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ABSTRACT

The ability to introduce therapeutic at a specified location and time to a healing
traumatic wound deep within the body by external non-invasive stimulus could provide
great long-term benefit to patients. In this work, we have examined systems consisting of
or including amphiphilic copolymers towards deep-tissue externally triggered localized
therapeutic delivery applications.

First, we probed a polyelectrolyte multilayer incorporating poly(L-glutamic acid-
triethylene glycol-diclofenac) copolymer micellar aggregates for near-infrared responsive
enhanced therapeutic delivery. It was discovered that the films released small-molecule
non-steroidal anti-inflammatory drug diclofenac up to five-fold faster during remote
irradiation with near-infrared. The near-infrared source was effective at generating more-
rapid release from films with tissue mimic penetration depths of at least twelve
centimeters. Irradiations in immediate succession produced diminishing rates of release.
The highly near-infrared responsive behavior was attributed to a delayed-elution
mechanism. In this mechanism, the diclofenac was first hydrolytically cleaved from
unimers in the film and then resided within the hydrophobic cores of micellar aggregates
until freed by energy imparted by the near-infrared irradiation. Gold nanorods were
incorporated into the films to enhance the response of the films to near infrared above
controls. Due to non-covalent suspension of the nanorods, aggregation led to a
kinetically dependent enhancement of performance.

Next, we improved the synthesis of a copolymer of 2-(dimethylamino)ethyl
methacrylate with a spiropyran methacrylate by atom transfer radical polymerization for
increased kinetic control. From there, we optimized the composition of this multi-
responsive copolymer such that isomerization of the spiropyran moiety brought about a
solubility transition surrounding 370C. This property of the copolymer was designed such
that the solubility shift by remote photo-trigger would bring about therapeutic release in a
polymer multilayer system analogous to the diclofenac system.

Overall, this work demonstrates the utility of engineering amphiphilic copolymers
as a powerful approach to impart remotely triggerable therapeutic release properties for
use with implants deeply located within the body.
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Chapter 1. Introduction and Motivation

1.1 Self-Assembly of Polymers Layer-by-Layer on Implants for Localized

Therapeutic Delivery

The Layer-by-Layer (LbL) assembly technique' 2 involves the modular building of

materials one on top of the other on the molecular scale, using materials of

complementary functionality to bind the materials together. These complementary

functionalities include for example opposing electric charges,3 hydrogen bond-donor

hydrogen bond acceptor pairs,4 and covalently bonding entities.5 Polymeric materials

can be deposited onto substrates of a variety of three-dimensional architectures using

mild assembly conditions, from aqueous solutions and at room temperature, such that

biological materials sensitive to harsh conditions can be incorporated. Therapeutics can

be incorporated at high loading using this technique.

Layer-by-Layer assembly can be effectively utilized to develop conformal

coatings on implants for time-resolved localized delivery of therapeutics (Figure 1.1) at

efficacies that cannot be achieved with other delivery methods. Layer-by-Layer coatings

on microneedles have been used to successfully administer vaccines transdermally and

initiate immune responses many-fold higher vs. intradermal injection.6' 7 Polymer

multilayers containing small interfering ribonucleic acids (siRNA) coating a surgical nylon

woven mesh enacted sustained localized knockdown of the target in cells, whereas

siRNA delivery is elusive by other methods due to its facile degradation in vivo.8

Biodegradable polymer multilayers assembled Layer-by-Layer onto implants as

conformal coatings have been demonstrated to enable the time-resolved delivery of

therapeutic materials like antibiotics and growth factors to result in superior tissue

regeneration as opposed to short-term burst release.9' 10

21
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Figure 1.1. Layer-by-Layer assembled polymer multilayer implant coatings for localized delivery

of therapeutics. A. Microneedles coated with polymer multilayers encapsulating vaccines

instigated favorable immune responses.7 Adapted with permission from reference.7 Copyright

2013, Rights Managed by Nature Publishing Group. B. Surgical suture meshes coated with
8multilayers preserved the efficacy of small interfering ribonucleic acids for localized knockdown.

Adapted with permission from reference.8 Copyright @ 2013 American Chemical Society. C. Bone

regeneration scaffolds coated with antibiotics and growth factors achieved bone regeneration.9

Adapted with permission from reference.9 Copyright @ 2016 American Chemical Society.

1.2 Amphiphilic Polymers for Delayed Hydrophobic Therapeutic Delivery

From Self-Assembled Films

The localized release of hydrophobic small molecule therapeutics has been

delayed by incorporating the materials into self-assembled films containing amphiphilic

polymers. The hydrophilic portions of the polymer associated multivalently with another

hydrophilic polymeric material of complementary functionality to grow the Layer-by-Layer

architecture and increase the stability and lifetime of the therapeutic depot, while the

hydrophobic portion associated with the hydrophobic therapeutic. A variety of polymer

architectures have resulted in this amphiphilic functionality, including linear-dendritic

block copolymer micelles" and polymers with hydrophobic regions along the

backbone. 12
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Tethering small molecule drugs1 or peptides 1 covalently to polyelectrolytes

capable of self-assembly into films bound together by multivalent electrostatic

interactions further delayed their release from the film over time while preserving their

biological activity. One factor contributing to delayed release was the covalent

attachment into the film, since hydrolysis of e.g. ester linkages tying the therapeutic into

the film slowed the escape of the drug considerably.13 In addition, polymer-drug

conjugates of hydrophobic therapeutics to hydrophilic polymers are by nature

amphiphilic. It is therefore plausible that polymer-drug conjugates introduce dual

delayed-release functionality derived from hydrophobic association of hydrolyzed

therapeutic with covalently bound therapeutic remaining in the film.

1.3 Photoresponsive Nanomaterials for Externally Triggered Delivery in

Deeply Located Tissue

1.3.1 The Effect of Irradiation Wavelength on Tissue Penetration Depth

The viable wavelengths for high tissue penetration depth biological imaging using

nanoprobes informed the choice of wavelength at which to irradiate through tissue for

localized therapeutic applications. The first window of near infrared (NIRI, 700-950 nm)16

presents more biological transparency than light at shorter wavelengths (Figure 1.2),17

but in practice has tissue penetration depth limited to 1-2 cm. 18
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Figure 1.2. Of the two optical windows for biological imaging, the first window

(650-950 nm) does not have a deep tissue penetration depth.18 Greater depths in

tissue can be accessed in the second window (NIRII, 950-1700 nm). Irradiating

down-conversion nanoparticles in vivo at 980 nm and collecting their emission at

1575 nm resulted in superior image acquisition relative to other NIRII probes, two

of which were excited at 808 nm.1 Adapted with permission from reference.'7

Copyright @ 2009, Rights Managed by Nature Publishing Group.

The second window of near infrared (NIRII, 950-1700 nm) has dual advantages

of high tissue penetration depth and low absorption and scattering by biological

materials. 17, 20, 19 For example, images of murine vasculature with high spatiotemporal

resolution were obtained using single-walled carbon nanotubes from collecting images in

the second near infrared window (1.1-1.4 pm), while images collected from the first near

infrared window (800 nm) were indistinct due to substantial scattering and absorbance of

the photons by tissue .21 Therefore, the second window near infrared (950-1700 nm) is of

particular interest for high tissue penetration depth applications.

1.3.2 Gold Nanorods as Near Infrared Photothermal Conversion Centers For

Therapeutic Applications

Gold nanorods, in comparison to silica-gold nanoshells and gold nanospheres,

have been calculated to have superior near infrared absorption and scattering at much

smaller particle sizes.22 Their optical properties have been tuned during synthesis

through altering various parameters (Figure 1.3).2 . Gold nanorods have been

demonstrated for many biomedical applications, including use as imaging and

24
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photothermal chemotherapeutic materials responding to irradiation at 800 nm in the first

near infrared window.27

A f

Transverse Longitudinal
Plsmon * Ptasmon

B - D
- AR 2.7
-- AR 3.7

- -- AR 4.4

400 500 600 700 800 900 1000 1100
Wavelength (nm)

Figure 1.3. The effect of gold nanorod aspect ratio (AR) on optical properties is reflected

primarily in the peak position of the longitudinal surface plasmon resonance. A. The

conduction band electron oscillation (gray arrows) in resonance with impinging

electromagnetic irradiation along the transverse and longitudinal dimensions of a

nanorod, i.e. the localized surface plasmon resonances. B. Extinction spectra of gold

nanorods with different longitudinal (+) and transverse (*) extinction peaks

corresponding to solutions of gold nanorods with identities shown in transmission

electron microscopy images with aspect ratios (C) 1.1, (D) 2.0, (E) 2.7, (F) 3.7, (G) 4.4.
28, 29

Adapted with permission from references. Copyright @ 2014, 2016 American

Chemical Society.

Incorporation of gold nanorods into Layer-by-Layer films by self-assembly has

resulted in red shifting and broadening of the absorption spectrum due to coupling of the

gold nanorod longitudinal and/or transverse plasmons with one another.30 The

photothermal conversion efficiency of gold nanomaterials absorbing at a wavelength less

than the irradiation wavelength was found to increase by assembling the nanomaterials

at close proximity.3 1 Therefore, Layer-by-Layer assemblies incorporating gold nanorods

can potentially be irradiated in the second window near infrared to attain higher tissue

penetration depth.
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1.3.3 Attaining Therapeutic Release by Spiropyran Photoisomerization Using

Near Infrared

Spiropyran is a photochromic material that undergoes dramatic changes in

properties in response to a variety of stimuli.32 Spiropyran can transform reversibly

between two isomers, each with a protonated and de-protonated form, in response to pH

and light among other stimuli like solvent polarity and temperature changes. The

absorption spectrum and polarity of spiropyran varies considerably with its isomeric

state. In order to render this material more robust for localized release applications, the

spiropyran must be covalently attached to a support immobilize it and increase photo-

stability among other advantages.33

Due to the hydrophilic-hydrophobic transformation associated with the

merocyanine-spiropyran isomerization, the properties of a polymer can be modulated in

response to an external photo-stimulus to produce therapeutic release. For example, the

solubility transition of thermoresponsive polymer poly(N-isopropylacrylamide)

(PolyNIPAM) has been successfully shifted by incorporating spiropyran side groups and

stimulating isomerization.35

In order to achieve isomerization by external photo-stimulus with high tissue

penetration depth, use can be made of upconversion nanoparticles that absorb light at

980 nm and irradiate in the visible and ultraviolet36 where spiropyrans absorb.

Spiropyran can be combined with upconversion nanoparticles by covalent37 or non-

covalent33 attachment to trigger delivery of large hydrophilic polyelectrolyte

macromolecules 37 or small hydrophobic molecules.38

1.4 Thesis Overview and Objectives

This thesis focuses on stimuli-responsive properties of amphiphilic copolymers

with the ability to self-assemble. The objective was to develop systems that undergo

significant change in response to an externally administered photo-stimulus for the

purpose of remotely triggering therapeutic release from implant coatings incorporating

the copolymers. The systems were investigated towards high tissue penetration depth

applications, where a 980 nm wavelength laser stimulus would be directly or indirectly

viable to produce a response in the copolymers.
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In Chapter 2, an electrostatic polymer multilayer assembly involving an

amphiphilic polymer-drug conjugate was investigated for near-infrared responsive

therapeutic release rate properties. The effect of incorporating gold nanorods as

photothermal conversion centers into the multilayers in a nano-blend was investigated.

In Appendix A, the gold nanorod-containing polymer multilayer films were studied

in more detail. In Appendix B, the effect of introducing clay barrier layers at the surface

of the films on the therapeutic release rates was explored.

In Chapter 3, an amphiphilic copolymer containing a photo-isomerizable

spiropyran moiety was synthesized by an improved method and its aqueous solubility

transitions investigated as a function of the isomeric state of the spiropyran groups.

Chapter 4 presents the main conclusions from the work and recommendations

for future directions of scientific study based on this thesis.
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Chapter 2. Near-infrared Stimulated Enhanced Release of Small

Molecule Anti-Inflammatory from Self-Assembled Layer-by-Layer

Films for Localized Anti-Fibrotic Application

Dysregulation of the healing process in traumatic wounds can lead to the progression of

a fibrotic disease state. Modulating the healing process in wounds deep within the body post-

surgical closure locally and by non-invasive means would provide great long-term benefit to the

patient. The objective of this work was to accomplish localized delivery of the non-steroidal anti-

inflammatory drug diclofenac by exogenous stimulus with tissue penetration depth on the multi-

centimeter scale using a biologically transparent near-infrared 980 nm laser. Films of

biocompatible poly(L-lysine) and polymer-drug conjugate poly(L-glutamic acid-triethylene glycol-

diclofenac) were self-assembled Layer-by-Layer and combined with near-infrared-absorbing

gold nanorods to assess the relative rates of therapeutic release with and without laser

stimulation. It was determined that the polymer films were near infrared responsive on their own,

and that this response was enhanced by the presence of gold nanorods on a transient basis.

The primary mechanism of enhanced release was postulated as the emptying of untethered

diclofenac from the hydrophobic domains within the film. With modifications to the fabrication

process, these near infrared responsive films might be combined in modular fashion with other

anti-fibrotic factors to prevent progression to a disease state in deeply located tissue.

2.1 Introduction

A traumatic wound can lead to dysregulation of the wound healing process and fibrosis.

Two of the major pro-fibrotic cytokines are transforming growth factor P (TGF-P) and tumor

necrosis factor a (TNF-a), both of which cause fibroblast transformation, proliferation and

accumulation, deposition of the extracellular matrix and ultimately tissue destruction and loss of

function.1 3 Fibrogenic cytokines most notably TGFP were overexpressed in macrophages

proximal to developing fibrotic tissue and it has been deduced in the medical community that

fibrogenic factors are activated during inflammatory processes .4 Therefore, releasing anti-

inflammatory at knock-down levels at time points during the 72-hr acute inflammatory timeframe

could help restore tissue to full health and prevent progression into the fibrosis disease state.

The ability to accomplish these doses locally and non-invasively deep within the body presents

a challenge.
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Among exogenous stimuli-responsive drug delivery mechanisms, a photo-responsive

system utilizing excitation with second-window near-infrared (NIR) (950-1700nm) is desirable

due to minimal harm to tissue, high tissue penetration depth, and low scattering.5 Gold

nanorods have been successfully utilized as active therapeutic materials that behave as

photothermal conversion devices with responsiveness in the near infrared.6 Gold nanorods have

utility in both imaging and photothermal therapeutic applications for cancer.7 , 8 Gold nanorods

have also been used to melt peptide hydrogels and release dextran upon exposure to 808 nm

light.9 In most cases, gold nanorod stimulation has been at 808 nm, with the limitation of lower

tissue penetration and higher scattering than for a 980 nm stimulus.

The Layer-by-Layer (LbL) assembly technique 0' 11 allows for the modular building of

nanoscale blends to yield conformal coatings on implants for sustained and/or sequential

localized delivery of therapeutics such as growth factors,12 15 non-steroidal anti-inflammatory

drugs (NSAIDs),16' antibiotics, 18-21 proteins,,22  23 and small interfering ribonucleic acids

(siRNA). 24 Beyond control of the passive elution of therapeutic from films, responsive Layer-by-

Layer assemblies that can be triggered with applied voltage 25 , 26 and direct2 7 or

electrochemically-induced 28 pH changes 29 have been reported.

