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Abstract

The technology of interfacing neurons with machitiesugh implantable neural
electrodes has significant implications. Althougbkre have been studies implanting such
electrodes in human to help patients with motoordiers, longevity of these implants
remains an unresolved issue. One of the key fadtdhsencing longevity has been
adverse tissue response toward the implanted etlsr

The objective of this research is to engineer aprehensive solution that can
manage the response at the cellular level whilsgoweng the electrode functions. Given
the complexity of the host response, we hypothesiaea multi-pronged approach would
better improve the longevity of the electrodes.cHmally, we emphasize the importance
of modulating the inflammatory response from géialls and directly protecting neurons
from oxidative stress induced death. To achieve thoal, a range of polymeric
therapeutics (i.e., prodrugs) capable of anti-mfization and anti-oxidation were
designed and synthesized. These polymers were ¢hllyacterized for their structural
properties and therapeutic effects. Applicationsttise prodrugs onto the electrodes
were achieved using the versatile layer-by-layeBL() technique, which enabled the
preservation of electrical properties of the eledéis. These in vitro studies laid down the
foundations for future in vivo investigations ofettefficacy of such a multi-pronged,
integrated therapeutic approach for modulating hissue response. Furthermore, the
synthesized prodrugs can be applied for other typkesnedical implants, where
inflammation and oxidative stress are common charitics of the host response to

those implants.



The other approach to achieve therapeutic delivierythe use of stimuli-
responsive polymers. Based on the lower critichltsm temperature (LCST) behaviors
of poly(N-vinyl-2-caprolactam) (PVCL) polymers, ifsinctional derivatives with pH-
dependent LCST behaviors were designed via copolgat®mn with a functional
derivative of VCL for smart drug delivery. Sharpdareversible response was observed
across a broad range of pH values. PVCL copolymas demonstrated to be non-
cytotoxic at low concentrations. LBL compatibilibf the copolymer was also explored.
The ultimate goal is to correlate the pH-sensyiwf the PVCL copolymers with the

tissue acidosis phenomenon to regulate therapeldiase.
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Chapter 1

I ntroduction



1.1 Neural I nterface

Chronically implanted recording electrode arragséhthe potential to improve
the quality of life of patients suffering from paitor full paralysis.[1-3] Such arrays can
be implanted into the cortex of a patient's bramd dhe extracellular potentials from
nearby neurons are recorded, allowing the inforomatencoded to control external
devices.

1.1.1 Physical design of neural electrodes

Neural electrodes have evolved from glass to nnetadaterials over the years.
The dimension of neural electrodes has also beerea&ng constantly for the ease of
handling and minimizing damage to brain tissue,hwthe help of technology
advancement, especially the silicon micromachindegelopment. The most common
modern models include Utah and Michigan type ebelgs (Figure 1). The Michigan
type electrode has been widely used for many yeecause of its diversity. Hundreds of
designs and configurations have been developedhaseé electrodes could be connected
with the Integrated Circuit (IC) technology, realg large amount of data collection and
analysis. The structure of such a micromachinedtrelde is shown schematically in
Figure 2. The bulk of the electrode is based oiic@s substrate. The recording sites are
made from conductive metals such as gold. Therene company focusing on
developing and manufacturing various types of ebelgls for research and clinical
applications. The size of the recording sites efMichigan electrode used in our study is

on the order of micrometer (Figure 3).
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Figure 1 Examples of Utah and Michigan type neural elet#s (a) Scanning electr
micrograph of Utah electroq4] (b) Various configurations of the Michigan ty

electrodes.[5]
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Figure 3 Structure of a micromachined single shank actdbgused in our research (
recording sites, model: A1x-5mm-100-177A16, NeuroNexus Technologies, Ir[7]



1.1.2 Tissueresponse to neural electrodes

Neural electrodes often fail to function reliably clinically relevant chronic
settings. One of the proposed leading causes to faulare is foreign body response in
the central nervous system (CNS), resulting in meapsulation layer referred to as the
“glial scar” and accompanied by loss of healthyrnes around the implants (Figure
4).[8-10]

The glial scar is formed as a result of activatodrastrocytes and microglia. It
encapsulates the electrode as a physical bartidrad several adverse effects toward
normal functioning of the implant. Firstly, this yghical barrier is an insulating material
between the electrode and nearby neurons. Therieddanteraction between brain and
machine is thus significantly compromised. Secgntlie tight glial scar takes up the
immediate room around the electrode, keeping neuawray from the interface.

Neuronal death is another phenomenon that has Iseesidered causing
malfunction of the neural electrode. Neurons arallenged with a variety of toxic
environment such as oxidative stress after imptanmaof the neural electrode. Reactive
nitrogen species (RNS) and reactive oxygen spdEl€S) are classes of free radicals
and related molecules that are capable of exentixigative stress on cells when
produced in excess. Nitric oxide (NO), a simplehjighly versatile molecule, is a type of
RNS/ROS frequently studied and involved in a widage of physiological as well as
pathophysiological mechanisms. In response to ynjine production of NO can

overpower the endogenous antioxidants, leadingittative stress and cellular damage.
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Figure 4 Schematic of brain tissue response to an implaekectrode characterized at
the cellular level.[11]



Reactive astrocytes and activated microglia hagec#ipacity to generate NO, and
the production can be induced by pro-inflammatoyiokines such as interlukin (IL-1)
and tissue necrosis factor (TN~ NO is a ubiquitous second messenger[12] that
diffuses freely across cell boundaries and can dem&urons by potentiating glutamate
excitotoxicity.[13]
1.1.3 Methods to improve biocompatibility of neural electrodes

Improvements on electrode design[14-16] and maatmd of bioactive
molecules[17-24] through the tethering and/or caldd release of bioactive molecules
from the surface are the two main strategies tacedhe aforementioned tissue response.
Advances in electrode designs include not only of@brication of electrodes with new
configurations[25], but also the development of elopolymers at the interface of
biology[26, 27], and bioinspired, mechanically dgma polymers to replace currently
used stiff silicon materials[28]Standard wound healing suppression and immune-
suppression techniques are options for minimizivgginitial immune response and even
the formation of a glial scar.[8] The available hws of using glucocorticoids and other
therapeutics to reduce the inflammatory responskide systemic administration,[20,
29] localized delivery from coatings deposited be tlectrode surface,[30] and direct
surface immobilization[11].However, none of these approaches are ideal. ¥ange,
systemic administration of drugs may cause sersaies effects, including myopathy and
diabetes,and the presence of the blood-brain-barrier (BBBYlsaextra hurdles for
systemic drug delivery to the CNS.[8, 31-82ncerns associated with localized delivery

of therapeutics from surface coatings include tine fbalance between drug loading



capacity and the conductivity of electrode (i.eotemtial increase in impedance by the
coating), difficulty in controlling drug releasetea and the duration of delivery.

Immobilization of bioactive molecules directly ontbe surface of electrodes could
provide a device with an intrinsically anti-inflanatory surface, but it is still restricted by
limited potency as the effect is confined to cefisdirect contact with the surface.

Although it is possible that this is a design giggtwhich can be implemented to control
the local material-tissue interface while allowimgher activated immune cells to
participate in local wound healing to “clean” upbds caused by electrode implantation,
this hypothesis needs to be confirmed.

A potential solution to pharmacologically managee thissue response to
implanted electrodes is to enable self-regulatady delease based on the severity of
tissue response, without interfering with the eleat properties of the electrode.

Additionally, many studies have used localized asée of anti-inflammatory
agents to control the inflammation against MEASs,[3@-37] but few reports have
addressed direct protection of cells from oxidatisess. We hypothesized that
protecting cells from the injurious oxidative ssesould benefit the communication
between MEAs and healthy neurons. Astrocytes aeetgpe of glial cells in the brain
supportive of neuron functions. It has been sholat astrocytes can protect neurons
from oxidant hydrogen peroxide toxicity.[38, 39]&rkfore, we suggest that it is rational
to shield astrocytes and neurons from oxidativesstassociated with implantable MEAs.
Such an approach could potentially lead to bettevigal of neurons that are vital for

long-term MEAs functions.



1.2 Layer-by-Layer (LBL)

Layer-by-layer (LBL) assembly technique is a valsamethod for surface
modification. Traditionally, species with oppositkarges are adsorbed alternately to a
surface, resulting in the formation of thin filmsthvthickness ranging from nanoscale to
microscale (Figure 5).[40-42] On the one hand,ftimelamental underlying mechanisms
such as the physicochemical aspects are a corgimasearch area. On the other hand,
LBL has been recently studied for applications iraage of fields, including biological
applications such as biomimetics, biosensors, deliyery, protein and cell adhesion,
mediation of cellular functions, and implantabletenals.[43]

Though the LBL technique has been most widely appto charged molecules,
non-electrostatic forces, such as hydrogen bondhmye been recognized as an
alternative mechanism for film growth.[44-53] Thenomon hydrogen bonding accepter
polymers include poly{-vinylpyrrolidone) (PNVP), poly(acrylamide) (PAAM)nd
poly(ethylene oxide) (PEO), and the hydrogen bogdoionor polymers include
polyaniline, poly(acrylic acid) (PAA), and poly(nietcrylic acid) (PMAA).[54] Tannic
acid (TA), a water soluble natural polyphenol hdsoabeen reported as hydrogen
bonding donor.[55, 56]

In addition to sharing the advantages of convealielectrostatic-based LBL
method, the multilayered-films constructed throdgfdrogen bonding could undergo

dissociation upon pH change, which could servevestscoatings on implants.
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from neural electrodes.[45] To overcome this issme propose to build a temporary
drug-containing coating on the electrodes usingdgen bonding based LBL assembly.
Upon insertion into the tissue, the layers willakly disintegrate under physiological pH,
revealing the underlying electrode surface and etereliminating the concern of

coating-induced loss of electrode functions.
1.3 Polymeric Therapeutics (Prodrug)

Polymer-drug conjugation (Figure 6) is a well-kmovand widely exploited
technique that is useful to improve therapeuticpprtes of peptides, proteins, small
molecules or oligonucleotides.[57-61] Polymer-cgajied drugs, sometimes referred to
as polymeric therapeutics or prodrugs, generallyilgi prolonged half-life,[62] higher
stability, improved water solubility,[63] lower imumogenicity and antigenicity,[64] and
can be designed to allow specific targeting tougssor cells.[65] Besides the above
advantages, in this dissertation, polymeric thentipg are selected to be compatible with
the LBL surface modification method to improve peniance of the chronic neural
electrode.

A wide variety of polymers have been explored foodoug synthesis. These
include synthetic polymers such &k(2-hydroxypropyl) methacryl-amide copolymer
(HPMA), polyglutamic acid (PGA), poly(ethylene gbiy (PEG), polyN-
vinylpyrrolidone) (PNVP), and poly(ethyleneimind®Kl). Examples of natural polymers
used for this application include dextran, pullylahitosan, hyaluronic acid and many

others.[66]
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In this dissertation, two types of prodrugs werepaired, one anti-inflammatory
for glial scar prevention and the other anti-oxiafor direct neural protection. The anti-
inflammatory prodrug was built from PNVP. PNVP iswdrophilic synthetic polymer
generally known for its biocompatibility and nontigienicity, and is considered safe for
biological experiments.[67] Soluble PNVP is onetleé most versatile and widely used
pharmaceutical auxiliaries and topical disinfectd68] However, lack of common
functional groups in PNVP has limited its furthgmplcations such as conjugation with
other biological therapeutics. | proposed to overesuch a limitation by functionalizing
PNVP with carboxylic acid groups to allow the syagls of anti-inflammatory prodrugs.
For the anti-oxidant prodrugs, | prepared a polynade monomer derived from an anti-
oxidant and copolymerized it with a biocompatibdéeyéate monomer with functionalities

amenable for LBL assembly.
1.4 Stimuli-Responsive Polymers

1.4.1 Thermo-responsive polymers

Thermo-responsive polymers are among the mostsively investigated smart
materials in biomedical fields.[69-71] A key chaeacstic of these polymers is that they
display a lower critical solution temperature (LQSAt temperatures below the LCST,
these polymers are soluble in water. Upon raisergperatures above the LCST, such
polymers will undergo a conformational transitionm loose solvated coils to compact
dehydrated globules, collapse and become insolublevater.[72] Such a phase
separation process occurs by either nucleationgrodith, or spinodal decomposition

(Figure 7).
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Nucleation and growth are associated with metdgtalfspinodal decomposition, on the
other hand, refers to phase separation under ¢onslitn which the energy barrier is
negligible, so no activation energy is requirede Bpinodal line is constructed from the

points where,

902G
gz

where G is the free energd,is the composition.

The binodal curve is related to the equilibrium gghoundary between the single
phase and the phase separated region. In a bipstgns this is related to the chemical
potentials of an individual component being equmaboth phases as expressed by the
following relationships:

Aug = Apg 2

Aug = Apj 3
where u is the chemical potential, 1,2 represeattito components and a,b

represent the phases.[73, 74] If the temperatur@ ixture is raised above the LCST,
that component undergoes thermally induced phasaraon by either nucleation and
growth or by spinodal decomposition (SD). The mimmm value occurring at the
intersection of the binodal line and spinodal lisghe LCST. Whether nucleation and
growth or SD occurs depends on how phase boundacyossed. If the binodal line is
crossed, the component becomes thermodynamicaltgstable. Under this scenario,
phase separation is favorable but only achievedumjeation and growth. If instead the
spinodal line is crossed, SD will occur. The tréinsai points between phase-separation

and homogenous solution are therefore dependenbosn temperature is changed.
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Hysteresis of the reversible transition is relatedhe difference between spinodal and
binodal curves. Note that phase separation is lWsaacompanied by an increase in
turbidity or cloudiness of a solution. The cloudingois the temperature where the
solution starts to become cloudy. And LCST is tloei@d point at the critical compaosition.
For simplicity, an experimentally determined clquaint is often reported rather than an
LCST.

While poly(N-isopropylacrylamide) (PNIPAAmM) has dominated &es itinost well-
documented thermo-responsive polymer, there areiggointerests on other types of
polymers with LCST behaviors, such as poly(vinyltinyé ether) (PVME)[75], poly(2-
oxazoline)[76], and poly{-vinyl-2-caprolactam) (PVCL)[77].

PVCL is water soluble and biocompatible, with LC3T the vicinity of
physiological temperature.[78] Its good biocompiétibis attributed to the fact that the
amide group in PVCL is directly bonded to the hyarobic backbone, thus its hydrolysis
will not result in the production of cytotoxic srhamide compounds.[79] The unique
temperature dependent behavior of PVCL has beenlogatp to prepare thermo-
responsive microgels for a variety of applicationg;luding thermal sensitive drug
delivery[80] and template for oxidative polymeripat of pyrrole.[81, 82] It also has
been used to stabilize proteases.[83] Furtherntbezmo-sensitive PVCL was recently
employed by Zhuk and coworkers[84] for constructiif responsive multilayers, which

can be delaminated at high pH values.

17



1.4.2 Dual responsive polymers

In conjunction with temperature, other stimuli uding pH have been used in
developing dual responsive polymers. For exampsgearchers have copolymerized
NIPAAmM with negatively charged carboxylic acid caining monomers such as alkyl
acrylic acid,[85-88N-acryloylavaline,[89] and succinic anhydride moelifidextran[90].
Alternatively, monomers containing positively chedgamino groups have also been
commonly polymerized with NIPAAm, such as N,N-dimgaminoethyl methacrylate
(DMAEMA),[91] L-lysine,[92] and trans-4-hydroxyl-lproline.[93] A few other
polymers, which are not based on NIPAAm, have heported with dual-responsive
properties, such as copolymers of di(ethylene da)yenethyl ether methacrylate
(MEO:MA) with either methacrylic acid (MAA) or DMAEMA,[9] homopolymer of
poly(N-ethylpyrrolidine methacrylate),[95] graft copolymmecontaining PMAA backbone
and oligo(2-ethyl-2-oxazoline) (OEtOx) side chd®a6] and poly(amidoamine)
dendronized poly(2-hydroxylethyl) methacrylate[97hese dual responsive polymers
have been explored in applications including cdntfomicelle structures,[89, 91, 93]
advanced drug delivery systems,[85, 88, 98] fabiobnaof dual functional nanofluidic
devices,[86] and modification of gold nanopartidieg|

Based on the LCST behaviors of PVCL polymers, ligte=d its functional
derivative with pH-dependent LCST behaviors for grdeug delivery. The goal is to use
the smart polymer as an alternative to enable @igegponse specific release of anti-

inflammatory drugs.
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1.5 Polymer chain conformation [73, 99]

The freely jointed chain model is the simplest reathtical description of a
polymer chain. In assumption, a single polymer chaasn bonds, each of length
joined in a linear sequence with no restrictionstluer angles between successive bonds.

In this model, the mean-square end-to-end diste(ﬁ’ée iIs given by the following
equation:
Rf =nl? 4
However, it underestimates the real end-to-endadcst of a polymer chain,
omitting factors such as bond angle, conformatiogyleg excluded volume, steric
hindrances, etc. The correction is represented dpnatant, characteristic ratig, ®y the
following equation:
R% = C,nl? 5
The end-to-end distance is difficult to measurstdad, the radius of gyrationg,R
is often used since this quantity can be measuyed lght scattering technique. The
radius of gyration is the average distance from dbeter of the gravity to the chain
segment. The mean-square value of the radius aftigyrcan be related to the mean-

square value of the end-to-end distance by theviatlg equation:

Coonl?
6

6

RZ =-R} =
In a crude approximation, each linear polymer clogicupies a space of a sphere

with the dimension oRg, At low concentrations, these spheres are segghfedm each
other. As the concentration increases, they beammngested and eventually touch each
other. At the overlap concentrati¢et), the whole volume of the solution is packed with
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these spheres. The overlap concentration of thetisol is given by the following
equation:

% 3M
C =——
4‘1TNARg

7
where M is the molecular weight of the polymer, aXg is the Avogadro’s
number.

