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ABSTRACT OF THE DISSERTATION

Development of a Light Actuated Drug Delivery-on-Demand System

by

Chase Schilling Linsley
Doctor of Philosophy in Biomedical Engineering
University of California, Los Angeles, 2015

Professor Benjamin M. Wu, Chair

The need for temporal-spatial control over the release of biologically active molecules
has motivated efforts to engineer novel drug delivery-on-demand strategies actuated via light
irradiation. Many systems, however, have been limited to in vitro proof-of-concept due to
biocompatibility issues with the photo-responsive moieties or the light wavelength, intensity and
duration. To overcome these limitations, the objective of this dissertation was to design a light
actuated drug delivery-on-demand strategy that uses biocompatible chromophores and safe
wavelengths of light, thereby advancing the clinical prospects of light actuated drug delivery-on-
demand systems. This was achieved by 1) characterizing the photothermal response of
biocompatible visible light and near infrared-responsive chromophores, and demonstrating the
feasibility and functionality of the light actuated on-demand drug delivery system in vitro; and 2)
designing a modular drug delivery-on-demand system that could control the release of

biologically active molecules over an extended period of time.



Three biocompatible chromophores — cardiogreen, methylene blue, and riboflavin — were
identified and demonstrated significant photothermal response upon exposure to near infrared
and visible light, and the amount of temperature change was dependent upon light intensity,
wavelength as well as chromophore concentration. As a proof-of-concept, pulsatile release of a
model protein from a thermally responsive delivery vehicle fabricated from poly (N-
isopropylacrylamide) was achieved over four days by loading the delivery vehicle with
cardiogreen and irradiating with near infrared light. To extend the useful lifetime of the light
actuated drug delivery-on-demand system, a modular, reservoir-valve system was designed.
Using poly (ethylene glycol) as a reservoir for model small molecule drugs combined with a poly
(N-isopropylacrylamide) valve spiked with chromophore-loaded liposomes, pulsatile release was
achieved over seven days upon light irradiation. Ultimately, this drug delivery strategy has
potential for clinical applications that require explicit control over the presentation of
biologically active molecules. Further research into the design and fabrication of novel
biocompatible thermally responsive delivery vehicles will aid in the advancement of the light

actuated drug delivery-on-demand strategy described here.
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CHAPTER ONE: INTRODUCTION
1.1 BACKGROUND

The path from drug discovery and development to market is challenging. A majority of
drugs fail due to safety and efficacy issues that arise in the Food and Drug Administration’s
(FDA) Phase Il and Phase 111 trials which become apparent as the number of patients increases as
well as the length of the trials [1]. Many of these failures can be attributed to the fact that
traditional methods of drug delivery flood the body with concentrations of drug required to reach
the target area and have a therapeutic effect. The drawbacks to this approach include problems
with drug instability, toxicity and overcoming barriers to the target area from the circulation
system [2]. This contributes to the 13 year average for a new drug to reach the market with a
95% failure rate at an average cost of US$2 billion [3].

These figures have motivated efforts to streamline the process of getting new therapeutics
to market. Recently, the National Institute of Health (NIH) established the National Center for
Advancing Translational Sciences (NCATYS) to help expedite the process for delivering new
treatments to patients. One of the NCATS pilot programs, called Discovering New Therapeutic
Uses for Existing Molecules, is designed to repurpose drugs that had passed safety testing but
failed to achieve intended clinical outcomes. Advanced drug delivery systems are one way to
rescue failed drugs. They aim to improve safety and efficacy by localizing drug delivery to the
target site, having a rapid onset of action, reducing the amount of drug required for a therapeutic
effect, and improving patient compliance.

Commercial and research interest in novel drug delivery systems has been growing in
recent decades and is expected to continue rising. In 2013, advanced drug delivery systems made

up a US$182 billion market globally and are projected to grow to US$213 billion market in 2018



[4]. Contributing to this demand for new methods of controlled delivery are the development of
new pharmaceuticals out of macromolecules such as proteins, peptides, oligonucleotides, and
plasmids [5]. These biologically active agents, termed *biologics’, account for 30% of licensed
pharmaceutical products [6], and, in addition to traditional small molecule drugs, require
delivery systems that overcome obstacles associated with poor solubility, degradation,
unfavorable pharmacokinetics, poor biodistribution, lack of selectivity, and administration
frequency. To date, there are a number of technologies that have been developed to meet these
challenges.
1.2 CONTROLLED RELEASE TECHONLOGY

A couple of the earliest controlled release delivery systems designed to extend efficacy
and reduce unwanted side effects were the oral osmotic delivery system and slow-release
polymer-matrix systems. The use of an oral osmotic delivery system to slowly release
oxprenolol, a non-selective beta blocker, demonstrated a blood plasma concentration of drug that
persisted longer than the conventional regimen and reduced exercise induced tachycardia [7, 8].
Similarly, the controlled delivery of the drug pilocarpine from the Ocusert® system — a slow-
release polymer matrix system — reduced ocular pressure caused by ocular hypertension and
glaucoma to the same extent as eye drops of the drug administered four times a day [9, 10]. Both
of these systems demonstrate zero order release where the drug release rate is independent of the
starting drug concentration rather it is dependent on diffusion through a membrane. The Ocusert®
system used poly (ethylene-co-vinyl acetate) as a membrane to control diffusion of the drug from
a reservoir and the oral osmotic delivery system works by controlling the diffusion of water
though a water-permeable jacket. As the osmotic pressure of water entering the tablet increases,

drug is pushed through a laser cut hole in the jacket and released and other cardiovascular drugs



like methylphenidate, nifedipine, and oxybutynin have been delivered using the same system
[11]. Current research efforts not only use diffusion as the mechanism to control the release of
drugs but also utilize degradation of the carriers as well as drug-carrier affinity [12].

Degradation of the delivery vehicle is one of the release mechanisms for drugs that are
uniformly distributed in a matrix, specifically in cases where degradation of the delivery vehicles
occurs faster than diffusion [13]. Degradation can either be due to bulk or surface erosion. In
bulk erosion, material is lost uniformly throughout the volume of the construct, and in surface
erosion, there is a loss in volume and degradation only occurs at the surface [14]. The rate of
release from the polymeric delivery vehicle is a function of the material properties (composition,
hydrophobicity/hydrophilicity, molecular weight), which influence the susceptibility of the
polymer bonds to hydrolysis, especially in polyesters and polyanhydrides [14, 15]. A well-
known example of these types of delivery systems is the Gliadel® wafers. Approved in 2006 by
the FDA for the treatment of malignant gliomas, they are a biodegradable polyanhydride
copolymer of 20:80 molar ratio poly [bis (p-carboxyphenoxy) propane: sebacic acid] that is
implanted in the tumor cavity for the local delivery of the anticancer drug carmustine [16].
Release occurs via erosion of the surface layer of the wafer and, as the eroding front advances,
the surface of interior pores begin eroding as well [17]. This leads to an increase in the release
rate overtime. The resulting degradation products are then cleared from the body via urine or
exhaled as CO, [16]. For any delivery system that uses degradation as the release mechanism (or
degradable materials in general), knowledge of what the degradation products are and evaluation
of the in vivo effects of each degradation products is needed to insure to that they don’t cause

unwanted side effects.



Affinity-controlled release systems are less dependent on the properties of the polymer
matrix (e.g. degradation rate, pore size, etc.) [18]; instead, they utilize molecular interactions
between the drug of interest and the delivery vehicle to modulate drug delivery. These
interactions include hydrogen bonding, van der Waals forces, ionic interactions and hydrophobic
interactions, and are observed in many biological processes, such as receptor-ligand binding
[19]. For an affinity-controlled release system, the association constant describes how readily a
drug will be released. Taking advantage of the interactions that naturally occur in the body,
delivery vehicles made out of a variety of materials, including extracellular matrix (ECM)
proteins and synthetic polymers, have been fitted with heparin for the controlled release of
heparin-binding growth factors, such as basic fibroblast growth factor (bFGF). For example,
fibrin matrices functionalized with heparin released bioactive bFGF to enhance neurite
extension. In this system, release occurred due to dissociation of the bFGF from heparin
(independent of cells) as well as enzymatic degradation of both the fibrin and heparin (cell
mediated) [20]. There are a number of different delivery systems, beyond heparin, that utilize
affinity between the drug and delivery vehicle to control release. For instance, cyclodextrin-
based polymers have a cup-shape architecture with a hydrophobic cavity that complexes with
hydrophobic drugs [21], and molecular imprinting fits polymers with recognition elements for
the drug of interest to lock it in place and slowly release [22]. Regardless of the approach used,
the main advantages of using affinity-controlled systems are 1) capacity to deliver multiple drugs
at different rates as long as each drug has a different affinity for the delivery vehicle and 2)
ability to reload the delivery vehicle with drug by a single injection [18].

Overall, these controlled release systems aim to maintain a constant drug concentration —

defined by a therapeutic window where high drug concentration results in unwanted side effects



and low concentration has no therapeutic effect — by the sustained release of drug overtime.
However, different applications require different release profiles and it is not always desirable to
have prolonged exposure to a biologically active molecule. For some applications, it is more
advantageous to have explicit control on when a drug is released and when it is not.

1.3 BIOMEDICAL APPLICATIONS REQUIRING DELIVERY-ON-DEMAND

Chronotherapy uses the body’s rhythmic cycles to deliver drugs at times when the body is
most receptive to treatment, thereby maximizing their therapeutic effects. There are numerous
examples where chronotherapy has been shown to improve the efficacy of therapeutics,
including hypertension, asthma, duodenal ulcer, hypercholesterolemia, and neurological
disorders [23]. For patients with diabetes, the delivery of insulin is required when there is a spike
in blood sugar concentration. Rheumatoid arthritis patients have increased levels of interleukin-6
(IL-6) during the night. This contributes to morning stiffness and inflammation to a greater
extent since cortisol levels don’t increase for another 3 hours [24]. Therefore, properly timed
delivery of prednisone, an immunosuppressant drug, can be used to help alleviate morning
stiffness. Drug delivery-on-demand systems are uniquely suited to these applications since
release is dependent upon the intensity and/or duration of each stimulus and is marked by sharp
increases in the amount released upon stimulation and little-to-no release in the absence of
stimulation.

One such applications is the delivery of human parathyroid hormone fragment (1-34)
[NPTH(1-34)], which has been FDA approved since 2002 to treat osteoporosis. Current treatment
requires daily injections since sustained exposure to hPTH(1-34) promoted osteoclast activity
whereas intermittent injections promoted osteoblast activity [25, 26]. In 2012, clinical trials

began for an implantable, wirelessly controlled drug delivery device that would deliver hPTH(1-



34) in a pulsatile manner in lieu of daily injections for osteoporosis treatment. The device (54
mm x 31 mm x 11 mm, | x w x h) delivered daily doses of 40 ug for 3 weeks in seven
postmenopausal women with osteoporosis [26]. While the device was able to release active drug
and subsequently promote bone growth, there is room for improvement. The device is made of
non-biodegradable materials (i.e. silicone and titanium) and requires removal after the drug
reservoirs are depleted. This would require multiple replacement procedures — subcutaneous
implantation in the abdomen — over the approved 2-year treatment period for hPTH(1-34) [27].
Additionally, the tissue capsule that forms around implants can interfere with drug release.
Despite these limitations, the delivery-on-demand approach has a customizable release profile to
achieve the desired efficacy without the need for repeated needle injections.

Another area where drug delivery-on-demand is applicable is in cancer treatment. A
study on the sensitivity of C57BL/6J male mice to the anticancer drug cyclophosphamide
showed that mice treated at the time of dark-to-light transition had a 20% survival rate while
mice treated at the time of light-to-dark transition had an 80% survival rate [28]. In this
particular case, the difference in cyclophosphamide sensitivity resulted from circadian control of
lymphocyte survival/recovery [28]. Similar outcomes likely exist for the numerous types of
cancers and their numerous treatment options since the expression of growth factors at different
times of the day can change the sensitivity of cancer cells to a chemotherapy agent and/or the
survivability healthy cells. However, there is still relatively little known about the mechanism of
action for such treatments which has limited its practice [29].

As evident by these clinical examples, timing is everything, and traditional methods of
drug delivery (e.g. bolus injections, pills, and inhalants) fail to account for biological differences

throughout the day. These differences are controlled by the suprachiasmatic nucleus (SCN) of



the hypothalamus via the expression of period and cryptochrome genes in the neurons of SCN,
which are regulated by the transcription factors: CLOCK and BMALL1. Biological functions,
such as body temperature, blood pressure, immune activity, enzyme and hormone production, are
regulated by this internal clock and can thereby influence cells’ sensitivity to different
therapeutic agents [29]. The failure to account for these temporal differences results is a decrease
in the efficacy of treatment and an increase in wasted drug. Drug delivery-on-demand systems
are well suited for these applications since they allow for explicit temporal and spatial control
and subsequently enhance the therapeutic effect while decreasing the amount of drug required.
To date, many systems have been engineered to meet this clinical need (Table 1). These systems
modulate release as a function of a specific stimuli and they work in either a closed or open
circuit [2, 30].
1.4 DELIVERY-ON-DEMAND SYSTEMS

Closed-loop systems are self-regulated and have no external intervention to control
release [31]. Instead, these systems respond to changes in the physiological environment [32].
Approaches used to trigger release in closed-loop systems include: changes in pH, temperature
changes, and the presence or absence of biological molecules. For example, the pH of
inflammatory tissue, tumors (pH~6.8) and the lysosome (pH ~5-6) is lower than physiological
pH of 7.4, thereby providing a localized trigger for release from pH sensitive delivery vehicles
[33]. Many of the pH sensitive delivery systems use hydrazone as the linker, which is stable at
neutral pH (such as in the blood) but undergoes hydrolysis in acidic conditions (such as in
lysosomes) [34]. However, closed-loop systems have several shortcomings. In diseased state
models, closed-loop systems may fail due to an overproduction or absence of local triggering

molecules. Additionally, systemic infections could non-specifically trigger release from pH and



temperature sensitive carriers. Finally, these systems need to be tailored to a specific application
and, therefore, lack versatility. For example, colon-specific delivery systems often utilize
polysaccharides as the delivery vehicle because they are degraded by enzymes like dextranase
and glycosidase, which are native to the colon [35]. This system, however, could not be readily
translated to applications for bone tissue, which has alkaline phosphatase and cathepsin K as
local enzymes [36].