The current work is preceded by non-degradable Layer-by-Layer assembled gold

nanoparticle-containing hollow microcapsules for the release of high molecular weight cargo, by

a nanosecond pulsed laser in the near infrared, causing the capsules to burst and the cargo to

be completely released.30 2 The gold nanoparticles' high area fraction in a layer and therefore

close proximity led to a red-shifting of their resonance peak. 30 The same microcapsules were

used for delivery of macromolecules into the cytosol of cells. 3 3 , 34 The Layer-by-Layer approach

for constructing these microcapsules can be applied to fabricate films for localized delivery of

therapeutic to tissues.

It was recently demonstrated that by introducing gold nanorods periodically into a Layer-

by-Layer system, mechanically robust films with uniformly distributed layers of gold nanorods

resulted.a Gold nanorods synthesized with cationic surfactant cetyltrimethylammonium bromide

(CTAB) have been layered with other materials like polyelectrolytes using electrostatic

attraction. 36 The coating polymer chosen for proof-of-concept in the current work was poly(4-

styrenesulfonic acid) sodium salt, which is a highly charged polyanion at physiological pH 7.4.

The percent coverage of gold nanorods in each layer of the film can be controlled, by

varying the concentration or dip time of the film, to red-shift the absorption maximum.37 Plasmon
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coupling caused a red shift in the longitudinal surface plasmon resonance (LSPR) peak

absorption wavelength for the gold nanorods by nearly 100nm. This shifted absorption was

hypothesized to allow photothermal-activated drug release by irradiation with a 980 nm laser

with efficacy to high tissue penetration depths due to the biologically transparent nature of the

980 nm laser stimulus. If these films were applied locally to a traumatic wound during surgery,

subsequent non-invasive laser irradiation might be employed to locally deliver therapeutic deep

within the body.

Long-term release of non-steroidal anti-inflammatory drug diclofenac from polypeptide

Layer-by-Layer films has been previously demonstrated.17 The polymer-drug conjugate

designed for this purpose, poly(glutamic acid-triethylene glycol-diclofenac) (PGA-Diclof), was

layered with poly(L-lysine) (PLL) in polyelectrolyte multilayer films. Films were evaluated for

passive release performance.

In the current work, this slow-release system was combined with gold nanorods as

photothermal conversion centers with the intention of building a remotely triggered system for

enhanced release of diclofenac. Behavior of control films without gold nanorods was also

investigated to determine the relative benefit conferred by the nanorods and to analyze the

mechanism of therapeutic release from the films. It was determined that the films were near

infrared-responsive both with and without gold nanorods. Gold nanorod-containing films were

responsive with high tissue mimic penetration depth in vitro. A mechanism for enhanced release

was proposed and should be studied further. The fabrication method for these films can

potentially be optimized to allow further control over the release profile by adding barrier layers

to slow passive release.

2.2 Results and Discussion

2.2.1 Effect of Near-Infrared Irradiation on Films With vs. Without Gold Nanorods in a

Self-Assembled Nano-Blend

The objective was to achieve nanoscale proximity of the gold nanorods, the near-

infrared photothermal conversion centers, with the polymer-drug conjugate to achieve enhanced

release by external stimulus. The approach taken to achieve a nano-blend of photothermal

converters and prodrug pendant groups was to layer this material in a hexalayer architecture,

i.e. gold nanorods every six layers, with the polycation poly(L-lysine) (PLL) and the polyanionic

polymer-drug conjugate, poly(L-glutamic acid-triethylene glycol-diclofenac) (PGA-Diclof) (Figure

2.1, Scheme 2.1, Scheme 2.2).

35



H2  ® O
H3 (DOH

0 P2 0

GNH 3
poly(L-lysine)

(PLL)

0 0

0 n

-~ HO 6N NH2

CI 0=-a
1II' CI O= 6 (

poly(L-glutamic acid-triethylene glycol-diclofenac) poly(4-styrenesulfonic acid)
(PGA-Diclof) (PSS)

0

Cl H
N

Cl
diclofenac:

HO -O ,O '^' OH
triethylene glycol

cetyltrimethylammonium bromide Br
(CTAB)

Figure 2.1. Depicted are chemical structures of the non-nanorod components present in the

hexalayer films and/or eluting from the films. Poly(L-lysine) is the biocompatible polycation under

conditions of film formation (10 mM sodium phosphate buffer, pH 7.4). Poly(L-glutamic acid-

triethylene glycol-diclofenac) (PGA-Diclof) is the amphiphilic polymer-drug conjugate that was

polyanionic under conditions of film formation (10 mM sodium phosphate buffer, pH 7.4).17

Cetyltrimethylammonium bromide (CTAB) is the cationic surfactant that suspended the gold

nanorods by enclosing them in a bilayer vesicle with the tertiary amine head groups in contact

with the gold nanorods and the surrounding medium. Poly(4-styrenesulfonic acid) (PSS) is the

polyanion layered onto the CTAB-coated gold nanorods.36 Diclofenac is the therapeutic cleaved

from the polymer-drug conjugate by hydrolysis, which was primarily anionic under conditions of

therapeutic release (1x PBS, pH 7.4). Triethylene glycol is the linker that was cleaved from

diclofenac and poly(L-glutamic acid) during therapeutic release.
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Cycle steps I and
2, 1.5 more times
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Scheme 2.1. The dip Layer-by-Layer process was used to introduce materials into the

film in a modular fashion. Electrostatic attraction between opposing ionic charges held

the film together. In all cases, water rinses removed all physisorbed molecules. (1)

Poly(L-lysine) (PLL), in 1 mg/mL aqueous sodium phosphate buffer solution as a random

coil, was first deposited onto the substrate by electrostatic binding. (2) PLL-terminated

films were exposed to aqueous sodium phosphate buffer solution of poly(L-glutamic acid-

triethylene glycol-diclofenac) (PGA-Diclof). PGA-Diclof was present in 1 mg/mL aqueous

solution with micelle agglomerates 28.8 4.7 nm in size (critical micelle concentration 9.9

pg/mL). Hydrophobic (triethylene glycol)-diclofenac moieties were sequestered from the

majority aqueous phase into the micelle cores. Equilibrium between unimers and micelles

was established. (3) This constituted one bilayer. Proximity of the protonated amine

groups to the ester linkages in PGA-Diclof due to film assembly with PLL sped hydrolysis

of ester-bound diclofenac side groups in the film relative to that in aqueous solution.17, 38

It can be assumed that the diclofenac pendant groups along the unimer chains were

much more quickly attacked than those in polymer chains involved in the intact micelles.

(4) To create one hexalayer, steps 1 and 2 were cycled accordingly. (5) Polycation-

terminated films were exposed to an aqueous solution of gold nanorods encapsulated in

a bilayer vesicle of cetyltrimethylammonium bromide (CTAB) and coated with anionic

poly(4-styrenesulfonic acid) (PSS). (6) This resulted in hexalayer formation, with

nanorods deposited at random orientations.
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gold nanorod-poly(styrene
sulfonic acid)(-)
poly(L-glutamic acid-

Sdiclofenac) (-)
poly(L-lysine) (+)

hexalayers bilayers glass substrate

Scheme 2.2. The primary repeating units in the Layer-by-Layer architectures of interest

for this study were hexalayers (left) with gold nanorods introduced every sixth layer, and

bilayers (right), i.e. two-layer repeating units without gold nanorods.

The film architectures built for study are laid out in Table 2.1. In each case, there was at

least one control architecture that contained the polymeric prodrug but not gold nanorods.

Table 2.1. Film Architectures Explored in Near-Infrared Irradiation Studies

Architecture

(PLL/PGA-Didof)40

[(PLLPGA-Diclof) 2dAuNR-PSS6

(LPEl/SPS)1c/(PLLPGA-Dldof)40

(LPEl/SPS)/[(PLUPGA-Dilof) 25dAuNR-PSS]2

(LPEl/SPS),/(PLUPGA-Diclof)1 /(PLLLAP),

(LPEl/SPS)1/[(PLL/PGA-DicOf) 2.5
/AuNR-PSS2/(PLLLAP)

15,

(LPEl/SPS)1c/(PLLPGA-Didof)8O

40HL (LPElI/SPS)10/[(PLUPGA-Didof) 2 5/AuNR-PSS],

Note
No base layers, no

nanorods
No base layers,

contain nanorods
Do not contain

nanorods
Contain nanorods
every sixth layer

Capped by day barrier
layer

Capped by day barrier
layer

Double total drug
loading

Double total drug
loading

KEY

BL: bilayers

HL: hexalayers

LPEI: linear polyethylenelmine

SPS: poly(sodium 4-styrenesulfonate)

PLL: poly(L-lysine)

PGA-Diclof: poly(L-glutamic acid-triethylene glycol-diclofenac)

AuNR-PSS: gold nanorods-poly(4-styrenesulfonic acid)

LAP: Laponite day platelets
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There existed a slow passive release rate of diclofenac from the film under bio-

mimicking conditions at 370C in 10 mM phosphate buffered saline (1x PBS) without stimulation

by near infrared. Mean passive release rates from the films were compared with those observed

for the same system at different film thicknesses. The release rates were in good agreement

with those from previous study on passive release from the bilayer system (Figure 2.2).17

0.16 y = 0.001x 2 + 0.0032x
R2= 0.99999

0.14

0.12

0.1

0.04- Hsu PNAS 2014
0.04 o Extrapolated

0.02 * This study
0

0 2 4 6 8 10 12 14
Film Thickness (pm)

Figure 2.2. Mean passive release rates of diclofenac from forty- and eighty-

bilayer (40BL and 80BL) films were in good agreement with previous study of the

bilayer system.17 A polynomial relation was determined between film thickness

and the passive release rate of diclofenac from bilayer films. This relation was

extrapolated to the film thicknesses examined in the current study.

Bilayer and hexalayer films with and without base layers underwent cycles of release

under passive and near-infrared irradiation conditions. First the films were exposed to conditions

of passive release in vitro (370C, 1 mL 1x PBS), and then to release under near-infrared

irradiation (370C, 1 mL 1x PBS, 980 nm, 0.697 W/cm 2, 60 min) (Scheme 2.3, Scheme 2.4).

The laser irradiation condition fell well within the Maximum Permissible Exposure (MPE)

limits set by the British Standards Institute. By calculations for the MPE of skin to laser

irradiation 700-1400 nm from the British Standards Institute, for exposure time from 10 to

30,000 seconds, the maximum power density is 2000C4 W/m 2 , where C4 = 1 0 0.002(-700) for A =

700-1050 nm. By these calculations, the maximum power density of a 980 nm laser on skin is

0.7262 W/cm 2 , greater than the time-averaged 0.697 W/cm 2 incorporated into this study for

samples without tissue barriers. The maximum fluence permitted at this 980 nm laser

wavelength is 21,785 J/cm 2 (continuous wave laser maximum duration 30,000 seconds), and

the fluence used in this study was only 2,509 J/cm 2, almost an order of magnitude lower.
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beam cross-section
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layer-by-layer film
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Scheme 2.3. Near-infrared irradiation of Layer-by-Layer films in bio-mimicking

conditions (370C, 10 mM phosphate buffered saline solution) took advantage of laser

beam divergence to cover a significant area of the therapeutic-releasing film.

0. 1. 2. 3.

Scheme 2.4. All Layer-by-Layer films in this study underwent fabrication and post-

fabrication treatments in this consistent order. 0. Films were built by dip Layer-by-Layer

self-assembly. 1. Films were immersed in 1 mL of 10 mM phosphate buffered saline

solution at 37*C overnight. 2. The release solution was changed out for fresh solution

and irradiated in a quartz cuvette by a 980 nm laser at 0.697 W/cm2 for 60 min. 3. The

release solution was changed out for fresh solution and incubated at 370C. 4. Steps 2

and 3 were cycled, in part to determine that the films remained functional after irradiation.

An initial comparison study was conducted to monitor the diclofenac release rate

differences between forty-bilayer films (containing the prodrug but no nanorods) and twenty-

hexalayer films (containing the prodrug and gold nanorods) fabricated on silica without base

layers. Each of these film architectures contained forty layers of the polymeric prodrug poly(L-
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glutamic acid-triethylene glycol-diclofenac) (PGA-Diclof) for equivalent initial loading of

therapeutic. Both of the film types, 40BLO and 20HLo (Table 2.1), demonstrated enhanced

release rates of diclofenac with near-infrared irradiation as evaluated by high performance liquid

chromatography (HPLC) (Figure 2.3).

**** ** * ***
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0.3 6

V0.25 5
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3
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A Sample, Cumulative Timepoint Range (hr-hr) B Timepoint Ratio (hrlhr)

Figure 2.3. Comparison of diclofenac release rates from forty-bilayer (40BLo) and twenty-hexalayer

(20HLo) Layer-by-Layer films (i.e. without base layers) quantified by high performance liquid

chromatography showed the potential advantage of incorporating nanorods into films. A. For films not

containing base layers, the passive release rates and near-infrared irradiated release rates of diclofenac

were compared between films containing gold nanorods (20HLo) and those not containing gold nanorods

(40BLo). B. To elucidate the effect of irradiation on the relative release rate of diclofenac from the Layer-

by-Layer films, the ratio of the irradiated release rate to the passive release rate was taken for the bilayer

control films and the hexalayer films. While the release rate was 3.8 times greater when irradiating films

that did not contain gold nanorods, this enhanced release rate effect was significantly greater for gold-

nanorod nano-blend films at 6.5 times the passive release rate. Analysis for statistical significance was

determined by paired two-tailed t-tests assuming unequal variances (ns: p > 0.05; *: p 5 0.05; **: p 5 0.01;

***: p < 0.001; ****: p < 0.0001).

Both the passive release rate and the near-infrared irradiated release rate were

significantly greater for the 20HLo films than for the 40BLo films (Figure 2.3A). To clarify the

effect of the gold nanorods on the release rate of therapeutic from the films, the ratios of the

irradiated release rate to the passive release rate for 40BLO and 20HLO were compared (Figure

2.3B). For both nanorod-containing films and bilayer control films, near-infrared irradiation

caused a significant increase in therapeutic release rate during the timeframe of the irradiation.

Therefore, the films responded to the near-infrared stimulus even without nanorods present.
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Films containing nanorods demonstrated release rate enhancement by near infrared

significantly greater than the bilayer control.

Following this promising first comparison, all subsequent films were built on top of non-

degradable base layers to facilitate uniform adhesion of the films to the substrate and film

growth. 39 These base layers consisted of ten bilayers of linear polyethylenimine with

poly(sodium 4-styrenesulfonate) (LPEI/SPS) 10. A freeze-fractured scanning electron microscopy

cross-section of a hexalayer film built on polymer base layers demonstrated the random

distribution and dispersion of nanorods throughout the film thickness (Figure 2.4, Figure A.7).

AAiB

Figure 2.4. Gold nanorods were initially distributed in a nano-blend throughout the thickness of the
hexalayer film. This hexalayer film was fabricated on top of polyelectrolyte base layers on un-polished
silicon, flash-frozen by immersion in liquid nitrogen for 30 seconds, and fractured to reveal this freeze-
fractured cross-section of the film. The film cross-section was then coated with 10 nm of carbon before

imaging. Images obtained by scanning electron microscopy (Helios NanoLabTM DualBeamTM ). A. Scale
bar: 4 pm. B. Scale bar: 1 pm.