When polymer concentration is belay, the solution is considered dilute. The
polymer chains are separated from each other ahdvbemore or less independently.
The chain interacts primarily with the solvent nmlkes. The solution is close to an ideal
solution. The situation is different at concentyai aboves*. The solution in this regime
is considered semidilute. The polymer chains arerlapped and entangled. Their
mobility is greatly reduced compared with the ckaim dilute solutions. The
thermodynamic properties of the semidilute soludiane greatly different from those of
an ideal solution extrapolated to the same conagoltr. At an even higher concentration,
the solution enters the concentrated regime in hvbech segment of the polymer chain
does not have a sufficient space available.

This dissertation studied the molecular behaviarstne LBL assembly by
examining polymer chain dimension in aqueous swhsti The assembly process at the
molecular level was proposed by correlating thigenef the layer with the polymer

chain conformation information.
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1.6 Dissertation Structure

The objective of this dissertation research is &veibp polymer mediated
therapeutic interventions to help improve long-tggaerformance of implantable neural
electrodes. Failure of neural electrodes has besnlynattributed to glial scar formation
and loss of neurons around the implant. To addeesh of the causes, | have tailor
designed polymer based therapeutic interventioms saindied their application toward
neural electrodes. Furthermore, a pilot study wagied out to synthesize a dual-
responsive biocompatible polymer intended for srdang delivery at the interface. The

content of this dissertation is schematically shanRigure 8:
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Chapter 2
Synthesisand Characterization of Glucocorticoid Functionalized

Poly(N-vinyl pyrrolidone): A Versatile Prodrug for Neural Interface
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An article presenting part of the results in thimpter has been published on
Biomacromolecules. [Cao Y, He W. Synthesis and &dtarization of Glucocorticoid
Functionalized Poly(N-vinyl pyrrolidone): A Verski Prodrug for Neural Interface.
Biomacromolecules 2010;11:1298-307.] The first autfivu Cao) finished all of the
experiments in this study. The corresponding au(bor Wei He) is advisor of Yu Cao
and financially supported this work.

2.1 Introduction

Chronically implanted recording electrode arraysehtéhe potential to improve
the quality of life of patients suffering from paiftor full paralysis. However, they often
fail to function reliably in clinically relevant cbnic settings. A potential solution to
pharmacologically manage the tissue response ttantga electrodes is to enable self-
regulated drug release based on the severity @ifdisesponse, without interfering with
the electrical properties of the electrode. Integgathe surface modification method
based on LBL assembly and stimuli-responsive dgugates, one could accomplish
the proposed ‘smart’ and effective drug deliveryhat neural interface (Figure 9).

The multilayered-films constructed through hydrogemnding mediated LBL
assembly could undergo dissociation upon pH changach could serve in the
application of smart coatings and be particulatlyaative to biosensors such as neural
electrodes, where preserving electrical propedigsificantly limits the characteristics of
any coating deposited on the surface.[45]

Specifically, the electrode surface could serveaa®mporary support for the

drug-containing LBL multilayered film. Upon inseti into the tissue, the layers will
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quickly disintegrate under physiological pH, retuggthe original electrode surface and
eliminating the concern of coating-induced losglettrode function (Figure 9).

To directly link drug release with the extent ddstie response, the molecular
characteristics of tissue response can be usdwedsdger. Tissue acidosis, a decrease of
extracellular pH of the tissue, has been observétdr arain injury by many
researchers.[100-103] Such a decrease in pH isralated to frustrated phagocytosis, a
process that involves macrophages actively attgckion-phargocytosable surfaces,
leading to the accumulation of degradative substmisach as acid at the cell-biomaterial
interface.[62, 104] Therefore, a drug conjugatehwd& pH sensitive moiety will
potentially enable tissue response regulated delease. Prodrug is useful to improve
therapeutic properties of peptides, proteins, smalkecules or oligonucleotides. In order
to realize tissue acidosis controlled drug release,could easily engineer a pH-sensitive
trigger into the molecular structure of the prodrdgdrazone is one of the common acid
labile linkages used in prodrug applications.[10®)6] It is relatively stable at
physiological pH (7.4), but hydrolyzes at acidic permally found at pathological sites
(below 6.0) such as tumors,[107, 108] infarcts,|1&%d inflamed tissue.[110] Therefore,
hydrazone bonding was used in this study to formadprg of anti-inflammatory
glucocorticoids.

The other desired feature of the prodrug is itditgltio participate in the LBL
process based on hydrogen bonding. Thus a funttimrevative of the hydrogen bond
acceptor PNVP was used for drug conjugation. Séveeshods have been explored to

introduce functional groups such as carboxylic ad amine onto either the pendant
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chain or polymer end.[111-115] The pendant carbgxglips of PNVP derivative can be
used for drug conjugation while the repeating lactang provides hydrogen bond

accepting function in the LBL proces®NVP is a hydrophilic synthetic polymer
generally known for its biocompatibility and nontigienicity, and is considered safe for
biological experiments.[67] Soluble PNVP is onetleé most versatile and widely used
pharmaceutical auxiliaries and topical disinfectd68] However, lack of common

functional groups in PNVP limits its further apg@tons such as conjugation with other
biological therapeutics.

In this chapter, | have synthesized a glucocoridanctionalized PNVP prodrug
that displayed responsive drug release in vitrcenmdnditions mimicking inflammation.
The feasibility of transporting the prodrug to theural interface using the LBL method
without permanently encapsulating the electrode axaduated. The bioactivity of the
prodrug and its released products was also exammadrms of anti-inflammatory
potency and neurotoxicity. This newly developedgddelivery system could potentially
resolve the dilemma between increasing drug loadiagacity and maintaining the
conductivity of electrode. Furthermore, it enaldé@®gct regulation of drug release by the
tissue response, thus allowing more effective attivea therapeutic treatment at the

neural interface.
2.2 Experimental Section

2.2.1 Materials
Diisopropylamine, azobisisobutyronitrile (AIBN), -tBrt-butyl dicarbonateN-

ethyl-N’-(3-dimethylaminopropyl) carbodiimide hydrochlori@DC), prednisolone, and
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polyethyleneimine (PEI) with Mn = 1,800 g/mol weobtained from Sigma-Aldrich.
Tetrahydrofuran (THF)N-vinyl-2-pyrrolidone (NVP),N,N’-dimethylformamide (DMF),
n-butyllithium, tert-butyl carbazate (TBC) and trifluoroacetic acid AjRvere obtained
from Acros. Deuterated dimethyl sulfoxide, chlomofp and water were obtained from
Cambridge Isotope Laboratories, Inc. Polyacrylic d2AA) with Mw = 450,000 g/mol
was purchased from Polysciences, Inc. Hexanes| atisyate, dichloromethane (DCM)
and quartz slides were purchased from Fisher Stterialysis membrane (MWCO =
500 Da) was obtained from Spectrum Lab, Inc. Adigents were used as received unless
otherwise noted.
2.2.2 Characterization

'H NMR (300 MHz) spectra were recorded on a Variaarddry 300 NMR
spectrometer. Gel permeation chromatography (GP@s werformed at room
temperature using PL-GPC 50 plus (an integrated /GEC system from Polymer
Laboratories, Inc.) with a refractive index detect@MF was used as the carrier solvent
at a flow rate of 1.0 mL/min. Standard monodisperselystyrenes (Polymer
Laboratories) were used for calibration. UV-vis @pe were measured using a UV-vis
spectrometer (Biomate 5 from Thermospectronic)ip&timetric measurements were
performed on dry films in air using an L0116S Swledlipsometer (Gaertner scientific
corporation) with He/Ne laser (632 nm) illuminatiah a 70° angle of incidence. A

refractive index of 1.465 for the dry film was assad.
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2.2.3 Prodrug synthesis

Synthesis of carboxylated NVP copolymer (COOH-PNWBhomer of 3-{ert-
butoxycarbonylN-vinyl-2-pyrrolidone (TBNVP) was synthesized as «édsed
previously.[114] NVP (5.328 g, 1.6 mol/L), TBNVP.§32 g, 0.4 mol/L), AIBN (0.148
g, 0.03 mol/L) and freshly distilled THF (30 mL) meeadded into a 250 mL flask, and
subjected to three freeze-thaw cycles to removeg@xy Polymerization reaction took
place at 65 °C for 22 h. The polymer was then prigated in hexane, redissolved in THF
and reprecipitated in hexane for purification. Tétgained polymer (PTBNcoN) was
dried in a vacuum oven at 55 °C overnight (6.5583%p yield, Mw: 16,900 g/mol). The
carboxyl groups (-COOH) were recovered by removing t-BOC protecting groups
using TFA. Briefly, PTBNcoN (6.259 g, 9.55 mmeBOC) was dissolved in DCM (15
mL) followed by the addition of 15 mL TFA. After aeting for 4 h, the polymer was
recovered by solvent evaporation and dialysis agaileionized water overnight and
lyophilization. The yield was 5.05 g (80%).

Synthesis of NVP-hydrazide copolymer (PNVP-NH)NEOOH-PNVP (3.568 g,
5.9 mmol COOH) and TBC (0.808 g, 5.9 mmol) was alis=d in 25 mL of ultrapure
water. Aqueous solution of EDC (1.17 g, 5.9 mmoBswthen added dropwise. The
reaction mixture was stirred for 24 h at room terapge. Unreacted TBC and EDC were
removed by dialysis against deionized water exwehgi The producti-BOC protected
NVP-hydrazide copolymer (PNVP-NH-NH-BOC) was obg&drby lyophilization (3.584
g, 76%). To remove the BOC protecting groups, TFR#swsed. Briefly, PNVP-NH-NH-

BOC (1.171 g) was dissolved in DCM (10 mL) and Twas added (10 mL). After 4 h of
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reaction at room temperature, the solvent was easgd and the purified PNVP-
hydrazide copolymer (PNVP-NH-NMHwas obtained by dialysis against deionized water
extensively and lyophilization. The yield was 1.@p89%).

Synthesis of NVP-glucocorticoid prodrug (PNVP-PrdeiNVP-NH-NH, (0.712
g) was mixed with the glucocorticoid drug prednsed (1.204 g) in DMF and 5@ of
acetic acid was added as a catalyst for the reactioe solution was kept stirring for 24
h. The mixture was precipitated in water to remomeeacted prednisolone (limited water
solubility 142 mg/L[116]) while the prodrug remathen the aqueous solution. The
obtained solution was dialyzed against deionizetewaxtensively and lyophilized to
obtain prodrug (0.410 g, 38%).
2.2.4 pH sensitive drug release

Prodrug (10 mg/mL) was dissolved in either an dedtaffer (0.15 M, pH 5.0), or
a phosphate buffer (0.15 M, pH 7.4). One millimeteprodrug solution was then loaded
to a dialysis tube (MWCO 500 Da) and incubateddm®. of corresponding buffer at 37
°C. At selected time intervals, the solution outstle dialysis membrane (@) was
withdrawn for high-performance liquid chromatogrgpfHPLC) analysis. A Thermo
Scientific Finnigan HPLC system coupled with duawelength detector was used for the
drug release study. A reverse phase C18 (Watersni8gty, 4.6 x 150 mm, pm) was
used for the analysis with acetonitrile/water as tfobile phase. The flow rate was set
constant at 1.0 mL/min. The UV detection wavelengths at 240 nm. The sample
injection volume was 2(QlL for all evaluations. A linear external prednisoéocalibration

curve was established. The amount of prednisoleleased was quantified by converting
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the UV absorbance at 240 nm against the stand&bdateon curve. All drug release data
are presented as the amount of free prednisoldakvesto the total prednisolone content
in the prodrug conjugate.

2.2.5 LBL assembly with PNVP prodrug (PNVP-Pred)

The self-assembled films were prepared either oartguslides or silicon
substrates with a 100 nm thick oxide layer (Uniitgré/afer), depending on the specific
characterization methods used. Before layer dapaosithe silicon wafers were cut into
small squares (1 x 1 cm). Both substrates weraetean a boiling piranha solution (3:1
concentrated 80, : 30% HO; v:v; piranha solution reacts violently with organics and
should be handled with extreme caujidar 30 min, washed with copious amount of
water and dried under nitrogen. The substrates fwstammersed in a PEI solution (1.5
mg/mL, pH = 7) for 30 min, followed by rinsing inater for 1 min. The PAA/prodrug
multilayers were then assembled by alternating irsioe of the substrates in solutions
of PAA (0.5 mg/mL, pH = 3) and prodrug (0.5 mg/ndH = 3) for 5 min, respectively.
Between each step, the excess polymer was remgveadding the substrates with HCI
solution (pH = 3) for 1 min. All solutions were p@ed using ultrapure water (Milli Q-
plus system, Millipore) with a resistivity of 188 Q-cm. The assembly process was
monitored with UV-vis spectrometer and ellipsometiyhe coated substrates were
immersed in phosphate buffered saline (PBS, pH 4 7or 1 h, and subsequent

ellipsometric measurements were carried out toattarize layer desorption.
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2.2.6 Bioactivity of prodrug and its released products

In vitro anti-inflammatory study of prodrugd subclone of RAW264.7 murine
macrophages (kindly provided by Dr. Tim Sparerhad tUniversity of Tennessee) were
grown in Dulbecco’s modified Eagle’s medium (DMEM)pplemented with 10% fetal
bovine serum (FBS, Invitrogen), 1% L-glutamine drfd penicillin/streptomycin. Cells
were cultured at 37 °C, 5% G@nd 95% relative humidity. For anti-inflammatotydy,
cells were seeded in 48-well tissue culture plates density of 1.0 x 2@&ells/well and
allowed to attach overnight. Culture medium wasithspirated and replaced with fresh
medium. Cells were stimulated to generate nitricdex(NO), a potent inflammatory
mediator, with 100 ng/mL of lipopolysaccharide (DRSigma), and treated with solution
of prednisolone, prodrug or precursor polymer (PNWURP-NH,) (concentration
equivalent to 1.1 pM prednisolone) simultaneousil. treatments were done in
triplicate. After 24 h of incubation, the amountstfble nitrite accumulated in the culture
medium, the end product of NO production, was deiteed by Griess reagent
(Promega).[116]

In vitro anti-inflammatory study of products frontodrug release.Prodrug
solution was prepared with either a PBS buffer §pAH4) or an acetate buffer (pH = 5.0),
and incubated at 37 °C. At various time points (tlagnd day 10), an aliquot of solution
was withdrawn and stored at -20 °C. Prodrug sahstiovere also collected before
incubation and noted as day 0 samples. Macrophages cultured and activated as

described in the previous section, and treatedgusiie incubated prodrug solutions
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collected at day 0, 1, and 10, respectively. NQdpation was analyzed using the Griess
assay.

The results for Griess assay study were express@eraentage to the untreated
LPS stimulated control, and analyzed by analysivasfance (ANOVA) using a SAS
software. Least squares means were compared by Begsficant Difference (LSD)
test. For all analyses, significance was assigoed € 0.05. All cell culture studies were
repeated to account for biological variance.

Primary cortical neuron cultureCortical neurons were obtained from 9-day-old
chicken embryos. Forebrains of the embryo wereedissl, minced into small pieces, and
enzymatically dissociated with 0.25% trypsin in P#®% 20 min at 37 °C, followed by
inactivation with medium containing 10% FBS (Ineigen). A cell pellet was obtained
after a brief centrifugation, and mechanical tation using a fire-polished Pasteur pipet
was applied to further dissociate the cells. Osltse then preplated on a collagen-coated
Petri dish and incubated for 1 h at 37 °C in a 5% &mosphere. This process has been
reported to provide culture with 97% of neuron cosipon.[117] Purified neuronal cells
were collected and resuspended for cell culture.

In vitro cytotoxicity study.The cytotoxicity of the prodrug and its polymer
precursor PNVP-NH-NHK towards neurons was determined. Cortical neuroesew
seeded into wells of 24-well tissue culture plgiescoated with Laminin at a density of
5.0 x 1¢ cells/cnf and cultured in DMEM supplemented with 10% FBS, 1%
penicillin/streptomycin, and 1%-glutamine at 37 °C in a 5% GGtmosphere for 2

days. Cell culture medium was then aspirated amuaced with fresh medium
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supplemented with either prodrug or PNVP-NH-NKLOO uM, equivalent to
prednisolone). Cells were incubated for anotheaysdand cell viability was determined
using a WST-1 assay (Roche) according to the matwrix’s instruction. Cell viability
was calculated by normalizing the absorbance to ¢hahe controls. Furthermore, a
gualitative morphological study was performed siadously. Briefly, at the end of
culture, cells were live stained with 0.05 v/v Galc AM (Invitrogen) solution in PBS
and incubated at 37 °C in a 5% £&mosphere for 30 min. Samples were rinsed twice
with PBS before and after fluorescence stainingofdscent images were collected using
a 10x objective lens on a confocal microscope @&P2, Germany).
2.2.7 Prodrug diffusion

Synthesis of fluorescent prodrug analog (FPNVIPJe reaction is modified from
a previous report.[118] PNVP-NH-NH0.03 g) was dissolved in sodium carbonate
buffer (16 mL) at pH 9. Fluorescein isothiocyané#TC) in anhydrous DMSO (0.15
mL, 1 mg/mL) was added to the above PNVP-NH Nidlution. The solution was kept
stirring for 10 h. The mixture was quenched by @ldition of ammonium chloride (16
mg) to a final concentration of 50 mM. The obtairemlution was dialyzed against
deionized water extensively in dark and lyophilizedbtain FPNVP (0.012 g, 40%).