Open-loop systems are independent of the physiological environment and release
biologically active molecules in response to a remote or external stimulation. Unlike closed-loop
systems, open-loop systems release biologically active molecules in response to external
stimulation instead of physiological variables. The release profile from open-loop systems is
dependent upon the intensity and/or duration of each stimulus and is marked by a sharp increase
in the amount released upon stimulation and little to no release in the absence of stimulation [2,
31, 32]. There are numerous publications which have studied different external stimulations to
trigger release, including light irradiation, heat, magnetic field, and ultrasound. For example,
ultrasound waves have been an attractive stimulus to mediate drug delivery due to their
widespread use and deep-tissue penetration. The mechanisms for drug release from ultrasound
waves include cavitation, streaming and hyperthermia and the delivery vehicles range from
liposomes and micelle nanocarries to microbubbles [37]. Other groups have fabricated drug
delivery systems that respond to the application of a magnetic field. Recently, Fe3O,4
nanoparticles trapped within hollow nanocapsules with a porous silica shell were used to
successfully deliver the hydrophobic drug camptothecin by using magnetic hyperthermia to
induce the diffusion of drug [38]. Despite the in vitro proof-of-concept successes of open-loop

systems, few have been tested in animal models and only thermosensitive liposomes and iron



oxide nanoparticles have reached clinical trials partly due to the complex design of many of
these systems [39]. A concise summary of additional limitations of open-loop systems are
presented in Table 2.

Light actuated delivery-on-demand systems are plagued by many of these limitations.
This is unfortunate since light as the external stimulus is advantageous for a number of reasons,
including its non-invasive nature, high spatial resolution and temporal control, as well as
convenience and ease of use. Many light actuated systems use ultraviolet (UV) light to act upon
photo-responsive moieties within the polymeric drug delivery vehicles, and the mechanisms for
release include isomerization and cleavage [40]. For example, groups have created liposomes
using azobenzene, which undergo a trans-cis isomerization when exposed to 340-380 nm
irradiation, in the lipid backbone, and exposure to UV light causes the tightly packed trans form
of azobenzene to adopt a cis conformation, thereby creating a leaky lipid bilayer that allows for
release [41]. Additionally, ortho-nitrobenzyl moieties have been included in hydrogel networks
to act as the photodegradable functionality after exposure to 365 nm light in order to facilitate
release, both spatially and temporally [42]. However, the reliance on UV radiation hinders
translation to in vivo due to mutagenicity and low tissue transparency in the UV region [43].
Also, azobenzene and some of its degradation products, including nitrobenzene, are considered
toxic by the FDA [2, 44]. As such, light actuated drug delivery-on-demand systems currently
serve as in vitro models only due to biocompatibility issues with the photo-responsive moieties
or the light wavelength, intensity and duration.
1.5 DISSERTATION OBJECTIVES AND SPECIFIC AIMS

To overcome the obstacles to get light actuated delivery systems to the clinic, research is

needed in developing strategies that use safe wavelengths of light as well as biocompatible



photo-responsive materials. Visible and near infrared (NIR) light are safe stimuli for in vivo
applications. Additionally, non-toxic and biocompatible chromophores for visible and NIR light
can be employed to release biologically active molecules from thermally responsive polymeric
delivery vehicles via the photothermal effect and eliminate the need for toxic photo-responsive
materials. Therefore, the objective was to design a light actuated drug delivery-on-demand
system that uses biocompatible chromophores and safe wavelengths of light, thereby advancing
the clinical prospects of light actuated drug delivery-on-demand systems.

This objective was achieved by completing the following specific aims:

1. Characterizing the photothermal response of biocompatible visible light and NIR-
responsive chromophores for drug delivery-on-demand applications, and
demonstrating the feasibility and functionality of the light actuated on-demand
drug delivery system in vitro.

2. Designing a modular drug delivery-on-demand system that can control the release

of biologically active molecules over an extended period of time.
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1.6 TABLES

Table 1. Select drug delivery-on-demand systems since 2010

Classification Stimulus Payload Delivery Vehicle Reference
Insulin Nanogel containing a glucose- [45]
hormone sensitive PBA moiety

RNA PEG-PCL micelles containing
Biomarker ense' silencin MMP-2-degradable peptide [46]
o ’ 9 PLG*LAG
Q I i :
o DPAP inhibitor ~ Fe'-sensitive 1,2 4-trioxolane
- : ; . [47]
5 antimalarial drug ring
D
3 Doxorubicin PEG-PbAE block co-polymer
= ) : [48]
O chemotherapeutic agent micelles
H AAV2 Poly(PEG-ApIm-PEG-Asp) [49]
P gene therapy and PElgg matrix
Serum albumin PEG-PbAE block co-polymer [50]
model protein micelles
Doxorubicin DPPC-based liposome [51]
chemotherapeutic agent modified with ELP
Heat
PTHrP 107-111  DPPC-based liposome with [52]
hormone peptide MSPC
Daunorubicin Polypyrrole nanoparticles [53]
o chemotherapeutic agent
S Electrical
S ectrica PEO/PETA matrix with
n Ketoprofen .
~ - multi-walled carbon [54]
anti-inflammatory drug
o nanotubes
© Fluorophores
model compounds PLGA capsules [55]
. Doxorubicin
Light chemotherapeutic agent PEG-coated HAUNS [56]
Aspart ethylcellulose matrix [57]
insulin containing HAUNS & NG
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Doxorubicin

chemotherapeutic agent USPIO loaded polymersomes [58]
Magnetic ~Nimesulide Fe304/Cu3(BTC)2 [59]
anti-inflammatory drug  nanocomposites
Camptothecin .
chemotherapeutic agent SAIO@SIO; [60]
Mitoxantrone ionically cross-linked [61]
chemotherapeutic agent  polymers
Ultrasound
Doxorubicin Liposome-loaded [62]

chemotherapeutic agent microbubbles

Acronyms: phenylboronic acid, PBA; small interfering RNA, siRNA; poly(ethylene glycol),

PEG;, poly(e-caprolactone), PCL; matrix metalloproteinase 2, (MMP-2); Pro—-Leu-Gly-Leu-

Ala—Gly, PLG*LAG; parasite cysteine protease dipeptidyl aminopeptidase, DPAP; ferrous iron,

Fe" ; poly(B-amino ester), PbAE; recombinant adeno-associated virus serotype 2, AAV2; 1-(3-

aminopropyl)imidazole, ApIm, pL-aspartic acid, Asp; polyethyleneimine, PElgy;

dipalmitoylphosphatidylcholine, DPPC; elastin-like polypeptide, ELP; parathyroid hormone-

related protein, PTHrP; 1-monostearoyl phosphatidylcholine, MSPC; polyethylene oxide, PEO;

pentaerythritol triacrylate, PETA; poly(lactic-co-glycolic acid), PLGA; hollow gold nanospheres

HAUNS; copolymer nanogel comprised of N-isopropylacrylamide, N-isopropylmethacrylamide,

and acrylamide, NG; ultrasmall superparamagnetic iron oxide nanoparticles, USP1O; benzene-

1,3,5-tricarboxylate, BTC; iron oxide/silica core—shell nanocarries, SAIO@SIO».
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Table 2. Limitations of open-loop drug delivery-on-demand systems

Stimulus Limitations Reference
Electrical Risk of damage to healthy tissue from electric source needed for [39]
deep tissue penetration (attenuation of stimulus)
Heat Risk of superficial tissue damage from external heating source [63]
needed for deep tissue penetration (attenuation of stimulus)
Questionable safety and/or biodegradability of materials [2]
Light
Safety risks and/or low tissue penetration for UV-Vis light [39]
Potential toxicity from iron oxide [64]
Magnetic Requires complex equipment set-up for adequate focusing,
AL ; [39]
intensity and penetration depth
Low drug carrier stability [37]
Ultrasound
Minimal safety risks with low intensity and short exposures [65]

Acronyms: ultraviolet, UV; visible, Vis.
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CHAPTER TWO: VISIBLE LIGHT AND NEAR INFRARED-RESPONSIVE
CHROMOPHORES FOR DRUG DELIVERY-ON-DEMAND APPLICATIONS

2.1 ABSTRACT

The need for temporal-spatial control over the release of biologically active molecules
has motivated efforts to engineer novel drug delivery-on-demand strategies actuated via light
irradiation. Many systems, however, have been limited to in vitro proof-of-concept due to
biocompatibility issues with the photo-responsive moieties or the light wavelength, intensity and
duration. To overcome these limitations, this paper describes a light actuated drug delivery-on-
demand strategy that uses visible and near infrared (NIR) light and biocompatible chromophores:
cardiogreen, methylene blue and riboflavin. All 3 chromophores are capable of significant
photothermal reaction upon exposure to NIR and visible light, and the amount of temperature
change is dependent upon light intensity, wavelength as well as chromophore concentration.
Pulsatile release of bovine serum albumin (BSA) from thermally-responsive hydrogels was
achieved over 4 days. These findings have the potential to translate light actuated drug delivery-
on-demand systems from the bench to clinical applications that require explicit control over the
presentation of biologically active molecules.
2.2 INTRODUCTION

Traditional methods of drug delivery, which load the body with high concentrations of
drug, have problems with drug instability, toxicity and overcoming barriers to the target area
from the circulation system [1]. To overcome these drawbacks, delivery systems were developed
to localize the delivery, enable rapid onset of action, reduce the amount of drug required, and
improve patient compliance. One approach is drug delivery-on-demand systems. These systems

modulate the release of drugs as a function of stimuli intensity [1-4]. Stimuli that have been used
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to control release include: light irradiation, heat, electrical or magnetic fields, mechanical
compression and ultrasound. Light as the stimulus for drug delivery-on-demand systems is
advantageous for a number of reasons: it is non-invasive, convenient, easy to use, and offers high
spatial resolution and temporal control.

Many light actuated systems use ultraviolet (UV) light to act upon photo-responsive
moieties within the polymeric drug delivery vehicles. The photo-responsive moieties use UV
light for either isomerization or chemical reactions that facilitate release [5]. However, the
reliance on UV radiation hinders clinical translation due to low tissue transparency in the UV
region [6]. Additionally, repetitive low-dose (18 J/cm?) exposure to UVA radiation (320-400nm)
caused an increase in inflammatory infiltrates, depleted Langerhans cells and increased lysozyme
deposition in human skin [7]. Furthermore, photo-responsive moieties (e.g. azobenzene) and
some of their degradation products are considered toxic by the U.S. Food and Drug
Administration (FDA) [1, 8]. For these reasons, light actuated drug delivery-on-demand systems
only serve as proof-of-concept models due to the problems with mutagenicity, toxicity and
biocompatibility. Despite these shortcomings, light actuated drug delivery-on-demand systems
offer precise and explicit triggering of release as well as versatility in clinical applications.
Therefore, the development of a light actuated system that improves upon the shortcomings of
UV systems will advance the clinical applications of light actuated drug delivery-on-demand
systems.

Visible and near infrared (NIR) light actuation eliminates the negative side effects that
accompany UV irradiation, such as DNA and tissue damage [6, 9], thereby making them a safe
stimulus for in vivo applications. Furthermore, utilizing non-toxic and biocompatible

chromophores for visible and NIR light eliminates the need for toxic photo-responsive materials.
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In this approach, the radiationless dissipation of a chromophore’s excess energy from an
absorbed photon can serve as a heat source, and this photothermal effect can be used to release
biologically active molecules from a thermally responsive polymeric delivery vehicle.

This study aimed to characterize the photothermal effect of cardiogreen, methylene blue
and riboflavin upon light irradiation, and demonstrate triggered release. Cardiogreen, methylene
blue and riboflavin are non-toxic and biocompatible, unlike azobenzene and o-nitrobenzene used
in UV systems. Cardiogreen has multiple medical diagnostic applications, such as measuring
cardiac output [10]. Methylene blue is used in technologies that sterilize blood products through
photo-inactivation [11, 12], and riboflavin is naturally occurring in the body as a constituent of
the coenzymes flavin mononucleotide and flavin adenine dinucleotide [13]. Additionally, these
chromophores have absorption peaks in the NIR or visible region. Cardiogreen has a NIR
absorbance peak at 780 nm [10], and methylene blue absorbs in the red region with a major peak
at 665 nm [12]. The absorption spectrum of riboflavin shows four distinct absorbance peaks with
one of the peaks in the visible region at 445 nm [14]. Furthermore, the quantum efficiency of
fluorescence for these chromophores is low, which suggests there is a high occurrence of
radiationless transitions — one of which is heat generation — when these molecules are excited
with light. Cardiogreen’s quantum efficiency for fluorescence is 0.027 in water [10]. Methylene
blue has a quantum efficiency of 0.01 in aqueous solutions [15], and the quantum efficiency of
riboflavin is 0.26 at neutral pH in an aqueous solution [14]. By selecting these biocompatible
chromophores, biologically active molecules can be photothermally released on-demand from

thermally responsive delivery vehicles.
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2.3 MATERIALS AND METHODS
2.3.1 Chromophores

Riboflavin was purchased from Acros Organics (CAS number 83-88-5; New Jersey,
USA). Methylene blue was purchased from Thermo Fisher Scientific (CAS number 61-73-4;
Massachusetts, USA). Cardiogreen was purchased from Sigma-Aldrich (CAS number 3599-32-
4; Missouri, USA). Their absorption spectra and chemical structure are shown in Figure 1. All
chromophores were used without further purification.