Twenty-hexalayer and forty-bilayer films were investigated at release time points

relevant to the 72-hr acute inflammatory phase of wound healing. The irradiated/passive release

rate ratios demonstrated that for this particular twenty-hexalayer film architecture, there was no

enhancement in the release rate above the control at the 24-hr mark (Figure 2.5). However,

after three days the near-infrared-enhanced release rate ratio was significantly greater for the

films containing nanorods than for the films that did not contain nanorods (Figure 2.5).
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Figure 2.5. Comparison of the irradiated/passive release rate ratios for the forty-bilayer

(40BL) and twenty-hexalayer (20HL) systems quantified by high performance liquid

chromatography demonstrated kinetic effects on the relative efficacy of gold nanorod-

containing films. At 24 hr, at the potential peak of the inflammatory stage of wound

healing, the gold nanorods in the film did not add an additional increase in release rate

above control. However, at the three-day mark, there was a significant increase in

release rate above bilayer control. Analysis for statistical significance was determined by

paired two-tailed t-tests assuming unequal variances (ns: p > 0.05; *: p 5 0.05; **: p <

0.01; ***: p < 0.001; ****: p < 0.0001).

2.2.2. Mechanism of Kinetic Variation in Performance with Respect to the Gold Nanorod

Component

The colloidal dispersion of gold nanorods in these films was not stable due to the type of

coating on the nanorods. Gold nanorods non-covalently suspended with cetyltrimethyl-

ammonium bromide (CTAB) were not stable against aggregation. During incubation in 10 mM

phosphate buffered saline, the gold nanorods in the film were shuttled towards one another to

form aggregates. Due to the swollen nature of the film (at least 38 12%)17 and the non-

covalent interaction between the CTAB and the nanorods, in addition to the multiple interacting

film components, the gold nanorods were mobile within the film. Through a shuttling mechanism

involving exchange between for example the amine groups of poly(L-lysine) and CTAB

interacting with the gold nanorod surface, plus attractive forces between the nanorods,

aggregates formed over time. This aggregation phenomenon was observed by scanning

electron microscopy for twenty-hexalayer films (Figure 2.6).
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Figure 2.6. Scanning electron microscopy images of twenty-hexalayer (20HL) film surface

after successive post-fabrication treatments illustrated progressive nanorod aggregation.

Scale bar: 400 nm. A. Initially, gold nanorods were dispersed in the 20HL film at a high

density, at close proximity and random orientations. B. After incubation of the film for 24

hr at 370C in 10 mM phosphate buffered saline, aggregates of gold nanorods began to

form. C. During the next stage of treatment for the film, i.e. near-infrared irradiation (980

nm, 0.697 W/cm2 , 60 min, 37*C, 1x PBS), the gold nanorod aggregates did not grow

significantly in size. D. Subsequent incubation for an additional 24 hr at 37'C in 1x PBS

yielded nanorod aggregates in the film consisting of at least one hundred nanorods.

The fact that the extent of nanorod aggregation varied with time explained how the gold

nanorod-containing films did not perform better than the bilayer films at 24 hr after beginning

release conditions, but improved in performance after 72 hr (Figure 2.5). This improved

performance was postulated to be due to the increase in photothermal-responsive gold nanorod

aggregates that absorbed in resonance with the 980 nm laser stimulus (Figure A.12).
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2.2.3. Effect of Tissue Mimic Thickness on Therapeutic Release Rate During Near-infrared

Irradiation

The films in this study, whether containing nanorods or not, were active in the near

infrared. Irradiation with a laser at 980 nm caused a contemporaneous enhancement in the

release of therapeutic from these films. Due to the bio-transparent nature of the 980 nm

wavelength, it was hypothesized that these enhanced release effects would be maintained even

in the presence of a breast tissue mimic as a barrier between the laser and the sample (Figure

2.7). A breast tissue mimic was used for testing twenty-hexalayer films due to the projected

application of these films in translation. The medicinal objective of these photo-responsive films

with high therapeutic loading was the modulation of acute wound healing in deep tissue to

prevent fibrosis, for example from a blast wound to the chest in battle.
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Figure 2.7. A-H. Photographs of near-infrared irradiation apparatus for twenty-hexalayer

Layer-by-Layer films in 10 mM phosphate buffered saline held at 370C in a sand bath. A.

Alignment of near-infrared laser with Layer-by-Layer film sample using detector card. B.

Near-infrared irradiation apparatus without any tissue mimic barrier (see also Scheme

2.3, Scheme 2.4). Breast tissue mimics were used as barriers between the irradiating

laser and the film sample with thicknesses: C: 2 cm; D: 3 cm; E: 5 cm; F: 7 cm; G: 10 cm;

H: 12 cm. J. Schematic diagram of the breast tissue mimic barrier apparatus.

Regardless of the tissue thickness down to at least 12 cm, which was a substantial

tissue penetration depth, the twenty-hexalayer samples were photo-responsive to the same

extent as when no breast tissue mimic barrier was present (Figure 2.8). These films therefore

operated at high tissue penetration depths with a non-invasive stimulus.
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Figure 2.8. As the breast tissue mimic barrier thickness was increased up to 12 cm, there

was no attenuation of near-infrared enhanced therapeutic release effects in twenty-

hexalayer (20HL) films. This resulted from the bio-transparent nature of the 980 nm laser.

This enhancement was maintained at both 24 hr (A) and 72 hr (B) cumulative release

time points. Release rates were quantified by high performance liquid chromatography

(HPLC).

2.2.4. Increased Diclofenac Loading in Films to Obtain Cyclooxygenase Inhibition Above

the IC50 Value on a One-Hour Timescale During Near-Infrared Irradiation

The intended release profile from these films included slow passive release of diclofenac

such that the hourly concentration eluted fell well below the IC50 value for cyclooxygenase, and

release of diclofenac at least at the IC50 value during near-infrared irradiation. The IC50 value is

the concentration of the inhibitory therapeutic (diclofenac) that inhibits the target activity

(cyclooxygenase) by at least 50%. This functionality was targeted during the 72-hr time window

representing acute inflammation during wound healing. It was determined that twenty-hexalayer

and forty-bilayer films irradiated with near infrared had enhanced release rates of diclofenac

47



(Figure 2.3, Figure 2.5). However, the diclofenac concentration released with irradiation still fell

below the IC50 value for cyclooxygenase (Figure A.10).

To improve the system, forty-hexalayer (40HL) and eighty-bilayer (80BL) films were

fabricated with twice the therapeutic loading as in the 20HL and 40BL films. The films were

successfully employed to remotely administer two doses of anti-inflammatory close to or above

the IC50 value of cyclooxygenase in vitro during the first 72 hours of release, corresponding to

the acute inflammatory phase of would healing (Figure 2.9). After the 72-hr time point, a low

dose of anti-inflammatory continued to release at a declining rate on longer time scales with the

objective of locally alleviating pain during the healing process for traumatic wounds.
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Figure 2.9. A. During the 72-hr timeframe corresponding to acute inflammation, forty-

hexalayer films were utilized to successfully administer two on-demand doses of the non-

steroidal anti-inflammatory therapeutic diclofenac at levels above or approaching the IC50

value for cyclooxygenase in vitro. These doses were dispensed remotely by irradiation

with near-infrared laser. B. Eighty-bilayer films under identical treatment conditions

released two laser-enhanced doses that approached but did not exceed the IC50 value for
40

cyclooxygenase-1 in vitro. Due to cyclooxygenase-2 selectivity, the irradiated doses all

exceed the IC50 value of the induced enzyme.

The variation in performance of the forty-hexalayer (40HL) gold nanorod films over time

(Figure 2.10) followed a pattern consistent with that observed in the 20HL films (Figure 2.5) that

was similarly attributed to the gold nanorod aggregation phenomenon (Figure 2.6). In hexalayer

films, there was a time-dependent distribution of absorbing entities that comprised clusters of

gold nanorods at various orientations with respect to one another and to the irradiating laser
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source (Figure 2.6). Due to plasmon coupling effects, the absorption spectra of the films were

altered during the course of aggregation (Figure A.12). It was hypothesized that at the observed

time points where the hexalayer films out-performed the bilayer films, the greatest number of

aggregate entities absorbing in resonance with the 980 nm laser source existed.
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Figure 2.10. Comparison of therapeutic release rates demonstrated that due to the aggregation
behavior of the gold nanorods (Figure 2.6), the hexalayer films were under more dramatic kinetic
control than the bilayer films. A. 40HL films out-performed 80BL films during the 72-hr release
timeframe. Irradiation by near infrared at later time-points demonstrated that the gold nanorod
advantage disappeared over time in these films. B. Quantification by HPLC revealed that at both
time-points examined in the range relevant to the inflammatory stage of wound healing, 80BL
films exhibited a significantly greater irradiated/passive release rate ratio than 40BL films. Both
film types 40BL and 80BL did not contain nanorods. On the other hand, while at 24 hr the 40HL
film greatly out-performed the 20HL film during near-infrared irradiation, at 72 hr the 20HL film

performed on par with the 40HL film.
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2.2.5. Elucidation of the Mechanism of Enhanced Diclofenac Release via Near-infrared

Irradiation of Bilayer Films Alone

By examining more closely the feature of enhanced diclofenac release rates by near-

infrared irradiation of bilayer films alone, the mechanism of enhanced release began to be

elucidated. In particular, the results of treatments with repeated successive irradiations were

informative (Figure 2.11).
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Figure 2.11. The diminishing diclofenac release rate enhancement from the first irradiation to the
second successive irradiation of bilayer films implied depletion of free molecule stored within the

film. If the main mechanism of enhancement were instead related to hydrolysis of diclofenac from
the polymer-drug conjugate, the enhancement during the first irradiation would have been at least

matched by the second successive irradiation since the rate of hydrolysis in aqueous media is an

increasing function of temperature.

From this pattern of diminishing returns from irradiation over time, the primary

mechanism was deduced to be an emptying of reservoirs of free diclofenac molecules stored in

the film. A secondary mechanism was reasoned to be enhanced hydrolysis at an elevated

temperature. If on the other hand enhanced hydrolysis had dominated, the mechanism would

enable sustained enhanced release rates over time as opposed to the diminishing rates with

continued irradiation that were observed (Figure 2.11). To determine how the free diclofenac

molecules were stored in the film and exhibited delayed release behavior, the behavior of the

polymer-drug conjugate poly(L-glutamic acid-triethylene glycol-diclofenac) (PGA-Diclof) was

examined.
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Due to the amphiphilic nature of PGA-Diclof, micellar aggregates consisting of several

polymer molecules formed above the critical micelle concentration (CMC). Above the CMC,
there was a thermodynamic equilibrium between micelles and unimers i.e. individual polymer

chains. The micelle cores were comprised of associating hydrophobic diclofenac-triethylene

glycol (Scheme 2.1) side groups, and the coronas were the hydrophilic anionic glutamic acid

side groups along the polymer chains. The presence of micelles was macroscopically

observable by the high viscosity of the PGA-Diclof Layer-by-Layer (LbL) precursor solution, and

was confirmed by dynamic light scattering (DLS) measurements.

This polymer chain design, i.e. hydrophobic side chains with a triethylene glycol linker

and ester linkages, can be considered for any application where a small molecule hydrophobic

drug needs to be released locally at a slow timescale.17 Other hydrophobic side chain polymer-

drug conjugates with ester linkages but without a triethylene glycol linker released much more

quickly.41 The presence of the triethylene glycol linker was key to decreasing the critical micelle

concentration of the polymer-drug conjugate. Micelle formation slowed hydrolysis by minimizing

the interfacial area of the polymer-drug ester linkages with the aqueous phase. Temperature-

responsive Layer-by-Layer films including block copolymer micelles and loaded with

hydrophobic molecule pyrene showed similar diminishing-rate release profiles to those

observed with the current bilayer films. 4 2

When assembled into the LbL film, the polycation poly(L-Lysine) (PLL) electrostatically

associated with the PGA-Diclof unimers facilitated hydrolysis of the ester linkages binding the

diclofenac, but during the diffusion process out of the film a portion of free diclofenac became

sequestered in PGA-Diclof micelles within the film. This sequestration slowed the passive

release process considerably. This hypothesis of mechanism can initially be tested by

incubation of films with pyrene 43 and performing fluorescence microscopy on the films to

observe the pyrene elution behavior from the micelles. Diclofenac is also fluorescent so the drug

itself might also be visible under fluorescence microscopy.

The partition coefficient is a quantity reflecting the relative concentrations of a molecule

in the hydrophobic and hydrophilic phases in a system. Among other factors, the partition

coefficient is a function of temperature and degree of ionization. The pKa of diclofenac sodium at

37C is 4.41,44 so the assumption of near-complete ionization at pH 7.4 assembly and release

solution conditions was made. The partition coefficient for diclofenac into octanol vs. water in its

ionized form at 370C is 1.9953,45 meaning that twice the concentration of diclofenac was found

in the hydrophobic phase vs. the hydrophilic phase. In a study of prodrugs made with diclofenac
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attached by ester to different oligomer lengths of polyethylene oxide groups, triethylene glycol-

diclofenac was found to have a significantly greater partition coefficient than diclofenac alone.46

In addition, in the presence of protonated amine groups, hydrophobic interactions have been

found to strengthen two-fold.47 Therefore it is hypothesized that the diclofenac and triethylene

glycol-diclofenac partition coefficients into the triethylene glycol-diclofenac hydrophobic cores

are even higher in the Layer-by-Layer films than in solution.

Even in the ionized form, a significant fraction of hydrolyzed diclofenac therefore resided

in the hydrophobic triethylene glycol-diclofenac phases within the film during passive release.

The energy imparted by the near-infrared irradiation caused an emptying of free drug from the

intra-film hydrophobic compartments and enabled diffusion of free diclofenac out of the film.

Over time, as more diclofenac was hydrolyzed from the poly(L-glutamic acid) unimers,

more negative charges emerged along the polymer chain, repelling one another and increasing

the swelling of the film. This increased swelling can be confirmed by spectroscopic ellipsometry.

There were also fewer triethylene glycol-diclofenac moieties exposed for hydrolysis over time,

resulting in a declining passive release rate as has been observed in this and previous study.17

One aspect of film assembly that may have contributed to the highly enhanced release

rates in the 24-hr and 72-hr timeframes was the duration of dip Layer-by-Layer fabrication. The

two-to-four day self-assembly process for forty-to-eighty bilayer films by near-continuous

incubation in aqueous solutions allowed for hydrolysis of free diclofenac from unimers in the film

and accumulation into the hydrophobic micelle cores within the film before commencing release

studies. This may in part have explained why diclofenac release from 80BL films was enhanced

five-fold, but only three-fold for 40BL films that were assembled in half the time. 80BL films also

absorbed more strongly in the near infrared than 40BL films, as expected (Figure A.5).

Applying the spray Layer-by-Layer (LbL) deposition method to these films was

hypothesized to produce films that are smooth 48 and lend themselves to coating by a clay

barrier layer21 to limit passive diclofenac release (Appendix B). Spray deposition also

dramatically decreases film assembly time.49 Upon fabrication of these polymer multilayer films

by rapid spray-assisted LbL, the films can potentially be incubated with free hydrophobic drug to

sequester it into the film. The drug would be incubated with the film rather than with a PGA-

Diclof solution due to the hypothesized higher partition coefficient in the films, with protonated

amines from PLL strengthening the hydrophobic interactions.4 7 Both solution and film incubation
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methods could be attempted and compared to support the hypothesis of film-enhanced

diclofenac partition coefficient.

The micellar structure of the polymer-drug conjugate lends itself to delivery with multiple

hydrophobic drug payloads simultaneously. Hydrophobic drugs of different identities can

potentially be sequestered into the micelles. To build on this system further, hydrophobic small

molecule drugs can be incorporated with spatiotemporal control by a clay barrier layer in

between in order to have a staggered release profile.