Diffusion experimentThe Si substrates were firstly coated with 8 lalayof
FPNVP and PAA using the LBL method mentioned irtisac2.2.5. A 0.6 wt% SeaKem
agarose solution was poured onto a Si wafer witiile8/ers of (FPNVP-PAA). Gel was

formed within 5 minutes. Then 1 mL PBS was addedopnof the gel. The system was
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kept in dark overnight at 37 °C. Then fluorescemages were captured. The software of

Image J was used to analyze the fluorescent pgtarebtain quantitative data.
2.3 Results and Discussion

2.3.1 Prodrug synthesis and characterization

In this work, the synthesized prodrug was base®NWP and anti-inflammatory
glucocorticoid drug of prednisolone. The prodrugswaepared following procedures
outlined in Figure 10. The conjugation scheme cardsily translated to other members
of the glucocorticoid family, such as dexamethasamm& methylprednisolone. Due to the
lack of reactive groups for drug conjugation in rmorer (NVP), it is common to
copolymerize NVP with other functional vinyl monoreeHowever, reactivity of NVP
differs greatly from those of other monomers, whiebults in compositional shift from
feeding ratio. Therefore, a derivative of NVP waed to copolymerize with NVP in
preparing functional PNVP. The derivative, TBNVRRabs a protected carboxyl group at
thea-position of NVP, and is expected to show simikadical reactivity with NVP due to
the structure similarity between the two monomé&s.shown in a, integration GtCH,
and "CH; revealed that the molar ratio of TBNVP in the pneggl copolymer was 18
mol%, suggesting good agreement with the mononmedirig ratio of 20 mol%. Thus,
copolymerization of TBNVP and NVP monomers allowsntrolled introduction of
functional groups into the polymer with little coosgtional drift.

In order to render the prodrug susceptible to @sswgidosis, an acid labile

hydrazone group was used to conjugate prednisatotiee functional PNVP.
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Figure 10. Glucocorticoid prodrug synthesis via jugation of prednisolone onto

functionalized poly|{-vinyl pyrrolidone).
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Briefly, the carboxyl group at the-position of PNVP was exposed by acid removal of
the t-BOC protecting group, and subsequently convertegd hydrazide groups by
reacting withtert-butyl carbazate followed by acid deprotection. TUse of TFA for
deprotection oft-BOC groups is highly efficient as reported in fiterature[119] and
further confirmed in this study by the disappeaeantthe characteristicbutyl peak at
01.33 in the NMR spectra (Figure 11b and d). Conearsf the functional groups can be
obtained using integrations 8€H, and ‘CHs. Briefly, PTBNcoN was fully converted to
COOH-PNVP. Subsequently, 88.9% of the -COOH growese converted to BOC-
hydrazide, followed by 100% conversion to unpraddhydrazide. This means that the
composition of the copolymer prior to drug conjugatwas 82 mol% of NVP, 16 mol%
of NVP-NH-NH,, and 2 mol% of NVP-COOH. Prednisolone was conjggainto the
copolymer through formation of a hydrazone bondvieen the pendant hydrazide group
of the copolymer and the ketone carbonyl group @dmisolone. Because prednisolone
has poor solubility in BO, d-DMSO was chosen as the NMR solvent for comparison
between free drug and prodrug, even though therpgobdas good water solubility. As
shown from Figure 12, thtH-NMR spectrum of prodrug presents signals betw&ef
and 7.6, attributed to protons of the prednisolone tiese It indicates success of drug
conjugation to the copolymer. The degree of predaie conjugation to the polymer
was determined by UV absorbance spectroscopy asalf/she prodrug solution. Figure
13 showed UV spectra of 0.1 mg/mL solutions of pisdlone, prodrug, and its polymer

precursor PNVP-NH-NH
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Figure 11.'H-NMR spectra of (a) PTBNcoN, (b) COOH-PNVP, (c) ANNH-NH-
BOC and (d) PNVP-NH-NKin D;O.
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Figure 12.*H-NMR spectra of (a) prodrug PNVP-pred and (b) fileeg prednisolone in
dg-DMSO.
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The prodrug and prednisolone share the charadtepstk at 247 nm. Prednisolone
solutions of various concentrations were prepaned the absorbance at 247 nm was
measured to generate a calibration curve for psetbme content calculation. The
amount of prednisolone conjugated to the polymes %60 mg/g prodrug, determined by
comparison of UV absorbance spectrum of prodrugnagghe prednisolone calibration
curve generated in our lab.[120, 121] CompositidrNYP-pred in the prodrug was
calculated as 6 mol%, indicating that 60% of thdragide groups were consumed for the
conjugation. The polydispersity of the prodrug wa84 as characterized by GPC.
Although only one degree of conjugation was studirethe present work as a proof-of-
concept, the level of functionalization and drugdimg capacity can be easily tuned by
varying the initial copolymer composition betweeN™and TBNVP. To characterize
the release profile of the synthesized prodrugibgaacid-labile functional groups, two
release conditions were used. One condition is & ghbuffer representing normal tissue
and the other condition is a pH 5.0 buffer simulgtseverely inflamed tissue.[122] As
expected, the hydrazone-containing prodrug dematestr pH-sensitive drug release
behavior. Within 25 days, the percentage of predoise released from the prodrug was
always higher at acidic pH than at physiological (fliture 14).

The faster drug release rate under acidic condit®rcharacteristic of the
hydrazone bond, as its hydrolysis rate has beenrskmbe accelerated in the presence of
an acid.[106, 123] This result suggests that moteiaflammatory drugs will be released
in case of tissue acidosis, therefore potentialiybéing more effective and active

pharmacological management of inflammatory tisesponse at the implant interface.
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Figure 14. In vitro cumulative release of predrosa from prodrug at different pH levels
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There are two carbonyl groups at positions 3 anth2Be prednisolone structure,
as shown in Figure 10. A question related to tlaetren mechanism is that which group
reacts with PNVP-NH-NK to form the prodrug. Inferred from the fact thab n
crosslinking occurred during the reaction, it issgible that these two carbonyl groups
differ in reactivity. Because the carbonyl groupached to the six-membered ring
(position 3) is stabilized by the conjugated stuoet | suggest that the other carbonyl
group is more reactive. Therefore, the carbonylgrattached to the five-membered ring
(position 20) is thought to be the reacting graughie prodrug synthesis step.

In order to directly identify which carbonyl groupacts with PNVP-NH-NE
control experiments could be designed. This stuayalso shed light on the crosslinking
concern caused by potential role of prednisolona esosslinker due to the presence of
two carbonyl groups. Control reactions designedgisommercially available chemicals
are shown in Figure 15.

The reaction and workup procedures will be the sawith that described in
section 2.2.3. NMR spectra will be collected toedetine chemical structure of product
from reaction 1 and 2. Specifically, residual pefksn R, or R, will be screened to
prove if any reaction happened. There are fouriplessutcomes as show in Figure 15.

Out of these four outcomes, if b or ¢ happens,ilt e a clear indication of
which carbonyl group on prednisolone reacted withVP-NH-NH,. Result d is unlikely
because either reaction 1 or 2 should occur basdteoresults of the reaction between

PNVP-NH-NH, and prednisolone.
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Possible outcomes from the control reactions:

reaction 1

reaction 2

Reaction 1 occurred

Reaction 1 not occurred

Reaction 2 occurred

Reaction 2 not occurred

Figure 15. Control reaction for illuminating theaotivity of the two carbonyl groups at

positions 3 and 20 in prednisolone.

44



If outcome a is observed, this will mean eitheboayl can react. Further control
reaction could be carried out by mixing an equalamamount of Rand R. The amount
of R; (or Ry) will be kept in excess as compared to the amioamgon PNVP-NH-NH,
such as at a ratio of 3:1. Then the structure radl fproduct could be determined. From
here, the reactivity of the two carbonyl groups barfinally confirmed.

2.3.2 Application of prodrug for LBL assembly

The approach of integrating prodrug within selfeasbled multilayers has been
previously reported. Thierry and co-workers usedhyaluronan ester prodrug of
paclitaxel, a potent hydrophobic chemotherapeugieng as a polyanion to prepare
polyelectrolyte multilayers with a natural polyamichitosan.[124] In their study, drug
release resulted from the hydrolysis of the estmndband subsequent diffusion of
paclitaxel out of the film, while the multilayeremained stable throughout the release
study. In the present work, a less stable multiegdilm was preferred considering the
application towards neural sensors such as elexdrotherefore, the PNVP hydrazone
prodrug of prednisolone was used for LBL assemlageld on hydrogen bonding. PAA
andPNVP could be deposited on a variety of substrates uskied BL technique through
the hydrogen bond between the carboxylic acid ggaupPAA and carbonyl groups on
PNVP.[40, 45, 125] The stability of hydrogen-bond®dA/PNVP multilayers is limited
to a particular pH range, and layer deconstruatismally occurs under physiological pH
(7.4).]226] Such pH-dependent stability is in fadvantageous for neural electrodes. As
mentioned earlier, there is a fine balance betweklective coating-based localized

release of therapeutics and the electrical funatipnof the neural electrodes. With this
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destructible hydrogen bonding interaction, the akealectrodes can serve as a temporary
support for film construction and transport thenfito the tissue-electrode interface via
implantation. The physiological pH will then quigkielease the film off the electrode
surface leading to an implanted bare electrodehm reural tissue surrounded by
molecular components of the disintegrated film (f&y9). Those components can exert
therapeutic actions when needed if proper releaggets are engineered into the
molecular structure. Since prednisolone was comgayaia the pendant functional groups
of the PNVP, the prepared prodrug still containeel ¢arbonyl groups, which can form
hydrogen bond with PAA. Using the LBL techniquedhygen-bonded PAA/prodrug
multilayers were coated onto silicon substratesyaderial commonly used in recording
neural electrodes. Ellipsometric measurements (Eiguba) revealed that film growth
was a linear function of the number of PAA/prodroitayers deposited (for up to 8
bilayers), with an average bilayer thickness om27. This trend was also confirmed by
UV-vis spectrophotometry of the multilayered films quartz substrates, as indicated in
Figure 16b. The absorbance peak at 193 nm origirfeden PNVP of the prodrug layer.
A linear increase of absorbance at 193 nm in wato the number of bilayers was
observed, suggesting film growth of PAA and prodrl@j/]

To demonstrate that the PAA/prodrug multilayer fitan be released from the
silicon surface in a physiological environment, ttuated substrates were immersed in
PBS (pH = 7.4), and subsequent ellipsometric measeint confirmed the destruction of

the multilayer coating within 1 h.
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The pH sensitivity of the hydrogen-bonded PAA/pragr multilayer was
consistent with other reports.[45, 126] This pH ss&we prodrug containing coating
could be a simple yet effective approach to modiégording neural electrodes, in which
one could incorporate a sufficient amount of prgdto aid in managing the host
response to the implanted electrode without thecem of sacrificing the electrical
property of the neural electrode.

Because of the versatility of the LBL techniquects@a prodrug system can be
easily applied to other implantable sensors wheperananent, drug embedded coating
might compromise the sensing function of the deuvicis worth mentioning that PEI was
used as the base layer to prime the surface faesuient LBL process. Although toxicity
of PEI is a debatable concern for biological amilans[128-130], only a minute amount
of PEI was present on the substrate (i.e., it le@h veported less than 0.1 gfoof PEI
deposited as a base layer for LBL[131]). Furtheemaoxicity of PEI depends on the
molecular weight, where 2 kDa PEI was nontoxic eseconcentrations as high as 45
g/mL[132]. The PEI used in this study has a molaculeight of 1.8 kDa, and therefore,
it is not expected to exert significant adverse@# on neurons.

In this LBL assembly system of PAA/prodrug, PAA c¢bosen to facilitate
deposition of prodrug in the dissociable coatingctually, other polymers with
carboxylic acid group could possibly substitute PAFerefore, polymers with good

biocompatibility could be tried, which will be fim¢r discussed in chapter IV.
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2.3.3 Bioactivity and biocompatibility of prodrug and its released products

The prodrug was designed for suppression of hdlsihmmatory response towards
recording electrodes inserted in the CNS. Activataf microglia, the only resident
phagocytotic cells in the CNS, was observed follmyinjury caused by electrode
implantation.[8, 133, 134] The activated microghéso known as the brain macrophages,
continually produce various cytotoxic and neurotofactors.[8] It has been suggested
that inhibition of microglia activation is a poteltstrategy to reduce immune response
against the electrode.[11, 30] In addition to mitiay electrode implantation inevitably
damages the vasculature of the CNS, leading t@aeagation of blood borne, monocyte-
derived macrophages into the CNS tissue. These oplagges act in concert with
activated microglia to defend the CNS against tha-self electrode. Because of the
functional similarity, the present study selectkd teadily available monocyte-derived
macrophages instead of isolating primary microfjican neonatal rats to examine the
anti-inflammatory effect of the prodrug and itseaded products. Specifically, the well-
established RAW264.7 murine macrophages were i&d/264.7 murine macrophages
are responsive to LPS stimulation and produce cnitrkide (NO) as a marker of
activation. NO is a potent inflammation mediatorlecole and also is responsible for
oxidative stress induced cell death.[13] Studiesehahown that if the activated
macrophages were responsive to anti-inflammatogragpeutics, the amount of NO
production will decrease.[116] Therefore, the ekt&#NO reduction could be taken as a
measurement of anti-inflammatory potency of theséipematerials. In the present study,

the anti-inflammatory effect of prodrug and itseladed products were determined by
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comparing the production of NO between the activatells treated with these
compounds and untreated control. It has been slibatrglucocorticoids can exert anti-
inflammatory effects within a wide range of dosagem 0.001 nM to 0.1 mM or
higher[135]. In the present work, | selected a desa the middle of the range (i.e., 1.1
UM of prednisolone) to assay NO production.

The inhibitory effect of prodrug and its precurgamymer on NO production in
RAW264.7 macrophages were compared (Figure 170% reduction in NO production
was observed when the cells were treated with pghdruggesting that the prednisolone-
conjugated prodrug has an anti-inflammatory effaghainst activated macrophages.
However, the anti-inflammatory effect of prodrugsalass potent compared to activated
cells treated with the same amount of free drugclvehowed over 60% reduction in NO
production.

It is unclear at present how the prodrug exertaurits-inflammatory action. From
the release profile at pH 7.4 (Figure 14) | carerolit the possibility that a significant
portion of the conjugated drug was cleaved offgblymer carrier and interacted with the
activated cells after 24 h of incubation. Basedrm mechanisms of the cellular actions
of glucocorticoids reported by Buttgereut et aB3], | speculate that all the free drug
molecules can participate in both the genomic masha and nongenomic mechanisms.
However, in the form of prodrug, it is likely th#te nongenomic, receptor-mediated
mechanisms are dominant. Depending on the polyfmnaconformations, it is possible
that only a portion of the conjugated drug molesuigll be accessible to the receptors.

Therefore, the prodrug form is less effective talit NO production than free drug.
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Figure 17. NO production by LPS activated macroglad-PS activated macrophage
treated with either polymer PNVP-NH-NH prodrug PNVP-pred, or free drug
prednisolone, respectively. Non-activated macrophageated with polymer PNVP-NH-
NH, alone were also included. Cells without LPS actoratserved as control. Data

shown are average + STD (n = 3).
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It will be informative to elucidate the mechanismderlying the therapeutic effect of the
prodrug in a future study. Along with the prodrdgwas also interested to examine
whether the polymer precursor (PNVP-NH-NHad any biological activity, since it will
be one of the major release products in additidhécconjugated drug. Of particular
relevance are whether the polymer has any antasmfhatory effect, and more
importantly, whether the polymer is stimulatory tyads macrophages.

As shown in Figure 17, when LPS activated macropbagere treated with the
polymer precursor (PNVP-NH-NH at a level equivalent to the prodrug, no sigaific
difference was observed in the amount of NO prodwae compared to LPS activation
alone, suggesting that the polymer precursor had anti-inflammatory effect.
Furthermore, when non-activated macrophages weresexl to the polymer precursor,
the level of NO production remained similar to tbathe non-activated negative control.
It implies that the polymer will not induce any maghage activation and thus would be
suitable as a drug carrier to treat host inflammyatesponse to implanted electrodes.