2.3.2 Chromophore-dependent temperature change

Aqueous solutions of each chromophore were prepared by dissolving the chromophores
in deionized water. The final concentrations were 0.1, 0.05, and 0.01 mg/mL for cardiogreen,
methylene blue and riboflavin. To measure the photothermal effect for each chromophore, 1 mL
solutions of each chromophore were added to disposable cuvettes that were optically transparent
for visible and NIR light (Figure 2A). The final molar concentrations were 12.9, 64.5, and 129
MM for cardiogreen; 31.3, 156, and 313 uM for methylene blue; and 26.6, 133 and 266 uM for
riboflavin.

Wavelength- and power-dependent temperature change measurements were achieved by
irradiating with a POLILIGHT® PL500 multi-wavelength light source (Rofin, Australia). The
central wavelengths and corresponding bandwidths are listed in Supplement Table 1. A Fluke 54
Series Il thermometer (Fluke Corporation, Washington, USA) was used to record rate of
temperature change as well as the final temperature change after irradiation for all experiments.
For power-dependent temperature change, the chromophore solutions at varying concentrations
were irradiated by visible or NIR light at varying power intensities (100, 300, and 500mW) for 5

minutes. The light intensity used for each chromophore’s wavelength-dependent temperature
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change was 600mW and the light intensities for the rate of temperature change were 600mW and
750mW. The experiments were conducted in triplicate and the average values are represented
with the standard error.

2.3.3 Photothermal-triggered release from thermally responsive NiPAAmM

Poly (N-isopropylacrylamide) (NiPAAmM) (CAS number 25189-55-3, Sigma-Aldrich,
Missouri, USA) hydrogels were fabricated using the procedure previously described by Zhang, et
al [16]. Briefly, NiPAAm was dissolved in 50:50 water and acetone solution along with the
crosslinker N, N’-methylenebisacrylamide (MBA) (CAS number 110-26-9, Sigma-Aldrich,
Missouri, USA). This mixture was polymerized with N, N, N, N’-tetramethylethylenediamine
(TEMED) (CAS number 110-18-9, Acros Organics, New Jersey, USA) and 10% (w/v)
ammonium persulfate (APS) (CAS number 7727-54-0, Sigma-Aldrich, Missouri, USA), and then
soaked and stirred in deionized water (dH,O) for at least 24-hours to leach away unreacted
products.

Bovine serum albumin (BSA) (Fisher Scientific, New Jersey, USA) was used as a model
drug (66 kDa) for triggered release. To load BSA, the NiPAAm hydrogels were incubated in a
60°C water bath for 10 minutes to de-swell and then transferred to a 1% (w/v) BSA solution to
soak at 4°C for 24 hours.

Cardiogreen was loaded into the NiPAAm hydrogel via electrophoresis (Figure 2B).
Briefly, two wells were separated by an impermeable divider that included the NiPAAmM
hydrogel. 10 mL of phosphate buffered saline (PBS, Thermo Fisher Scientific, Massachusetts,
USA) solution was added to the well with the positive lead and 10 mL of the cardiogreen
solution was added to the well with the negative lead. For control hydrogels, which contained no

cardiogreen, tap water was used in place of the cardiogreen solution. A MicroJet 111 Controller
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(MicroFab, Technologies, Inc., Texas, USA) was used to supply 140 V for 5 minutes and
electrostatically load cardiogreen into the NiPAAm hydrogel (Supplement Figure 1).

In order to measure the release of BSA from the NiPAAm hydrogels, a modified conical
tube and petri dish setup was designed (Figure 2C). Briefly, the NiPAAm hydrogel was placed at
the mouth of a 15mL conical tube body to ensure the same surface was exposed to the
supernatant for the duration of the experiment. The exposed surface of the NiPAAm hydrogel
was submerged in 10 mL of dH,O in a transparent petri dish. The conical tube body was held up
by a modified petri dish cover and secured by rubber O-rings. The NIR light source was
positioned below the setup. During the experiment, 1 mL samples of the supernatant were
collected from the petri dish at designated time points. Specifically, at times 0, 1 and 60 minutes
on day 1 and every 24 hours thereafter for 2 weeks. To keep the supernatant volume constant at
10 mL, 1 mL of fresh dH,O was added to replace the volume taken at each time point.

For samples exposed to NIR light, the supernatant solution was heated to 27°C — 5°C
below the lower critical solution temperature of NiPAAmM — immediately prior to irradiation.
Starting at the 24 hour time point, the NiPAAm hydrogels were irradiated with NIR light at
750mW or 1.2W for 1-2 minutes. The 1 mL supernatant sample was collected 5 minutes after
light irradiation started. This process was repeated every 24 hours for 4 days.

The amount of BSA released at each time point was determined by using the BCA assay
(Pierce, Thermo Scientific, Illinois, USA). Following the assay manufacturer’s protocol, the
absorbance was read on an Infinite F200 plate reader (Tecan, Mannedorf, Switzerland). The
experiments were conducted in two sets of duplicates for each experimental group and the

average values are represented with the standard error.
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2.4 RESULTS
2.4.1 Concentration- and power-dependent temperature changes

Aqueous solutions of cardiogreen, methylene blue and riboflavin were exposed to 3 power
intensities (100mW, 300mW, and 500mW) of light that corresponded with the absorption peak
of each chromophore. In addition, the effect of chromophore concentration (Omg/mL to
0.1mg/mL) on total temperature change was examined. The data shows that with increasing
chromophore concentration and increasing light intensity there is an increase in the temperature
rise. In all cases, the presence of a chromophore results in a greater temperature change when
compared to water with no added chromophore (Figure 3).

Cardiogreen. The final temperature change of an aqueous solution of cardiogreen at
0.1mg/mL after exposure to 500mW of NIR light was 6.9°C (£0.2°C), whereas a 0.0lmg/mL
solution of cardiogreen at the same power intensity produced a final temperature change of 5.2°C
(x0.1°C). Similar temperature changes were achieved when 0.05mg/mL and 0.1mg/mL solutions
of cardiogreen were irradiated with 300mW (6.2°C (+0.3°C) and 6.3°C (£0.4°C), respectively).
For all the solutions irradiated with 200mW of NIR light the change in temperature measured
was less than 2°C. The greatest temperature change in samples of water with no chromophore
added was 3°C at 300mW and 500mW (Figure 3A).

Methylene Blue. After exposure to 500mW of 650nm light, the final temperature change of
an aqueous solution of methylene blue at 0.1mg/mL was 5.9°C (+0.3°C), and a 0.0lmg/mL
solution of methylene blue at the same power intensity produced a final temperature change of
5.5°C (#0.1°C) (Figure 3B). At each power intensity there is a similar temperature change
achieved between the various concentrations of methylene blue solutions. For instance,

methylene blue solutions irradiated with 300mW had temperature changes ranging between
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3.5°C to 4°C. Additionally, for all the solutions irradiated with 100mW of 650nm light the
change in temperature measured was less than 2°C. This was greater than the temperature change
caused by water with no chromophore added which increased in temperature by less than 1.5°C
even at S00mW.

Riboflavin. The final temperature change of an aqueous solution of riboflavin at 0.1mg/mL
after exposure to 500mW of 450nm light was 7.4°C (+0.1°C), whereas a 0.01mg/mL solution of
riboflavin at the same power intensity produced a final temperature change of 2.1°C (+0.3°C)
(Figure 3C). A similar temperature change was achieved when 0.01mg/mL solutions of
riboflavin were irradiated with 300mW (1.9°C (£0.1°C)). For all the solutions irradiated with
100mW of 450nm light the change in temperature measured was less than 2°C. However, this
was still greater than the temperature change caused by water with no chromophore added which
increased in temperature by less than 1°C even at 500mW.

2.4.2 Wavelength-dependent temperature change

As seen in Figure 1, each chromophore has an absorption peak either in the visible or
NIR light region of the spectrum with cardiogreen’s absorption peak in the NIR region between
780-900 nm, methylene blue’s in between 580-680nm, and riboflavin’s appearing in the blue
region (400-500 nm). The greatest temperature change is observed near the absorption maxima
while wavelengths outside the absorption bands produce smaller temperature changes (Figure 4).

Cardiogreen. The absorption maximum for cardiogreen is 780 nm. Exposure to 600mW
of NIR light demonstrated a concentration dependent temperature change below 0.05mg/mL.:
9.9°C (#£0.4°C) (0.1mg/mL); 9.8°C (£0.2°C) (0.05mg/mL); and 7.7°C (+0.1°C) (0.01lmg/mL).
Outside the absorption band, the higher concentrations have a significant temperature change

over water alone but less than the temperature change in the NIR region. Between 490 nm and
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555 nm the change in temperature ranges from: 3.5°C (0.05mg/mL) to 5.0°C (0.1mg/mL).
Cardiogreen has a second smaller peak between 400 nm and 500 nm. The temperature change in
this region demonstrated concentration dependent temperature changes and ranged from 7.4°C
(#0.1°C) (0.Img/mL; 415nm) to 2.0°C (x0.1°C) (0.01mg/mL; 470nm). This is greater than the
temperature change measured outside the absorption peaks but less than the larger absorption
peak in the NIR region (Figure 4A).

Methylene blue. The absorption maximum for methylene blue is 665 nm. Exposure to
650 nm light (600mW) caused significant temperature changes at all concentrations: 11.4°C
(£0.2°C) (0.1mg/mL); 11.2°C (£0.2°C) (0.05mg/mL); and 9.9°C (£0.2°C) (0.01mg/mL). Outside
the absorption band, methylene blue demonstrates a significant temperature change over blank
water samples, different from riboflavin but similar to cardiogreen. For example, at 415 nm
(600mW) the measured temperature change was 4.6°C (£0.4°C) (0.1 mg/mL). The lowest
concentration shown (0.01 mg/mL), however, follows a similar pattern where the greatest
temperature change corresponds with the absorption max and little temperature change outside
the absorption band (1.8°C (£0.2°C) at 415 nm) (Figure 4B). Since there was little difference in
the measured temperature changes within the absorption band between the three concentrations
of methylene blue, the concentration was lowered to evaluate how low the concentration of
methylene blue could be and still have a meaningful temperature change over water. Two
additional concentrations were measured, 0.005mg/mL and 0.001mg/mL. 0.001mg/mL had a
temperature change of 3.8°C (+0.1°C) at 650 nm (600mW), nearly 2°C more than water under
the same conditions (Figure 4C). At 590 nm (600mW), the difference had decreased to 0.5°C

with methylene blue at 2.6°C (+£0.1°C) and water at 2.1°C (+£0.2°C) (Figure 4C).
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Riboflavin. The absorption maximum for riboflavin is 445 nm. Exposure to 415 nm light
(600mW) demonstrated a concentration dependent temperature change: 9.9°C (£0.1°C) (0.1
mg/mL); 8.1°C (£0.2°C) (0.05mg/mL); and 3.4°C (£0.3°C) (0.01mg/mL). Outside the absorption
band, very little temperature change is measured starting at 530 nm where there is no difference
between the different concentrations: 2.2°C (£0.1°C) (0.1mg/mL); 1.6°C (£0.1°C) (0.05mg/mL);
and 1.7°C (£0.2°C) (0.01mg/mL) (Figure 4D).

2.4.3 Chromophore lifetime

To study each chromophore’s lifetime for heat generation, cardiogreen, methylene blue
and riboflavin underwent 5 minute exposures every 24 hours for 7 days to 600mW of NIR or
visible light, corresponding with each chromophore’s absorption max. The data shows that
cardiogreen and methylene blue had no loss in their photothermal abilities between time points
and showed a prolonged lifetime for heat generation while riboflavin had a steady decrease in
heat generation over the 7 days. The temperature change of 1 mL aqueous solutions loaded with
0.1mg/mL of cardiogreen ranged between 9.9°C and 12.6°C (Figure 5A), and the methylene blue
solutions had temperature changes that ranged between 7.1°C and 8.3°C (Figure 5B). The
riboflavin solutions had a 7°C (£0.2°C) change in temperature at day 1 that decreased to 2.5°C
(x0.1°C) by day 7. Decreasing the power of light to 500mW helped to prolong the lifetime for
heat generation; however, at day 5 the temperature change caused by irradiating riboflavin with
blue light dropped to 5.5°C (£0.1°C) and was down to 3.6°C (+0.1°C) at day 7 (Figure 5C).
2.4.4 Rate of chromophore-dependent temperature change

Figure 6 shows the rate of heat generation by cardiogreen, methylene blue and riboflavin
(0.2mg/mL) upon irradiation with NIR or visible light. The temperature change of cardiogreen

after 1 minute of NIR light exposure was 2.5°C (+0.2°C) and 4.4°C (+£0.3°C) after 2 minutes of
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exposure at 600mW with an average temperature change rate of 2.2°C/min. For methylene blue,
after 1 minute of exposure to 650 nm light, the temperature change was 2.7°C (£0.1°C) and 4.4°C
(£0.1°C) after 2 minutes of exposure at 600mW with an average temperature change rate of
2.2°C/min. Riboflavin generated 3.3°C (+0.1°C) of heat at 1 minute and 5.6°C (£0.1°C) after 2
minutes of exposure to 450 nm light at 600mW with an average temperature change rate of
2.8°C/min (Figure 6A).

The advantage of NIR light over visible light is the limited light attenuation in tissues.
However, water also absorbs NIR light more strongly. For in vivo applications, rapid temperature
change over water is necessary for chromophore-dependent heat generation. The temperature
change of cardiogreen after 1 minute of NIR light exposure at 750mW was 5.4°C (£0.1°C) and
9.4°C (£0.1°C) after 2 minutes of exposure with an average temperature change rate of
4.7°C/min. For methylene blue, after 1 minute of exposure to NIR light, the temperature change
was 3.7°C (£0.1°C) and 6.0°C (£0.1°C) after 2 minutes of exposure at 750mW with an average
temperature change rate of 3.0°C/min. Riboflavin generated 3.2°C (+0.1°C) of heat at 1 minute
and 5.0°C (0.1°C) after 2 minutes of exposure to NIR light at 750mW with an average
temperature change rate of 2.5°C/min, however this heat generation was due to water absorbing
the NIR light (Figure 6B).