2.3 Conclusions

Near-infrared responsive behavior was observed in Layer-by-Layer films of

biocompatible poly(L-lysine) (PLL) and polymer-drug conjugate poly(L-glutamic acid-triethylene

glycol-diclofenac) (PGA-Diclof). Due to the amphiphilic nature of the PGA-Diclof and assembly

above the critical micelle concentration, a mixture of unimers with accelerated hydrolysis due to

proximal protonated amines and intact micellar aggregates were present in the film.

The protonated amine groups provided by the PLL served to strengthen the hydrophobic

interactions of diclofenac-triethylene glycol pendant groups in the film and to partition

hydrolyzed diclofenac preferentially into the micelle cores within the film, resulting in a slow

passive elution of drug from the film. Energy imparted by near-infrared irradiation at 980 nm

freed the untethered diclofenac molecules from the micelle reservoirs and allowed them to

escape from the film by diffusion. Inhibition of cyclooxygenase by the near infrared-released

diclofenac was maintained in vitro.

Inclusion in the film of gold nanorods coated with surfactant and polymer was found to

increase the rate of release of diclofenac only at certain time points during incubation due to the

progression of nanorod aggregation with time. The enhancement of release rate from gold

nanorod-containing films was maintained to at least 12 cm tissue penetration depth. With high

loading and slow release rates of diclofenac, near-infrared-activated therapeutic release rate

was increased to reach the IC50 value of the target for inhibition of cyclooxygenase.

Clay barrier layers did not decrease the passive release profile of the diclofenac due to

the micron-scale roughness of the films (Figure B.3). These films can potentially be improved by

changing the mode of fabrication to spin-49 or spray-assisted50 Layer-by-Layer to result in

smoother films that would allow modification of the release profile with clay barrier layers. These

films could then be tested for increased activated/passive release rate ratios.
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Due to the modular character of Layer-by-Layer assembly, is possible to build upon this

technology for anti-fibrotic applications. There has been found to be a TGF-P-independent

increase in collagen deposition in the progression towards pulmonary fibrosis in fibroblasts

overexpressing lysosomal sialidase (NEU-1). 4 Due to the charged nature of ribonucleic acids,

small interfering ribonucleic acids (siRNA) against NEU-1 expression can potentially be included

in the Layer-by-Layer film from this work. More broadly, the use of near infrared as a tool to

modulate release kinetics from hydrophobic compartments should be explored further for

applications like remotely controlled enhanced release of therapeutics at high tissue penetration

depth.
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2.5 Materials and Methods

All materials were obtained from Sigma-Aldrich unless indicated otherwise.

Synthesis of gold nanorods: Based on the methods of Nikoobakht and EI-Sayed,5 '

seed-mediated growth of gold nanorods was conducted at 250 C from freshly prepared aqueous

solutions in 18.2 MQ-cm Milli-Q@ water. Stirring in a 50 mL Erlenmeyer flask, 2.75 mL of 1.00

mM Gold chloride trihydrate (HAuCI4e3H 20) was added to 5.5 mL of 0.200 M cetyltrimethyl-

ammonium bromide (CTAB). To this, 600 pL of ice-cold 10 mM sodium borohydride (NaBH 4)

was added and this stirring mixture was allowed to react for several minutes and form the seed

solution, pale brown-gold in color. To form the transparent growth solution, three batches were

made in 250 mL Erlenmeyer flasks with the following in each: 100 mL of 1.00 mM HAuCl4 was

added to 100 mL of 0.200 M CTAB and 5.5 mL of 4.00 mM silver nitrate (AgNO3 ), and then 1.4

mL of 78.8 mM L-ascorbic acid was added followed by gentle swirling until colorless.
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Following the separate formation of seed and growth solutions, 160 pL of the seed

solution was added to each non-stirring growth solution and allowed to react in stationary

position for 2 hr. Nanorods synthesized by this method were approximately 12 nm in width and

50 nm in length (aspect ratio 4.0) (Figure A.1) and had a longitudinal plasmon absorption

maximum at 865.5 nm (Figure A.2). Gold nanorods were centrifuged in 50-mL tubes at 3,100

RCF for 60 min and re-suspended in 16 mL of 18.2 MQ-cm water to remove excess CTAB

molecules. Gold nanorod solutions were stable in this form at room temperature for at least

several months.

Coating the gold nanorods with poly(4-styrenesulfonic acid), sodium salt (PSS):

Poly(4-styrenesulfonic acid), sodium salt (PSS, MW - 18 kDa, Mw/Mn - 1.10) was purchased

from Polysciences, Inc. This protocol was adapted from that of Gole and Murphy.36 PSS was

dissolved at 5 mg/mL in 50 mL of 0.01x PBS. This solution was transferred into four 20-mL

vials. The gold nanorod solutions were briefly and gently heated to 280C (3-5 minutes) to re-

dissolve CTAB crystallites. While stirring each of the 12.5 mL solutions, gold nanorod solution

was added drop-wise until an optical density of about 0.1 was reached or until precipitates

persisted for a few seconds. All three batches of purified gold nanorods were combined together

for coating with PSS. These stirring suspensions were left for 60 min at room temperature.

Centrifugation in two 50 mL tubes at 3,100 RCF for 15 min followed, and the supernatant was

removed and stored at 40C for possible later centrifugation to isolate more nanorods. The pellet

was re-suspended in -200 uL of 18.2 MQ-cm water, bringing the total volume of the final AuNR

solution to -500 uL. Suspensions of AuNRs coated in PSS were stored at 4*C until further use.

Within one week these suspensions were diluted to 0.5 nM in 0.O1x PBS and used for Layer-by-

Layer (LbL) assembly. These diluted solutions were stored at 40C and reused post-LbL.

Synthesis of triethylene glycol-diclofenac prodrug: Synthesis of the triethylene

glycol-diclofenac prodrug was carried out as described previously by Hsu et al. 17' 46 at a two-fold

scale. The product was purified by flash silica gel column chromatography using 50:50 ethyl

acetate:hexanes as the eluent solution. Solvent was removed under vacuum from the purified

product. Triethylene glycol-diclofenac 1H NMR (400 MHz, CDC13) 6 7.33 (d, J = 8.1 Hz, 2H),

7.24 (dd, J = 7.5, 1.3 Hz, 1 H), 7.11 (td, J = 7.8, 1.4 Hz, 1 H), 7.02 - 6.86 (m, 3H), 6.54 (d, J = 8.0

Hz, 1H), 4.31 (dd, J = 5.4, 4.1 Hz, 2H), 3.85 (s, 2H), 3.72 (dd, J = 5.3, 4.3 Hz, 4H), 3.66 - 3.48

(m, 6H), 2.49 (s, 1H). Triethylene glycol-diclofenac 13C NMR (101 MHz, CDC1 3) 6 172.47 (s),

142.86 (s), 137.90 (s), 131.02 (s), 129.68 (s), 128.94 (s), 128.08 (s), 124.31 (s), 124.15 (s),

122.04 (s), 118.27 (s), 72.55 (s), 70.68 (s), 70.39 (s), 69.06 (s), 64.36 (s), 61.82 (s), 38.55 (s).
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Synthesis and characterization of polymer-drug conjugate for therapeutic loading:

Poly(L-glutamic acid) (PGA, molecular weight 50-100 kDa) was purchased from Sigma-Aldrich.

Synthesis of the polymer-drug conjugate was carried out as described previously by Hsu et al.'
46,53 at a three-fold scale. Poly(L-glutamic acid-triethylene glycol-diclofenac) 1H NMR (400 MHz,

D20) 6 7.39 - 6.38 (m, 7H), 6.20 (s, 1H), 4.50 - 3.87 (m, 6H), 3.87 - 3.11 (m, 13H), 2.76 - 1.68

(m, 7H).

The degree of diclofenac conjugation to the poly(L-glutamic acid) was determined by

incubation of 400 pg/mL PGA-TriEG-Diclof in 500 pL of 0.1 M sodium hydroxide overnight at

37*C, quenching with 500 pL of 0.1M hydrochloric acid, and then quantification by HPLC. It was

determined that 17.75 wt% of the polymer comprised repeat units functionalized with diclofenac

(vs. 19.5% in the literature).

Materials for dip Layer-by-Layer assembly: Linear polyethylenimine (LPEI, molecular

weight 25 kDa) was obtained from Polysciences, Inc. Poly(L-lysine) hydrobromide (PLL,

molecular weight 30-70 kDa) and poly(sodium 4-styrenesulfonate) (SPS, molecular weight 1

MDa) were purchased from Sigma-Aldrich. Alkaline earth boro-aluminosilicate glass substrates

(0.7 x 7 x 50 mm) were obtained from Delta Technologies, Ltd. All of the Layer-by-Layer

assembly protocols took place at room temperature and ambient pressure.

Fabrication of Layer-by-Layer films without base layers: Glass substrates were

plasma treated for 10 minutes and then immediately dipped into poly(L-lysine) solution at 1

mg/mL in 10 mM sodium phosphate buffer at pH 7.4. The glass substrates were incubated in

the solution for 20 minutes, and then the regular dipping program was subsequently employed.

This started with an additional 10 min in the poly(L-lysine) bath. Onto this base layer of PLL,

films were built 20 bilayers or 10 hexalayers at a time, switching out polyelectrolyte solutions for

fresh ones between rounds. One sequence in a bilayer program consisted of 10 min incubation

in polycation (PLL); 30 s, 60 s, and then 90s-with-agitation rinses in 18.2 MQ*cm Milli-Q@ water;

10 min incubation in polyanion (PGA-Diclof) at 1 mg/mL in 10 mM sodium phosphate buffer at

pH 7.4; and finally 18.2 MQ*cm water rinses (30, 60, 90s). The hexalayer sequence contained

the same dipping programs for the polymers and every sixth layer added a 30-minute dip in gold

nanorod-poly(4-styrenesulfonic acid) (AuNR-PSS) at 0.5 nM in 0.01x PBS followed by 18.2

MQecm water rinses (30s, 60s, 90s-with-agitation).

Fabrication of Layer-by-Layer films containing base layers: Following plasma

treatment of glass substrates for ten minutes, the substrates were immediately immersed in
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linear poly(ethyleneimine) (LPEI) at 10 mM in Milli-Q@ water with resistivity 18 MQ-cm at pH

4.25 and incubated at room temperature for 20 minutes before starting an alternating dip

program. The base layer dip program consisted of repeating cycles of: 10 minutes in LPEI;

rinses in Milli-Q@ for 30s, 60s, and 90s-with-agitation; 10 minutes in poly(sodium 4-

styrenesulfonate) (SPS) at 10 mM in Milli-Q@ with resistivity 18 MQ-'cm at pH 4.75 for 10

minutes; and rinses in Milli-Q@ for 30s, 60s, and 90s-with-agitation. This was followed with the

bilayer or hexalayer dip protocol above.

Passive release of diclofenac from Layer-by-Layer films: Each fabricated film

studied for diclofenac release was individually immersed in 1 mL of 10 mM phosphate buffered

saline (1x PBS) in a cylindrical 2 mL centrifuge tube, suspended horizontally for the purpose of

total immersion in the release solution. This setup was incubated at 370C. After subsequently

moving the sample to fresh 1x PBS solution, the release solution was stored at -20*C until

characterization by high performance liquid chromatography (HPLC) and/or cyclooxygenase

(COX) inhibition assay.

Near-infrared irradiation release of diclofenac from Layer-by-Layer films: In a laser

housing, a sand bath was heated to 370C until reading stable by thermocouple and

thermometer. In a quartz cuvette, 1 mL of lx PBS preheated to 370C was prepared. The

following steps were conducted efficiently to minimize error in therapeutic release rate results.

The sample to be irradiated was transferred from the previous release solution into the

quartz cuvette with transparency in the near infrared. The cuvette was then sealed by

polytetrafluoroethylene (PTFE) stopper and reinforced with laboratory tape and Parafilm M* to

prevent leakage. The previous release solution was stored at -20*C. The cuvette was placed

horizontally onto lens paper on top of the heated sand to prevent scratching of the quartz.

Associated near-infrared laser protective eyewear was employed. The portable near-

infrared laser (980nm, 400mW) was loaded with new AAA batteries and positioned vertically

with the aperture facing the sample, clamped at a pre-determined height to achieve a time-

averaged power density of 0.697 W/cm 2 hitting the sample. The laser was switched on and

using an infrared detector card, the laser cross-section was aligned with the Layer-by-Layer film.

After alignment, the laser housing was closed and the timer set for 60 minutes.

Upon completion of the 60 min irradiation (980 nm, 0.697 W/cm 2), the sample was

transferred to a cylindrical 2 mL centrifuge tube containing a fresh 1 mL of 1x PBS preheated to
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370C. This was replaced horizontally in the 370C incubator for further passive release. The

release solution from the 60 min laser irradiation was stored at -20*C until characterization.

Irradiation of samples was also attempted for durations of 15 and 30 minutes under the

same conditions (980 nm, 0.697 W/cm 2 , 37*C, 1x PBS). Resultant diclofenac concentrations in

the release solutions fell below the detection limit of the HPLC fluorescence detector.

Analyzing diclofenac release rates from Layer-by-Layer films using high

performance liquid chromatography (HPLC): Diclofenac standards at 0.2 mg/mL, 0.02

mg/mL, 0.002 mg/mL, and 0.0002 mg/mL in Milli-Q* water at resistivity 18 MQ-cm were

prepared and stored at -20'C until use. To facilitate initial dissolution of diclofenac sodium salt

(TCI America) at 1 mg/mL to prepare the standards, 20 pL of 1 M sodium hydroxide was added

to an approximately 30 mL solution in a 50 mL polypropylene centrifuge tube and the tube was

inverted to dissolve the sample. Samples and standards were thawed from -20*C and 600 pL of

each sample were filtered through HPLC-certified 13 mm nylon membrane syringe filters with

0.2 pm pore size (Minispike Acrodisco, Pall Laboratory) into 2 mL HPLC-certified vials (Agilent).

The nylon membrane material was chosen due to its hydrophilicity so as not to bind free

diclofenac, its chemical compatibility with esters, and lack of pre-wetting required due to a small

amount of sample.

The diclofenac concentrations in the release solutions were quantified by high

performance liquid chromatography (HPLC) as described previously 17, 18, 54 using an Agilent

1100 series instrument suite and a reverse-phase Supelco Discovery@ C18 HPLC Column

(Sigma-Aldrich) with 5 pm particle size, length x inner diameter = 15 cm x 4.6 mm. The mobile

phase employed was 70:30 of 1x PBS:acetonitrile (PBS:ACN) and the sample injection volume

was 100 pL. Each sample was run for 15 min at 1 mL/min mobile phase. The fluorescence

detector was used for quantification (Aexcitation = 280 nm, Aemission = 355 nm). All samples were

characterized in triplicate.

Preparation of hexalayer film for cross-sectional scanning electron microscopy

(SEM): Silicon substrates were plasma-treated for 5 minutes before immersion in linear

polyethylenimine for 20 minutes. Layer-by-Layer films were built on (LPEI/SPS) 10 base layers as

described above. After completion of film fabrication, the silicon was scribed, the sample was

flash-frozen by immersion in liquid nitrogen for 30 seconds, and then the scribe was propagated

obtain a freeze-fractured cross-section. The sample was immediately mounted on a

perpendicular SEM mount with carbon tape and stored at -200C until use for SEM. Prior to
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characterization by SEM, the film cross-section was carbon-coated with a 10-nm-thick coating

using a vacuum evaporator (Denton) to prevent charging of the polymer matrix and allow

contrast with the gold. SEM images were obtained with Helios NanoLabTM DualBeamTM

Preparation of twenty-hexalayer films for gold nanorod aggregation

characterization by scanning electron microscopy (SEM): Twenty-hexalayer films were

fabricated and treated with the same experimental conditions as those used to obtain high

performance liquid chromatography and cyclooxygenase inhibition assay data. Following those

treatments, each film was thoroughly rinsed with Milli-Q@ by dipping for 1 and 2 minutes

followed by flushing with a stream of Milli-Q@ to remove salts from the 1x PBS release solution.