The other important aspect of the bioactivity stwhs to determine whether the
therapeutic nature of the drug was preserved attbjection to the conjugation reaction
via the hydrazone linkage. To address this quespordrug solution was prepared with
either a PBS buffer (pH = 7.4, physiological coiwh) or an acetate buffer (pH = 5.0,
inflamed tissue) and incubated at 3Z. At various time points, an aliquot of solution
was withdrawn and stored at -2C€ until the bioactivity study was performed. LPS
activated RAW264.7 macrophages were used and dreaid the various prodrug

solutions mentioned above.
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The therapeutic effect was gauged through leveinbibition of NO production. As
shown in Figure 18, when cells were treated witbdpug solutions obtained after 1-day
incubation, the level of inhibition on NO productiovas similar to the original day 0
samples, regardless of the buffer pH. However, wireating cells with samples
collected after 10-day incubation, a significanpmwvement j§ < 0.05) in NO inhibition
was observed for the sample prepared in the atidifer, where the inhibition level
increased from 40% to 50%; but the sample of phygical pH did not show any
statistical change.

On one hand, these results confirmed that more idlegse occurred under acidic
condition where hydrolysis of the hydrazone bond \macelerated, consistent with the
HPLC data. On the other hand, these results ireticttat the released prednisolone
retained its therapeutic activity, suggesting thlaé conjugation scheme did not
compromise the bioactivity of the drug. Though HRLC data showed drug release at
day 10 for the normal physiological pH, it is pddsithat the amount of free drug in the
solution was below its therapeutic concentratiom therefore not able to further reduce
NO production. Overall, these cell culture resydteved that the synthesized prodrug
was sensitive to pH and able to release more péteatdrug at lower pH. It could be
used as a smart drug delivery system to activelgttmflammation against implanted
neural electrodes, that is, a more severe inflammatesponse will result in further
tissue acidosis which in turn triggers more drudease to counteract on the

inflammation.
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Besides its therapeutic effect, of equal importancethe neural electrode
application is the biocompatibility of the prodruig the CNS. It is critical that the
prodrug and its released product, i.e. the polymprecursor PNVP-NH-NHKH do not
exhibit toxicity towards neurons, which are theestarget of the electrode. Therefore, |
studied toxicity both quantitatively and qualitaly. For quantitative analysis, the WST-
1 assay was adopted. It is a standard assay uskedyvior analysis of cytotoxicity. Its
working principle is based on the reduction oftsatsolium salt by cellular mitochondrial
dehydrogenases to a water-soluble salt, which eaphotometrically quantified at 450
nm. In this assay, the untreated neurons were ase positive control and all values
from the experimental group were compared with @t of data. As shown in Figure
19a, the reduction of WST-1 was unaffected by prgar its polymer precursor, and no
significant difference was observed between thdiltg of treated neurons and the
control. For qualitative analysis, neuron morphglegs observed via a live Calcein AM
staining. The confocal images (Figure 19b-d) iatgd that regardless of the treatment,
the cortical neurons were viable (good fluoresaetansity) and displayed morphology
and neurite extension comparable to the controth Bb the polymers used in the LBL
process, that is, PNVP and PAA, are non-biodegilad&me will be concerned about the
bioeliminability of these polymers in vivo. Althohgl used the well-studied high
molecular weight PAA in this proof-of-concept stufiyr LBL construction, future
studies can use a degradable polymer such as hdbifgc acid) to replace the non-
degradable PAA. For PNVP, even though it is nonra@agple, it can be eliminated if the

molecular weight is maintained below 100,000 g/mol.
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Figure 19.(a) In vitro neural cytotoxicity of prodrug PN'-pred and precursor polym
PNVP-NH-NH,. Data shown are average + STD (n = 3). Confocahges shov
morphology of neurons following 48 h treatment waither (b) prodrug PNV-pred, (c)
precursor polymer PNVRH-NH,, or (d) nontreated control. Scale bar = 106n.
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2.3.4 Prodrug diffusion in a ssmulated brain tissue model

Distribution of prodrug in the brain tissue aroute implanted electrode is an
important parameter for clinical applications duwe the importance of therapeutic
concentrations to combat inflammation. Thereforesimple diffusion experiment in a
simulated brain tissue was designed to providecbadgbrmation of the therapeutic
concentration.

A silicon wafer was firstly coated with fluoresceptodrug analog. Then the
coated silicon was embedded into an agarose hydrsemeulating the gel-like brain
tissue environment. After incubation of the systéon a predetermined time, the
fluorescent prodrug analog diffused away from tleeteode (Figure 20). The fluorescent
images were recorded using a fluorescent microscbipe concentration distribution of
the prodrug analog around the electrode was thereficulated.

The raw images were shown in the appendix (Figudg Fhe processed
fluorescent intensity along the diffusion pathwagsvshown in Figure 21.

The fluorescence intensity at 4200 um was firstiptsacted as the background
value to obtain corrected fluorescent intensity.slaplify the calculation, the intensity
curve was divided into three regimes, with linestrdbution in each regime (Figure 22).

The equation for the simplified intensity, I(x), svahown below:

82, x < 250
I1(x) ={—0.04x + 92, 250 < x <1800 8
—0.00083x + 35, 1800 < x <4200

where x is the diffusion distance from the surfatéhe Si wafer.
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Figure 21. Fluorescent intensity of prodrug anasga function of distance away from
the Si wafer.
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The prodrug concentration at distance x, c(x), wasained based on the
assumption of its proportional correlation the feegrent intensity, as shown in the
following equation.

c(x) = ol (x) 9
wherec is a constant.

In the cube of the diffused prodrug analog (Fig2@g, it is reasonable to assume
the same concentration along the shank of elec{@de

Therefore, the total amount of prodrug in the detk (ny) could be calculated

according to the following equation:

f04200 c(x)Adx = ng 10
where A is the area of Si wafer. Furthermorg,can be expressed by the
following equation:
nyg =INAg 11
whereTI is the amount of polymer per layer from LBL assemh typical value
is 1 mg/nf/layer, from many previous reports and my own QG¥ults. Therefore, 1
mg/nf/layer is used for current calculation.
N is the layer number for the prodrug analog. &tayas taken for calculation.

® is the drug loading capacity of the prodrug. la turrent studyp is taken as

160 mg/g, which is the drug loading capacity of FNpted.
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Finally, the concentration of prodrug could be deieed at any location along
the substrate. Take the concentration at 100 pny &em the substrate for example, the

concentration was calculated as 2.36 pM. The lmaétulation procedures are shown

below:
g NAgp
O' = =
f04200 1(x)Adx f04200 1(x)Adx
1mg
m? .

] X 8 layer X 0169 X A
ayer g

= 250 1800 4200
A| [ 82dx + [gy *(—0.04x + 92)dx + [0,

(—0.083x + 35)dx]

= 0.0000104 kg/m?3
c(100 um) = oI(100 um) = o X 82
= 0.00085 kg/m3
= 2.36 uM predenisolone

The ultimate goal of this experiment is to deternthe spatio and temporal
distribution of therapeutic at any time period amny location. A more rigorous process
will be a combination of theoretical prediction agxperimental validation. Experimental
results will provide parameters such as the diffnstonstants for theoretical calculation
and proofs for the theoretical models. Theoretigadels will in turn give comprehensive
understanding of the drug concentration distributidhe above model needs to be
improved in several ways such as the reprodugibilgccurate description of the
fluorescent intensity curve, etc. Although the eatrmodel is very rudimental, it is a
simple and first step toward determination of kicetof drug distribution in the brain

tissue.
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2.4 Conclusions

A glucocorticoid-polymer prodrug was synthesizeddmyjugating prednisolone
to functionalized PNVP through a hydrazone bondigbrelease from the prodrug was
sensitive to pH as hydrolysis of the hydrazonedgik was enhanced under acidic pH.
Besides being a drug carrier, the prodrug was edsopatible with the LBL technique
leading to hydrogen-bonded PAA/prodrug multilayguscessfully deposited onto silicon
wafers and quartz plates through LBL assembly. fiteelrug and its released products
demonstrated good biocompatibility with neuronsj #ime conjugated drug retained its
therapeutic effect by successfully inhibiting N@gbuction from activated macrophages.
Collectively, these results suggest that the gladamid-PNVP prodrug can serve as a
promising and versatile drug delivery system. t ba easily applied to neural electrodes
without compromising the electrical property of tigplant, and can potentially realize
tissue response-regulated drug release basedsome @€idosis. Future studies include in
vitro anti-inflammatory study of prodrug on the ioranacrophage microglia as well as
astrocytes, application of the prodrug on implalgateural electrodes and investigation
of the effectiveness of the prodrug in actively mging tissue response to electrodes in a

rat model.
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Chapter 3
Water Soluble Antioxidant Derivative Poly(Triethylene Glycol Methyl
Acrylate-co-a-Tocopheryl Acrylate) asa Potential Prodrugto Enable

L ocalized Neur opr otection
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An article presenting part of the results in tHgter has been submitted to Acta
Biomaterialia. [Cao Y, He W. Water soluble anticxnd derivative poly(triethylene
glycol methyl acrylate-ce-tocopheryl acrylate) as a potential prodrug to béma
localized neuroprotection.] The first author (Yuoldinished all of the experiments in
this study. The corresponding author (Dr. Wei He)the advisor of Yu Cao and

financially supported this work.
3.1 Introduction

Reactive oxygen species (ROS) are a class of oxfg@enradicals and related
molecules that are capable of exerting oxidativesston cells when produced in excess.
When the amounts of ROS are generated beyondntiiedi natural antioxidant defense
systems like reductive glutathione (GSH) and amtiaxt enzymes, cells start to lose
normal functions followed by necrosis[136, 137]. R@eneration has been used to
correlate inflammatory cell response to biomatsrialn numerous in vitro
biocompatibility studies. For example, nanoparsaleere shown to trigger an oxidative
stress on cells by inducing the production of icetlular ROS, leading to subsequent
cellular toxicity cascade reactions [138, 139]. ey example of ROS implication in
biomedical material application is the oxidativieess response resulted from degradation
products of poly(lactic acid) (PLA) [140, 141]. 3ua high relevance of oxidative stress
is also demonstrated by recent renewed interegigulating oxidative stress to modulate
the tissue response to biomaterials and improve iecompatibility.

For biomaterials used in neural tissues, such a3V is of utmost importance

to control oxidative stress. Very often, neuroanfimation is accompanied by oxidative
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stress [142, 143]. Furthermore, the insoluble matuof MEAs stimulates
microglia/macrophage cells into a “frustrated” pbegosis mode. The process of
“frustrated” phagocytosis is known to produce escdsgradative substances such as
hydrogen peroxide in an effort to destroy the implgL44, 145]. The consequence of
these molecular actions is cellular damage andhdédthough there have been many
studies using localized release of anti-inflammatagents to control inflammation
against MEAs, few reports have addressed dire¢egtion of cells from oxidative stress.

Astrocytes are one type of glial cells in the braimpportive of neuron functions.
It has been shown that astrocytes can protect neudrom oxidant hydrogen peroxide
toxicity [38, 39]. Therefore, we suggest that itraional to shield astrocytes from
oxidative stress associated with implantable ME®&gch an approach could potentially
lead to improving survival of neurons that are Mita long-term MEAs functions.

To protect cells from oxidative stress, a commaatsgy is to use therapeutic
antioxidants. There are a variety of natural antiamt molecules serving physiological
roles of scavenging ROS. These includ®mcopherol (vitamin E, Ve) , trans-ferulic acid
[146], ascorbic acid [147]x-lipoic acid [148], as well as proteins such astaghione
peroxidase [149], and myo-inositol hexaphosphodic and its derivatives [150-152].
Among these molecules, the antioxidant potency ®fii¥s in its capability to scavenge
free radicals that cause lipid peroxidation and agenof cell membrane. Ve has been
widely selected as a defense against oxidative dania a biomaterial context. For

example, Ve has been used as an additive to g@lftl) elastomer in vivo [153]. New
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dialysis membranes coated with Ve have also beeelaged [154]. In this study, I
choose Ve to serve as the antioxidant agent t@egrastrocytes from oxidative stress.

Successful localized delivery of Ve around MEAs ifowvivo applications needs
to overcome several hurdles. First, Ve is highlgrdophobic, which is unfavorable for its
solublization and transportation in the predomilyaatjueous environment presented by
the physiological tissues [155, 156]. Second, dséeomay be limited by factors such as
unfavorable pharmacokinetics and a short actior tilue to fast metabolisation [157].
Last, the delivery strategy needs to be carefudlsighed to avoid any compromise of the
electrical properties of MEAs. To address the fiwgh concerns, one can adopt a prodrug
approach, that is, converting antioxidants intoypwdric antioxidants to improve the
transport and metabolic stability of antioxidantlewnlles. Furthermore, the rate of drug
degradation can be reduced, ensuring a longermregban free antioxidants [158, 159].
Such prodrugs can be formed by linking antioxidarttlecules to polymeric matrices
through covalent bonds [160, 161]. For exampleypek-tocopherol prodrugs were
synthesized to treat porcine sperm cell. The ieltalar sperm levels of Ve were largely
increased. As a result, the endogenous fatty asgpladiation under oxidative stress was
greatly reduced [161]. For the last concern of na@aning electrical properties of the
implant, | will design the prodrug to be compatibath LBL assembly process to
minimize any impedance burden to the MEAs.

In this chapter, a synthetic antioxidant polymeridgive of Ve was designed
with the goal to enable localized delivery of ariitants to the neural tissue around the

MEAs implant, and to present a pharmacological depprotect cells from the injurious
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oxidative stress. The applicability of using thistiaxidant prodrug with MEAs was
demonstrated through LBL film assembly on silicobsrates. In vitro astrocyte cultures
were carried out to study the cytotoxicity and amidation potency of the prodrug. To
elucidate the protective mechanism against oxidasiress, a free radical scavenging

assay was also performed.
3.2 Experimental Section

3.2.1 Materials

Acryloyl chloride, a-tocopherol, triethylamine, azobisisobutyronitri{@IBN),
polyethyleneimine (PEI, Mw = 2,000 g/mol), 2,2-dgotyl-1-picryl-hydrazyl (DPPH) and
tannic acid (TA) were obtained from Sigma-AldridhSA. Deuterated chloroform was
obtained from Cambridge Isotope Laboratories, [A&A. Poly(acrylic acid) (PAA, Mw
= 450,000 g/mol) was purchased from Polysciences, USA. Tetrahydrofuran (THF),
dichloromethane (DCM), hexane, ethyl acetate, anslode were purchased from Fisher
Scientific, USA. All reagents were used as receiveliss otherwise noted. Monomer of
triethylene glycol methyl acrylate (TEGMA) was klpdorovided by Dr. Bin Zhao in
Department of Chemistry, UTK.
3.2.2 General characterization

'H NMR and**C NMR spectra were recorded on a Varian Mercury RBAR
spectrometer. Fourier transform infrared spectnpgd&TIR) was carried out on a Bio-
RAD FTS6000 FTIR spectrometer. Gel permeation clatography (GPC) was
performed at room temperature using PL-GPC 50 (@unsintegrated GPC/SEC system

from Polymer Laboratories, Inc., USA) with a retige index detector. THF was used as
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the carrier solvent at a flow rate of 1.0 mL/minai®lard monodisperse polystyrenes
(Polymer Laboratories, USA) were used for calilonatiA Q-1000 differential scanning
calorimeter (TA Instruments, USA) was used to ctiméze thermal behavior of the
copolymersUV-vis spectra were measured using a UV-vis sppbmtometer (Biomate
5 from Thermospectronic, USA). Ellipsometric measnents were performed on dry
LBL films in air using an L0116S Stokes ellipsomet&aertner scientific corporation,
USA) with He/Ne laser (632 nm) illumination at a°7&hgle of incidence. A refractive
index of 1.465 was assumed for the dry film.
3.2.3 Polymer synthesis

The monomen-tocopherol acrylate (VeAc) was synthesized (Fig2da) based
on prior literature [161]. Copolymerization of VeAand TEGMA was conducted at
different feeding ratios, with molar percentagé/efAc as 5%, 10%, 25%, and 50%. In a
typical procedureyeAc (0.362 g, 0.065 mol/L), TEGMA (3.107 g, 1.268wl/L), AIBN
(0.037 g, 0.019 moal/L), and anisole (12 mL) werdemtlinto a 50 mL flask. The mixture
was then subjected to three freeze-thaw cyclesetoove oxygen. Polymerization
reaction took place at 70 °C for 5 h. The polymexswhen precipitated in hexane,
redissolved in anisole, and reprecipitated in hex&or purification. The obtained
polymer (PVT) was dried overnight in a vacuum oaei0 °C (3.029 g, 87% vyield).
3.2.4 LBL assembly

The self-assembled films were prepared on siliadssates with a 100 nm thick
oxide layer (University Wafer, USA). Before layazmbsition, the silicon wafers were cut

into small squares (1 x 1 cm).
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Figure 24 (a) Synthesis of monomea-tocopheryl arylate (VeAc). (b)'H NMR
characterization of VeAc in CDs. Successful acrylation of Ve is confirmed by
observation of peaks at chemical shifts of 6.626@&nd 5.98 ppm, corresponding to
vinyl protons. (c)**C NMR characterization of VeAc in (Cls. Characteristic peal

associated with the acrylate carbons are identi
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All substrates were cleaned in a boiling piranhlaitsan (3:1 concentrated 490, : 30%
H,0, v:v; piranha solution reacts violently with organics astould be handled with
extreme cautionfor 30 min, washed with copious amount of watend dried under
nitrogen. The substrates were first immersed iread8lution (1.5 mg/mL) for 30 min,
followed by rinsing in water for 1 min. The PAA/PV(Br TA/PVT) multilayers were
then assembled by alternating immersion of thetsaties in solutions of PAA (or TA)
and PVT for 5 min, respectively.

