to mitigate the foreign body reaction,43 we envision they may also be helpful

in shielding otherwise-immunogenic materials from immune recognition and attack in a

composite formulation.42

To explore these possibilities, we first manufactured dye-loaded PLGA microspheres

(MS) using low-speed emulsification and simply mixed these dried MS with lyophilized

ZIP powder in a vial. The lyophilized mix reconstituted to a homogeneous formulation in

seconds, with only brief vortexing required during hydration to disperse particles evenly.

PLGA MS were held in place by the gel in an inverted vial; no obvious changes, settling,
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Figure 5.6 – ZIP hydrogels enable injectable and versatile extended release drug depot formu-
lations. a, Poly(lactic-co-glycolic)microspheres (PLGAMS) loading various drugs and dyeswere
produced and characterized with SEM. b, PLGA MS were mixed with lyophilized ZIP powder
and c, evenly suspended in injectable gel upon water addition. MS in (c) loaded with Methylene
Blue for visualization. d, injection through a 25G needle was used to trace a ZIP formulation
containing Crystal violet-dyed MS into a 3-D "UW" logo on a glass slide, representing precise
depot placement or topical application.

or separation were observed in undisturbed vials for at least six weeks. To demonstrate

the injectability and self-healing capacity of these drug formulations, we used a syringe to

accurately dispense reconstituted ZIP gel containing Crystal violet-loaded PLGA MS onto

a slide in the shape of a "UW" logo. These features are summarized in Fig. 5.6.

Then, we encapsulated chemotherapeutic drug doxorubicin (DOX) inside PLGAMS us-

ing a double (W/O/W) emulsionmethod, tuning the process parameters to achieve smooth

particles 30 µm in diameter and targeting a 2-3 week controlled release period. After con-

firming DOX was loaded successfully, we mixed DOX-PLGA MS with ZIP powder and re-

constituted this formulation to 40 mg DOX-PLGA MS (containing 2 mg total DOX) per mL

of ZIP gel. We evaluated the DOX release rate at 37°C in vitro by dispensing the ZIP-DOX-

PLGA depot (or DOX-PLGA without gel) into porous Transwell inserts suspended in PBS

(Fig. 5.7a). This was designed to simulate the in vivo environment of a subcutaneously in-

jected cancer treatment, asmight be administered to prevent tumor recurrence after surgery.

The buffer was sampled and replaced at selected time intervals and the cumulative amount

of released DOX assayed spectroscopically; the resulting release data are shown in Fig. 5.7b.
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Both ZIP-formulated and control MS samples released 90% of their total DOX cargo within

two weeks, with an insignificant difference in overall release. This indicates the injectable

gel did not significantly inhibit or accelerate PLGA hydrolysis and erosion overall, and that

DOX could diffuse out through the zwitterionic matrix. However, it’s worth noting that the

ZIP-DOX-PLGA formulation seemed to show a lower level of "burst" release in the first 24 h,

which would be another advantage of ZIP depot formulations if found to extend to in vivo

studies. The schematic in Fig. 5.7c illustrates some potential in vivo advantages of injectable

ZIP depots—the evenly dispersed drug carriers are free to degrade and release their cargo,

while the zwitterionic gel holds the construct in place and prevents immunogenicity and

the foreign body reaction.

In recent years, biologic protein drugs such as therapeutic enzymes and monoclonal
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Figure 5.7 – Release of doxorubicin from ZIP-PLGA formulation. a, PLGA MS alone or sus-
pended in ZIP gel inside porous Transwell insert as an in vitromodel of subcutaneous injection.
b, DOX release over two weeks in vitro from PLGA MS (grey open markers) and PLGA MS
suspended in ZIP gel (red solid markers). c, Schematic of ZIP drug depot in vivo; injectable
zwitterionic hydrogel prevents immune reaction while facilitating localized drug release.
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antibodies have grown to dominate the pharmaceutical landscape.12,41 These drugs can

precisely target many debilitating diseases, but remain expensive and are plagued by short

circulation half-lives and immunogenic issues.17,18, 128 We recently demonstrated that conju-

gating zwitterionic PCB to proteins40,41 or encapsulating them in individual PCBnanogels8,42

can improve their stability, maintain their bioactivity, and mitigate immunogenic reactions

in vivo. The zwitterionic moiety in PCB, glycine betaine, is widely known to stabilize pro-

tein structures and prevent denaturation and aggregation.28,29 We speculated that simply

reconstituting ZIP powder with an enzyme solution may produce an "active enzyme gel"

for localized injectable or topical biologic therapies. This concept is illustrated in Fig. 5.8a.
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As pictured in Fig. 5.8c, when we mixed the model enzyme β-Lactamase (BLa)18,129 with

ZIP gel and injected it into a small amount of colorimetric substrate nitrocefin, the enzyme

catalyzed substrate conversion as intended inside the healed gel construct. We followed

this by quantitatively comparing the maximum activity of BLa (Vmax) inside a ZIP gel and

in buffer. No difference was observed in the substrate conversion rates, showing this sim-

ple formulation strategy may be useful for topical biologic delivery without harming ac-

tivity (Fig. 5.8b). For comparison, an injectable hydrogel based on temperature-responsive