Then each film was immersed in liquid nitrogen for 30 seconds, immediately mounted on a flat

SEM stub with carbon tape and stored at -200C until coating with 10 nm of carbon by vacuum

evaporator and characterization by SEM.

Near-infrared irradiation for enhanced release of diclofenac from Layer-by-Layer

films using a breast tissue mimic as a barrier: In addition to the standard irradiation protocol,

alignment of the laser with a breast tissue mimic after alignment with the Layer-by-Layer film

sample was conducted using an infrared detector card. The clamped breast tissue mimic was

rotated and tightened into place while the laser and film sample remained stationary.
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Chapter 3. Improved Synthesis and Optimized Composition of a
Multi-Responsive Spiropyran Methacrylate Copolymer for
Externally Triggered Therapeutic Release Applications

It is a challenge to produce dynamic materials that can be introduced locally into

the body and respond to an external stimulus like light in a way that does not produce

any adverse health effects and releases a therapeutic payload. This innocuous response

behavior would be beneficial for non-invasive modulation of healing processes.

Spiropyrans present strong changes in properties in response to various stimuli including

light, and their covalent incorporation into polymer chains provides enhanced photo-

stability and aqueous solubility. In this work the synthesis by atom transfer radical

polymerization of a copolymer with multi-responsive constituents 2-(dimethylamino)ethyl

methacrylate and 1,3',3'-trimethylspiro[chromene-2,2'-indolin]-6-y methacrylate was

improved for control over kinetics and resultant product composition. The improved

synthesis was applied to different monomer feed ratios to achieve a composition with

dramatically varying solubility properties across 370C with different isomeric states of the

spiropyran pendant groups. This multi-responsive system can be improved by

introducing biodegradable ester linkages along the polymer backbone before

progressing to in vitro therapeutic release studies.

3.1 Introduction

Photo-responsive materials that produce a biologically orthogonal chemical

change in response to light have potential benefits for biomedical applications involving

healing. By contrast, materials that produce heat' and free radicals 2 in response to light

are more relevant for intentional cell killing as in chemotherapeutic applications. One set

of biologically orthogonal photochemical responsive candidates is a group of molecules

that act as photo-switches and isomerize in response to light, including for example

azobenzenes, diarylethenes,' 6 and spiropyrans.7'8

Spiropyrans hold as an advantage over other photoswitches the ability to access

isomeric states with dramatically different properties with respect to one another.

Reversible isomerization of spiropyrans can be instigated by a variety of stimuli including

light, mechanical force, and metal ions, as well as variation of solvent polarity, pH,
temperature, and redox potential.9 Covalent attachment of spiropyrans along a

biocompatible polymer chain in a minority mole fraction of unitso confers many benefits
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for their utilization in biomedical applications, notably aqueous solubility,"

biocompatibility,12 and reduced photo-degradation.10

Localized delivery of therapeutics at a high loading and degree of control over

release profile can be accomplished by self-assembling the therapeutic molecule with

polymeric materials Layer-by-Layer (LbL).13 Polyelectrolytes have been used in

electrostatic LbL assemblies that can release therapeutic in response to stimuli including

voltage.14 LbL assemblies incorporating star polymers of poly(2-dimethylamino)ethyl

methacrylate) have been found to undergo dramatic film thickness changes in response

to change in pH.

Thermo-responsive polymers such as the well-studied biocompatible poly(N-

isopropylacrylamide)16 (polyNIPAM) undergo dramatic solubility transitions under the

right environmental conditions of pH, temperature, and other factors. PolyNIPAM has

been covalently modified with spiropyran functionality to add another handle of control

for polymer solubility, with a 350C cloud point when the spiropyran side groups were in

the open-ring hydrophilic merocyanine isomeric state and a 300C cloud point when

spiropyran side groups were in the closed-ring hydrophobic state.17

Copolymers of 2-(dimethylamino)ethyl methacrylate (DMAEMA) and 1,3',3'-

trimethylspiro[chromene-2,2'-indolin]-6-yl methacrylate (spiropyran methacrylate, SP)

have been examined in previous work for responsiveness to pH, temperature, and

light.18 These copolymers presented a solubility transition at 370C in aqueous media

induced by isomerization of the photo-switchable spiropyran from the hydrophobic

closed-ring form to the hydrophilic open-ring form by ultraviolet light (A = 365 nm) or vice

versa by green light (A = 532 nm). Use of this functionality at core body temperature

could be beneficial for remotely triggered release of therapeutics by an external stimulus.

In this work, the synthesis of a copolymer of 2-(dimethylamino)ethyl methacrylate

and a spiropyran methacrylate by atom transfer radical polymerization was improved to

achieve tighter control over kinetics and composition. The improved synthetic protocol

was utilized to achieve a copolymer composition such that a solubility transition occurred

surrounding 370C. A second solubility transition was also observed in a higher

temperature regime. These solubility transitions corresponded to ring-opening/ring-

closing isomerization and protonation/de-protonation of the spiropyran moieties along

the copolymer chain.
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3.2 Results and Discussion

3.2.1. Improvements to the Atom Transfer Radical Copolymerization of 2-
(Dimethylamino)ethyl Methacrylate and Spiropyran Methacrylate to Enhance
Control Over Composition and Kinetics

Experimental principles of atom transfer radical polymerization (ATRP)

developed in the Matyjaszewski group were utilized to improve the copolymerization

process for two stimuli-responsive methacrylate comonomers of interest (Scheme 3.1,

Scheme 3.2).

+0 0

1',3',3'-trimethyIspiro[chromene-2,2'-indolin)-6-y
methacrylate (spiropyran, SP)

N,N,N',N",N'-Pentamethydiethylenetriamine
(PMDETA)

700C, 5-7.5 hr
9

Cu+ Br-
dimethylsulfoxide copper (I) bromide

anisole (DMSO) (10%) (CuBr)

0
N

2-(Dimethylamino)ethyl methacrylate
(DMAEMA)

0

Br 0

ethyl 2-bromorsobutyrate
(EBiB) N

cu2 +

Br Br-
copper (11) bromide

(CuBr2) (5%)

Vy0

\Y/

/N

PDMAEMA-co-PSP

Scheme 3.1. The improved synthetic scheme of spiropyran methacrylate copolymer by atom

transfer radical polymerization (ATRP) is shown here. Anisole, used in a 1:1 mass ratio with the

total mass of the comonomers, was found to have favorable solubilizing properties and low

volatility to maintain a homogeneous constant-volume copolymerization solution. Copper (11)

bromide was introduced to control the development of the radical activation-deactivation

equilibrium. Dimethylsulfoxide was added to solubilize the copper (II) bromide and to serve as the

reference in 1H NMR spectroscopy.
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Scheme 3.2. Atom transfer radical polymerization (ATRP) mechanism for the controlled

copolymerization of 2-(dimethylamino)ethyl methacrylate (DMAEMA) and spiropyran

methacrylate (SP) after all initiator has been consumed." Pn-DMAEMA-Br and Pn-1-SP-Br are the

dormant macromolecular species once all of the initiator ethyl 2-bromoisobutyrate (EBiB) has

been consumed. Pn.1, Pn, and Pn+1 are the copolymer chains with degrees of polymerization n-1,

n, and n+1. Cu'/PMDETA is the activator, the transition-metal complex in the low oxidation state.

Pn-DMAEMA and Pn-1-SP are the propagating radicals ending with DMAEMA or SP respectively.

Br-Cu"/PMDETA is the deactivator, the transition-metal complex in the higher oxidation state

coordinated with the halide ligand. Activation rate constants with SP and DMAEMA at the end of

the propagating copolymer chain are respectively kact,sp and kact,DMAEMA, and deactivation rate

constants are kdeact,sp and kdeact,DMAEMA. Homopropagation rate constants for SP and DMAEMA

are respectively kp,sp-sp and kp,DMAEMA-DMAEMA. Cross-propagation rate constants for SP and

DMAEMA respectively are kp,SP-DMAEMA and kp,DMAEMA-SP. Termination rate constants are kt,sp-sp,

kt,SP-DMAEMA, kt,DMAEMA-SP, and kt,DMAEMA-DMAEMA where two propagating polymer chains with the

indicated end species identities react to form a completed polymer chain.

The overall apparent rate equation for ATRP with the catalyst and ligand specific

to the system described in this work is:19

R = kpKATRP [PnBr-[CulIPMDETA] [M) Equation 3.1

RP is the rate of chain propagation, kp is the propagation rate constant, KATRP is the

activation-deactivation rate constant ratio kact/kdeact, [PnBr] is the concentration of inactive

polymer chains, [Cu'/PMDETA] is the activator concentration, [M] is the concentration of

monomer in the system, and [Br-Cu"/PMDETA] is the deactivator concentration.
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For greater control over copolymerization kinetics, a higher solvent-to-monomer

volume ratio was established and a different solvent was employed than had been used

in the literature.18 Since methacrylate polymerization is relatively rapid, the slowing of the

reaction by dilution (Equation 3.1) creates more kinetic control. It was also observed that

tetrahydrofuran, used as the solvent in the previous work, was evaporating significantly

during the polymerization. Anisole was therefore used instead of tetrahydrofuran as the

solvent. The higher boiling point of anisole keeps the solvent volume and consequently

the polymerization volume closer to constant throughout the reaction.

As another improvement to the copolymerization system, ten volume percent of

dimethylsulfoxide was introduced for two reasons: first, to dissolve the copper (II)

bromide, which does not dissolve well in anisole; and second, to act as a reference in

nuclear magnetic resonance spectroscopy (1H NMR) when performing kinetics studies.

Finally, a small amount of copper (II) bromide (equivalent to 5% of the added

CuBr) was introduced to stabilize the development of the radical activation-deactivation

equilibrium. By examining Equation 3.1, it becomes apparent that the initial rate of

polymerization would be infinite if the system began without any Cu" present, so the

addition of copper (II) bromide addresses this issue. The initial presence of copper in its

higher oxidation state was also hypothesized to decrease the polydispersity index of the

copolymer products:1 9

= 1 + kkBr /DETA]Equation 3.2
Mn (kdeact[Br-Cu"/PMDETA]" p 1

The weight- and number-average molecular weights of the copolymer chains are Mw and

Mn, respectively. The monomer conversion fraction is p.

The molar feed ratio for the initial copolymerization with the new synthetic

approach was 4.2:1 [DMAEMA]:[SP] (Figure 3.1A). Kinetics studies of a small-scale

reaction (5 mL) using nuclear magnetic resonance (1H NMR) spectroscopy were used to

determine the approximate relative rates of incorporation of each monomer into the

copolymer chains (Figure 3.1 B).
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Figure 3.1. A. The molar feed ratios for the different non-solvent components of the first

improved small batch ATRP synthesis of the spiropyran methacrylate copolymer:

comonomer 2-(dimethylamino)ethyl methacrylate (DMAEMA), comonomer 1',3',3'-

trimethylspiro [chromene-2,2'-indolin]-6-yl methacrylate (spiropyran methacrylate, SP),

initiator ethyl 2-bromoisobutyrate (EBiB), catalyst copper (1) bromide (CuBr), copper (11)

bromide (CuBr2), and ligand N,N,N',N",N"-Pentamethyldiethylenetriamine (PMDETA). B.

Copolymerization was found to progress with the spiropyran methacrylate comonomer

having a greater reactivity with the propagating chain ends (1H NMR). The nonlinearity of

the conversion rate points to a not fully living system.

The resulting copolymer composition of this first product by the improved

synthetic route was 25.7 mol% spiropyran (Table 3.1, SP1).
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Table 3.1. Compositions and Molecular Weights of Different Spiropyran Methacrylate
Copolymer Products

Data Acquisition Method

GPC GPC LSIRI LS/RI

fs, Fs, Rol. M. (glmol) PDI Abs. M, (g/mol) PDI

SPI 0.1921 0.2568 2320 1.13 7795 1.135

SP3 0.0090 (0.0091) 10800 1.20 24700 1.099

SP4 0.0138 (0.0162) 11000 1.19 [25100] [1.11

GPC: gel permeation chromatography
LS/RI: light scattering/refractive index
fsp: SP comonomer feed mole fraction
Fsp: SP mole fraction in copolymer chains
Rel. Mn: relative number-average molecular weight
Abs. Mn: absolute number-average molecular weight
PDI: polydispersity index = Mw/Mn = weight-average molecular weight/M,
():low degree of accuracy
[]:predicted

Copolymer product (SP1) at this composition proved unable to dissolve in

aqueous solution at 5 mg/mL for cloud point evaluation. Due to the high orange

coloration of the solid polymer, this insolubility could not be attributed to predominance

of the hydrophobic closed-ring spiropyran isomeric state. The orange coloration

indicated the presence of the open-ring merocyanine isomer of the spiropyran (Figure

3.3B). Above a threshold percentage of spiropyran side groups along the polymer

chains, merocyanine rings can rr-u stack with one another within and between

macromolecules, resulting in aggregates that cannot be solubilized.20 The copolymer at

this high spiropyran content was therefore determined not to be conducive to photo-

switching capabilities in biological environments. The kinetics information obtained by 1H

NMR (Figure 3.1B) was leveraged to estimate the monomer feed ratios required to

obtain an intended copolymer composition with less spiropyran content.

3.2.2. Confirmation of the Thermoresponsive Capability of a Spiropyran
Methacrylate Copolymer by Cloud Point Measurement and Assumption of
Monomer Reactivity Ratios

The kinetic data obtained from the first copolymerization under improved

synthesis conditions (Figure 3.1B) was then utilized under the assumption of ideal

copolymerization as a starting point to predict the monomer feed ratio that would yield a

1.3 mol% spiropyran methacrylate (SP) copolymer. This copolymer composition had
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been shown previously to possess favorable biologically relevant photo-switching

properties.18 The 1.3 mol% SP copolymer with open-ring merocyanine moieties in their

hydrophilic state was soluble in aqueous solution at core body temperature (370C) and

above, and the same copolymer with closed-ring spiropyran moieties in their

hydrophobic state was insoluble in aqueous solution at body temperature (370C) and

slightly below.18 It is this solubility transition on either side of core body temperature that

can be of use in biomedical applications for therapeutic delivery.

For the copolymerization of these two comonomers, four propagation reactions

are possible under the assumption that the reactivity of the propagating polymer chain

depends only on the monomer unit at the growing chain end:

SP* + SP SP* Equation 3.3

kp,SP-DMAEMA
SP* + DMAEMA k- DMAEMA* Equation 3.4

kp,DMAEMA-SP
DMAEMA* + SP -E SP* Equation 3.5

DMAEMA* + DMAEMA kp,DMAEMA-DMAEM DMAEMA* Equation 3.6

In these relations, kp,sp-sp is the rate constant for homopropagation of SP, i.e. a

propagating chain end SP* reacting with monomer SP. The homopropagation of

monomer DMAEMA is characterized by rate constant kp,DMAEMA-DMAEMA . The rate

constants kp,SP-DMAEMA and kp,DMAEMA-Sp, describe the rates of cross-propagation.