Between each step, the excess material was remwoyethsing the substrates
with HCI solution (pH = 3.0) for 1 min. Solution$ BAA, TA, and PVT were prepared
to a concentration of 0.5 mg/mL (pH = 3.0) usingagure water (Milli Q-plus system,
Millipore, USA) with a resistivity of 18.2 I®-cm. The assembly process was monitored
with ellipsometry. To evaluate stability of the rlalyers under physiological conditions,
silicon substrates coated with PAA/PVT or TA/PVT lItilayers were immersed in
phosphate buffered saline (PBS, pH = 7.4) for 10,mand subsequent ellipsometric
measurements were carried out to characterizénitleness of remaining films.

3.2.5 Quartz crystal microgravimetry (QCM)

QCM measurements were conducted at room tempenasirg a Q-sense device
(E4) with a flow cell (Q-Sense AB, Vastra Frolundayeden). A gold-coated 5 MHz
AT-cut crystal was excited at multiple overtonesd ahe change in the resonance
frequency was recorded. After deposition of thdiahilayer of PEI (1.5 mg/mL), the
chamber was washed with water, after which thetsolwof PAA or TA was introduced

into the chamber and allowed to adsorb for 5 minbsequently, the chamber was
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washed again with HCI (pH = 3.0) and then filledthwPVT solution, allowing an
adsorption time of 5 min. The multilayer film wakeh assembled by alternating
incubations between PAA (or TA) and PVT.
3.2.6 In vitro cytotoxicity assay

In vitro cytotoxicity of the PVT prodrug was exarath using the A172 human
astrocyte cell line (ATCC, USA). Cells were cultdran Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine ruse and 1%
penicillin/streptomycin. Cells were maintained & ¥ in 5% CQ with 95% relative
humidity. Prior to cytotoxicity test, cells wererkiasted using a trypsin—ethylenediamine
tetraacetic acid (EDTA) solution (0.25% trypsin-388 EDTA) and diluted to a density
of 5 x 10 cells/mL. The cell suspension was added into 96-mlates at 100 uL/well,
and cells were allowed to attach overnight. Celturte medium was then aspirated the
next day and replaced with fresh medium supplendentgth PVT at different
concentrations (either 10 or 500 uM). Cells wereubated overnight and polymer
cytotoxicity was determined using an MTT assay (f¥ga, CellTiter 96, USA)
according to the manufacturer’s instruction. Pesitjwithout any treatment) and blank
(without cells) controls were also included. Ce#lhility was examined by comparing the
absorbance of treated cells to that of the positeatrol. Statistical analysis was
conducted using Studenttgest. Cell morphology was also recorded using an inverted

optical microscope (ZEISS Observer A1, USA).
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3.2.7 In vitro cell protection against oxidative stress

Al172 astrocytes were harvested using trypsin—-ED®lt®n and diluted to a
density of 3.3 x 1Dcells/mL. The cell suspension was added into 96-plates at 100
pL/well, and cells were allowed to attach overnighite cultures were then incubated
with Ve or PVT at a concentration equivalent to 0@ Ve for 1 h before exposure to
hydrogen peroxide (500 uM) to induce toxic oxidatstress. After 16 h, cell viability
and morphology were examined using the MTT assayogtical imaging, respectively.
The protective effect was inferred from the peragatof cells survived by normalizing
the absorbance of treated cells to that of contedls without hydrogen peroxide
treatment.
3.2.8 Freeradical scavenging assay

Ve was released from PVT by dissolving the prodrug saturated KOH solution
with saponification at 70 °C for 30 min. Released Was extracted by hexane twice,
followed by solvent evaporation. The amount of ¥eavered was quantified using an
Agilent 1100 HPLC system with a variable wavelengif detector. A reverse phase
C18 column (Phenomenex, 4.6 x 100 mm, 2.5 um) vezsl dor the analysis with
acetonitrile and methanol (95:5, v/v) as the mophase. The flow rate was set constant
at 1.5 mL/min. A sample injection volume of 20 plasvused for all evaluations.
Detection of Ve was made by UV absorption at 280 The antioxidation property of
the released Ve was examined using a DPPH freealasicavenging assay following
procedures modified from a previous report.[162jefy, aqueous solution (1 mL) of

various samples was added to 3 mL of freshly pexp&PPH solution (0.025 mg/mL in
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methanol). The tested samples included PVT, rete&efrom PVT, and commercial
grade Ve, and the concentrations were kept the sanbe equivalent to 350 uM Ve.
Absorbance at 550 nm was measured on a UV-vis rgpdaitometer. The percentage of
remaining DPPH free radicals in each experimen@npe was calculated by
normalizing the corresponding absorbance to thathef control without any sample
addition.
3.2.9 Impedance measurement

The effect of the multilayers of (PVT/PAA) on thédrical properties of Si
MEAs was evaluated by impedance spectroscopy. Aomachined single shank acute
probe (16 recording sites, model: A1x16-5mm-100-A718) obtained from NeuroNexus
Technologies, Inc. was coated with (PVT/PAA) maljgrs, and the impedance of the
probe sites was measured before the coating, &ftevilayers, and 16 bilayers,
respectively. Electrochemical impedance spectrosco@ms done using Precision
impedance analyzer 4294A (Agilent). A solution of ™ PBS buffer was used as the
electrolyte. AC sinusoid signal of 5 mV amplitudgth the DC potential set to OV was
used as the input. The value of the impedance wesrdined around the biologically
relevant frequency of 1 kHz.
3.3 Results and Discussion

Oxidative stress can impose a significant challeoge cell survival if not
controlled properly. Such an issue is of particuédevance to delicate brain tissue as it is
highly prone to oxidation damage. In order to eastire proper function of devices

implanted in brain such as recording MEAs, it ias@nable to suggest that a potential
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strategy is to maintain a healthy state of brassue at the interface through localized
delivery of antioxidants. Toward this goal, | preed to use an antioxidant prodrug. The
prodrug was designed to serve two key functionstieraof antioxidants and readily
applicable for MEAs through LBL assembly. Thesetdess were achieved through
simple copolymerization ad-tocopheryl acrylate (VeAc) with triethylene glycwmiethyl
acrylate (TEGMA) to make poly(triethylene glycol thg acrylateeo-a-tocopheryl
acrylate) (PVT) prodrugs. VeAc is a derivative bé tpotent natural antioxidant vitamin
E (Ve). The phenolic hydroxyl group allows straifgimivard functionalization of Ve into
a polymerizable VeAc monomer. TEGMA is selectedtlas co-monomer to both
increase water solubility of the prodrug and endbBL compatibility through its
hydrogen bond accepting ethylene glycol units.
3.3.1 Synthesis and characterization of the antioxidant prodrug

The antioxidant prodrug PVT was prepared througtomventional free radical
copolymerization of monomers TEGMA and VeAc (Figuzé) with AIBN as the
initiator. Prior to polymerization, the synthesizesbnomer VeAc was verified through
'H NMR and®*C NMR, and the results agreed well with the expbsteucture (Figure
24b and c). A series of PVT prodrugs were prepasesgarying the feed molar ratio of
the two monomers. The number average molecularntssidy, of the copolymers were in
the range of 14,000-25,000 g/mol with a relativailyh polydispersity (), which is typical

for acrylate polymers synthesized by free radicdymerizations in solution.
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Table 1. Molecular weight and compositional dat&®Wf prodrugs.

VeAc (mol%) Mq
Prodrug :
actual feeding (g/mol)
PVT4 3.7 5 21,700 3.29
PVT8 7.8 10 24,900 1.87
PVT24 23.7 25 21,700 1.50
PVT45 45.5 50 14,500 1.43
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The chemical structure of the PVT prodrug was attarized with'H NMR. As
shown in Figure 26, a series of signals at chenshbdt 3.35-3.75 ppm and around 4.20
ppm corresponded to the alkoxy protons of the etig/lglycol units in the side chain of
the TEGMA moiety. The peaks around 0.89 ppm origiddrom the methyl protons in
the alkyl tail of the VeAc component.Based on tlmaracteristic peak from TEGMA
(4.20 ppm) and VeAc (0.89 ppm), chemical composgiof PVTs were calculated. The
molar percentage of VeAc incorporated into the Ifinapolymers was 3.7%, 7.8%,
23.7%, and 45.5%, respectively.

The use of copolymerization allows the preparabbm series of PVT prodrugs
with different therapeutic capacities by contradlithe copolymer composition. Since
both monomers are in the acrylate family, simikaativity is expected between the two
monomers, and the actual composition of the obtiacwolymer should be consistent
with that in the initial feeding. Such an expeaatiis confirmed from théH NMR
results, where the initial molar feeding ratio At ranging from 5% to 50% resulted in
a final molar percentage of VeAc incorporated a@@to 45.5%, respectively. Attempts
have also been made to synthesize a homopolymésaé. However, no polymerization
occurred, which could be attributed to the antiexidproperties of the-tocopheryl
group. Although the exact cause is beyond the sobpkis paper, a similar result has
been reported showing low efficiency of making naetlylate copolymers with high

molar percentage of Ve derived methacrylate [163]
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The chemical compositions of PVTs were further fcored using UV-vis
spectroscopy. As shown in Figure 24ax Of the Ve spectrum appeared at 292 nm, while
that of PVT copolymers shifted to 285 nm. Suchwelghift in the peak absorbance can
be attributed to the substitution of the phenoliH-group in Ve with an ester group in
the PVT polymer. No significant absorbance was nlestbetween 260-320 nm for the
polymer analog of the prodrug (i.e. PTEGMA). Usmgredetermined standard curve of
Ve absorbance, the molar composition of VeAc in B\ARd PVT8 were calculated to be
4.3% and 9.0%, respectively. These results werepacable to those obtained from the
'H NMR spectra.

Chemical structures of the monomer VeAc and PVToboper were also
characterized by FTIR (Figure 28). The characterighenolic —OH group from Ve is
absent in both VeAc and PVT since no peak was wbdearound 3509 ch which
corresponds to the —OH stretching. The strong &bsoe around 1734 ¢hin VeAc and
around 1743 cihin PVT corresponded to the stretch vibration aee€ = O group.
Furthermore, absorbance peaks around 1637 amd 1580 ci in VeAc were due to C
= C stretching vibration from both the vinyl groapd the phenyl group.

Thermal behavior of the PVT copolymers was charestd using DSC (Figure
29). All PVTs displayed a glass transition tempami(Ty) well below body temperature,
ranging from -55 °C to -30 °C when the fractionM#Ac increased from 4 mol% to 45

mol%.
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Such a correlation is expected as a higher amoutiteobulky and rigid Ve pendant
group will hinder the ability of the polymer chaites undergo segmental motion, thus a
higher Tg. No melting peak was observed when the samples hesited to a temperature
as high as 200 °C (Figure 30).

Varying compositions of PVTs also provided us apafunity to identify the
highest antioxidant loading capacity while maintagnreasonable water solubility. As
mentioned eatrlier, the highly hydrophobic charaster of Ve hinders its transportation
through the predominantly aqueous extracellulariomdf the physiological tissues. In
contrast to the nearly insoluble nature of Ve irex0.021 mg/mL or 4aM) [164], the
PVT prodrugs can be formulated to achieve signitigahigher solubility. In particular,
PVT4 is the most water soluble, at a feasible commagon of 3.1 mg/mL that
corresponds to 50QM of Ve. PVT8 and PVT24 possessed medium solubilitys
mg/mL), while PVT45 exhibited the lowest water gwlitly (0.02 mg/mL). The trend of
water solubility correlates well with our expectatithat the more of the hydrophobic
VeAc monomer is incorporated into the prodrug,ldss water soluble it will become.

Water solubility of the prodrug is also highly redet for its practical deployment
to the tissue-implant interface using the LBL mektheince the most commonly used
solvent for LBL is water. Typically, | have beenings a minimum concentration of 0.5
mg/mL for our LBL assembly processes [34]. Theref@rodrug PVT45, which has the

highest molar percentage of VeAc, is not applicéttaise in LBL.
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3.3.2 Application of PVT for LBL assembly

LBL is a simple and convenient technique for sufatodification of biomedical
implants. Hydrogen-bond mediated LBL has been megdao obtain well-engineered
multilayer structures on neural MEAs to resolve ttagitional dilemma between drug
loading and preservation of electrical propertyet#ctrodes [34]In the current work, |
took advantage of the tunable stability of hydrogending and rationally designed LBL
parameters to achieve the bonus feature of forraidgug depot around the implant. As
proposed schematically in Figure 31, prodrug-embdddetachable multilayers can be
prepared on the electrode by incorporating an uyidgr sacrificial multilayer that is
dissociable at physiological pH. Such a design aohklp confine the polymer
therapeutics within the vicinity of the implantdige interface and exert therapeutic
actions locally.

To realize the design, two types of hydrogen-damgatnolecules were needed to
form hydrogen-bonding with our hydrogen-acceptingdoug PVT. Among the many
well-studied hydrogen-donating molecules, | sekéqiely(acrylic acid) (PAA) that is
rich in carboxyl groups, and tannic acid (TA) tigtich in phenolic hydroxyl groups [55,
165] (Figure 32a and b). Intermolecular hydrogemdso are available between the
hydrogen-accepting ether oxygen in the pendantesibyglycol groups in PVT and the
hydrogen-donating carboxyl groups in PAA or phenblydroxyl groups in TA. PAA is
chosen for physiologically disruptable layers beeaaf its low pKa (4.3), while TA is
employed to maintain layer stability due to its thigka value (8.5). The additional

benefit of using TA is to capitalize on its biologl properties such as antibacterial and
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antioxidant activities [166]. The PAA/PVT and TA/P\multilayers were constructed on
silicon wafers with PEI as a precursor layer. 8iigs selected as the substrate because of
its prevalent use for implantable neural MEAS [48].

Ellipsometric measurements showed the layer theknecreased linearly with
the layer number, allowing easy control of drugdiog capacity (Figure 32c). Eight
bilayers of PAA/PVT and TA/PVT were 277 nm and i thick, respectively. For the
same number of layers, a thicker film was obtainsthg PAA/PVT compared to that
with TA/PVT. Such a difference could be due to nealar size disparity, as PAA has a
much higher molecular weight (450,000 g/mol) thax(I701.2 g/mol). To demonstrate
the tunable stability of multilayers prepared withe same PVT prodrug, a simple
immersion test was done in PBS, simulating the johggical condition of human tissue.
The stability was characterized by the change bh fthickness before and after
immersion for 10 min. As shown in Figure 32d, astitadecrease in film thickness, from
277 nm to 4 nm, was observed for PAA/PVT multilayerhe remaining 4 nm film can
be attributed to the precursor PEI layer along with adsorbed first PAA layer. It
indicates a significant film loss (more than 98%hickness), which is attributed to the
low pKa of PAA (4.3). At physiological pH of 7.4he carboxyl groups of PAA became
deprotonated, resulting in disruption of hydrogending between PAA and PVT, which
in turn led to film dissociation. In contrast, th&/PVT multilayers remained stable as no

significant change was noted in the film thicknafier exposure to PBS (d).
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The high pKa (8.5) of TA provided stability for tAied/PVT multilayers due to the lack
of ionization of phenolic groups at physiologicaH,ptherefore, preserving strong
hydrogen bonding between TA and PVT.

| also monitored film buildup as a function of thdayer number in situ by
following the frequency changef) with a QCM. As a complementary method to the
ellipsometry technique that characterized the dujtirayer films, QCM allowed studies
of in situ film growth in a hydrated state. As show Figure 32 and Figure 33a, a
comparison of the results showed that for eigrayeits of PAA/PVT, the ellipsometric
thickness was 277 nm and the QCM thickness waswil4-or TA/PVT multilayers, the
values were 114 and 342 nm, respectively, indigadin even higher degree of swelling
for this layer configuration. Considering that tha/PVT multilayers are designed to
serve as the antioxidant reservoir situated apémghery of the interface, its ability to be
well hydrated is highly desirable to minimize amgtation of the surrounding soft brain
tissue.

Another advantage of the QCM technique is thallaws the determination of

adsorbed mass by converting the frequency changg thee Sauerbery equation [167]:

Mocm = % 12

The mass deposited on the crystakci is proportional to the normalized
frequency shifts,Afi/i, wherei is the overtone number. For crystal sensors with a
resonance frequency of 5 MHz, the mass sensitddtystant C is 17.5 ng Hz &nand

the frequency shift for the third overtone (i.e. 3) was used to determine,gw.
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The mass information is essential for in vivo aggtions, as it forms the rationale
for finding the number of layers for a therapewmncentration of the prodrug following
MEAs implantation. The calculated Sauerbrey mass PAA/PVT and TA/PVT
following each layer deposition is shown in FigB8b and c. For both multilayer
configurations, the mass increase per PVT layeeamu to be constant shown by the
linear increase in the Sauerbrey mass; whereatiédocomplementary PAA or TA layer,
the mass increase was close to exponential witimiial “slow-growing” regime. For
eight bilayers of deposition, the total mass adsodor PAA/PVT and TA/PVT was 73
and 60pg/cn?, respectively. The mass contribution from PVT hageposition was
higher than that from either PAA or TA layer, acobng for ~60% of the total mass.
Furthermore, the difference in multilayer stabilityPBS was confirmed with QCM. A
significant recovery in the resonance frequency guaskly observed for the PAA/PVT
combination (within one minute of PBS incubatiomgdicating the rapid loss of
deposited multilayers (Figure 33a), whereas no ghawas noted for the TA/PVT
multilayer coated crystal.