2.4.5 Photothermal-triggered release from thermally responsive NiPAAmM

NiPAAmM is a well-known temperature-sensitive hydrogel and exhibits a lower critical
solution temperature (LCST) around 32°C. As the temperature increases it becomes hydrophobic
and expels water molecules, including the payload molecules, as it goes from a hydrogel to a
globular structure. NiPAAmM hydrogels were loaded with BSA and the release profile over four

days was determined.
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Figure 7A compares the release profiles of BSA due to diffusion and light actuation. All
samples show an initial burst release within the first 24 hours — 43ug (x2pg) from the diffusion
samples, 41ug (£5ug) from NIR light samples without cardiogreen, and 53ug (x4ug) from NIR
light samples with cardiogreen. The first light exposure (1 minute at 750mW) triggered the
release of 49ug of BSA from the hydrogels loaded with cardiogreen compared to 27ug from the
NiPAAmM hydrogels alone. The second, third and fourth exposure triggered the release of 50ug,
42ug and 47ug of BSA from the hydrogels loaded with cardiogreen and 32ug, 37ug and 44ug
from the hydrogels alone, respectively. In total, 319ug (£9ug) of BSA was released after 4 days
by the photothermal effect of cardiogreen acting upon the NiPAAm hydrogel compared to 223ug
(£5p0) and 121pg (x7ug) of BSA from NIR light irradiation without cardiogreen and diffusion
only, respectively.

The effect that increasing the light power from 750mW to 1200mW has on the release of
BSA from NiPAAmM hydrogels is seen in Figure 7B. Similar burst release within the first 24
hours due to diffusion is seen (46pg (£211g)). The first light exposure triggered the release of
55ug (x8ug). The second, third and fourth exposure triggered the release of 40ug (x2ug), 41ug
(x4pg) and 49ug (£69), respectively. In total, 274ug (x27g) of BSA was released from
NiPAAmM hydrogels loaded with cardiogreen and irradiated with 1200mW of NIR light for 1
minute.

The effect that increasing the exposure time to 750mW of NIR light from 1 minute to 2
minutes has on the release of BSA from NiPAAm hydrogels is seen in Figure 7C. Again, there is
an initial burst release within the first 24 hours due to diffusion (69ug (£12pg)). The first light
exposure triggered the release of 69ug (£8ug) of BSA. The second, third and fourth exposure

triggered the release of 56ug (x4ug), 36ug (£4ug) and 36g (x21g), respectively. In total,
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2889 (x24ug) of BSA was released from NiPAAmM hydrogels loaded with cardiogreen and
irradiated with 750mW of NIR light for 2 minutes.

To determine the percent of BSA released from the NiPAAmM hydrogels, the mass
released at each timepoint, My, was divided by the mass released at time infinity, M.,, which was
set at day 14 (Figure 7D). After 4 days of 4x1 minute NIR light exposures at 750mW, 80% of the
BSA had been released from the NiPAAm hydrogel. 13% of the loaded BSA is released from the
initial burst release. The first light exposure triggers the release of 12% of the BSA, and the
second, third and fourth exposures trigger 12%, 11% and 12% of the BSA to release,
respectively.

2.5 DISCUSSION

The choice of cardiogreen, methylene blue and riboflavin as chromophores for drug
delivery-on-demand applications via NIR and visible light actuation highlights the novelty of this
study. The current biomedical application for riboflavin is to act as a type Il photo-initiator for
hydrogel polymerization reactions which uses riboflavin’s absorption in the visible region as a
safe alternative to using harmful UV irradiation [17, 18]. Methylene blue is actively researched
for photo-inactivation technologies in European countries. Viruses, including Hepatitis B,
Hepatitis C, HIV, B19 virus and West Nile virus, have been inactivated in fresh blood plasma
with 1uM methylene blue and visible light exposure [11, 12, 19]. Finally, cardiogreen is the only
FDA approved NIR dye for medical diagnosis [20]. Specifically, cardiogreen is clinically used to
evaluate blood flow and liver function (i.e. clearance) [21, 22] although there is growing interest
in using cardiogreen for tumor ablation [23]. Advancing the biomedical application of these
chromophores, this study 1) characterized and identified the optimal photothermal response of

these materials for drug delivery-on-demand applications; and 2) in the case of cardiogreen,
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demonstrated triggered release of BSA from the thermally responsive delivery vehicle,
NiPAAmM. Specifically, this study achieved 5°C temperature change rapidly (<2 minutes).
Necessary since 5°C above physiological temperature (37°C) is the threshold for tissue damage
from hyperthermia and prolonged light irradiation can lead to high temperatures that cause tissue
ablation within seconds as well as raise the temperature of surrounding tissue via thermal
conduction [24, 25]. Additionally, the rapid photothermal response of the chromophores,
specifically cardiogreen, is necessary to outpace the heating due to absorption of NIR light by
water which has a low absorption coefficient, but non-negligible, between 700-900nm [26, 27].
The key properties and photothermal results for the chromophores are summarized in Table 1.
These conditions were used to uniformly trigger the release of BSA over 4 days from a rapidly
responding NiPAAm hydrogel — prepared using a mixed solvent for the polymerization reaction
that produced an expanded hydrogel structure that exhibits a rapid, thermodynamically driven
phase transition [16].

The dose-dependent and power-dependent temperature change for each chromophore
allows for these variables to be customized to applications requiring various changes in
temperature. The results show that these temperature changes can be achieved by changing the
concentration of chromophore as well as the power of light used. These have important
considerations for the efficacy of the reported delivery-on-demand approach. For instance,
according the inverse-square law, light intensity is proportional to the inverse square of the
distance from the light source [28]. Additionally, light attenuation in biological tissues due to
absorption by chromophores like hemoglobin and scattering by collagen fibers [9] limits the

intensity of light in deeper tissues (Supplement Figure 2). As such, the operating parameters and
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the precision necessary for future clinical applications will be dependent on the light power
required to overcome the threshold for triggered release.

The in vivo effects of different wavelengths of light at specific power intensities will also
impact future operating parameters. For instance, all three chromophores induce a significant
change in temperature over water in the blue (400-500nm) region of light (riboflavin and
cardiogreen have absorption peaks in this region and methylene blue demonstrates a blue shift in
absorption due to dimerization at high concentrations [29]). This wavelength is strongly
absorbed by hemoglobin and penetration depth into the body is limited to a few microns so
clinical applications are limited to surfaces. However, visible light has been to shown to have a
dose-dependent increase in reactive oxygen species generation in the range of solar irradiance
[30] and the light intensities used for this study are greater than ambient light. Therefore, light
power, time of exposure and wavelength are all variables that need to be considered when using
light actuated drug delivery-on-demand systems.

The lifetime for the photothermal response of the chromophores studied varied and is
dependent upon the photostability of each chromophore. This is because absorbed light causes
electron excitation that can result in radical formation in the excited singlet and triplet states.
Radicals are highly reactive species that can disrupt the conjugated double bonds responsible for
the absorption of NIR or visible light. The prolonged photothermal response of cardiogreen seen
in this study is due to the low quantum yield for triplet formation, which previous studies looking
at the photostability of cardiogreen report in water and human plasma is 2.2 x 10”° and 0.026,
respectively [31]. Additionally, cardiogreen forms J-aggregates at higher concentrations (similar
to the concentration used in this study) which protect it from conformational changes that lead to

radical formation and subsequent degradation that occurs at lower concentrations [31, 32].
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Similarly, methylene blue forms dimers at higher concentrations that help stabilize the
molecules, which has a high quantum yield for triplet formation at low concentrations (0.52)
[33]. Riboflavin also has a high quantum yield for triplet formation (0.6) [34]. Unlike
cardiogreen and methylene blue, however, riboflavin undergoes photobleaching and is no longer
sensitive to light. The main products from the photolysis of riboflavin are lumichrome and
lumiflavin and are obtained by the oxidation of the ribityl side-chain [35]. Previous work has
used citrate buffer to stabilize riboflavin against photolysis [36] and may have utility in drug
delivery-on-demand applications by stabilizing the photothermal response of chromophores for
long-term use, including cardiogreen and methylene blue, which may be less stable at lower
concentrations.

Because these molecules have the potential to produce reactive oxygen species such as
singlet oxygen or free radicals upon light irradiation, they can be toxic to cells and lead to
irreversible damage [37]. For instance, previous studies looking at the reactive oxygen species
generation of cardiogreen found that when irradiated with 2W/cm? 808 nm laser for 5 minutes,
the amount of reactive oxygen species was higher than the positive control of H,O, and 3.4
times higher than the negative control [37]. Additionally, it was seen that increased riboflavin
concentration and visible light exposure resulted in decreased cell viability [38]. This is from the
generation of hydrogen peroxide —a common product of free radical generation in aqueous
solutions [39]. To combat this deleterious outcome, the human eye has been used as inspiration,
where excess vitamin C (ascorbic acid) is present to act as a free radical scavenger [40]. The
effect of adding 2.5mM of ascorbic acid to the system was studied, and was shown not to
influence the photothermal response of the chromophore (Supplement Figure 3). It is worth

noting that for certain clinical indications it may be advantageous to allow free radical (and
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subsequent H,0>) generation to occur (known as Photodynamic Therapy (PDT) and sometimes
used to treat oncological, cardiovascular, and ophthalmic diseases [41]) and couple it with drug
delivery-on-demand.

Cardiogreen irradiated with NIR light was selected for the triggered release because: 1)
cardiogreen’s safety - low quantum yield for triplet formation and subsequent free radical
production; 2) cardiogreen’s rapid photothermal response upon irradiation; 3) NIR light’s greater
penetration depth in tissues than visible light; and 4) cardiogreen’s absorption peak in the NIR
region. Uniform spikes in BSA release with 1 minute of 750mW NIR light exposure every 24
hours for 4 days were achieved. While the lifetime for the photothermal response of cardiogreen
is >7 days, only 4 days’ worth of triggered release was achieved. Cardiogreen, as well as
methylene blue and riboflavin, are small molecules that can diffuse from the hydrogel and
decrease the concentration of chromophore over time — eventually dropping below the lower
limit required for heat generation within the delivery vehicle. The incorporation of chromophore
reservoirs (micro-particles loaded with chromophore) could alleviate this limitation by delaying
the diffusion of chromophore away from the scaffold and maintaining the threshold
concentration for a therapeutically relevant timeline. Alternatively, these chromophores could
also be chemically conjugated to the scaffold to prevent chromophore elution [41, 42].

The triggered release profiles showed no significant difference when there were changes in
the amount of light exposure time as well as the light intensity. It is possible that there is no
difference for the times studied. As the surface of the NiPAAm delivery vehicle is heated by the
photothermal response of cardiogreen irradiated with NIR light, the network collapses and expels
water and protein, but the collapsed network also stops the release of BSA from deeper inside the

hydrogel network [43]. It is worth noting that the NiPAAm hydrogels fabricated for this study do
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not form a dense skin layer that hinders the permeation of both water and BSA (thereby turning
‘off” release upon light irradiation) but rather were prepared using a mixed solvent to prevent
skin formation [16] and produce a rapidly and uniformly deswelling hydrogel for release via
squeezing [44]. Increased power results in faster heating but after 1 minute both power
intensities have raised the temperature above the LCST of NiPAAm and the heated region has
transitioned from a hydrogel to a collapsed gel. Similarly, both hydrogels have been heated
above the LCST of NiPAAm when the irradiation time is increased from 1 minute to 2 minutes.
In both cases, there is more heat generated with greater light intensity and longer light exposure.
In these cases where more heat is generated, more heat is transferred further into the gel. As a
result, a larger zone of the gel collapses and releases the water and BSA occupying the space.
This is supported by the greater amount of BSA release seen at the first light exposure in the
samples irradiated with 1200mW and both the first and second light exposures in the samples
irradiated for 2 minutes.

The delivery-on-demand results are compared with other NIR actuated systems in Table 2.
Perhaps the most widely researched material for applications actuated by NIR light is gold
nanoparticles; however, gold nanoparticles are limited by issues with toxicity both in vitro and in
vivo. When delivered intravenously, gold nanoparticle accumulation has been seen in liver, lung,
and spleen tissue and in heart, kidney and brain tissue to a small degree [45]. A study in BALB/c
mice showed that 13nm-sized gold nanoparticles induced inflammation and apoptosis in liver
tissue after 7 days [46]. Recently, a NIR actuated delivery system was designed where water was
confined within poly (lactic-co-glycolic acid) (PLGA) particles and released fluorescein as the
water was heated above the polymer’s glass transition temperature [47]. A key strength of the

system is the biocompatibility since PLGA is already used in FDA-approved implantable
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devices; however, the system is slow to respond as it takes 5 minutes of light exposure to trigger
release and all light cycles occurred within 90 minutes. In contrast, the reported system released
BSA from NiPAAmM within 1 minute of light exposure for 4 cycles over 4 days. Despite studies
demonstrating NiPAAmM’s biocompatibility [48-50], there are concerns regarding the in vivo
safety of NiPAAmM due to the toxicity of the monomer [51, 52]. However, adaptation of the
reported strategy for delivery-on-demand to novel biocompatible thermally responsive delivery
vehicles, such as thermally responsive hydrogels based on polypeptides, may be used to
overcome concerns regarding the biocompatibility and cytotoxicity of the reported delivery
vehicle. One example is the block co-polymer (ethylene glycol)—(DL-alanine)—(L-alanine) whose
hydrophilic-hydrophobic balance and block sequence with a flexibility gradient creates a thermo-
sensitive polymer that is a hydrogel at 37°C and a squeezed gel above 40°C [53], and in addition
to being biocompatible, is also biodegradable via enzymatic degradation. [54] Ultimately, further
research into the design and fabrication of novel biocompatible thermally responsive delivery
vehicles will aid in the advancement of the light actuated drug delivery-on-demand approach
described here.
2.6 CONCLUSION