Monomer reactivity ratios are defined as:

rSP - kSpsp A rDMAEMA = kp,DMAEMA-DMAEMA Equation 3.7
kp,SP-DMAEMA kp,DMAEMA-SP

The copolymerization equation (Equation 3.8) can be used with experimental

data from at least two runs with different starting mole fractions of comonomers to de-

convolute the values of rsp and rDMAEMA:

Fsp = rSpfSp+ fSPfDMAEMA Equation 3.8
rSPfsp+2fSPfDMAEMA+DMAEMAfDMAEMA

Fsp is the mole fraction of SP in the copolymer. In this study, Fsp can be

determined by calculating changes in the integration values of vinyl peaks in the 1H NMR

spectra of the copolymerization solution corresponding to the two monomers. FDMAEMA
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1 - Fsp is the mole fraction of DMAEMA in the copolymer. The mole fractions of

monomers in the feed are fsp and fDMAEMA = 1 - fsp, which are directly measured at the

start of the experiment. The copolymerization equation holds under the same

assumption of the propagation equations (Equations 3.3-3.6), provided that there are no

depropagation events and high molecular weight polymer is formed.

Under conditions of ideal copolymerization:

rsPrDMAEMA = 1 Equation 3.9

Ideal copolymerization refers to the propagating radical (*) species DMAEMA*

and SP* showing the same preference for adding one monomer over another. This

means that the rate at which each monomer is incorporated into the polymer chains is

independent of the identity of the unit at the propagating chain end. By this assumption,

0.9 mol% SP monomer and 99.1 mol% DMAEMA monomer were added as the starting

feed ratio (Table 3.1, SP3; Figure 3.2A).

This attempt resulted in a copolymer composition of approximately 0.91 mol%

spiropyran in the copolymer (based on 1H NMR) rather than the predicted 1.3 mol%

under the assumption of ideal copolymerization. One caveat was that the integral of the

spiropyran vinyl peak at the polymerization halt point reached the limits of detection for

NMR, so the conversion was imprecise. The copolymer was soluble in aqueous solution

in its hydrophobic closed-ring spiropyran form up to the cloud point of 48.10C (Figure

3.2C). The closed-ring form was inferred by the absence of absorbance in the visible

spectrum. This 48.10C cloud point exceeded core body temperature, which meant that

the same copolymer with the spiropyran moieties switched over to the hydrophilic open-

ring merocyanine isomer would have an even higher cloud point. In order to achieve at

least two distinct cloud points surrounding 370C, a greater spiropyran methacrylate

composition was required.
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Figure 3.2. A. Molar feed ratios for the comonomer, initiator, catalyst, and ligand for the

attempt to achieve 1.3 mol% copolymer based on the assumption of ideal

copolymerization. B. Left: spiropyran methacrylate (SP) monomer in anisole. Pink color

connotes the presence of the open-ring merocyanine (MC) isomer. Center: comonomers

SP and DMAEMA in anisole. Right: polymerization solution, with the green color

confirming the predominant copper (1) oxidation state in the activation-deactivation

equilibrium of the atom transfer radical polymerization (ATRP). C. The cloud point of the

copolymer at this composition exceeded 370C with the spiropyran moieties in their
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hydrophobic closed-ring form. If the spiropyran rings were to isomerize into their

hydrophilic open-ring merocyanine form, the copolymer solubility would extend to an

even higher temperature. The isomer-dependent solubility shift property around body

temperature was not achieved with this spiropyran methacrylate copolymer composition

(SP3, Table 3.1).

Using the two sets of copolymerization results (Table 3.1, SP1 and SP3), without

a robust value for the second copolymer composition, estimates were determined for the

rsp and rDMAEMA values as 1.01 and 3.44 respectively. This rsp > 1, rDMAEMA > 1 reflects a

tendency towards block copolymer structure which is a rare occurrence in

copolymerization. Therefore this result was taken with caution. A third copolymerization

was undertaken using these tentative monomer reactivity ratios to determine the

comonomer feed composition for the 1.3 mol% spiropyran (Figure 3.3A).

3.2.3. Optimized Spiropyran Methacrylate Copolymer Composition for Triggered
Therapeutic Release Applications

For this next copolymer composition (Table 3.1, SP4), which was estimated by
1H NMR to be 1.6 mol% SP, three distinct states of the spiropyran moieties (Figure 3.3B)

were detectable by absorption spectroscopy (Figure 3.3C) and by eye (Figure 3.3D).

The monomer reactivity ratios could not be reliably determined due end-of-

polymerization peak integrations approaching the detection limits of 1H NMR for both

SP3 and SP4. The closed-ring hydrophobic spiropyran form present in aqueous solution

was detected as colorless. The open-ring hydrophilic protonated merocyanine isomer

present in acidic solution was detected as orange. The open-ring hydrophilic zwitterionic

merocyanine isomer present in neutral salt solution was detected as bright fuchsia.
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Figure 3.3. A. Molar feed ratios of the non-solvent components of the spiropyran methacrylate

copolymerization for optimal composition. B. The three isomeric states of spiropyran detected for

the copolymer by absorption spectroscopy and cloud point measurements. C. Absorption spectra

of the merocyanine, spiropyran, and protonated merocyanine copolymer states. D. Superposition

of cloud point determinations for the three forms of the copolymer investigated. Associated

photograph(s) for each is aligned with the corresponding cloud point temperature at the 5mg/mL

aqueous solution condition. The cloud points surround core body temperature (370C), making this

copolymer composition a promising candidate for triggered therapeutic delivery applications. E.

The copolymer with merocyanine groups is stable in aqueous solution in darkness for months.

Each isomeric form of the copolymer presented a different thermal transition

(Figure 3.3D). In the hydrophobic spiropyran isomeric state the copolymer began to lose

its solubility above room temperature. The protonated merocyanine form was soluble out

to 470C, and the zwitterionic merocyanine form was soluble to 570C. The merocyanine

and spiropyran states of this copolymer switch the aqueous solubility of the chains from

soluble to insoluble at 370C respectively. This solubility switch also applies at the

elevated temperatures of injured tissue, since the first transition is from 27.90C to 470C.

The copolymer is highly stable with merocyanine groups in aqueous salt solution

in relative darkness, maintaining its absorption spectrum at least three months after

dissolution (Figure 3.3E). This is consistent with previous reporting that the 2-

(dimethylamino)ethyl methacrylate comonomer provides a hydrophilic nano-environment

for the spiropyran methacrylate such that the spiropyran spontaneously isomerizes to its

open-ring hydrophilic merocyanine form in aqueous solution.18
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3.3 Conclusions

Improvements in the synthesis of a copolymer of a multi-responsive spiropyran

methacrylate comonomer with thermoresponsive 2-(dimethylamino)ethyl methacrylate

were accomplished by modifying the solvent identity and ratio and by introducing a

stabilizing quantity of higher oxidation state catalyst in the atom transfer radical

polymerization solution. The first improved synthesis resulted in aqueous-insoluble

product. Under assumed monomer reactivity ratios, two more copolymerizations with low

molar feed ratio spiropyran were conducted. One resulted in a thermo-responsive

system outside of the range of internal body temperatures. Another yielded the

copolymer composition with optimal solubility shift properties for use in biomedical

applications, with the solubility shift occurring well above or well below 370C depending

on the isomeric state of the spiropyran moieties.

This highly controlled synthesis could be conducted for varied comonomer feed

ratios to determine the nature of the copolymerization and have a more predictive

approach towards choosing the monomer feed ratios to attain the optimal copolymer for

a given application. The polymer composition can be further improved by introducing

biodegradable ester linkages along the backbone to increase biocompatibility,2 1 -2 3

bearing in mind that the resultant copolymer properties would be affected.

3.4Materials and Methods

All materials were obtained from Sigma-Aldrich unless indicated otherwise.

Synthesis of the spiropyran methacrylate monomer: A 250 mL flask was

prepared by flame drying. One equivalent of 1',3',3'-trimethylspiro[chromene-2,2'-

indolin]-6-ol (HBPS, 1.0 g, 3.4 mmol, pre-monomer) was transferred into the flask and

dried under vacuum for 2 hours. The reaction vessel was maintained under inert gas

from this point. Dry ethyl acetate (29 mL, solvent) was injected into the reaction vessel,

followed by 1.2 equivalents of N,N-diisopropylethylamine (DIPEA, base). To this mixture,

1.2 equivalents of methacryloyl chloride (reagent) were added dropwise. Another 0.4

equivalents of methacryloyl chloride were added after 2 days due to an observation of

incomplete conversion by thin layer chromatography (TLC). The total reaction time was

3-4 days.
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The DIPEA hydrochloride salt was filtered off, followed by liquid removal from the

product by rotary evaporation. Next the product was further purified by chromatography

column on silica gel with 30% ethyl acetate, 70% hexanes as eluent. The product (-1.2

g) was dried under high vacuum overnight, and at this stage one spot was observed on

TLC. The monomer was re-dissolved in dichloromethane (DCM) and evaporated in DCM

to remove the ethyl acetate. The monomer was then lyophilized using benzene to aid the

process. NMR shows approx. 90% conversion. The monomer is hygroscopic, so the

material was stored in a vacuum desiccator until polymerization. 1H NMR (400 MHz,

CDC1 3) 6 7.18 (td, J = 7.6, 1.3 Hz, 1H), 7.07 (dd, J = 7.2, 0.8 Hz, 1H), 6.88 - 6.74 (m,

4H), 6.70 (d, J = 8.4 Hz, 1 H), 6.52 (d, J = 7.7 Hz, 1 H), 6.35 - 6.25 (m, 1 H), 5.72 (dd, J =

6.6, 5.0 Hz, 2H), 2.73 (s, 3H), 2.05 (dd, J = 1.5, 1.0 Hz, 3H), 1.31 (s, 3H), 1.16 (s, 3H).

Copolymer synthesis by atom transfer radical polymerization: The following

protocol is specific to SP1 but is consistent with the protocols for SP3 and SP4 with only

amounts of reagents and solvents changed. The copolymerization was conducted in a

ventilation hood equipped with a heat/stir plate with a silicone oil bath, bubbler, and at

least one line on the N2/vacuum dual manifold. Into the bottom of a 10 mL Schlenk flask

containing an egg-shaped stir bar, 0.750 g of spiropyran methacrylate (SP, 1 equivalent)

monomer (solid light orange powder) was funneled using weigh paper. To the bottom of

the flask, 3.75 mL of anisole was injected. The flask was sealed, the flow of nitrogen to

the Schlenk flask was initiated and the mixture was stirred at room temperature. The SP

monomer dissolved well into the anisole to form a light orange solution.

While the SP was dissolving, comonomer 2-(dimethylamino)ethyl methacrylate

(DMAEMA, contained 700-1000 ppm monomethyl ether hydroquinone as inhibitor) was

passed through a basic alumina (A1203, activated, basic, Brockmann I) column and 0.2

pm polytetrafluoroethylene (PTFE) filter to remove inhibitor. To the anisole solution

under nitrogen was then added 1.3745 g of DMAEMA (4.22 equivalents) weighed by

tared syringe, purged of air before adding. Into a 20 mL vial was weighed 1.1 mg of

copper (11) bromide (CuBr 2) (part of deactivator), and to this 0.375 mL of

dimethylsulfoxide (DMSO, anhydrous) was added by syringe to dissolve the powder.

CuBr2 dissolved well in DMSO but not in anisole. Once fully dissolved, this solution was

added to the stirring solution in the Schenk flask under nitrogen by syringe purged of air

before injection.
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Using a glass micro-syringe purged of air before injection, 22.9 pL of

N,N,N',N",N"-Pentamethyldiethylenetriamine (PMDETA, ligand) was added to the

stirring solution. The micro-syringe was cleaned three times by acetone and then used to

add 29.3 pL of ethyl 2-bromoisobutyrate (EBiB, initiator), purged of air first. The silicone

oil bath was then heated to 70 *C using the same hot/stir plate. At this point two -40 pL

samples were taken by Pasteur pipette into 2 mL vials for 1H NMR. The Schlenk flask

was sealed and equilibrated under nitrogen for 30 min.

Into the bulb end of a Pasteur pipette (i.e. a narrow glass tube) was weighed 14.3

mg of copper (1) bromide (CuBr, catalyst) and tapped into the stirring solution after

inserting the pipette deep into the flask through the addition neck. The solution turned

green, signaling the predominance of the low oxidation state of the copper (I, vs. blue for

II). Rubber stopper with Parafilm sealed the addition neck of the flask and the reaction

ran at 700C for 4 hours. At the 4-hour mark two more samples were collected for 1H

NMR in deuterated chloroform (CDC1 3) (Figure 3.1B) by nitrogen-purged syringe. The

solution remained green/brown. The polymerization was run for 3.5 more hours, and two

samples were collected for NMR from this final time point.

Final conversions from 1H NMR for SP1, SP3, SP4: DMAEMA 0.53, 0.847,

0.7356; SP 0.77, (0.857), (0.8632). Conversions obtained by monitoring disappearance

of vinyl proton peaks for SP (6 6.29 ppm) and DMAEMA (6 6.18 ppm). DMSO was used

as a reference with integration set to 1 (6 2.63 ppm).

Workup for the copolymer: The copolymer solution was filtered through a

neutral alumina (A1203, Type WN-6, Neutral, Activity Grade Super 1) column and 0.2 pm

PTFE filter into a 20 mL vial to remove the copper. Tetrahydrofuran (THF) was added at

the head of the column following the copolymer solution to increase yield. A stratum of

green/blue indicating the copper resided in the column above the bottom of the column,

indicating successful filtration. The filtered copolymer solution was then precipitated in

hexanes (HPLC Plus) at a 10:1 volume ratio of hexanes (50 mL) to copolymer solution

(5 mL) by adding the solution drop-wise to the stirring hexanes at room temperature. The

precipitation was rapid. The hexanes were poured away from the polymer pellet, and the

polymer was dried under vacuum overnight at room temperature. 1H NMR (400 MHz,

CDC13, 6 in ppm): 4.1 (t, 2H), 2.6 (t, 2H), 2.3 (s, 6H), 1.9 (s, 2H), 1.0 (s, 3H).
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Copolymer molecular weight characterization: Relative molecular weights

were obtained by gel permeation chromatography (GPC) with poly(methyl methacrylate)

(PMMA) standards using mobile phase dimethylformamide (DMF) at a flow rate of 1

mL/min. Absolute molecular weights were obtained by DMF GPC with light scattering

and refractive index detection (Optilab T-rEX) to determine the refractive index

increment (dn/dc) from samples 1, 2, 3, 4, and 5 mg/mL in DMF.

Absorption spectra measurements and cloud point experiments: Absorption

spectra were obtained prior to and following cloud point experiments to determine that

the copolymer isomeric state was maintained. Spectra were measured 200-800nm at

600 nm/min (Agilent Cary 60). The copolymer was dissolved at 5 mg/mL in 18.2 MQ-cm

Milli-Q@ water for 30 min. Adding hydrochloric acid (aq.) to 0.0265 M induced the

protonated merocyanine form. Adding to this sodium hydroxide (aq.) to 0.0265 M (26.5

mM sodium chloride) induced the merocyanine form. Cloud point experiments were run

using a temperature-controlled cuvette holder and circulator (Quantum), collecting

absorption measurements at 750 nm every second for 160 min. A program ran

equilibration for 5 min and then a temperature ramp 250C to 900C and back to 250C at

1 *C/min.
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Chapter 4. Conclusions and Recommendations

4.1 Thesis Summary

Overall, this thesis presented responsive materials for biomedical applications

resulting from the synthesis and self-assembly of amphiphilic copolymers. These

copolymers each contained a majority of hydrophilic pH-responsive side groups and a

minority of labile and/or isomerizable hydrophobic side groups. In both cases, these

copolymers demonstrated thermo-responsive capabilities, either in solution or in the

form of Layer-by-Layer electrostatic assemblies. Each system was undertaken with the

intention of utilization in localized triggered therapeutic delivery vehicles at high tissue

penetration depth.