In order to shed some light on the molecular bedraef the LBL assembly,
radius of gyration (f and critical overlap concentration Yof polymers are calculated,
according to equations 6-7 shown in section 1.5eTRAA/PVT system for example, the
results are tabulated in .

Ry values of PAA and PVT are 21 nm and 3 nm respelgtic values of PAA
and PVT are 20 and 336 mg/mL respectively. The mpely concentration for LBL

assembly is 0.5 mg/mL, much smaller than c
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Table 2. Molecular parameters of PAA and PVT.

C. I (nm) n M Rg (nm) c*
(g/mol) (mg/ml)
PAA Sk 0.154 | 12500 | 450000 21.0873219.04073
PVT 17° 0.154 200 21700 | 2.948875335.7574

3 Data are cited from handbook[168Pata are from a similar polymer, poly (ethyl

acrylate) in handbook[168]The chain length is assumed to be that of acryiid.a
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Therefore, adsorption of polymer is from non-ovepliag chains in solutions.
According to the QCM results, the average layeckifess is 26 nm. Referred to a
previous report,[46] the molecular behaviors of tAger adsorption are proposed in
Figure 34. The individual polymer chain is adsorbetb a surface due to the hydrogen-
bonding interaction. Polymer chains are then exddrahd reorganized to form tails and
loops extending from the surface.

It should be noted that in the above calculatiomcess, several assumptions are
made for simplicity. Even though many estimationsd dimitations exist in the
calculation, it can provide a semi-quantitativeighs on the molecular level of the LBL
process.

3.3.3 Cytotoxicity study of PVT

Besides satisfying the requirement of LBL compdtipi successful use of the
antioxidant PVT prodrug for MEAs implantation alsalls for high biocompatibility.
Therefore, cytotoxicity of the prodrug on astrosyigas examined both quantitatively
and qualitatively. A commercially available A172rhan astrocyte cell line was chosen
for this purpose. Since the Ve residue is linkedht acrylic backbone through a labile
ester bond, the prodrug could be hydrolyzed inphgsiological environment and give
off Ve and the corresponding acrylic polymer. Fhistreason, cytotoxicity of these
potential released products, i.e. Ve and the potyf@eproximated with a homopolymer
PTEGMA), was also tested. Because PVT4 has theskighater solublility among the

prepared PVT prodrugs, it was selected for aliithatro biological studies.
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Two concentrations equivalent to Ve were used élirtreatment, 10 pM and 500 pM. In
order to ensure dissolution of Ve at high conceiaina, dimethylsulfoxide (DMSO) was
introduced as a co-solvent. The highest conceatratsed for cell culture was equivalent
to 500 uM of Ve, a value consistent with subseqaetibxidation study.

As shown in Figure 35, cells exposed to the PVTdprg were as healthy as cells
in the control culture regardless of the prodrugaemtrations. In comparison, for both
Ve and PTEGMA, cells showed good viability upon laese treatment, while a
slightdecrease in viability (i.e. ~ 80% of the cofjitrwas observed for the high dose
condition. For the polymer PTEGMA, the slight tagyccould be attributed to residual
organic solvents in the polymer. Such an effect alas reflected from the difference in
cell morphology as shown by the qualitative phasetrast images (Figure 36). Unlike
the polarized spread shape presented by cellsencémtrol culture, a more rounded
morphology was observed from cells exposed to ifje toncentration of PTEGMA.

3.3.4 Antioxidation study of PVT

Antioxidation property of PVT was investigated upiAl72 cells due to the
protective roles of astrocytes to neurons [38,18%]. Hydrogen peroxide was chosen as
the oxidant stimulant because of its physiologresvance [170, 171]. Cell viability was
used as a caliber to examine whether the PVT pgodanm protect cells from oxidative
stress. Proper test conditions, including cell dgnsytotoxic concentration of ¥, and
protective concentration of Ve toward A172 cells,veell as exposure time were first

identified from pilot experiments.
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Figure 35. In vitro cytotoxicity of Ve, antioxidaptodrug PVT, and precursor polymer
analog PTEGMA on Al172 astrocytes at concentratadis0 and 500 uM (equivalent to
Ve). Data shown are average £ STD (n = 3)p X 0.05. Statistical significance is

compared with the non-treated control.
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Figure 36 Representative phase contrast photomicrograplesiltfrec A172 astrocyte:
subjected to various treatments for cytotoxicitydst Nor-treated control culture

shown for comparison. Scale bar = 100.
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A172 cells were challenged with hydrogen peroxidat®00 uM that is sufficient
to induce significant oxidative stress and causledeath. As shown in Figure 37a, cells
treated with hydrogen peroxide alone showed a l@sysurvival rate, less than 10%.
When antioxidant Ve was added to the culture, featively protected cells from toxic
hydrogen peroxide, as the survival rate was imptaee68%. When cells were treated
with PVT prodrug at a concentration equivalent @ M Ve, a viability of 43% was
obtained, which is indicative of protection. Theotective effect is also supported by
gualitative morphological observations. In contressthe characteristic polarized shape
with processes shown by healthy astrocytes (Fi§udg, marked morphological change
was observed for cells experiencing severe oxidastess, resembled by strong
shrinkage of cell bodies and degeneration of pseegFigure 37d). With Ve or PVT
treatment, an intermediate state was observed,enbeth polarized and degenerated
cells were present (e and 7f). A higher percentafgpolarized cells were seen in Ve
treated culture (Figure 37e) than PVT treated c@tigure 37f), suggesting a lower
degree of cell protection by PVT.

It is summarized from above results that treatrmetit antioxidant Ve at 500 uM
showed substantial cytoprotection. While PVT withegjuivalent Ve concentration was
also able to reduce cell death frors(d induced oxidative stress, the extent of protection
is lower than Ve supplemented to the culture irfrége form. The protective mechanism
of Ve has been largely attributed to its capamtgtavenge free radicals that cause lipid
peroxidation and damage of cell membrane. Spetiificd can donate the phenolic

hydrogen to free radicals.
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Figure 37.(a) In vitro protection of A172 astrocytes agaiimgtrious oxidative stres
induced by hydrogen peroxide,0,). Data shown are average = STD (n=3p < 0.05.
(b) Antioxidation activity determined by the DPPé radical scavenging meth (c)-
() Representative phase contrast photomicrographs uttired A172 astrocyte

subjected to various treatments. Scale bar = 10!
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Considering the essential role of the phenolic grimun antioxidation, | hypothesized that
the cytoprotective effect shown by the PVT prodwgs a result of hydrolysis of the
labile ester bond between Ve and polymer chaimlitggto the release of Ve in its active
form.

To test this hypothesis, antioxidant property Viasher studied using a free
radical scavenging method to elucidate the praiecthechanism of PVT. DPPH is a
stable free radical useful for the investigationaotioxidation activity of compounds.
DPPH radical shows a characteristic absorbance gealnd 550 nm. When interacting
with antioxidants such as Ve, DPPH radical can éduced through abstraction of
transfer labile phenolic hydrogen atoms and theesponding absorbance at 550 nm
decreases. The extent of radical scavenging, wtoctelates with antioxidant potency,
can be measured by the amount of decrease in arsarb

As a positive control, fresh Ve was added to DPBHt®N at a concentration of
350 uM and 90% of radicals were consumed (Figut®.3¥hen the prodrug PVT was
added at a concentration equivalent to 350 UM ddree radical scavenging effect was
observed with almost 100% radical remaining atethe of reaction. PVT was unable to
interact with DPPH free radicals due to the laclplénolic hydrogen. In contrast, when
DPPH was treated with Ve released from the PVT mugdy disruption of the ester
bond, the effect was comparable to that with fr&&h This result suggests that the
released Ve retained its antioxidant potency ard tihe PVT protection of cells from
oxidative stress was derived from the breakagdéefester bond and release of Ve in an

active form. Such a mechanism correlates well witbse reported on antioxidation

102



activity of esterified derivatives of phenolic amtidants [172]. The lower degree of
cytoprotection by PVT can be a result of sloweeask of Ve from PVT. It is well known
that hydrolysis of ester group is closely dependmmtwater accessibility around the
chemical bond [173, 174]. The strong hydrophobi@td steric hindrance of the Ve
segment can limit water diffusion and slow downrdegtion.

3.3.5 Electrical property of the modified electrode

Neural electrodes were coated with (PVT/PAA) layessg the LBL technique,
and the electrode impedance was measured beforaft@ndoating. This experiment was
designed to examine the influence of coatings enctinductivity of the electrode. The
thickness of coatings is expected to be the imporparameter. Thin layers will not
change the impedance, while thick coatings coutdeimse the impedance significantly.
In the latter case, the coated electrode will benarsed into PBS and the dissociable
property of (PVT/PAA) coatings will be proved fraime impedance data of the recording
sites. It is expected that after incubation of ¢bated electrode in PBS, the coatings will
dissociate and the conductive recording siteslvalbexposed, returning the impedance to
original values.

The images of the electrode before and after cgsitane shown in Figure 38. The
electrode was wrapped with some fluffy films arouie tip, which could possibly be the
polymer complex. After 16 bilayers of depositiome impedance is still low, comparable
to the uncoated electrode (Figure 39). The resldtaonstrate that current coated layers

did not change the electrical property of the eteald.
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3.4 Conclusion

Compositionally controllable antioxidant polymeriberapeutics based on Ve
were prepared. A significant improvement in the ewatolubility of Ve was observed.
The synthetic PVT prodrug can be used to modifysgabes of neural MEAs implants
through hydrogen-bond mediated LBL technique. Nayjers with tunable stability at
physiological condition could be achieved simplydngineering the layer composition.
In vitro biocompatibility study showed that the P\fodrug was non-cytotoxic toward
Al172 human astrocytes. Furthermore, the prodrug alds to reduce astrocyte death
from hydrogen peroxide induced oxidative stressuph the release of Ve in its active
form. Future studies include evaluation of protttof cortical neurons from oxidative
stress with the PVT prodrug and its effectivenessniproving the long-term function of
implantable neural MEAs in vivo. | believe that thteategy of using antioxidant prodrug
for direct cell protection from oxidative stressdirced cell death provides a new
opportunity to improve the pharmacological contsbbrain tissue response to MEAs. In
addition to neural implant applications, our pragiroould also be applied to other

medical implants where reducing oxidative stressgential.
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Chapter 4
Functionalized Biocompatible Poly(N-vinyl-2-capr olactam) with pH-

dependent Lower Critical Solution Temperature (LCST) Behaviors
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An article presenting part of the results in thimpter has been published on
Macromolecular Chemistry and Physics. [Cao Y, He Rlfnctionalized biocompatible
poly (N-vinyl-2carprolactam) with pH-dependent laweritical solution temperature
(LCST) behaviors. Macromolecular Chemistry and Risy2011, 212.] The first author
(Yu Cao) finished all of the experiments in thisdst. The corresponding author (Dr. Wei

He) is advisor of Yu Cao and financially supportield work.
4.1 Introduction

PVCL is water soluble and biocompatible, with LC3T the vicinity of
physiological temperature.[78] In conjunction witmperature, other stimuli including
pH have been used in developing dual responsivgnmk. These dual responsive
polymers have been explored in applications inclgdiontrol of micelle structures,[89,
91, 93] advanced drug delivery systems,[85, 88, @®Jrication of dual functional
nanofluidic devices,[86] and modification of goldnoparticles.[90]

In order to introduce dual responsiveness to teatper and pH into PVCL based
materials, a similar copolymerization approachasimonly used, where VCL monomers
are copolymerized with other vinyl monomers suchVB$A or acrylic acid (AA). For
example, aqueous solutions of linear copolymer &@LVand MAA with variable
compositions were prepared and the copolymers #gtilcompositionally dependent
coil swelling behavior as a function of both pH aedhperature.[175] However, similar
to its counterpart in the-vinylamide family, such aBl-vinyl-2-pyrrolidone (NVP), VCL
exhibits significantly lower reactivity comparing tmethacrylates and acrylates due to

the inherently low reactivity oN-vinylamide.[82] Such drastic disparity in reactyi
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ratio makes compositional control a major concem dopolymerization-based
functionalization of VCL polymers. In order to minize compositional heterogeneity in
the copolymers, special techniques such as gradesding strategy has been
proposed.[176] Alternatively, one could considepagmerization of structurally similar
monomers of VCL that bear functional groups to wbteomogeneous copolymers. For
example, Aoyagi and coworkers designed a reactiveonamer, 2-
carboxyisopropylacrylamide (CIPAAm), a derivativeorh N-isopropylacrylamide
(NIPAAmM).[177] They showed that copolymerization &@IPAAmM with NIPAAmM
resulted in homogeneous copolymer compositions iemmtoved the phase transition
sensitivity.

In this chapter, the same principle was appliectdqyolymerizing VCL with its
functional derivative 3tért-butoxycarbonyl)N-vinyl-2-caprolactam (TBVCL), and
improved compositional control was achieved. Thetguted carboxyl groups in the
TBVCL units were converted to free carboxylic acios the copolymer. Besides
maintaining the intrinsic thermo-sensitivity, thecorporated carboxyl groups enabled
pH-modulated LCST behavior. Sharp and reversibipaorse was observed across a
broad range of pH values. The carboxyl groups daa provide an easy access for
further conjugation of bioactive moieties such asgd, peptides, and proteins. Using
NIH/3T3 fibroblasts, | demonstrated that this PV&ipolymer was non-cytotoxic at low
concentrations. This simple PVCL copolymer with thaharacteristics, including
thermal and pH sensitivity, and reactivity for aaggtion, will further expand the

biomedical applications of PVCL and provide a neutian to the growing list of dual-
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responsive biocompatible materials. Specificallyeyt could be added in the design
toolbox for achieving better control of tissue m@sge to neural electrode. One possible
application could be correlating the pH-sensitivofythe PVCL polymers with the tissue
acidosis phenomenon following the implantationhad electrode. PVCL polymer chains
will be aggregated or expanded in response to plti@n, thereby providing a potential

underlying trigger for smart drug delivery.
4.2 Experimental Section

4.2.1 Materials

Diisopropylamine, azobisisobutyronitrile (AIBN), -tert-butyl dicarbonate and
N-vinyl-2-caprolactam (VCL) were obtained from Sig#mrich. Tetrahydrofuran
(THF), n-butyllithium and trifluoroacetic acid (TFA) werebtained from Acros.
Deuterated dimethyl sulfoxide JDMSO) and chloroform (CDG) were obtained from
Cambridge Isotope Laboratories, Inc. Hexanes arthlaiomethane (DCM) were
purchased from Fisher Scientific. All reagents wased as received unless otherwise
noted.
4.2.2 Characterization

'H-NMR (300 MHz) spectra were recorded on a Variaerddry 300 NMR
spectrometer. Fourier transform infrared spectnegc@-T-IR) was carried out using
potassium bromide pellets on a Bio-RAD FTS6000 RTspectrometer. Gel permeation
chromatography (GPC) was performed at room temgperatising PL-GPC 50 Plus
(Polymer Laboratories, Inc.) with a refractive ird#getector.N, N-Dimethylformamide

was used as the carrier solvent at a flow rate.0fmL/min. Standard monodisperse
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polystyrenes (Polymer Laboratories) were used falibmation. Thermogravimetric

analysis (TGA) was performed on Q-50 (TA Instrumextta heating rate of 20 °C/min in
a nitrogen atmosphere. The degree of ionizatiothefcopolymer at various pH values
was determined from potentiometric titration curvi@slymer solutions (1 mg/mL) were

titrated with 0.1 mol/L NaOH. g, was estimated from the titration curve. The degree

1
1+10(PKa-pH)’

ionization was then calculated @s= a=[1/(1+ 10PKePH)),

4.2.3 Synthesis of carboxylated VCL homopolymer (COOH-PVCL-H)

Monomer of 3-{ert-butoxycarbonyl)N-vinyl-2-caprolactam (TBVCL) was
synthesized as described previously.[178] TBVCL195. g, 5 mmol), AIBN (0.008 g,
0.049 mmol) and freshly distilled THF (5 mL) werddad into a 50 mL flask, and
subjected to three freeze-thaw cycles to removeg@xy Polymerization reaction took
place at 65 °C for 24 h. The polymer was then prgtied in hexane, redissolved in THF
and reprecipitated in hexane for purification. Tiained polymerGOOH-PVCL-BOC-
H, 160 mg, 14% vyield) was dried in a vacuum oven atG5overnight (Mn = 5,400
g/mol). The carboxyl groups (-COOH) were recovdrgademoving thé-BOC protecting
groups using TFA. Briefly, PVCL-COOH-BOC-H was dissed in DCM followed by
the addition of TFA. After reacting for 3 h, thelypwoer was recovered by solvent
evaporation and dried in a vacuum oven at 100 ‘€roght.