In this proof-of-concept study, a new strategy for triggered release via near infrared light
(NIR) actuation for future biomedical applications is described. The data demonstrates the
feasibility of and parameters for using irradiated riboflavin and methylene blue as actuators for
the controlled delivery of biologically active molecules and demonstrates triggered release of
protein from a thermally responsive delivery vehicle loaded with cardiogreen and irradiated with
NIR light. Specifically, it was shown that each of these chromophores is capable of significantly

increasing the temperature of aqueous solutions upon exposure to visible or NIR light. The
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amount of temperature change is dependent upon light intensity, wavelength, as well as
chromophore concentration. Finally, the rapid release of BSA upon NIR light exposure from
NiPAAmM was achieved over 4 cycles with 24 hours between light exposures. The amount of
BSA released showed little dependence on the amount of light exposure time and light intensity
for the conditions studied. Ultimately, this drug delivery strategy has potential for clinical

applications that require explicit control over the presentation of biologically active molecules.
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2.7 FIGURES
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Figure 1. The absorbance spectra and chemical structures of (A) cardiogreen (13uM), (B)

methylene blue (16pM), and (C) riboflavin (26pM) in water.
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Figure 2. lllustrations of the experimental setup for (A) irradiating aqueous solutions of each
chromophore with visible and NIR light; (B) loading cardiogreen into NiPAAm hydrogels via

electrophoresis; and (C) measuring the light actuated of release of BSA from NiPAAmM

hydrogels.
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Figure 3. The measured temperature change of 1 mL aqueous solutions loaded with 0, 0.01,
0.05, and 0.1mg/mL of (A) cardiogreen, (B) methylene blue and (C) riboflavin after 5 minutes of
light exposure (cardiogreen: 900 nm; methylene blue: 650 nm; and riboflavin: 450 nm) at 100,
300 and 500mW (n=3). For each chromophore studied, increasing the concentration of

chromophore, the power of the light source, or both increased the measured temperature changes.
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Figure 4. The measured temperature change of 1 mL aqueous solutions loaded with varying

concentrations of (A) cardiogreen, (B—C) methylene blue, and (D) riboflavin after 5 minutes of

exposure to varying wavelengths of visible and NIR light at 600mW (n=3). Chromophores show

a wavelength dependent change in temperature with the greatest temperature change falling

within the chromophore’s absorption band.
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Figure 5. The measured temperature change of 1 mL aqueous solutions loaded with 0.1mg/mL
of (A) cardiogreen, (B) methylene blue and (C) riboflavin after 5 minutes of light exposure every
day for 7 days (cardiogreen: 900nm; methylene blue: 650nm; and riboflavin: 450nm) at 600mwW
(n=3). No loss in photothermal response from cardiogreen and methylene blue while the
photothermal response steadily decreases for riboflavin after the first exposure. Decreasing the

light power to 500mW prolongs the photothermal response but begins to decrease after the third

exposure at day 3.
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Figure 7. The cumulative release (ug, A-C) and percent release (D) of BSA (66kDa) from
NiPAAmM hydrogels (diameter = 9mm, thickness = 4mm) via the photothermal response of
cardiogreen irradiated with NIR light. Cardiogreen is loaded into NiPAAm hydrogel via
electrophoresis (see Supplement Figure 1 for amount of cardiogreen loaded), and NIR light
irradiation occurred every 24 hours starting at t=24hr. (A) Comparing the triggered release
versus diffusion of BSA from NiPAAm hydrogels (n=4). ‘Cardiogreen + NIR’ and ‘NIR’
samples were irradiated with 750mW NIR light for 1 minute. (B) Comparing the BSA release
from cardiogreen-loaded NiPAAm hydrogels irradiated with 750mW and 1200mW NIR light for
1 minute (n=4). (C) Comparing the BSA release from cardiogreen-loaded NiPAAm hydrogels

irradiated with 750mW NIR light for 1 and 2 minutes (n=4). (D) The percent release of BSA
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from cardiogreen-loaded NiPAAm hydrogels irradiated with 750mW NIR light for 1 minute. M;

is cumulative release at time, t, and M., is cumulative release after 14 days (n=4).
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Supplement Figure 1. The amount of cardiogreen (ug) loaded into NiPAAm hydrogels via

electrophoresis with 1, 5 and 10 minutes run time (n=3). The 5 minute run time was used to load

the NiPAAmM hydrogels for the experiments in this study.
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Supplement Figure 2. (A) Light intensity is proportional to the inverse square of the distance

from the light source. (B) Light attenuation of NIR light in biological tissues increases with

tissue thickness due to absorption by water in tissue and scattering by collagen fibers (n=3).
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Supplement Figure 3. (A) Various concentrations (27, 133 and 266uM) of riboflavin were
irradiated with 700mW of 450nm light for 2, 5 and 10 minutes and the concentration of
hydrogen peroxide generated by each solution was determined using hydrogen peroxide assay kit
(National Diagnostics, Georgia, USA) (n=6). (B) Effect of 2.5mM ascorbic acid on hydrogen
peroxide generation by riboflavin (0.01 mg/mL) irradiated with visible light (600mW, 450nm)
for 5 minutes (n=6). The addition of ascorbic acid to the solution results in a decrease in
hydrogen peroxide generation. (C) The measured temperature change of 1mL aqueous solutions
of riboflavin after 4 minutes of 450nm light (500mW) exposure with and without 2.5mM

ascorbic acid (n=6). Addition of ascorbic acid slightly weakened the photothermal response.
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2.8 TABLES

Table 1. Summary of chromophore properties and photothermal response

Chromophore Riboflavin  Methylene Blue Cardiogreen
Molecular weight 376.36 g/mol  319.85 g/mol 774.96 g/mol
Aabs Max. | 445 nm | 665 nm | 775nm I
Quantum efficiency for fluorescence | 0.25 | 0.04 | 0.19 '
Solubility in H,0 84.7mg/L  4.36x10°mg/L  1x10°mg/L
Max. AT after 2 min. exposure at 600mW; 5.6°C 4.3°C 5.5°C

C =0.1 mg/mL; (0 (450 nm) (650 nm) (780 nm)
AT of H,O after 2 min. exposure at 600mw 1.2°C 1.9°C 3.2°C

) (450 nm) (650 nm) (780 nm)
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Table 2. Summary of select near infrared light actuated delivery-on-demand systems

Wavelength  Power Time Chromophore  Outcome Ref.
808 nm ZE(?\aleLsGrlgl 0.25 mg/kg DOX released 24 hr
(C.:W 2.56W/cm*> 10 min  nanoparticles post-injection by NIR. [55]
diode (120 nm irradiation. DOX persisted for
laser) diameter) 72 hr in tumor
808 nm . .
All DOX released with 10 min
chi:c}/c;/e 600mwW rsﬁiﬁo g%li ri%nr(])rrr(]))ds exposure. Very little at 5 min. [56]
laser) despite AT = 40°C within 1 min.
1064nm Gold nanorods Rapid release of rhodamine-
(Nd:YV 750mwW 30 sec (65 x 11 nm) labeled dextran from NiPAAmM [57]
0,4 laser) hydrogels (d = 140 um)
60% of camptothecin released
980 nm , - Hallow CuS =g 3y 20 min (4.5% to 18.8%
(NIR 0.7Wlicm 20 min  nanoparticles b NIR ligh [58]
laser) (0.1 mg/mL) ursts) ight exposures
' over 80 hrs.
siRNA for GFP photocaged by
280 nm NIR-to-UV ﬁi?rfa:gf(t)h?\gfr;e significantl
(CWNIR 28W/cm®  12min upconversion decreace dpGFP quoregcence Y 59]
laser) nanoparticles . .
intensity 32 hr. post-exposure to
NIR
980 nm 70% release of fluorescein after
(CW 5x 5 min NIR light exposures
diode 1w 5min  water from PLGA delivery vehicle [47]
(size =0.5 um; T, =42°C) over
laser) . 9
90 min.
Minimal release of DOX for 2
658 nm days when soaked in 10%
(laser) 300mwW 4 min (HPPH)-lipids ~ serum; 100 % release of DOX [60]
after 4 min of exposure to NIR
light.
?r?gnr_]m 80% of BSA released from NiPAAmM
coherent 750mwW 1 min cardiogreen after 4x 1 min (11-12% bursts) NIR
light) light exposures over 96 hrs (4 days).
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Acronyms: continuous wave, CW; polyethylene glycol, PEG; poly (lactic-co-glycolic acid),
PLGA; doxorubicin, DOX; near infrared, NIR; poly (N-isopropylacrylamide), NiPAAm;
ultraviolet, UV; small interfering ribonucleic acid, siRNA; green fluorescent protein, GFP;

devinyl hexyloxyethy-pyropheophorbide, HPPH; bovine serum albumin, BSA.
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Supplement Table 1. POLILIGHT® PL500 Specifications

Wavelength (nm) Bandwidth (nm)
415 40
450 100
470 40
490 40
505 40
530 40
555 27
590 40
620 40
650 40
900 (NIR) 400
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CHAPTER THREE: LIGHT ACTUATED RELEASE FROM A MODULAR DRUG
DELIVERY-ON-DEMAND SYSTEM

3.1 ABSTRACT

The advantages of light actuated drug delivery-on-demand systems include being able to
control the timing, dosage, and location of drug release. Additionally, release can be repeatedly
achieved in a noninvasive manner. Previously, a new light actuated drug delivery-on-demand
strategy that used safe wavelengths of light and biocompatible chromophores to trigger release
from a responsive delivery vehicle was reported. However, the system had a short useful timeline
as both drug and chromophore were quickly eliminated from the matrix-type system. The goal of
this study was to address these shortcomings by designing a modular, reservoir-type drug
delivery-on-demand system that could trigger the release of biologically active molecules over
an extended period of time via light actuation. Using a design that combined a drug reservoir and
thermally-responsive valve spiked with chromophore-loaded liposomes, increased release rates
of the model small molecule drug were achieved over 7 days upon light irradiation. However,
release due to diffusion is a dominate release mechanism and novel materials and system designs
that eliminate the release due to diffusion in the “off’ state will enhance light actuated drug
delivery-on-demand systems efficacy.
3.2 INTRODUCTION

Increasing interest in drug delivery-on-demand systems is driven by the desire to improve
drug efficacy by exacting control over the timing, duration, dosage and location of drug release.
For instance, the delivery of human parathyroid hormone fragment (1-34) [nPTH(1-34)], which
has been FDA approved since 2002 to treat osteoporosis, is one case where it is better to have

intermittent exposure to the drug rather than continuous exposure. It was demonstrated in the
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mid-1990’s that sustained exposure to hPTH(1-34) promoted osteoclast activity whereas
intermittent injections promoted osteoblast activity [1, 2]. As such, patients being treated with
hPTH(1-34) require daily injections. In 2012, clinical trials began for an implantable, wirelessly
controlled drug delivery device that would deliver hPTH(1-34) in a pulsatile manner in lieu of
daily injections for osteoporosis treatment. In another example, researchers designed magneto-
electric nanoparticles that would release an anti-human immunodeficiency virus (anti-HIV) drug
to brain tissue when a low alternating current magnetic field is applied [3]. The blood-brain
barrier (BBB) acts to protect the sensitive neuronal extracellular environment by regulating the
influx of molecules from the peripheral circulatory system [4]. Unfortunately, it can also hinder
the delivery of beneficial therapeutic molecules and is a challenge for drug delivery systems that
wish to target the brain. In the treatment of HIV, this means that there are tissues where the virus
can persist. To overcome this challenge, a delivery-on-demand strategy was utilized through the
application of an alternating low: 1) magnetic field to deliver the particles across the BBB [5]
and 2) electric field to quickly release the drug from the nanoparticle [3].

Despite the advantages of the delivery-on-demand approach, there are significant
limitations to current systems. Recall the delivery-on-demand device for hPTH(1-34). The
device is made of non-biodegradable materials (i.e. silicone and titanium) and requires removal
after the drug reservoirs are depleted. Currently, the device is implanted subcutaneously in the
abdomen and is capable of delivering 40 ug daily doses for 3 weeks [2]. This means multiple
replacement procedures over the approved 2-year treatment period for hPTH(1-34) would be
required [6]. Additionally, the limitations of other delivery-on-demand systems, which have used
various external stimuli to trigger release (i.e. irradiation, heat, electrical and magnetic fields,

mechanical compression and ultrasound), have included problems with the delivery vehicle’s
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toxicity, stability, safety risks associated with the stimulus as well as requiring complex
equipment setups [7-9]. Light has been an attractive choice for the external stimulus due to its
non-invasive nature, high spatial resolution and temporal control, convenience and ease of use.
However, light actuated systems in particular have been limited to in vitro applications due to
problems with toxicity of the photo-responsive materials at therapeutically relevant
concentrations [10]. As such, improvements are needed for light actuated drug delivery-on-
demand systems to reach the clinic.

Chapter 2 described a new light actuated drug delivery-on-demand strategy that uses
visible and near infrared (NIR) light and biocompatible chromophores — cardiogreen, methylene
blue and riboflavin — to trigger release from a thermally responsive delivery vehicle via the
photothermal effect. There are several advantage of this strategy, including the safety of visible
and NIR light as external stimuli for remote actuation, the therapeutic application of NIR in
deeper tissues due to limited light attenuation, and the selection of biomaterials that have a long
history of use in FDA approved products. However, there are shortcomings to the reported
delivery-on-demand system. First, the thermally responsive delivery vehicle acted as both a drug
reservoir and a valve for drug release. This limits its application to candidate drugs that can
either withstand the delivery vehicle’s fabrication conditions or be readily loaded at high
efficiency post fabrication. Additionally, while pulsatile release of the model drug upon NIR
exposure from the delivery vehicle was achieved over multiple cycles, it was limited to 4 cycles
due to the loss of the photothermal effect caused by chromophore diffusion from the delivery
vehicle into the surrounding medium. Therefore, the goal of this study was to address these
shortcomings by designing a modular drug delivery-on-demand system that can control the

release of biologically active molecules over an extended period of time.
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Modular systems offer several advantages, including flexibility in design, increased
versatility in applications and less customization. For instance, there are challenges unique to
delivering both biologics and small molecule drugs, including issues with solubility,
encapsulation, biological half-life and biodistribution [11, 12]. Rather than having to design an
entirely new drug delivery-on-demand system for each new drug, a modular delivery-on-demand
system only requires changes to independent modules that fit into an overall system. This chapter
reports on a reservoir-based design for the modular light actuated drug delivery-on-demand
system. The influence of both reservoir material and hydrogel valve mesh size on the release of
model small molecule drugs is characterized. Additionally, liposomes have been included to act
as chromophore depots that delay chromophore diffusion from the delivery system, thereby
prolonging the lifetime for both the photothermal effect and light actuated release. The proof-of-
concept for this strategy is poly (ethylene glycol) reservoirs loaded with riboflavin as a model
small molecule drug. Thermally responsive poly (N-isopropylacrylamide) hydrogels act as
valves and are spiked with methylene blue-loaded liposomes to act as a heat source via the
photothermal effect upon light irradiation.