In Chapter 2, a polyelectrolyte multilayer system consisting of bilayers of

biocompatible poly(L-Lysine) and polymer-drug conjugate poly(L-glutamic acid-

triethylene glycol-diclofenac) with hydrolytically degradable ester linkages was

investigated for near infrared-responsive properties. It was determined that these Layer-

by-Layer films containing micelles and unimers of the polymer-drug conjugate were

near-infrared responsive, increasing diclofenac release rates by up to five-fold. Based on

diminishing returns from immediately successive irradiations, a near-infrared enhanced

release mechanism was postulated whereby hydrolyzed diclofenac that accumulated in

the hydrophobic domains within the film was freed by the near-infrared irradiation. Gold

nanorods were also incorporated into the films for enhanced heating by photothermal

conversion. Due to the non-covalent suspension of nanorods in the film, progressive

nanorod aggregation caused a time-dependent enhancement of diclofenac release

relative to the bilayer control.

In Chapter 3, the synthesis of a copolymer of multi-responsive 2-

(dimethylamino)ethyl methacrylate and a spiropyran methacrylate was improved using

principles of atom transfer radical polymerization. Its composition was optimized for

solubility shift properties across 370C for use in light-triggered therapeutic delivery

applications. The shift in solubility was a consequence of the reversible ring-opening

transition of the spiropyran groups from an uncharged hydrophobic to a cationic or

zwitterionic hydrophilic isomeric state.
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4.2 Recommendations for Future Directions

4.2.1 Polymer-Drug Conjugate Layer-by-Layer System

The hypothesis of the mechanism for delayed release of small-molecule

hydrophobic therapeutics from Layer-by-Layer films of poly(L-lysine) (PLL) with poly(L-

glutamic acid-triethylene glycol-diclofenac) (PGA-Diclof) by sequestration of hydrolyzed

drug into PGA-Diclof intra-film micelles should be tested. First, loading hydrophobic

fluorescent probe pyrene into the film and conducting fluorescence microscopy can

confirm the presence of intact micelles in the film.' The hypothesis of the presence of the

protonated amines strengthening the hydrophobic interactions in the system 2 can also

be tested by incubating either the Layer-by-Layer film or the amphiphilic polymer alone

in solution with pyrene and comparing resultant probe loading under these two

conditions. By comparing the fluorescence results of the resultant Layer-by-Layer films

prepared with pyrene under these two assembly conditions, it may be possible to see

higher loading of film-incubated pyrene than polymer solution-incubated pyrene.

To support the postulated near infrared-enhanced release rate mechanism,

fluorescence microscopy on the films can be performed on the Layer-by-Layer films in

situ during irradiation with near infrared. Due to the fluorescent properties of diclofenac,

diclofenac may be observed leaving the film by a decrease in fluorescence in intra-film

micelles. If diclofenac does not fluoresce strongly enough, this experiment can be

conducted with a more strongly fluorescent analog of diclofenac containing a carboxylic

acid moiety.

Once the mechanism of release has been established, fabrication of smoother

films can be attempted by first using spin-assisted Layer-by-Layer (LbL) since this

involves facile optimization of experimental parameters. Root mean square roughness of

the spin-fabricated films can be determined by profilometry. Roughness can be

compared to the micron-scale roughness observed in the same (PLL/PGA-Diclof)n

polymer multilayers fabricated by dip LbL assembly.

If spin-assembled films are found to be significantly smoother, they should be

assessed for intact micelles using the same fluorescence microscopy method to be

employed for the dip-assembled films. The therapeutic release properties should also be

tested and compared to those from the dip-assembled films. If the micelles are still

intact, then the hydrophobic interaction-mediated delayed release and accumulation of
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free drug in the film should still occur. If however the micelles are disrupted during spin-

assisted fabrication, the free drug may just diffuse directly out of the film. The free

diclofenac would slow slightly as it approached tethered drug pendant groups, but would

be unable to be sequestered in a hydrophobic minority phase since the kinetics of spin-

assisted LbL precluded micelles from staying intact during film formation.

Provided that the release mechanism holds after spin-assisted deposition and

smooth films have been achieved, clay platelets can then be layered on top of the

smoother films 3 to decrease the rate of passive release and test the effects of near

infrared. Once the spin LbL system is working, the next step for scalability of the system

is to optimize the assembly parameters for spray LbL.4

Due to the modular nature of Layer-by-Layer assemblies, materials with other

therapeutic functionalities can be incorporated with potentially synergistic effects. 5' 6

These anti-inflammatory-releasing films can be combined with more specific anti-fibrotic

factors that can be made highly charged for electrostatic assembly like small interfering

ribonucleic acids (siRNA)7~9 and tested with pro-fibrotic induced tissues.

The search is ongoing for a potent anti-inflammatory without adverse health

effects. It has been demonstrated that diclofenac and other non-steroidal anti-

inflammatory drugs present gastrointestinal10 and cardiovascular risks." A new family of

molecules called pyrazolylthiazole carboxylic acids has been synthesized and tested in

vivo.12 These molecules presented promising high anti-inflammatory activity, with varied

antimicrobial capabilities. One molecule in the family had the optimal intersection of high

antimicrobial activity and high anti-inflammatory activity (Figure 4.1).
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Figure 4.1. Novel anti-inflammatory pyrazolylthiazole carboxylic acids can be similarly covalently

attached to a polymer-drug conjugate analogous to poly(L-glutamic acid-triethylene glycol-

diclofenac). The particular chemical identity 2h also presented with strong antimicrobial activity.

This molecule contains a carboxylic acid moiety that can be reacted with

triethylene glycol (or another short oligomer of polyethylene glycol) and ester-linked to

poly(L-glutamic acid) in an analogous way to diclofenac to produce a polymer-drug

conjugate. This therapeutic-eluting amphiphilic polyelectrolyte analogous to PGA-Diclof

is hypothesized to also have micellization and electrostatic layering capabilities.

The dual mode of release demonstrated in this work, with both hydrolysis and

hydrophobic-originated near-infrared responsive capability, can theoretically be

extended to any hydrophobic small molecule therapeutic that can form an ester linkage.

4.2.2 Gold Nanorods for 980nm-Responsive Deep Tissue Biomedical Applications

A more kinetically stable formulation of the nanorod-containing films described in

this work would include gold nanorods that absorb as individual entities exactly in

resonance with the 980 nm laser stimulus and maintain their individual extinction

properties and dispersion within the Layer-by-Layer film.

Coating the nanorods in silica could potentially enable many improvements to the

system. First, a silica coating at least as thick as the diameter of the nanorods has been

shown to more closely preserve the individual absorption properties of the nanorods

even under conditions of aggregation. Second, a silica coating at least 20 nm thick

provided thermal and/or irradiation stability to gold nanorods.14 However, there is a

trade-off between stability and heat transport through the silica such that there may be

an optimal coating thickness for this application. Third, gold nanorods with silica shells

are biocompatible15 and would reduce the toxicity of the system by eliminating
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cytotoxicity from free CTAB. 6 The silica coating on the gold nanorods can also be

covalently modified with materials terminating in crosslinking agents to immobilize the

gold nanorods in the film. As a result, nanorod dispersion would be maintained and

thereby individual rod plasmonic properties in the film.

While the commonly employed method of surfactant exchange with a thiol, for

example heterobifunctional polyethylene glycol with thiol and carboxyl termini, eliminated

the CTAB toxicity issue and reduced or eliminated gold nanorod aggregation, 7 it did not

solve the problem of gold nanorod performance instability in response to near-infrared

irradiation as did silica.14 However, if heat transport through the silica proves to be an

issue then the thiol coating can be employed instead.

In the ideal implementation, the nanorods would all be oriented perpendicular to

the film surface (i.e. parallel to the laser source polarization direction) to allow maximum

efficiency of photothermal conversion from the 980 nm laser source. However, 980 nm-

absorbing entities maintaining individual properties and well-dispersed, even at random

orientations, are projected to have more favorable performance than the current system.

4.2.3 Spiropyran Copolymer for Triggered Therapeutic Delivery by a Solubility-

Shift Gating Mechanism with High Tissue Penetration Depth

The spiropyran copolymer synthesized in this work is demonstrative of the power

of spiropyran to dramatically change the properties of a polymer to which it is covalently

bound depending on its isomeric state. The strong solubility shifts observed with the

copolymer can be applied towards photo-triggered therapeutic delivery applications by a

gating mechanism.

In the current formulation, the polymer underwent a hydrophobic transition by

photo-isomerization at 532 nm from merocyanine to spiropyran. Direct use of light at this

wavelength is not practical for stimulating release from drug depots located deep within

the body. Upconversion nanoparticles18 can convert near infrared light at 980 nm to

visible and ultraviolet light, with great potential utility in drug delivery systems.19

Spiropyran has been combined with upconversion nanoparticles by covalent20 or non-

covalent21 attachment to trigger delivery of large hydrophilic polyelectrolyte

macromolecules 20 or small hydrophobic molecules.21

The copolymer synthesized in the current work can potentially be used to coat

upconversion nanoparticles for triggered release. The visible light-stimulated ring closing
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of merocyanine moieties has actuated release of large hydrophilic polyelectrolyte

macromolecules from an upconversion nanoparticle coating. 20 Ultraviolet-stimulated ring

opening of spiropyran moieties has actuated delivery of small hydrophobic molecules.

Upconversion nanoparticles coated with the copolymer from the current work can

potentially be incorporated into Layer-by-Layer films by electrostatic forces for implant

coatings with near-infrared triggerable high therapeutic payload.

4.3 Concluding Remarks

This thesis has contributed to the development of polymer-based exogenously

responsive therapeutic delivery systems using amphiphilic copolymers. The intended

end use for these systems is that of localized release at an on-demand time point at high

tissue penetration depth, where direct or indirect use would be made of near-infrared

light at 980 nm. With the current range of controlled polymerization techniques available

to develop macromolecules, these majority hydrophilic-minority hydrophobic design

principles can be carried forward for other specific delivery systems. The scientific

community is encouraged to use the fundamental principles of responsive polymers

involving hydrophobic interactions applied in this thesis to pursue non-invasive

approaches to remotely triggered localized delivery of therapeutics deep within the body.
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Appendix A: Synthesis and Self-Assembly of Gold Nanorods Into

Hexalayer Films Capable of Near Infrared-Stimulated Anti-

Inflammatory Activity

A.1 Synthesis of Gold Nanorods and Layer-by-Layer Film Characterization

100 nm 100 nm

Figure A.1. Representative transmission electron microscopy (TEM) images of synthesized gold

nanorods precipitated from 0.5 nM solutions indicated variation in rod diameter and aspect ratio.

Image analysis was used to determine aspect ratio 3.591 0.746 (ImageJ). Images captured by

Matthew Klug (FEI Tecnailm G2 Spirit). Self-assembly into side-by-side nanorod assemblies

resulted from capillary forces during drying on the TEM grid.'

Synthesized gold nanorods coated in surfactant

e -4.5 mL silver nitrate
0.8 -5 mL silver nitrate

0. -5.5 mL silver nitrate
C0.6 1

i0.4
0.2

0 -_ _ ------ _

300 400 500 600 700 800 900 1000
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Figure A.2. Absorption spectra confirmed that the longitudinal surface plasmon resonance

(LSPR) wavelength of gold nanorods increased as the amount of silver nitrate in the synthesis
2growth solution increased. Peak wavelength increased from 836.5 for 4.5 mL of silver nitrate to

861 nm and 865.5 nm for 5 mL and 5.5 mL silver nitrate respectively.
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Figure A.3. Analysis of early growth stages of hexalayer films on top of base layers revealed

uniform film deposition and exponential growth with the number of layers adsorbed. A. Films

fabricated using dip Layer-by-Layer assembly containing gold nanorods deposited every sixth

layer grew with a high degree of uniformity. Photograph with superimposed outlines and scale

bar. B. The initial growth rate during the first three hexalayers was exponential. C. The initial

longitudinal surface plasmon resonance (LSPR) wavelength red-shifting pattern was logarithmic.
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Figure A.4. Growth properties of the 20HL and 40HL films were monitored by profilometry and

absorption spectroscopy. A. Initially the films grew exponentially, and then the growth rate slowed

starting at the fifth hexalayer, as determined by profilometry. Film roughness was nanoscale

initially during film growth, but for the films studied for therapeutic release the roughness was

micron-scale. This growth pattern has been observed for hydrogen bonded Layer-by-Layer films

with one amphiphilic component.3 ' 4 B. Plasmon coupling interactions between nanorods red-

shifted the absorption spectrum with each successive layer. C. There was found to be an inverse

relationship between hexalayer thickness and the incremental red shift in the longitudinal surface

plasmon resonance wavelength. The nanorod absorption spectrum in the films monotonically red-

shifted even with hexalayers 360 nm thick, six times the length of a rod. The strongest red shifting

occurred as the hexalayer thickness approached the length of a nanorod, i.e. 60 nm, indicated by

the vertical dashed line. The two highest incremental red shifts and smallest hexalayer

thicknesses corresponded to the first and second hexalayer deposited.
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Figure A.5. A. Hexalayer films absorbed significantly in the near infrared, with the absorption peak

wavelength out of phase with the 980 nm laser used for irradiation. Forty-hexalayer (40HL) films

absorbed more strongly than did 20HL films. Eighty-bilayer (80BL) films absorbed more strongly

than 40BL films. The extinction magnitudes measured for the 20HL and 40HL films were not

proportional to the numbers of layers of material deposited. This was in part due to a high

concentration of scattering entities, i.e. nanorods, and their interactions precluding the

applicability of the Beer-Lambert Law. B. All films were microns in thickness, with double the

number of layers yielding more than double the film thickness. C. All films had micron-scale

roughness, with or without nanorods present. In all cases the roughness originated from layering

behavior of micellar aggregates of the polymer-drug conjugate along with unimers. 3 ' 4 The film

roughness approached one half of the total film thickness for the thickest films.
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Figure A.6. A comparison of normalized extinction spectra demonstrated that the longitudinal

surface plasmon resonance (LSPR) peak of the spectrum for the gold nanorods red shifted and

the shape of the spectrum broadened upon incorporation into films and with increasing film

thickness. The LSPR peak wavelength red shifted from 773.5 nm for rods coated in poly(4-

styrenesulfonic acid) in solution to 869.5 nm for 20-hexalayer films and further to 897.5 for 40-

hexalayer films. Note that coating the nanorods in poly(4-styrenesulfonic acid) blue-shifted the

LSPR peak from CTAB-coated rods due to a refractive index shift (refer to Figure A.2).

Figure A.7. Hexalayer films formed a nano-blend of gold nanorods throughout the film cross-section, with

nanorods present from the substrate to the outer film surface. Nanorods were suspended at random

orientations and were not stratified in the film. The film shown was coating the rough side of the silicon

substrate. A. Scale bar: 1 pm. B. Scale bar: 500 nm. Images obtained by scanning electron microscopy

(Helios). This 17-hexalayer-film cross-section was obtained by focused ion beam milling (FIB, "Ga

source) after electron beam-induced platinum deposition (5 kV, 11 nA, approx. 0.5 pm thick). See Figure

2.4 for an alternative cross-section visualization that involved less processing to the sample than did this

FIB preparation.
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Figure A.8. Thermogravimetric analysis of hexalayer films involved three main weight loss events.