4.2.4 Synthesis of carboxylated VCL copolymer (COOH-PVCL)

In a typical procedure (Figure 40), TBVCL (0.4782Zmmol), VCL (2.5 g, 18

mmol), AIBN (0.049 g, 0.3 mmol) and freshly disdl THF (10 mL) were added into a

35 mL reaction tube.
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Figure 40. Synthesis of the monomer t&4butoxycarbonyl)N-vinyl-2-caprolactam
(TBVCL) and partially or fully carboxylated PVCL pyaners. Intramolecular hydrogen
bonding was shown in polyme3sand5.
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The mixture was then subjected to three freeze-tltgwles to remove oxygen.
Polymerization reaction took place at 65 °C forl4rhe polymer was then precipitated
in hexane for purification. The obtained polymelO@H-PVCL-BOC) was dried in a
vacuum oven at 55 °C overnight. The yields wereval®0%. The carboxyl groups (-
COOH) were recovered by removing thBOC protecting groups using TFA. Briefly,
COOH-PVCL-BOC was dissolved in DCM followed by thedition of TFA. After 3 h of
reaction, the polymer (COOH-PVCL) was recoveredblyent evaporation followed by
precipitation in hexane and dried in a vacuum awagrnight.
4.2.5 Reactivity study

A typical experiment is described below. TBVCL (B®.mg, 0.29 mmol) and VP
(35.51 mg, 0.32 mmol) were firstly mixed in CRED.5 mL), with the initiator AIBN
(2.5 mg, 0.009 mmol). Pyridine (4.94 mg, 0.06 mmveds added as an external standard.
The mixture in CDG was then placed in the NMR spectrometer for tlht@lrspectrum
collection and frozen in a -20 °C fridge to quenahy polymerization at room
temperature. After reaction in the oil bath at €&fér 20 minutes, the NMR tube was
taken out and quenched in a -20 °C fridge beforasmement. Similarly, two other
NMR tubes with different compositions of TBVCL aMiP were prepared and the same
procedures were followed. The experiments for detang reactivity values of VCL and
VP were also carried out using the same procedlesesibed above.
4.2.6 Cloud point measurement

The transmittance for the aqueous polymer solutvas measured with a UV-

visible spectrophotometer (Biomate 5 from Thermaospaic) at 540 nm by following
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the turbidity of the polymer solution as a functioh temperature. Cloud point was
defined using the heating curve as the temperaitundich the transmittance was 50% of
the value at room temperature. A heating/coolinte raf 0.2 °C/min was used.
Concentrations of all polymer solutions were 2.5mig
4.2.7 I n vitro cytotoxicity study

In vitro cytotoxicity of the COOH-PVCL copolymer waexamined using the
NIH/3T3 fibroblast cell line. Cells were culturedl Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum (Fefdone IlIl, Fisher), 1%.L-
glutamine and 1% penicillin/streptomycin. Cells eenaintained at 37 °C, 5% G@nd
95% relative humidity. Prior to cytotoxicity testells were harvested using trypsin—
ethylenediamine tetraacetic acid (EDTA)-PBS sotufi0.25% trypsin—0.038% EDTA)
and diluted to a density of 1 x 16ells/mL. The cell suspension was added into 96-we
plates at 100 uL/well, and cells were allowed tact overnight. Cell culture medium
was then aspirated and replaced with fresh medupplemented with COOH-PVCL at
different concentrations ranging from 0.1 to 10 mig/ Cells were incubated overnight
and polymer cytotoxicity was determined using anTvVAssay (Promega, CellTiter 96)
according to the manufacturer’s instruction. Negawithout COOH-PVCL) and blank
(without cells) controls were also included. Stated analysis was conducted using

Student’s-test.
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428 LBL assembly of COOH-PVCL/PVCL monitored by Quartz crystal
microgravimetry (QCM)

QCM measurements were conducted at room tempenasirg a Q-sense device
(E4) with a flow cell (Q-Sense AB, Vastra Frolundayeden). A gold-coated 5 MHz
AT-cut crystal was excited at multiple overtonesd ahe change in the resonance
frequency was recorded. After deposition of thdiahilayer of PEI (1.5 mg/mL), the
chamber was washed with water, after which thetwwiiof COOH-PVCL (0.5 mg/mL,
pH = 3.0) was introduced into the chamber and atbwo adsorb for 5 min.
Subsequently, the chamber was washed again with(p¥CE 3.0) and then filled with
PVCL solution (0.5 mg/mL, pH =3.0), allowing an adstion time of 5 min. The
multilayer film was then assembled by alternatingubations between COOH-PVCL

and PVCL.
4.3 Results and Discussion

4.3.1 Polymer synthesis and characterization

To integrate additional functionalities such ashoawl groups while maintaining
the structural continuity of the caprolactam riagjerivative of VCL monomer (TBVCL)
containing a protected carboxylic acid side grouasvsynthesized via nucleophilic
substitution of VCL at the—position withtert-butoxycarbonyl group (Figure 40).[179]
This monomer was previously reported specificalty fapplications as deep UV
photoresists for lithography[179-185], and to oaestoknowledge there is no prior study

of its potential as smart biomaterials.
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Chemical structures of TBVCL monomer and its hontgmer were confirmed
with 'H-NMR (Figure 41). The characteristic peak-®OC at 1.46 ppm was observed in
the monomer structure (Figure 41a). Homopolynoérsarboxylic acid functionalized
PVCL (COOH-PVCL-H) were obtained by polymerizatiohTBVCL followed by TFA
deprotection. The polymer preparation process wasitored with'H-NMR by
following the disappearance of characteristic peztkthe double bond in the monomer
(Figure 41b, peaks at chemical shifts 4.41-4.57 A28-7.44 ppm) and the absence of
thet-BOC peaks in COOH-PVCL-H (Figure 41c).

The TBVCL monomer allowed us to introduce a cotdfle amount of
carboxylic acid groups in the VCL polymer pendehtios to acquire pH-sensitivity,
using simple free radical copolymerization of VOhdaTBVCL. As TBVCL bears close
structural resemblance to that of VCL, it is expécthat the reactivities of these two
monomers will be similar comparing to that betw&&DL and methacrylates/acrylates,
thus allowing for easier control of the copolymempositions. Based on the results of
'H-NMR (Figure 42a, peaks 1 and 4), a molar feei @ft9 : 1 VCL : TBVCL resulted
in a composition of 5.92:1 of the two monomershe final copolymer (equivalent to
14.4 mol % TBVCL). This compositional drift is sifpnantly lower than that reported in
copolymerization of VCL with MAA, where a 9:1 VCLMAA molar feed ratio yielded a
1:1 ratio of VCL to MAA in the copolymer (50 mol %AA).[186] It indicates that: (1)
the disparity of reactivity between VCL and its étional analogue TBVCL is much less

than that between VCL and MAA;
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Figure 41.'H-NMR spectra of (a) monomer TBVCL in CCs (b) protectec

homopolymer COOHRVCL-BOC-H in CDCk, and (c) deprotectechomopolymel
COOH-PVCL-H in ¢-DMSO.
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Figure 42.*H-NMR spectra of (a) protected copolymer CC-PVCL-BOC14, (b) acic
deprotected COOHRVCL14, (c) protected copolymer CO-PVCL-BOCY9, and (d) aci
deprotected COOHVCL9. CDC3; was used for all polymers.
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and (2) TBVCL is more reactive than VCL, as a higtien theoretical percentage (10
mol %) of TBVCL was incorporated into the copolym&he latter holds significance on
its own, as this could potentially enable furthevelopment of functional copolymers
containing thermo-sensitive VCL structures. A dethistudy to determine the reactivity
ratios of TBVCL with VCL is described later.

In addition to'H-NMR, the copolymer composition was further comfid by
TGA. As shown in Figure 43a, homopolymer of TBVGLGOH-PVCL-BOC-H) started
to lose weight at 203 °C, characteristic of thensgoeous thermolysis of theBOC
groups into carbon dioxide (GDand isobutylene (§g). At 400 °C, a typical mass loss
from the PVCL structure was observed. The copoly(@&DOH-PVCL-BOC14) also
possessed the above two regions of mass loss é~@lr), and the percentagetd&OC
loss was used to calculate molar ratio of TBVCltha copolymer as 13.6 mol %, which
is comparable with the NMR result.

The chemical structures of the homopolymer and lgopers were also confirmed
by IR spectra (Figure 44). The characteristic banti630 crit corresponding to the C=C
stretching of the vinyl group in the monomer TBV@Eigure 44a) disappeared in all
polymer structures. The strong absorbance peakdrb637 crit in the monomer and all
the polymers are assigned to the C=0 stretchirntheofamide carbonyl group. The peak
originating from the ester C=0 stretchingti8OC around 1735 cthwas observed in
polymers containing-BOC groups (COOH-PVCL-BOC-H (Figure 44b) and COOH-

PVCL-BOC (Figure 44d)).
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Figure 43. TGA spectra of protected TBVCL homopatynCOOH-PVCL-BOC-H (a),
protected copolymers COOH-PVCL-BOC14 (b) and COOHEBE-BOC9 (c).
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Figure 44. IR spectra of (a) monomer TBVCL, (b) tpoted homopolymer COOH-
PVCL-BOC-H, (c) deprotected homopolymer COOH-PVCL{H)) protected copolymer

COOH-PVCL-BOC14, and (e) deprotected copolymer CGRKCL14.
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Broad peaks from 2200 to 3600 ¢rwere assigned to the -OH stretching in the -COOH
groups of the deprotected homopolymer COOH-PVCLHitj{re 44c) and copolymer
COOH-PVCL (Figure 44e).

4.3.2 LCST behaviors of COOH-PVCLs

The key rationale of introducing carboxylic acidogps in the VCL polymer
structure is to modulate its thermo-sensitivityhwgH. Transmittance at 540 nm of the
carboxylated copolymer solutions at different pHuea was studied using a UV-vis
spectrometer for cloud point (Tc) measurements. #Asnmarized in , PVCL
homopolymer and two PVCL copolymers with comparabielecular weights but
different amounts of carboxylic acid groups (COOWER.9 and COOH-PVCL14) were
prepared to specifically study the carboxylic agidups and compositional effects on the
thermo-sensitive propertieBhe molecular weights (Mn) for PVCL, COOH-PVCL-9dan
COOH-PVCL14 were 3100, 2600, 2600 g/mol respectivielis important to maintain
the molecular weights of these polymers consistergtudies have shown that the LCST
of PVCL is also dependent on molecular weight.[18&herally, as the molecular weight
of PVCL increases, its LCST will decrease.

Figure 45 shows that not only the copolymers retithermo-sensitivity of
PVCL, but its phase transition temperature can laéswvaried as a function of solution pH
by modulating the amount of carboxylic acid groupthe copolymer. Specifically, cloud
point of COOH-PVCL9 increased from 35 °C to 44 °Cthe pH of solution changed

from 2 to 7.4 (Figure 45a).
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Table 3. Molecular weight and compositional dat®@fCL containing polymers

oolymer | TBVCL amognt (mol %) M M, /M.,

in feed in polymer (g/mol)
PVCL - - - 3,100 3.06
COOH-PVCL9 2.5 8.9 7.4 2,600 2.67
COOH-PVCL14 10 13% | 14.4 2,600 2.76

aEstimated from TGA? Estimated frontH-NMR.
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Figure 45. Phase transition profiles of 2.5 mg/niliad COOH-PVCL9 and (b) COOH-
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PVCL homopolymer at pH 7.4. (d) pH vs degree ofzation for COOH-PVCLs at room
temperature.
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When the amount of carboxylated VCL increased tal 1ol %, a broader range of
cloud points was observed (Figure 45b), spannioig 29 °C to 64 °C as the solution pH
increased from 2 to 7.4. In addition, the coolingves (represented by open symbols in
Figure 45a and b) overlapped well with the heatmgves, demonstrating good
reversibility of the thermo-responsive PVCL coposns with little thermo-hysteresis. It
can also be inferred from the thermo-hysteresislteshat the positions of the spinodal
curve and binodal curve for the PVCL copolymer Wi very close to each other on its
phase diagram, if it were constructed experimentall

The observed pH-dependent behavior of the PVCL lyapers can be explained
by the hydrophilic/hydrophobic balance between thermo-dependent hydrophobic
lactam unit and the ionizable —COOH groups. Basethe titration curves (d)
the K, values of COOH-PVCL9 and COOH-PVCL14 were detegdito be 3.1 and
3.2, respectively. Thus, at pH 2 the carboxylidagioups of the copolymers are partially
deprotonated, and at pH 7.4 fully deprotonated. gamed with homopolymer PVCL, the
carboxylic acid groups could either decrease aremge Tc of the copolymer, depending
on whether carboxylate groups (i.e. protonated fafrcarboxylic acid, -COOH) or
deprotonated carboxylic acid groups (-CP@bminated in the polymer structure. On one
hand, carboxylate groups lead to more hydropholifucires from the likely
intramolecular hydrogen bonding (shown in Figuré, 48sulting in a lower Tc. On the
other hand, deprotonated carboxylic acid groupschvincrease hydrophilicity of the
polymer, would require a higher Tc to compensatettie enhanced hydrophilicity.[87,

188] As shown in Figure 45c, Tc of COOH-PVCL9 at gHvas the same as PVCL
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homopolymer, suggesting that the hydrophilic effettthe ionized -COO groups
balanced the hydrophobic effect of the protonate®@OH groups at that pH. However,
Tc of COOH-PVCL14 at the same pH was 7 °C lowemgiaering that COOH-PVCL14
has a slightly higherky, than COOH-PVCLY9, | expect that at pH 4 less cayboxacid
groups are ionized/deprotonated for COOH-PVCL14dileg to a higher percentage of
hydrophobic -COOH groups and therefore a lower Tc.

Another observation of the thermo-sensitivity sasdis that as pH increased, the
Tc for both copolymers increased as well, sinceerdOOH groups were ionizing and
the polymer became more hydrophilic. A more dramatcrease was observed for
COOH-PVCL14 due to the higher molar percentageaobaxyl groups. Although only
two copolymer compositions were studied here, | pastulate that a further increase of
the molar percentage of TBVCL in the copolymer Wiely lead to a wider range of Tc
as a function of pH. | have observed that for teprdtected homopolymer of TBVCL
(COOH-PVCL-H), its solution at pH 4 remained clouelyen at 4 °C; and at pH 5, the
solution remained clear until the temperature redc5 °C (data not shown). These
observations can be explained by the very high eatnation of -COOH groups, which
both further improve hydrophobicity at low pH anddhophilicity at high pH.
Additionally, the homopolymer COOH-PVCL-H was natlible in pure water due to
strong prevalence of intra- and intermolecular bgén bonding. | also examined the
phase behavior of homopolymer PVCL at pH 2 andn8, tae corresponding Tc values
were the same as that at pH 7.4, indicating thentbeesponsive behavior of

homopolymer PVCL lacks pH sensitivity.
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It is also worth noting the sensitivity in the phasansition behavior of the copolymers.
As shown in , temperature sensitivity was obtaibgdneasuring the temperature range
corresponding to transmittance change from 90%Q0%%.1Unlike other reported pH-
sensitive thermo-responsive polymers,[87, 177] wistrarp phase transition is limited to
those with a small amount of acidic component (ess than 3-5 mol %) at certain pH
values (pH 5.0 — 6.5), our system demonstrated ¢van at a high 14 mol % of
functionalization, these copolymers responded $hagoboth pH (from 2.0 to 7.4) and
temperature the same way as the PVCL homopolymgur@ 46). Such improvement
could be attributed to the well maintained contipwf the thermo-dependent lactam
groups in the polymer structure, allowing suffidciggolymer aggregation even in the
presence of high amounts of ionic groups. The itgpme of sharp phase transition is
evident as it will boost the sensitivity of intemdieiomedical applications of these smart
biomaterials, such as molecular switching and dielyery.
4.3.3 Cytotoxicity study of COOH-PVCL

It is well known that PNVP has been widely usedimmedical applications.[68]
Considering the structural similarity between PvVaid PNVP, PVCL based polymers
have also been proposed for biological applicationswas shown that PVCL
homopolymers were well tolerated at various conegions (0.1-10.0 mg/ml).[189] To
study how the incorporation of carboxyl groups etifebiocompatibility of PVCL, | used
fibroblast cells to measure cytotoxicity of COOH-BWV copolymers. As shown in Figure

47, COOH-PVCL was non-toxic to the cells at concidans up to 2 mg/mL.
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Upon further increase of the polymer concentratton10 mg/mL, the cell
viability significantly decreased (< 0.01) as shown by the reduction in the MTT assay
absorbance, an indication of decrease of mitochandctivity in cells. It is likely that
higher concentrations of the carboxylated polymesd| to acidification of the culture
medium indicated by the color change of mediumsthtfecting cell growth. These
results suggest that the synthesized functional IP\6Gpolymer is biocompatible
depending on the concentrations applied.