3.3 MATERIALS AND METHODS
3.3.1 Chromophores and model small molecule drugs

Cardiogreen (CAS number 3599-32-4) and fluorescein (CAS number 518-47-8) were
purchased from Sigma-Aldrich (Missouri, USA). Methylene blue was purchased from Thermo
Fisher Scientific (CAS number 61-73-4; Massachusetts, USA). Riboflavin was purchased from
Acros Organics (CAS number 83-88-5; New Jersey, USA). All materials were used without
further purification.

3.3.2 Thermally responsive NiPAAm hydrogel synthesis and mass swelling ratio
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Poly (N-isopropylacrylamide) (NiPAAmM) (CAS number 25189-55-3, Sigma-Aldrich,
Missouri, USA) hydrogels were fabricated using the procedure previously described by Zhang, et
al [13]. Briefly, NiPAAm was dissolved in 50:50 water and acetone solution along with the
crosslinker N, N’-methylenebisacrylamide (MBA) (CAS number 110-26-9, Sigma-Aldrich,
Missouri, USA). This mixture was polymerized with N, N, N, N’-tetramethylethylenediamine
(TEMED) (CAS number 110-18-9, Acros Organics, New Jersey, USA) and 10% (w/v)
ammonium persulfate (APS) (CAS number 7727-54-0, Sigma-Aldrich, Missouri, USA), and then
soaked and stirred in deionized water (dH,O) for at least 24-hours to leach away unreacted
products. To incorporate chromophore-loaded liposomes (see Section 3.3.4) into the NiPAAmM
hydrogels, liposomes suspended in Tris-buffered saline (TBS, pH 8.8) were used in lieu of dH,0
alone.

To determine the swelling ratio of the NiPAAm hydrogels, the hydrogels were soaked in
dH,O at room temperature for at least 24 hours. Excess water was removed from the swelled
hydrogel surface with a moist Kim-wipe and then weighed (Ws). The hydrogels were frozen to -
80°C for 12 hours and lyophilized overnight. At the conclusion of lyophilization, the dry weight

was determined (Wq). The mass swelling ratio (Qm) was calculated as follows:

_
O =3y

1)
3.3.3 Polymeric reservoir synthesis and drug loading

Reservoirs made of gelatin from bovine skin, type B (CAS number 9000-70-8, Sigma-
Aldrich, Missouri, USA) were prepared by dissolving the gelatin powder in dH,0O at 60°C with

continuous stirring until it was a homogenous solution. The gelatin solution was poured into

cylindrical molds and transferred to a refrigerator to cool for at least 30 minutes. To load the
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model small molecule drugs, aqueous solutions of model drug were prepared using dH,O and
subsequently used to dissolve the gelatin powder in lieu of dH,O alone.

Poly (ethylene glycol) diacrylate (PEGDA) (MW 700, CAS number 26570-48-9, Sigma-
Aldrich, Missouri, USA) reservoirs were prepared by diluting stock PEGDA solution with dH,0
and bubbling the solution with nitrogen for 10 minutes to remove excess oxygen. Free radical
polymerization was initiated with the addition of TEMED and 10% (w/v) APS. To load the
model small molecule drugs, aqueous solutions of model drug were prepared using dH,O and
subsequently used to dilute the stock PEGDA solution in lieu of dH,O alone.

3.3.4 Chromophore-loaded liposome synthesis

A method previously described by Cui, et al [14] was tailored to prepare chromophore-
loaded palmitic acid/cholesterol liposomes. Briefly, 3/7 molar ratio mixtures of palmitic acid
(CAS number 57-10-3, Sigma-Aldrich, Missouri, USA) and cholesterol (CAS number 57-88-5,
Sigma-Aldrich, Missouri, USA) were dissolved in 90/10 (v/v) benzene/methanol and frozen in
liquid nitrogen and lyophilized for 16 hours to completely remove the organic solvent. The
freeze-dried samples were hydrated with aqueous chromophore solutions prepared with TBS (pH
8.8) and underwent five cycles of vortex-freeze-and-thaw (liquid nitrogen to 70°C water bath).
Finally, the solution underwent sonication using an ultrasonic homogenizer for 20 minutes total
run time (20% amplitude, pulse on 20 seconds, and pulse off 5 seconds). Particle size distribution
was determined by dynamic light scattering (173° back scattering) using a Zetasizer Nano-ZS
ZEN3600 (Malvern Instruments, UK).

3.3.5 Measuring drug release
To measure the release of model drugs from the modular delivery system, modified

conical tube setups were used (Figure 1). Briefly, the NIPAAm matrix was first placed at the
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mouth of a 15mL conical tube body followed by the reservoir matrix. The stack was gently
positioned to be flush with the mouth of the 15mL conical tube body and the cap was screwed
into place (Figure 1A). The bottom of the conical tube had been removed to add and remove
supernatant. At designated time points, supernatant samples (1 mL) were collected and 1 mL of
fresh PBS was added to keep the supernatant volume constant during the course of the
experiment.

For samples exposed to light, the reservoir matrix was first placed at the mouth of a
15mL conical tube body (Figure 1B). Next, a NiPAAm hydrogel was stacked on top of the
reservoir matrix and gently positioned to be flush with the mouth of the 15mL conical tube body
to ensure one surface was exposed to the supernatant for the duration of the experiment (Figure
1C). The conical tube was inverted to submerge the exposed surface of the NiPAAmM hydrogel in
10 mL of PBS in a transparent petri dish and a modified petri dish cover was used to hold the
conical tube body in place (secured by rubber O-rings) (Figure 1D). The light source was
positioned below the setup and starting at the 24 hour time point, the NiPAAm hydrogels were
irradiated with 590 nm light at 600mW for 2 minutes. Supernatant samples (1 mL) were
collected at designated time points and to keep the supernatant volume constant at 10 mL, 1 mL
of fresh PBS was added to replace the volume taken at each time point. Additionally, every 24
hours — prior to light irradiation — the whole supernatant was collected and replaced with fresh
supernatant that was heated to 27°C — 5°C below the lower critical solution temperature (LCST)
of NiPAAmM.

The amount of model drug released at each time point was determined by measuring the
absorbance (methylene blue: 630 nm) or fluorescent intensity (fluorescein and riboflavin: 485

nm excitation, 535 nm emission) on an Infinite F200 plate reader (Tecan, Mannedorf,
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Switzerland). The experiments were conducted in triplicates for each experimental group and the
average values are represented with the standard deviation.
3.4 RESULTS
3.4.1 Mesh size of NiPAAm hydrogels

One of the ways to control the structural and mechanical properties of NiPAAmM
hydrogels is to change the concentration of crosslinker and monomer during polymerization. In
this study, the molar ratio between NiPAAmM monomer and MBA crosslinker was altered by
changing the amount of MBA and keeping the NiPAAm concentration constant. The mesh size
(&) was calculated using the following formula [15]:

£=Q'332) "2 w)

where (F,2)"?

is the root-mean-squared end-to-end distance of network chains between two
adjacent crosslinks, and Q is the volumetric swollen ratio. The volumetric swelling ratio was

determined using Qn, calculated from Equation (1):
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where p1 is the density of solvent (water, 1 g/cm®) and p; is the density of polymer (1.07 g/cm®).

The root-mean-squared end-to-end distance was determined using the following relationship:

@ =1(c, =) " 4)
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where C, is the Flory characteristic ratio (6.9 for acrylates [16]), | is the bond length along the
polymer backbone (carbon-carbon bond length = 0.154 nm [17]), and M, is the molecular weight
of the repeating monomer (113.18 g/mol). The average molecular weight between crosslinks

(M) was calculated using the following equation [18]:

n

M_C:n_:Mr + M, (5)
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where M is the molecular weight of the crosslinker (154.17 g/mol), n; and n, are the moles of
NiPAAmM and MBA used in the experiments, respectively. The equilibrium volumetric swelling
ratio and network mesh size are given in Table 1. Increasing the concentration of crosslinker
decreased the average molecular weight between crosslinks and subsequently decreased the
volumetric swelling ratio and the calculated mesh size of the NiPAAm hydrogels.
3.4.2 Drug diffusion from polymeric reservoirs and through NiPAAm hydrogels

The release profiles of model drugs from polymeric matrices depend upon the structural
properties of the matrix as well as the physiochemical interactions between the polymeric matrix
and the drug. Accordingly, the release of model small molecule drugs with similar molecular
weights but different charges (riboflavin: 376.36 g/mol, no charge; fluorescein: 332.31 g/mol,
negatively charged; methylene blue: 319.85 g/mol, positively charged) from two different
polymeric reservoirs commonly used in biomedical applications (gelatin, a biopolymer and PEG,
a synthetic polymer) and through NiPAAm hydrogels with varying crosslinking densities was studied.

Figure 2A compares the release profiles of the model drugs due to diffusion through NiPAAm
hydrogels prepared with 32:1 M ratio of NiPAAm to MBA. There is <5% release of all model drugs by
the 24 hour timepoint. Specifically, there was 5ug (x1pg) of riboflavin released, 2pug (£0.5ug) of
methylene blue, and 5ug (£2ug) of fluorescein. After 7 days, 73% (£5%) of riboflavin was released by
diffusion from 10% (w/v) gelatin reservoirs and through NiPAAmM hydrogels compared to 53% (+4%) and
35% (+3%) of methylene blue and fluorescein, respectively. Figure 2B compares the release the
model drugs release through NiPAAm hydrogels prepared with 8:1 M ratio of NiPAAm to
MBA. Again, all samples have very little release in the first 24 hours. Methylene blue and
fluorescein have 1% release and riboflavin has 3% release. Similar to 32:1 samples, riboflavin
had the greatest release after 7 days with 70% (+4%) total release. Methylene blue had 36%

(£3%) and fluorescein had the 21% (+5%).
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Figure 3A compares the release of riboflavin from 10% and 20% (w/v) gelatin reservoirs
and through NiPAAm hydrogels prepared with 32:1 M ratio of NiPAAm to MBA. There is very
little release in the first 24 hours. As previously mentioned, riboflavin release from 10% (w/v)
reservoirs was 5%. Increasing the reservoir concentration to 20 % (w/v) gelatin, decreased the
release of riboflavin to 3% in the first 24 hours. Compared to the 73% (+5%) riboflavin released
from 10% (w/v) gelatin reservoirs, there was 65% (£1%) from 20% (w/v) gelatin reservoirs after
7 days. Figure 3B compares the release of riboflavin from gelatin reservoirs at different
concentrations but through NiPAAm hydrogels prepared with 8:1 M ratio of NiPAAm to MBA.
In the first 24 hours, riboflavin release from 10% (w/v) reservoirs was 3%, and decreased to 1%
when the concentration of the reservoir was increased to 20 % (w/v) gelatin. After 7 days, 70%
(x4%) of riboflavin was released from 10% (w/v) gelatin reservoirs and 52% (+6%) from 20%
(w/v) gelatin reservoirs.

Figures 3C and 3D compare the release of model drugs from PEG reservoirs and through
NiPAAmM hydrogels prepared with 8:1 M ratio of NiPAAm to MBA. Overall, there is a decrease
in each model drug’s release over time compared to the release from gelatin reservoirs.
Specifically, riboflavin release was 2ug (+0.5ug) while <1ug of both methylene blue and
fluorescein was released in the first 24 hours. After 7 days, riboflavin had the greatest release
with 36% (£3%) total release, methylene blue had 7% (x1%) total release, and fluorescein had
4% (£1%) total release. Figure 3D is a zoomed-in view of methylene blue and fluorescein’s
release profiles for better visualization.

3.4.3 Light actuated release from modular drug delivery system
To demonstrate light actuated release from a modular drug delivery system, PEG

reservoirs were loaded with riboflavin as a model small molecule drug and the NiPAAm valves
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were spiked with methylene blue-loaded liposomes to act as a heat source upon irradiation with
600mW 590 nm light via the photothermal effect. Liposomes were added to delay the release of
chromophore from the NiPAAm valve by acting as a chromophore depot. The overall goal being
to increase the number of days a photothermal response could be generated and light actuated
release achieved. The sizes of palmitic acid/cholesterol liposomes loaded with the various
chromophores are summarized in Table 2 and are significantly larger than the calculated mesh
sizes of the NiPAAm hydrogels reported in Table 1. Additionally, the liposomes loaded with
cardiogreen and riboflavin are stable over 21 days and remain intact after light irradiation.
Methylene blue-loaded liposomes are less stable over time and after light irradiation; however,
absorption of the laser light by the chromophore could be skewing the results.