Pluronic PEG-PPG-PEG triblocks was formulated with BLa. This alternative formula re-

duced the enzyme activity by over half, consistent with the well-known and deleterious

effects of high PEG content on protein bioactivity.130
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Figure 5.9 – ZIP hydrogel protects cells from shear damage during injection. a, Schematic
showing mammalian cells mixed with ZIP hydrogel to evaluate protection from shear damage
during injection. b, LIVE/DEAD viability of HEK 293T cells suspended in either PBS or CB-1
gel, before and after injection through 28-g needle. c, LIVE/DEADfluorescent images of viability
before and after injection.
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5.4.5 Cell protection in injectable ZIP scaffolds

Several reports by Heilshorn et al108,131,132 have highlighted the protective role some in-

jectable hydrogels can play in shielding therapeutic cells from shear damage as they pass

through a needle. In general, soft shear-thinning hydrogels (G’∼ 100 Pa) have been reported

to have the best protecting effect; we were curious if injectable ZIP constructs of similar rhe-

ological properties have a similar benefit. Many varieties of zwitterionic gels have shown

exceptional promise as cytocompatible synthetic scaffolds for tissue culture and cell expan-

sion, so an injectable version offering additional mechanical protection could prove useful

for formulating regenerative therapies. As summarized in Fig. 5.9, healthy HEK 293T cells

were resuspended in PBS at 106 cells/mL and used to rehydrate an appropriate amount of

ZIP powder (CB-1, CB-X = 0.05%) to a gel while gently mixing. This ZIP formulation was

selected tomatch the rheological attributes of other cell-protective hydrogels. Then, the soft

ZIP-cell construct was carefully transferred to a 1 mL syringe and injected into a well plate

through a 28G needle. A control suspension was left in PBS and also injected. LIVE/DEAD

reagents were added to each sample to assay the resulting viability. Promisingly, no sig-

nificant decrease in viability was seen in the ZIP-protected formulation, while a 25-30%

decrease was observed in the control buffer sample. Viability results and LIVE/DEAD flu-

orescent micrographs are shown in Fig. 5.9b-c. These results suggest ZIP constructs may

also be promising injectable and cell-protective synthetic scaffolds.

5.5 Conclusions

In summary, we have developed a simple and versatile strategy to create shear-thinning and

self-healing "zwitterionic injectable pellet" ZIP hydrogels based on reconstructed microgel

assemblies and zwitterionic fusion. Importantly, these gels consist purely of carboxybetaine

polymers and crosslinker, without any of the additional functional groups, chemical mod-

ifications, or special reagents typically required to develop hydrogels demonstrating dy-

namic viscoelasticity. This makes them straightforward to make at any scale, and they can

be simply sterilized and lyophilized for long-term storage and facile reconstitution, forming

composite injectable formulations with drug-loadedmicrospheres, biologics or therapeutic

cells. ZIP hydrogels present a promising platform for a wide variety of biomedical applica-

tions requiring biocompatible and injectable materials.
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Chapter 6

CONCLUSIONS

In this dissertation, we have described four distinct approaches to add new functionality

to PCB-based zwitterionicmaterials. While the targeted applications varied, we endeavored

to find simple ways to enable new features in these materials, using inherent properties of

polyzwitterions whenever possible.

We began in Chapter 1 by identifying the unique attributes characterizing zwitterionic

materials, and PCB in particular, compared with other "biocompatible" materials such as

PEG. As nanomedicine and regenerative medicine are at the forefront of both medicine and

engineering, we set out to leverage the strengths of PCB to find solutions to long-standing

problems in these areas.

InChapter 2, we demonstrated how rationalmolecular design can help develop new cyto-

compatible biomaterials by systematically tuning the structure of PCB-ester side chains and

adding "smart" responsiveness to environmental stimuli. Ester hydrolysis converts these

polymers from cationic to zwitterionic forms, while conferring nontoxicity. To further study

how the charge-switching feature affects polymer binding with DNA in polyplexes, we de-

veloped a photolabile ester of PCB to allow rapid and externally controlled hydrolysis.

Moving on to Chapter 3, we designed an approach to combine the hydrophilicity of cur-

rent PCBwith advantages of more flexible and degradable biomaterials. These step-growth

polymerizations move the amines to the backbone, while incorporating labile esters, stable

amides or thioethers between each zwitterionic group. Future optimization to obtain higher

molecular weight products promises to enable protein conjugation and stabilization.

Then in Chapter 4, we demonstrated a robust platform for expanding stem cells while

maintaining their full bioactivity, based on encapsulated culture inside in situ forming "star"

PCB hydrogels. This strategy extended the excellent cytocompatibility of PCB to a reliable

and broadly-applicable method to expand these valuable cell populations, aiming to relieve

a bottleneck in regenerative medicine.

And finally in Chapter 5, we developed an "all-in-one" approach to create "zwitterionic

injectable pellet" ZIP hydrogels. These reconstructed gels consist purely of carboxybetaine,
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which has inherent self-healing properties that do not require any of the additional func-

tional groups, chemical modifications, or special reagents typically necessary to enable dy-

namic viscoelasticity. This makes them straightforward to make, sterilize, and lyophilize,

and we discussed several applications in drug depot formulation and cell protection. ZIP

hydrogels present a promising platform for a wide variety of biomedical applications re-

quiring biocompatible and injectable materials.
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