Although this new biocompatible PVCL-derived dueponsive polymers can
have various biomedical applications where theaisemart biomaterials are desirable, |
am particularly interested in its use for drug dely from the surface of biomedical
implants. As the LCST of this PVCL copolymer at pH), a pH condition featured in
inflamed tissues,[34, 88, 190] is drastically difiet from that at normal
physiologicaltissue of pH 7.4, | could use suchrabteristics to engineer multilayers on
the surface of biomedical implants and achievemfhation triggered drug delivery. The
idea is to assemble multilayers with this dual-cesave PVCL copolymer as one of the
components, and upon inflammation induced tissueoars, it leads to the molecular
conformational changes due to its associated reauof LCST, which will subsequently
change the properties of the multilayers and enahlg release. With this biocompatible
dual-responsive polymer, | hope to improve the edatron and control between drug

treatment and the extent of tissue response toddaral implants in future studies.
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4.3.4 Reactivity study

In order to expand the application of TBVCL, copuBrization with other
biomaterials-related monomers is a good option. rEaetivity values of these monomer
pairs are therefore of our interest. There are nmaathematical approaches to calculate
reactivity values. Among these methods, Kelen ando§ (K-T) method is chosen for
my study due to its relative simplicity and popitlar Depending on the molecular
structures, different experimental techniques cdddemployed including TGA, FTIR,
UV, NMR, etc. The common objective for these expemts is to obtain compositions of
the two monomers before and after composition. yncase, NMR was used due to the
distinctive monomer peaks in the spectra. To tgshmathod, two commercially available
monomers (VCL and VP) were firstly studied.Smalloamts of VCL and VP were firstly
mixed in CDC} at a predetermined feeding ratio. Pyridine waseddds an external
standard. In a quantitative NMR study, internahdtad, which means a peak belonging
to one of the reactants, is preferred if possiblewever, in this case, there is no such
suitable internal standard peak. Therefore, anreatestandard is necessary and the
choice is based on the following conditions. Fysthe standard peak needs to be clearly
distinguished from other peaks. Secondly, the stahcchemical cannot react with
monomers. Thirdly, the chemical should be stablhatpolymerization temperature, 65
°C. Based on the above limits and the spectralrimédion from VCL and VP, one
possible region of standard peak was identifiedhatlower chemical shift. Common
solvents were screened and pyridine was finallysehas the external standard satisfying

the above requirements.

131



The mixture in CDG was firstly placed in the NMR spectrometer for thigal
spectrum collection. After reaction in the oil bath65 °C for 20 minutes, the NMR tube
was taken out and quenched in a -20 °C fridge bafwasurement. Similarly, two other
NMR tubes with different compositions were prepaegdl the same procedures were
followed. The above data (the NMR spectra are shiowhppendix Figure 53-64) were
plotted according to the widely used linear grapKil method.[191] The above
procedures are also summarized in Figure 48. Ardrélactivity values were obtained

from the slope and intercept. The K-T method isdas the following equation:

2

= (e 2)s -

a

13

where §, r, are the reactivity values for monomers. Other ipatars are defined

by the following equations:
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Figure 48 Schematic illustration for reactivity vee measurement
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where M, M, are the molar amount of the two monomers at thgiisg point t.
dM;, dM, are the amount of monomers reacted during poligaiesn period.a is an
arbitrary positive constant. A feasible choice is:

a= m 20
where F, and ky are the lowest and highest values of F, respegtivel

There is one constraint on the K-T method. It reegithe monomer conversion to
be rather low (< 20%). In this case, | kept the vawsion below 15%. Detailed
calculation was carried out and shown in the Appe(ithble 4 and Table 5).

The reactivity values for VP and VCL are calculated be 4.5 and 0.8
respectively. These data were reported previouslgnother handbook as 2.8 and 1.7
respectively. My results are consistent with tifenence in that the value for VP is larger
than VCL. However, the difference could be attrdzlito the inherent variance between
different methods for determining reactivity values

After the experiment for monomer pair of VP and \/GQLproceed to VP and
TBVCL. Using the same method, the reactivity valdes VP and TBVCL are
determined as 0.7 and 2.1 respectively.

Attempts have also been made to study VCL and TBM@iwever, this method
did not work because no distinctive peaks in NMRecsa can be identified for
calculation due to the structural similarity betwaéCL and TBVCL. Even though direct
derivation of the values cannot be obtained, anrently approach to compare the

reactivity of VCL and TBVCL is possible and desexbas followed.
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From the above results, the reactivity values f&r ahd TBVCL are 0.7 and 2.1
respectively, leading to a conclusion that TBVCL nere reactive than VP. The
reactivity values for VP and VCL are calculateddds and 0.8 using the same method. It
is concluded that for the order of reactivity, TBV& VP and VP > VCL. Therefore, |
inferred that TBVCL is more reactive than VCL. Tlisnclusion also coincides with the
composition of the copolymer of TBVCL and VCL. Fexample, when VCL and
TBVCL were added at 9:1 molar ratio, the resultpadymer has a molar composition of
6:1. It should be noted that it is still possibtedetermine the reactivity values of VCL
and TBVCL by other methods such as TGA. Such amoggh was not pursued further
due to the limitation of monomer availability.

4.3.5 LBL coating consisting of COOH-PVCL

The synthesized COOH-PVCL is used as the hydrogedibhg donor component
in the LBL process. To simply prove the feasibilioy this approach, PVCL was
employed as the hydrogen boding acceptor, which deen demonstrated by other
researchers to be able to form LBL films with amwstpolymeric component. QCM was
utilized to monitor the layer assembly processsAswn in Figure 49, after deposition of
the base layer of PEl, COOH-PVCL could be adsorteid the PEI layer. However,
further alternately flowing PVCL and COOH-PVCL cduhot deposit any appreciable
amounts of polymers onto the Au surface. The ugtylreasons could be the low
density of hydrogen bonding donor groups, resufredn low molecular weight of

COOH-PVCL or the small amount of carboxylic acidgps available on the polymer
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chain. The weak hydrogen bonding interaction frdma turrent polymer pair did not
provide sufficient force for stable multilayers roation.

Even though the above exploratory experiment did msult in successful
multilayer deposition, further improvements could toncentrated on increasing the
polymer molecular weight or percentage of COOH geoto realize biocompatible LBL

coatings.
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Figure 49. A QCM plot showing the change in fregrye(proportional to adsorbed mass)
as a function of the adsorption and build-up oftitaylers of COOH-PVCL/PVCL.
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4.4 Conclusions

| have successfully integrated pH and thermo-sergifor PVCL polymers by
maintaining the structural continuity of the capiihm ring while introducing carboxyl
groups via copolymerization with TBVCL, a functidrgerivative of VCL. The cloud
point of the copolymer can be tuned from 29 °C406 by changes of solution pH from
2 to 7.4. Cytotoxicity studies of the copolymer NitH/3T3 fibroblasts showed good
biocompatibility up to a polymer concentration ofm®y/mL. The high content of the
functional carboxyl groups in the copolymer willsal enable further conjugation of

bioactive molecules for broader applications indebnology and drug delivery.
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Chapter 5

Summary and Future Work

A mutli-functional approach to combat the tissuspanse from brain to MEAs
was designed. Anti-inflammatory and anti-oxidargrpeutics were employed to achieve
the objective. Individual polymer therapeutic waveloped and the their properties were
fully characterized. The polymers structure and therapeutic loading capacity are
controllable. The in vitro cell studies showed ttiaty maintained the therapeutic effects.
These polymeric therapeutics were further succhgsinicorporated onto the silicon
substrate, as the main materials for the neuralamg. Also some key design features
were demonstrated such as the pH-responsive reldasati-inflammatory prodrug,
dissociable coatings in the brain environment, emiplex coatings structure consisting
stable and unstable components. Furthermore, at gobmer responsive to pH and
temperature was synthesized and characterized,thgtipotential to be incorporated in
the complex design to realize advanced therapdaticery system.

The specific conclusions in this dissertation wested below:

1. A poly(N-vinyl pyrrolidone) based glucocorticoid-polymerodrug was
synthesized by conjugating prednisolone to funetiged PNVP via a hydrazone
linkage.

2. pH sensitivity of drug release from the pdyyinyl pyrrolidone) based
prodrug was observed under conditions mimickingamfmation-induced tissue acidosis,

as hydrolysis of the hydrazone linkage was enhaoodér acidic pH.
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3. Poly(N-vinyl pyrrolidone) based prodrug and its releaspebducts
demonstrated good biocompatibility with neuronsuiédé culture showed that both the
prodrug and its precursor polymer were non-toxiaeéarons and did not alter the ability
of neurons to maintain neurite extensions, reasgutrther application of this prodrug
to mitigate inflammation at the neural interface.

4. Bioactivity of the polyN-vinyl pyrrolidone) based prodrug and its
released free drug were studied with RAW?264.7 matages in vitro, where inhibition
of nitric oxide production was observed, suggestiteggdesired anti-inflammatory effect.

5. Poly(N-vinyl pyrrolidone) based prodrug was also compatiwith the
hydrogen bond-driven LBL assembly technique. Maj@rs of poly(acrylic
acid)/prodrug were successfully deposited onteailisubstrates and quartz plates. The
layers were destructible when incubated in phygickl pH, which could be beneficial
for neural electrodes.

6. Poly(N-vinyl pyrrolidone) based prodrug can serve as @nging and
versatile drug delivery system. It can be easilpliad to neural electrodes without
compromising the electrical property of the implaand can potentially realize tissue
response-regulated drug release based on tissdeseci This system allows localized
pharmacological interventions that deliver antlanfimatory drugs based on the extent of
inflammation without interfering with the electrigaroperties of the neural electrodes.

7. Compositionally controllable antioxidant polymertherapeutics PVTs
were prepared by copolymerizing monomers of triethg glycol methyl acrylate

(TEGMA) anda-tocopheryl acrylate (VeAc). In contrast to the pa@ter solubility of
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Ve, solubility of the PVT prodrug in water can rbaxs high as 3.1 mg/mL (equivalent to
500 uM Ve) by tuning the copolymer composition.

8. The PVT prodrug was non-cytotoxic toward A172 hunesirocytes.
Furthermore, PVT was able to protect astrocytesnagaxidative stress exerted by
hydrogen peroxide in vitro. Using a free radicahwnging assay, the protection
mechanism was suggested to be attributed to thelygis of the labile ester linkage and
release of the active Ve.

9. Multilayers containing PVT with tunable stabilityt ghysiological
condition could be achieved simply by engineerihg tayer composition. PVT was
successfully deposited on silicon (Si) substratél poly(acrylic acid) (PAA) or tannic
acid (TA) using the LBL technique mediated by hy#o bonding. Ellipsometry and
guartz crystal microbalance (QCM) data showed thatmultilayers of PAA/PVT were
destructible at physiological pH. In contrast, niajters of TA/PVT were stable.

10.  Functionalized temperature- and pH-sensitive  polifiyl-2-
caprolactam) polymers were prepared by copolynmegimnonomers of VCL and a VCL
derivative, TBVCL..

11. Sharp, complete and reversible phase transitiortheottcopolymers with
little hysteresis were shown to be pH-dependertt) aloud points ranging from 35 °C to
44 °C for COOH-PVCL9, and 29 °C to 64 °C for COOM@L14, upon pH change from
20to 7.4.

12. Biocompatibility cytotoxicity assay demonstratesittithe functionalized

PVCL copolymers were biocompatible with NIH/3T3 top2 mg/mL.
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13.  The functionalized PVCL copolymers hold potent@allte used for drug
delivery from the surface of biomedical implantheTidea is to assemble multilayers
with this dual-responsive PVCL copolymer as onetloé components, and upon
inflammation induced tissue acidosis, it leadsh® molecular conformational changes
due to its associated reduction of LCST, which ailbsequently change the properties of
the multilayers and enable drug release.

Based on above conclusions in this dissertatiomrdéu work is proposed,
including:

1. In vitro study of anti-inflammatory and anti-oxidgorodrugs on primary
cells such as brain derived microglia, astrocyées, neurons.

2. Validation of the efficacy of different films in ipmoving the
biocompatibility of the neural implant in a rat nedd These films will include LBL
coatings with either anti-inflammatory or anti-oamt prodrug. Furthermore, possible
synergistic effect will be examined when the filontains both prodrugs.

3. Modulation of the molecular weight and compositiofi functional
poly(N-vinyl-2-caprolactam), and incorporation of thes#ymers in multilayered films
as a smart drug delivery platform responsive topenature and pH, toward neural

implant applications.
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Table 4. Calculation for the reactivity of VCL anéP.

VCLVPDS pyrindine
Mw 79
feeding mass (mg) 798
feeding amount (mmol) 0.101012658
integration integration of
of VP WL
before polymerization 367 585
after polymerization 325 570
WCLVPL pyrindine
Mw 79
feeding mass (mg) B.16
feeding amount (mmol) 0.103291139
integration integration of
of VP WCL
before polymerization 613 658
after polymerization 541 632
WCLVP2 pyrindine
Mw 79
feeding mass (mg) FE:]
feeding amount (mmaol) 0.098734177
integration integration of
of VP WCL
before polymerization 1028 548
after polymerization 921 532
malar amount
malar ratio VP WL di{WP) diWCL) x
05 0.37072 | 0.60103 | 0.04243 | 0.02525 0.61681
1 0.63317 | 0.67966 | 0.07437 | 0.02686 0.931561
2 106183 | 056604 | 0.11052 | 0.01653 1.87591

VP VCL
111 139
VP amount WCLamount
(mmol) [(mmal)
0.370716456 0.601025316
0.328291139 | 0.575772152
VP WL
111 139
VP amaount | WVCL amount
{(mmaol) [mmal)
0.633174684 | 0.6796556096
0.558805063 0.6528
VP WL
111 139
VP amount WCLamount
{mmaol) [mmael)
1061832911 0.566035443
0.951311392 0.549508861
Y A F
168 0.24966 0.22646
276923 05852 031341
66875 15854 052621
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total monomer  d(WP) d(VCL) :
conversion
[mmal) (mmal) (mmol)
0.971741772
0.904063291 0.0424 0.02525 0.06964657

total monomer | d(VP)  d{VCL) B
conversion
{mmal) {(mmaol) [mmol)
131283038
1.211605063 0.0744 002686 0.077104642

total monomer  d{WP) d{VCL)

conversion

{mmael) {mmol) (mmol)
1627868354
1.500820253 0.1105 | 0.01653  0.07B045685
o o+F g n

152436 175081 012934 01426

183776 | 0.17054 | 0.32387
2.05057 | 0.25662 | 0.77803



Table 5. Calculation for the reactivity of TBVCL@&ANP.

TBVVPO.5 pyrindine VP TBVCL
Mw 79 111 239
feeding mass (mg) 5.09
feeding amount (mmol) 0.06443038
integration of integration VP amount TBYCLamount  total monomer d(VP) d{TBVCL) convarsion
VP of TBVCL {mmol) {mmol) {mmol) {mmaol) (mmaol)
before polymerization 250 525 0.161075349 0.338259494 0.439335443
after polymerization 229 437 0.14754557 0.281560759 0.429106329 0.0135 0.056698734  0.140645161
TBYVPL pyrindine VP TBVCL
Mw 79 111 239
feeding mass (mg) 4.94
feeding amount (mmaol) 0.062531646
integration of integration VP amount TBYCLamount  total monomer d(VP) d{TBVCL) convarsion
VP of TBVCL {mmol) (mmol) {mmol) {mmol) (mmol)
before polymerization 572 545 0.357681013 0.340797468 0.698478481
after polymerization 535 483 0.334544304 0.302027848 0.636572152 0.0231 0.03876962 0.08863026
TBYVVP2 pyrindine VP TBVCL
Mw 79 111 239
feeding mass (mg) 4.97
feeding amount (mmaol) 0.062911392
integration of integration VP amount TBYCLamount  total monomer d(VP) d{TBVCL) convarsion
VP of TBVCL {mmol) (mmol) {mmol) {mmol) (mmol)
before polymerization 1173 528 0.737950633 0.332172152 1.070122785
after polymerization 1109 476 0.697687342 0.299458228 0.99714557 0.0403 0.032713924  0.068195179
molar amount (mmol)
molar ratio VP TBVCL d(VvP) d(TBVCL) X Y A F o a+F £ n
0.01353 0.056699 047619 0.238636 -1.51927 0.950221 0.486784 1437006 0.661251 -1.05725
2.332603 0.791313 -0.30402

0.5 0.161076 0.338259
0.357681 0.340797 0.023137 0.03877 1.049541 0.596774 -0.70915 1.845819

1
2 0.737951 0.332172 0.040263 0.032714 2.221591 1.230769 0.416543 4.010066

4.496851 0.89175 0.092631
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Figure 51. K-T plot for the reactivity study of VGind VP.
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Figure 52. KT plot forthe reactivity study of BVCL and VP
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Figure 53. NMR spectra of VCL and VP at a molardieg ratio of 0.5, before

polymerization.
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Figure 54. NMR spectra of VCL and VP at molar fegdiratio of 0.5, after
polymerization at 65 °C for 20 minutes.
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Figure 55. NMR spectra of VCL and VP at molar fegdiratio of 1, before

polymerization
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Figure 56. NMR spectra of VCL and VP at molar fegdiatio of 1, after polymerization
at 65 °C for 20 minutes.
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Figure 57. NMR spectra of VCL and VP at molar fegdiratio of 2, before

polymerization
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Figure 58. NMR spectra of VCL and VP at molar fegdiatio of 2, after polymerization
at 65 °C for 20 minutes.
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Figure 59. NMR spectra of TBVCL and VP at molar deg ratio of 0.5, before

polymerization.
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Figure 60. NMR spectra of TBVCL and VP at molar dieg ratio of 0.5, after

polymerization at 65 °C for 20 minutes.
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Figure 61. NMR spectra of TBVCL and VP at molar deg ratio of 1, before

polymerization.
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Figure 62. NMR spectra of TBVCL and VP at molar dieg ratio of 1, after

polymerization at 65 °C for 20 minutes.
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Figure 63. NMR spectra of TBVCL and VP at molar deg ratio of 2, before

polymerization
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Figure 64. NMR spectra of TBVCL and VP at molar dieg ratio of 2, after
polymerization at 65 °C for 20 minutes.
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