Figures 4A and 4B compare the release rate of riboflavin (bar graph) to cumulative
release (line graph) due to light irradiation from modular delivery systems with and without
chromophore, respectively. The release rate at the first light exposure (t = 24 hrs.) was the
slowest for both systems at 2x1072 pg/min from the chromophore loaded system and 9x10°
% ug/min from the system without chromophore. Additionally, ~1 pg of drug was released within
the first 24 hours from both systems. After light irradiation, the cumulative release increased to
1.2 pg from the chromophore system and 1.05 pg from the control system. The release rates
increased to 1.6, 1.8, 1.6, 1.9, 2.2, and 2.5x10™ pg/min for the remaining six exposures in the
chromophore system, respectively. These increased release rates correspond with small spikes in
the cumulative release of riboflavin upon light exposure. The release rates of riboflavin from the
control system are an order of magnitude slower with rates of 3.1, 1.8, 2.4, 1.9, 1.8, 3.5x10°
2 ug/min for the remaining six exposures, respectively. The cumulative release of riboflavin from

both systems is compared head-to-head in Figure 4C. The total amount of model drug released
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after 7 days from the chromophore-loaded system was 19.2 ug (0.8 pg) and 16.8 pug (2 ug)
from the control system. Figure 4D presents the percent of riboflavin released from the modular
reservoir-valve system spiked with methylene blue-loaded liposomes. To calculate the percent
released, the mass released at each timepoint, M;, was divided by the mass initially loaded at the
start of the experiment, M. The first light exposure triggered the release of <1% of riboflavin
while the second, third, fourth, fifth, sixth and seventh exposures triggered the release of 1.3%,
1.4%, 1.2%, 1.5%, 1.8% and 2% of riboflavin from the modular systems with chromophore,
respectively. All light exposures triggered the release of <1% of riboflavin from the modular
systems without chromophore. For comparison, the percent of riboflavin released between the
light exposures, starting after the first light exposure, was 4%, 5%, 2%, 3%, 3% and 2%,
respectively. After 7 days of visible light exposure every 24 hours, 31% (x1%) of the riboflavin
was released from the modular systems with chromophore versus 27% (£3%) from the modular
systems without chromophore.
3.5 DISCUSSION

Chapter 2 described a novel light actuated drug delivery-on-demand strategy that used
safe visible and near infrared (NIR) light and biocompatible chromophores to trigger release
from a thermally responsive delivery vehicle via the photothermal effect. However, the thermally
responsive delivery vehicle acted as both a drug reservoir and a valve for drug release. These
matrix-type devices exhibit a first-order release profile where a constant percent of the remaining
drug was released per unit time [19]. As a result, drug was quickly eliminated from the system
with 80% of the drug released after 4 days. Additionally, the photothermal response only lasted
for 4 cycles due to chromophore diffusion from the delivery vehicle into the surrounding

medium. Therefore, the goal of this study was to address these shortcomings by designing a
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reservoir-type modular drug delivery-on-demand system that could release biologically active
molecules over an extended period of time via light actuation.

The advantage of a reservoir-type modular delivery system is release rate is independent
of the starting drug concentration rather it is dependent on diffusion through a membrane (zero-

order release). This is explained by Fick’s first and second laws of diffusion:

J=-D— (6)

ac a%c
5 =0(5) ()
where J is flux, D is the diffusion coefficient, C is concentration, x is position, and t is time [20].

At steady-state the change in concentration over time is zero. Equation (7) then simplifies to:

() =0 ®)

Performing the integrations on Equation (8) yields:

c(x) =A;x+ A, 9)
where A; and A, are constants of integration. To solve for the constants of integration requires
knowing two boundary conditions. First, just inside the membrane wall closest to the reservoir (x
= 0) the drug concentration is proportional to partition coefficient of the molecule, K, and the
concentration of drug in the reservoir, Cg. Second, just inside the membrane wall closest to the
supernatant (x = the membrane thickness, h) the drug concentration is again proportional to
partition coefficient of the molecule and the concentration of drug in the supernatant, Cs.

Substituting these boundary conditions into Equation (9) gives:
c(x) = LERy 4 ke (10)

Equation (10) can be plugged into the equation for Fick’s first law (Equation (6)) to solve for the

particle flux through the membrane:
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J =2 (Cs = Cp) (11)

In other words, the flow of drug is driven by a difference in concentration and the rate is
proportional to the permeability of the membrane [21]. It is important to note that at the end of
the delivery system’s lifetime, when the reservoir drug concentration begins to approach zero,
the steady state assumption does not apply since changes in the reservoir concentration with time
will impact the release profile. As a result, the system will not exhibit zero-order release.

Clearly, the permeability of the valve and reservoir materials can impact the final release
profile. Specifically, in remote actuated drug delivery systems, it is desirable for drug release due
to diffusion to be minimal in the “off’ state while still allowing for the expulsion of drug upon
actuation. This is especially true for thermally responsive NiPAAm valves used in the reported
modular delivery-on-demand system which undergoes a rapid volume phase transition upon
heating. The consequence of this transition is a decrease in permeability with increasing
temperatures [22]. In an effort to limit diffusion in the *off’ state while still allowing for
photothermally triggered release, the effect NiPAAm crosslinking density had on the diffusion of
model small molecule drug was studied. The results showed that increasing the crosslinking
density — subsequently decreasing the mesh size from 9.3 nm to 4.2 nm — did little to change
riboflavin’s release profile due to diffusion, and slightly decreased the diffusion of methylene
blue and fluorescein. A similar pattern in the release profiles of the model drugs was observed
when the reservoir material was switched to PEG with riboflavin release due to diffusion being
greatest and fluorescein the least. However, there is a significant decrease in total drug released
from systems with PEG reservoirs compared to systems with gelatin reservoirs for all model
drugs. This can be attributed to differences in the reservoir mesh sizes and how they compare to

the drugs’ sizes. The mesh size of PEG (MW = 700) is ~1 nm [23] while the mesh size of 16%
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(w/v) gelatin is 33.8 nm [24]. Compared to the size of the model drugs (riboflavin’s
hydrodynamic radius, Ry = 5.8 A [25]; methylene blue Ry, = 4.9 A [26]; fluorescein Ry = 8 A
[27]), gelatin’s mesh size — and the calculated mesh sizes of the NiPAAm hydrogel valves — is an
order of magnitude larger. As a result, changes in the mesh sizes had little influence on the
permeation of drugs unlike the PEG reservoir, which have mesh sizes only slightly larger than
the model drugs that impeded drug diffusion. Interestingly, there is a significant difference in the
release profiles of the model drugs despite their sizes being similar, regardless of the reservoir
material or NIPAAm crosslinking density. Given these observations, the release profiles cannot
be fully explained by size exclusion.

Factors such as the physicochemical properties of the drugs, materials in the delivery
system, the release environment, and interactions between these factors complicate the release
profiles [19]. Both methylene blue and fluorescein are ionic molecules; consequently, ionic
interactions and binding are possible. As a protein, gelatin contains both positively and
negatively charged amino acids that could bind with negatively charge fluorescein and positively
charged methylene blue, respectively. This has been seen in previous studies where fluorescein
has been shown to bind to plasma proteins with a low affinity [28], and methylene blue’s ability
to bind to biopolymers, like DNA, has been used for photo-inactivation applications [29]. In
addition to ionic interactions, there are other weak intermolecular forces impacting the drug
release profiles. Case in point, PEG is a non-ionic polymer yet the results showed a similar
pattern of the ionic drugs being released at a slower rate than riboflavin (neutral). The charges on
methylene blue and fluorescein can polarize atoms in the polymer to create short-ranged
attractions between the polymer and drug — termed van der Waals forces [20]. While weak, van

der Waals forces slow drug diffusion. Additionally, PEG is a ubiquitous polymer in the
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biomaterials field due to its extremely hydrophilic nature from its ability to hydrogen bond
water. As such, it is likely fluorescein and riboflavin are involved in hydrogen bonding with PEG
to varying degrees; however, methylene blue lacks a hydrogen bonding donor group and PEG
can only act as a hydrogen bond acceptor.

As a proof-of-concept for light actuated release from a modular, reservoir-type drug
delivery-on-demand system, NiPAAmM hydrogels acted as a valve to regulate the release of
riboflavin from PEG reservoirs. Additionally, NiPAAm was spiked with methylene blue-loaded
liposomes, which served as both a heat source upon light irradiation via the photothermal effect
of methylene blue, and as a way to delay chromophore diffusion from the delivery system. The
results show that the release rates were an order of magnitude greater in the systems with
chromophore compared to systems without chromophore. The increasing temperature from the
photothermal response of methylene blue causes a rapid phase transition in NiPAAm that results
in the polymer collapsing and increasing the diffusive transport rates by hydrostatically expelling
drug [30, 31]. This increased release rate was observed over 7 days indicating a prolonged
photothermal response from modular release system, and suggesting the liposomes successfully
delayed the loss of chromophore from the system due to diffusion. Consistent with the
overarching objective of designing a light actuated drug delivery-on-demand system from
biocompatible materials, palmitic acid and cholesterol are both safe, naturally derived materials.
Additionally, chromophore-loaded liposomes have shown good stability — consistent with what
has been previously reported [14]. However, comparing the release profiles from the
chromophore loaded system and the control system shows similar cumulative release after 7

days, signifying diffusion remains as a dominate mechanism for release. The advantage of
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delivery-on-demand systems is the explicit control over when and where a drug is released, and
as such, in the ‘off” state drug release should be negligible [32].

Despite the improved lifetime for light actuated release from 4 days (Chapter 2) to one
week, diffusion remains as the dominating release mechanism as evident by the significant
amount of release between light exposures. As such, improvements to the design of the modular
delivery-on-demand system are needed. Specifically, the system needs to block drug release in
the absence of light. Switching the thermally-responsive polymer to a polymer that has an upper
critical solution temperature (UCST) at physiologically relevant temperatures is one possible
approach. At body temperature, the UCST polymer valve would create an impermeable skin over
the drug reservoir and block the drug from being released. To trigger release, the temperature
would be increased via the photothermal effect and cause the skin layer to become a hydrogel
that then allows the drug to diffuse out. However, the major limitation to UCST polymers is that
very few polymers exhibit a UCST in water at physiologically relevant temperatures [33, 34].
Additionally, there is no universal UCST polymer that demonstrate a stable phase separation that
has little-to-no dependence on environmental conditions (i.e. pH, ionic species and strength) like
the LCST polymer, NiPAAm [35]. Recently, Agarwal and coworkers reported a strategy to
synthesize clinically relevant polymers (i.e. polymethacrylamide) that show a UCST, and
identified rules for designing UCST polymers: 1) the polymer must be able to reversibly form
intramolecular hydrogen bonds; 2) little-to-no ionic groups should be present; and 3) a
hydrophilic-hydrophobic balance that results in a phase transition at the desired temperature
range [33]. While polymers fabricated using this approach demonstrated an UCST, they suffer
from hysteresis, and more work is needed before they’ll become strong candidates for rapidly

responding drug delivery-on-demand systems.
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Another possible solution is to reconfigure the design and have the deswelling of
NiPAAmM open small pores that allows drug to be released. This is in contrast to the current study
which had the drug diffusing through a NiPAAmM membrane and the deswelling of NiPAAm
increasing the rate of diffusion. Specifically, an elastomeric membrane that has NiPAAm
microgels uniformly distributed throughout the membrane would prevent the diffusion of drug to
the supernatant. Dispersed within this membrane is a photothermally responsive chromophore,
and upon light irradiation, heat generated from the chromophore would cause the NiPAAm
microgels to shrink and open small pores within the membrane to allow the drug to release.
Critical elements of this modular system are 1) an impermeable membrane that does not allow
the either the drug or chromophore to diffuse through it; 2) a reservoir that rapidly allows drug to
diffuse through the small pores that open from the photothermal response of the irradiated
chromophore; and 3) the use of biocompatible materials. One potential membrane materials is
poly(trimethylene carbonate) (PTMC). It is biocompatible as well as biodegradable via surface
erosion [36]. Additionally, previous studies have shown that the degradation rate can be
controlled by the number average molecular weight with high molecular weight rods undergoing
60 weight percent mass loss 8 weeks after implantation in vivo compared to 20 weight percent
mass loss at the same timepoint for lower molecular weight rods [37]. The advantage of a
modular system that utilizes a biodegradable membrane is the entire delivery-on-demand system
can be cleared from the body without being explanted including the non-biodegradable NiPAAmM
microgels, which can be cleared by macrophages via phagocytosis at the end of the devices

lifetime.
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3.6 CONCLUSION

This study describes a modular reservoir-valve delivery-on-demand system for the
triggered release of small molecule drugs via light actuation. The data shows the rapid release of
riboflavin — the model small molecule drug — upon light exposure from the modular delivery
system over 7 cycles with 24 hours between light exposures. Despite the increased release rate of
the model drug with light exposure, diffusion between exposures remains as a dominating release
mechanism. Ultimately, innovative system designs and novel materials that eliminate the release
due to diffusion in the ‘off’ state will enhance the efficacy of light actuated drug delivery-on-

demand systems.
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3.7 FIGURES
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Figure 1. lllustrations of (A) the experimental setup for characterizing the release of model small
molecule drugs from a polymeric reservoir and through a NiPAAm hydrogel valve; and (B-D)
the sample preparation and experimental setup for measuring the light actuated release of model

small molecule drugs from the modular drug delivery system.
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Figure 2. The percent release of model drugs from 10% (w/v) gelatin reservoirs over 7 days
through NiPAAmM hydrogels prepared with (A) [32:1] molar ratio NiPAAmM to MBA; (B) [8:1]
molar ratio NiPAAmM to MBA. M is cumulative release at time, t, and M., is initial loading

amount (n=3).
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Figure 3. The percent release of riboflavin from 10% and 20 % (w/v) gelatin reservoirs over 7
days through NiPAAm hydrogels prepared with (A) [32:1] molar ratio NiPAAm to MBA,; (B)
[8:1] molar ratio NiPAAmM to MBA.. (C-D) The release of model drugs from 30% (v/v) PEG
reservoirs through NiPAAm hydrogels prepared with [8:1] molar ratio NiPAAmM to MBA. M, is

cumulative release at time, t, and M., is initial loading amount (n=3).