First, weight loss from ambient temperature through 850C corresponded to desorption of water

from the film. Slight weight loss 100OC-185*C resulted from dehydration, i.e. removal of water

more strongly bound within the film due to the presence of metal cations, e.g. Nat. The second

major weight loss from 1850C to 2600C involved decomposition of oligomers, i.e. shorter chains

of polymer electrolytes, and loosely held physically adsorbed surfactant."~ The third weight loss

from 2600C to 5000C was the decomposition of polymers,5'6 free and covalently held diclofenac,'

9 and remaining electrostatically bound surfactant.7 The slow mass loss 500-700*C can be

attributed to remaining poly(L-glutamic acid).6 After all organic matter was burned off from the

sample, 20-hexalayer films were found to contain 23.45 weight % gold nanorods in a dry film, and

40-hexalayer films contained 27.4 weight % gold nanorods in a dry film.

A.2 Film Response to Incubation and Near-Infrared Irradiation
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Figure A.9. Twenty-hexalayer film thickness was not altered by therapeutic release and near

infrared irradiation, demonstrating that diclofenac was released during these treatments without

macroscopic degradation of the film (profilometry).
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Cyclooxygenase Inhibition by Release Solution
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Figure A.10. A. The diclofenac released from films during near infrared irradiation retained its

anti-inflammatory activity, as determined by cyclooxygenase (COX) fluorescent inhibitor

screening assay (Cayman Chemical).10 B. Release solution with diclofenac concentration 0.9

pg/mL or greater showed better quantitative agreement between COX assay and HPLC data than

release solution at a concentration less than 0.9 pg/mL. This was due to a dearth of standard

curve concentration measurements in the low concentration range for the COX assay, and

therefore a less accurate estimate of concentration by interpolation.
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Figure A.11. The IC50 condition of free diclofenac was found from cyclooxygenase fluorescent

inhibitor screening assay (Cayman Chemical) to be 0.002 mg/mL i.e. 2 pg/mL diclofenac in

starting solution. This is equivalent to an IC50 value of 100 ng/mL due to dilution of 10 pL into a

total of 200 pL solution for the assay. This IC50 value of 100 ng/mL is greater and therefore a

more stringent condition on inhibition than the approx. 25 ng/mL found in the literature 0' 11 but

100 ng/mL was used in this study for consistency. Cyclooxygenase-2, responsible for

prostaglandin synthesis under acute inflammatory conditions, is inhibited to a greater degree than

cyclooxygenase-1 at the same concentration of diclofenac.
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Figure A.12. Based on experimental extinction spectra, high performance liquid chromatography, and

scanning electron microscopy data, the time progressions of the normalized extinction spectra during

incubation for therapeutic release from 20HL (A) and 40HL (B) films were approximated. The absorption

spectra were expected to red shift and broaden during nanorod aggregation. Open circles along the

vertical 980 nm line and dashed curves intersecting the circles indicate that the fraction of photothermal

conversion entities in the film in resonance with the near infrared irradiation wavelength were insufficient

to produce enhanced release rates of diclofenac above bilayer controls (A: Figure 2.5; B: Figure 2.10).
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Green filled circles along the 980 nm line and continuous curves intersecting them indicate that the

fraction of in-resonance photothermal conversion aggregates of nanorods was sufficient to produce

significantly enhanced diclofenac release rates above the control (A: Figure 2.5, Figure 2.3; B: Figure

2.10). LSPR peak wavelength values in gray were estimated, and those in black were measured.

A.3 The Effect of Film Thickness on Surface Morphology Response to Irradiation

Figure A.13. Scanning electron microscopy on three and twenty-hexalayer film surfaces demonstrates the

effect of film thickness on response to near infrared irradiation. Scale bar 1 pm for all. A. Three-hexalayer

(3HL) film surface after incubation (24 hr, 1x PBS, 370C) before irradiation. B. 3HL just after irradiation

(980 nm, 0.2 W/cm2 , 60 min) developed nanocavitations at the surface. C. 3HL after post-irradiation

incubation (24 hr, 1x PBS, 370C) demonstrated self-healing. D. Twenty-hexalayer (20HL) film surface

after incubation (24 hr, 1x PBS, 37C) before irradiation. F. 20HL just after irradiation (980 nm, 0.2 W/cm 2,

60 min) did not change in surface morphology. G. 20HL after post-irradiation incubation (24 hr, 1x PBS,

370C). 3HL films were 0.346 pm thick, the irradiating wavelength was 0.980 pm, and the 20HL films were

5.188 pm thick. This result underscores the importance of the relationship between the film thickness and

the wavelength of impinging irradiation in vitro. The 3HL result viewed in isolation could be misinterpreted

as film disruption by nanorod photothermal conversion, when in fact the origin of the disruption is the

relation between film thickness and the wavelength of impinging irradiation.

107



A.4 Materials and Methods

Variation of silver nitrate incorporation into gold nanorod synthesis to control

aspect ratio: Gold nanorod synthesis proceeded as usual13 with the exception of varying the

volume of silver nitrate added to the growth solution (4.5 mL, 5.0 mL, 5.5 mL).

Characterization of gold nanorod extinction spectra in solution and in Layer-by-

Layer films: Gold nanorod extinction spectra were determined for gold nanorods suspended in

solutions of 0.O1x PBS at pH 7.4 and incorporated into LbL films every sixth layer. A DU800

spectrophotometer was used with wavelength range 300-1 000nm at 600 nm/min.

Film thickness, film roughness, and absorption spectroscopy characterization of

bilayer and hexalayer films: Films were built and characterized by photographic comparison,

absorption spectroscopy, and then profilometry. Absorption spectra were obtained from the

DU800 (300-1000 nm, 600 nm/min) and from these spectra the longitudinal surface plasmon

resonance wavelength in the films was determined as the wavelength of peak absorption in the

near infrared. Profilometry to determine film thickness and root mean square roughness was

carried out on razor-scored films using the Dektak 150 Surface Profiler.

Focused ion beam cross-section for scanning electron microscopy (SEM): The

hexalayer film was assembled Layer-by-Layer, followed by immersion in liquid nitrogen for 30

sec, then immediately mounting the sample on an SEM mount with carbon tape, and then

storing the sample at -200C. The sample was coated with 10 nm of carbon by vacuum

evaporator (Denton) before placement in the SEM sample chamber.

To achieve the focused ion beam milled cross-section for imaging, first, 5 kV of 11 nA

electron beam Platinum deposition was directed at 20 pm by 2 pm dimensions on the film

surface, with approx. 0.5 pm thickness at 00 tilt. The ion beam with a 69Ga source was initiated

for the cross-section. Next, at 520 tilt, a regular cross-section was carved out at 9.3 nA with

dimensions 20 pm by 20 pm by 5 pm thick. A cleaning cross-section was afterwards conducted

with 0.92 nA. Finally, a second cleaning cross-section was used at 93 pA.

Thermogravimetric analysis (TGA) of hexalayer films: Each film sample was scraped

off from its glass substrate into a high temperature platinum TGA pan using a fresh razor blade.

TGA (Discovery) was carried out with the sample under nitrogen. The program began with

equilibration at 300C, followed by a temperature ramp at 20*C/minute to 7000C, and concluding

isothermal for 1 minute.
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Determination of therapeutic efficacy of released drug by cyclooxygenase (COX)

fluorescent inhibition assay: COX-1 inhibition activity by diclofenac released from LbL films

was quantified using a plate reader with the COX fluorescent inhibitor screening assay kit

(Cayman Chemical) according to the manufacturer's directions. All samples were measured in

triplicate.

Film thickness vs. irradiation response observation: therapeutic release incubation

(370C, 1x PBS, 24 hr) and irradiation (37*C, 1x PBS, 980 nm, 0.2 W/cm 2 , 60 min) protocols

were maintained for three- and twenty-hexalayer films on glass substrates. The surface

morphological changes were studied by scanning electron microscopy (Helios).
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Appendix B: An Approach To Decrease Passive Release From Near-

Infrared Responsive Films and Enhance Efficacy

B.1 Introduction of Clay Barrier Layers onto Layer-by-Layer Films

One potential improvement to the diclofenac-eluting system would have been to

decrease the passive release rate of free diclofenac from the film. By slowing the release of the

free drug from the film, which in itself would be beneficial, the near-infrared activated release

could also potentially be increased as a result. As an approach to accomplish this objective,

fifteen bilayers of Laponite clay platelets with poly(L-lysine) were layered on top of both forty

bilayer (40BL) films and twenty hexalayer (20HL) films (Figure B.1).
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Figure B.1. A. Layering clay platelets on top of bilayer and hexalayer films did not substantially alter

the absorption spectra of the films. B. Laponite clay (LAP) barrier layers increased the film thickness

of 40BL and 20HL films. C. Films capped with clay layers had film roughness at the micron scale.
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B.2 Performance of the Clay-Capped Films

This barrier layer method had been used previously to slow the passive release of

gentamycin sulfate from films.' Upon comparing the molecular structures, it was predicted that

the clay would slow the diclofenac diffusion to a lesser extent than it did gentamicin sulfate

(Figure B.2).

Molecular Weight: 482.64

NH/ Molecular Weight: 318.13
0

HO Cl H 0N

HO H NCl
gentamicin sulfate diclofenac sodium

Figure B.2. Comparison of the molecular structures of gentamicin sulfate and diclofenac

sodium revealed that the gentamicin molecule is more massive and highly charged under

film assembly conditions. Molecular size and electrostatic forces are among many factors

that play a role in the rate of diffusion of small molecules through a hydrogel. Ideally the

film would be capped with a tortuous barrier created by the clay-polymer nanocomposite.

Diclofenac and the clay platelets both had negative charge density under film assembly

conditions. Gentamicin sulfate from the previous study was deposited with a highly

positive charge density.' Due to the size difference, a given spacing between clay

platelets that would allow the passage of gentamicin at a slowed rate would more easily

accommodate diclofenac. Therefore, with all conditions being equal, it was hypothesized

that a clay barrier layer would decrease the diffusion coefficient to a lesser extent for

diclofenac than for gentamicin.

There was no decrease in the passive release rate of diclofenac from these films (Figure

B.3.A). The clay did not provide a barrier sufficient to reduce the diffusion rate of diclofenac out

of the film. Profilometry on the films revealed that the films had root mean square roughness on

the micron scale (Figure B.1.0), which could prevent the clay from stacking in continuous brick-

wall morphology.' This high micron-scale roughness explained, at least in part, why the clay did

not serve as a sufficient barrier. A comparison of film surface morphologies by scanning

electron microscopy corroborated the conclusion that the high film roughness frustrated the

formation of a continuous clay barrier layer (Figure B.4).
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Figure B.3. A. The passive release rate of diclofenac was found to increase rather than decrease upon

addition of fifteen bilayers of Laponite clay (LAP) platelets with poly(L-Lysine). Therefore, as no additional

free diclofenac was withheld from release within the film, the release rate of diclofenac during near

infrared irradiation did not increase. B. As a direct consequence, the irradiated/passive release rate ratio

was not significantly different for bilayer films with (40BL-LAP) vs. without (40BL) clay platelets layered at

the surface. Gold nanorod-containing films without clay (20HL) out-performed hexalayer films with a clay

barrier layer (20HL-LAP). Analysis for statistical significance for paired data sets was determined by two-

tailed t-tests assuming unequal variances (ns: p > 0.05; *: p : 0.05; **: p s 0.01; ***: p < 0.001; ****: p <

0.0001). Release rates of diclofenac from Layer-by-Layer films were quantified by high performance liquid

chromatography.

As expected, a result of the diclofenac being able to pass freely out of the film was that

the release rate of diclofenac from the film during irradiation was not increased relative to that

for films without the clay barrier. In the case of twenty-hexalayer (20HL) films, the irradiated-to-

passive release rate ratio was greater for the film without the barrier layer than with the clay
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(Figure B.3.B). Since the performance of the bilayer films was not affected, this was not likely

due to the clay serving as an obstruction in the irradiation path to the nanorods. More

reasonably, it was the result of the nanorod aggregation kinetics. The nanorods were allowed

additional time to migrate and aggregate during assembly of the clay barrier layers, decreasing

film performance.
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Figure B.4. Scanning electron microscopy images of twenty-hexalayer film surfaces without (A, 20HL)

and with (B, 20HL-LAP) clay barrier layer demonstrate that the roughness of the film inhibited continuous

barrier coverage by the clay. Scale bar: 4 pm. A. Gold nanorods were readily visible throughout the 20HL

film surface. B. Gold nanorods were not visible at the outermost surface of 20HL-LAP (outer part of

image) due to the clay barrier, but could be resolved inside of the microns-wide crevices (center of

image), indicating a lack of coverage by the clay within the crevices. Despite the -20 nm clay platelet

size,' the clay deposited preferentially on the hills rather than the valleys of the film. The micron-scale

roughness of the film frustrated the formation of a continuous barrier by the clay from the film to the

surrounding medium. Defects in the clay layers enabled escape of diclofenac from the film during passive

release. This same result applies to 40BL and 40BL-LAP films.

To form an effective clay barrier layer on these films, the film surface must be smooth.

Due to the amphiphilic nature of poly(L-glutamic acid-triethylene glycol-diclofenac) (PGA-Diclof),

micron-scale surface roughness was induced in both bilayer and hexalayer films due to

hydrophobic interactions between the triethylene glycol-diclofenac side chains producing

micelle-like structures that present roughening film growth characteristics. This has been

observed in hydrogen-bonded multilayer films where one polymer is contains hydrophobic

moieties on the chain ends2 or along the backbone .3 An approach to decrease the film
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roughness would be to alter the fabrication method of the film. Using spin4'5 or spray ' 6 ayer-

by-Layer techniques for the poly(L-lysine) and the PGA-Diclof could lead to films with minimal

roughness that are amenable to a passive release-blocking clay coating. It is hypothesized that

the thermal properties of the films will not be altered by changing the mode of fabrication, as has

been observed for an analogous hydrogen-bonded Layer-by-Layer system with hydrophobic

moieties.3

Spray Layer-by-Layer also decreases fabrication time and increases scalability. The

duration of assembly for eighty-bilayer films with dip Layer-by-Layer was 34.6 hr. If incorporating

the polymers into the film by spin or spray, the duration of polyelectrolyte application would be

reduced from 10 minutes to 3 seconds.7 This would reduce the total film assembly time to 0.356

hr (21.3 minutes). On the other hand, micelle disruption during spray-assisted assembly may

occur and may preclude the delayed release mechanism hypothesized in this work.

B.3 Materials and Methods

Assembly of clay barrier layers: After fabrication of bilayer or hexalayer films, the films

underwent the following dip Layer-by-Layer protocol: 10 minute dip into 1 mg/mL solution of

poly(L-lysine) (PLL) in 10 mM sodium phosphate buffer at pH 7.4; rinsing for 30s, 60s, and 90s-

with-agitation in 18 MQ*cm water; 10 minute dip into a suspension of 0.1 weight% Laponite

(LAP) clay (Southern Clay Products) in 18 M'Qcm water and pH-adjusted to 9;1 and rinsing for

30s, 60s, and 90s-with-agitation in 18 MQ*cm water. The final clay barrier layer was

(PLL/LAP) 15.

Sample preparation for characterization by scanning electron microscopy (SEM): Twenty-

hexalayer (20HL) and 20HL-LAP films were fabricated and stored under vacuum desiccation at

room temperature until characterization by SEM.
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