87



—25 125 _

— o~ B
£04 Al 202 E04 B 2o 2
e 1 2 D g
203 4 1155 <03 3
Z / T 2 B
%0.2r 10z 502 z
= 0.1t 5 £ 30.1 E
a1 8 = 4 (::

00 24 48 72 96 120 144 168 0 00 24 48 72 96 120 144 168

Time (hr) Time (hr)

~30 ; - - - - : : :

i:.f —+ Chromophore C —+ Chromophore D

o ||—- Chromophore ~ 0.4

g s

520 =03 1

& = 1

) © o

> 7 -

£10 £ 0.2 x

— D :

g & 0.1 _

S | | | |

0 50 100 150 0 50 100 150
Time (hr) Time (hr)

Figure 4. Release rate (bar graph) and cumulative release (line graph) of model drug
(Riboflavin, 376.36 g/mol) from PEG reservoirs through NiPAAm hydrogel valves (diameter =
9mm, thickness = 4mm) spiked with methylene blue-loaded liposomes (A) and without
chromophore-loaded liposomes (B). Samples were irradiated 600mW 590nm light for 2 minutes
every 24 hours starting at t=24hr. The release rate of riboflavin increases upon light exposure
from the modular delivery system when chromophore is present whereas the release rate is
nearly an order of magnitude lower from the modular system without chromophore added. (C)
Comparing the cumulative release profiles of model drug from modular delivery systems with
chromophore to systems without chromophore. (D) The fraction of riboflavin released from the
modular delivery system with chromophore via light actuation. M; is cumulative release at time,

t, and M., is initial loading amount (n=3).
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3.8 TABLES
Table 1. The volumetric swelling ratio (Q), average molecular weight between crosslinks (M)

and mesh size (&) of NiPAAm hydrogels

ueATIME e mem  com
8:1 135 1096.32 4.25
16:1 19.7 2038.47 6.5
32:1 21.6 3922.77 9.38

Acronyms: poly (N-isopropylacrylamide), NiPAAm; N, N’-methylenebisacrylamide, MBA.
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Table 2. Chromophore-loaded palmitic acid/cholesterol liposome size and homogeneity

To T To A*

Chromophore

Size PDI Size PDI Size PDI Size PDI
(nm) (nm) (nm) (nm)

Cardiogreen 113.7 0.109 120.6 0.091 1205 0.161 121.3 0.116

+0.85 +0.01 +4.15 +0.02 +6.06 +0.04 +1.05 +0.02
Methylene 145.3 0.129 140.25 0.254 122.2 0.393 _ _
Blue +4.25 +0.03 £0.49  +001  +176  +0.04
. . 108.1 0.091 112.2 0.134 1104 0.188 117.2 0.139
Blank 123.9 0.173 110.6 0.060 115.2 0.10 118.4 0.11
+1.70 +0.04 +1.21 +0.01 +1.84 +0.003 +1.98 +0.02

Acronyms: polydispersity, PDI; Time, T gay).-
*Light irradiation for 5 minutes at 600mW: cardiogreen — near infrared light; methylene blue —
590 nm; riboflavin — 450 nm; empty liposomes — white light.

+ Standard deviation
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CHAPTER FOUR: CONCLUSIONS AND FUTURE DIRECTIONS

The objective of this project was to design a light actuated drug delivery-on-demand
system that uses biocompatible chromophores and safe wavelengths of light. This was achieved
by characterizing the photothermal response of biocompatible visible light and near infrared
(NIR)-responsive chromophores for drug delivery-on-demand applications, and demonstrating
the feasibility and functionality of the light actuated on-demand drug delivery system in vitro.
Specifically, cardiogreen, methylene blue and riboflavin were shown to be capable of
significantly increasing the temperature of aqueous solutions upon exposure to visible light or
NIR, and this temperature change was dependent upon light intensity, wavelength, and
chromophore concentration. Furthermore, cardiogreen irradiated with NIR triggered the rapid
release of a model biologic drug from a thermally responsive delivery vehicle over multiple NIR
exposures. The results from Chapter 2 advanced the biomedical application of cardiogreen,
methylene blue and riboflavin by using them as a tool for light-actuated drug delivery-on-
demand systems. However, the system described in Chapter 2 had a short useful timeline as both
drug and chromophore were quickly eliminated from the thermally responsive delivery vehicle.
To address these shortcomings, a modular, reservoir-type drug delivery-on-demand system that
would release biologically active molecules over an extended period of time via light actuation
was designed. Using a design that combined a drug reservoir and thermally-responsive valve
spiked with chromophore-loaded liposomes, pulsatile release of the model small molecule drug
riboflavin was achieved over 7 days. Despite the improved lifetime for light actuated release,
diffusion between light exposures remains as a dominating release mechanism. As such, novel
designs that eliminate drug release between exposures will enhance light actuated drug delivery-

on-demand systems efficacy
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Ultimately, this drug delivery strategy has potential for clinical applications that require
explicit control over the presentation of biologically active molecules. Further research into the
design and fabrication of novel biocompatible thermally responsive delivery vehicles will aid in
the advancement of the light actuated drug delivery-on-demand approach described here.
Additionally, in vivo studies that demonstrate the feasibility and functionality of this strategy to
treat clinical indications are required. These studies are also needed to confirm the in vivo
biocompatibility.

4.1 ENGINEERING BIOCOMPATIBLE PHOTO-RESPONSIVE MATERIALS

There is a lack of biocompatible photo- and photothermally-responsive materials to serve
as delivery vehicles for light actuated drug delivery-on-demand systems. This bottleneck limits
these systems to proof-of-concept models and presents a significant obstacle to clinical
translation. To overcome this bottleneck, work is needed to design and fabricate delivery
vehicles made entirely of materials that are already used in Food and Drug Administration
(FDA) approved applications, but incorporated to produce unique features that have not been
reported with said materials. A successful delivery vehicle will be biocompatible, rapidly
respond to light actuation, and demonstrate little-to-no release in the absence of light.

Using oligonucleotides as photothermally-responsive tethers is one possible approach.
DNA de-hybridizes at elevated temperatures, and the temperature that de-hybridization occurs at
can be modulated to physiologically relevant temperatures by changing the number of base
pairings between the two DNA strands as well as the guanine-cytosine content [1]. Indeed, this
strategy to use oligonucleotides as heat liable tethers for the controlled release of biologically
active molecules has been previously reported [2, 3]. For example, previous studies have

conjugated DNA tethers to gold nanoparticles, which generate heat upon exposure to NIR, in
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order to de-hybridize the double stranded DNA thereby releasing single stranded DNA [4]. This
capability makes DNA tethers an attractive option for delivery-on-demand systems. By
conjugating these tethers to various biomaterials, a stimuli-responsive delivery vehicle can be
fabricated out of traditionally non-responsive biomaterials, and addition of the non-toxic,
biocompatible chromophore characterized in Chapter 2 can be used to trigger release via the
photothermal effect.

Fibrin is a traditionally non-stimuli-sensitive biomaterial with a long history of use in
FDA approved products that these DNA tethers can be attached to, thereby making it
photothermally responsive. Fibrin has previously been functionalized with exogenous peptides
by enzymatic incorporation to alter its bioactivity [5]. This was accomplished by attaching the
substrate for Factor Xllla — a transglutaminase that crosslinks glutamine and lysine residues
within the fibrin network — to the molecule to be released. For example, previous studies have
enzymatically incorporated VEGF into fibrin scaffolds and then control the growth factor release
as endothelial cells migrate into the fibrin scaffold and degrade it [6-8]. Utilizing this strategy to
functionalize fibrin with DNA tethers, a light sensitive drug delivery-on-demand system can be
engineered out of materials with proven biocompatibility.

Specifically, DNA tethers can be functionalized with peptides of the Factor Xllla
substrate (peptide sequence: NQEQVSPL) in order to enzymatically incorporate them into the
fibrin network. Preliminary data (Figure 1) shows that the swelling ratio of fibrin gels increases
with the addition of 100 pug/mL of Factor Xllla substrate peptide, indicating a disruption in the
crosslinking of the fibrin network and, therefore, enzymatic incorporation of the peptide
sequence. The lower concentration of peptide added (50 ug/mL) did not change the swelling

ratio compared to control fibrin hydrogels. This suggests that the concentration of peptide added
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was negligible and any change to the fibrin network as a result of enzymatic incorporation is not
detectable. 1t seems unlikely that the peptide failed to incorporate since there is a measurable
difference in swelling ratios when a higher concentration of peptide is added. Regardless, further
characterization is required. This includes testing for changes in the fibrin hydrogel’s mechanical
properties via rheometry, measuring the peptide’s incorporation efficiency and subsequently
studying the effect on cellular response. Ultimately, the ability of this strategy to enzymatically
incorporate DNA tethers and photothermally release a payload needs to be demonstrated.

There are other biomaterials that can be fitted with DNA tethers and engineering
photothermally-responsive fibrin is only one possibility. As seen in Figure 2, there are numerous
possible delivery vehicles that qualify as biocompatible — each with unique advantages and
disadvantages. For instance, alginate is biocompatible and demonstrates long term stability in
vivo [9], but lacks cell binding sites and requires modification with RGD to promote cell survival
if the delivery vehicle is supposed to act as a scaffold as well [10]. Additionally, each biomaterial
will have unique properties that can be exploited for the incorporation of heat sensitive linkers,
and there are numerous payloads that can be delivered on-demand. Identifying novel ways to
engineer biomaterials that demonstrate thermal-sensitivity and can be utilized in the delivery-on-
demand strategy reported here would help overcome obstacles to clinical translation for light-
actuated delivery-on-demand systems.

4.2 DESIGNING A LOW POWER, MULTIPLE-BEAM NEAR INFRARED SOURCE

The advantage of NIR (700-1100 nm) for light actuated delivery-on-demand systems is
the deep tissue penetration that is achievable, which is why this range of wavelengths has been
coined the “optical window” [11]. The reason for this is that the major endogenous absorbers that

limit the penetration depth of visible and ultraviolet light — oxyhemoglobin, deoxyhemoglobin,
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melanin, bilirubin, 3-carotene, etc. — have absorption minima in the NIR region [12]. Rather,
water is the major absorber in living tissue, but it has a low absorption coefficient (<0.1 cm™) in
this range [13]. The resulting differences in light attenuation at various wavelengths are
highlighted in Supplement Figure 1. Specifically, the transmittance percent of visible light
through ~200 pm section of tissue (Supplement Figure 1A) is comparable to the transmittance
percent of NIR through a tissue section millimeters thick (Supplement Figure 1B).

Tissues are not, however, completely transparent to NIR, and the greatest cause of NIR
attenuation is from scattering. Both cellular and extracellular components contribute to scattering
due to differences in refractive indices as well as Mie scattering, but collagen is the predominate
scatterer [14]. Consequently, a greater number of photons from the NIR source are required for
deeper tissue applications of the reported drug delivery-on-demand system (Figure 3A).
Unfortunately, despite water’s low absorption coefficient in the NIR, significant temperatures
changes can be achieved via NIR absorption by water with enough intensity as seen in the
Chapter 2 results. As seen in Figure 3B, this can cause significant temperature changes in the
overlying tissue as native water absorbs NIR photons, which can result in tissue damage from
excessive heating.

One solution to achieve greater penetration depth without damaging the overlying tissue
IS to use multiple low-power light sources for light actuation. Preliminary data, shown in Figure
3C, demonstrates that a single low-power (~350mW) beam of NIR is unable to produce a
significant photothermal effect, but when two low-power beams are used, a photothermal
response comparable to a sample irradiated with a single 700mW NIR beam is produced. As

such, two low-power light sources can be used to protect the superficial tissue from thermal
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damage while the location where the NIR beams converge will have a sufficient power to
produce a significant photothermal effect (Figures 3D and 3E).

A similar strategy is used in other clinical applications in order to achieve significant
penetration depths into the body. For example, stereotactic radiosurgery is one strategy used to
increase the radiation dose to brain tumors while surrounding healthy tissue receives a clinically
insignificant dosage of radiation. This is achieved by creating a shell with 192 individual
radiation sources and internal channels to focus the radiation — all under the control of a
computer [15]. In this way, the point where the beams converge receives a high dose of photon
energy while the energy from each individual beam is under the harmful limit as it travels
through tissue [16]. The added benefit of using multiple low-power light sources for light-
actuated delivery-on-demand, where the drug delivery vehicles are distributed throughout the
body, is release would only occur in areas where intense light is applied, thereby reducing the
likelihood of off-target release.

4.3 IN VIVO VALIDATION: SAFETY AND EFFICACY

The reported in vitro studies have demonstrated the feasibility and functionality of the
drug delivery-on-demand system for biologically active molecules; however, in vivo studies are
needed that demonstrate a favorable clinical outcome. For instance, the light actuated delivery-
on-demand of chemotherapeutic drugs should reduce tumor sizes if not completely eliminate the
tumor in cancer treatment applications. In addition to studying the effectiveness, the safety of the
system needs to be evaluated. For instance, cells can exhibit a stress response when exposed to
excessive amounts of heat via the bystander effect [18]. These increased temperatures can
denature cellular proteins, adversely affect mitochondrial function, and lead to the accumulation

of perichromatin granules in the nucleus [19]. Fortunately, cells have mechanisms in place to
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protect against the adverse effects of excessive heat generation. One such mechanism is the
expression of stress proteins. There are numerous proteins categorized as stress proteins and they
serve a number of functions, such as assisting in the folding and unfolding of other proteins,
transporting proteins, and triggering an immune response [19]. However, if the cell is exposed to
too much heat, apoptosis and necrosis will occur. Clearly, it is necessary to understand the
heating profile and general response of the drug delivery-on-demand system upon light
irradiation in a living system.

Based on the photothermal response data from Chapter 2 and the ex vivo data from
Chapter 3, it is expected that a significant photothermal response from irradiated chromophores
can be achieved in vivo. However, the heating profile is likely to be different due to perfusion in
living tissues and differences in the thermal properties. Previously, heat transfer in tissue has

been modeled by the Pennes’s Bioheat Equation, seen here:

pe 3t = k2T + hy + Vpycy (T, — T) (1)

Where p is density of tissue, c is specific heat of tissue, k thermal conductivity of tissue, T local
tissue temperature, hp, rate of metabolic heat production per unit volume of tissue, V perfusion
rate per unit volume of tissue, pp density of blood, ¢y, is specific heat of blood, and T, is
temperature of arterial blood [20]. In Chapter 2, water was the medium used in the temperature
change results; however, the thermal conductivity of tissue is lower than that of water. For
example, many internal organs have thermal conductivities around 0.49 W/m/K compared to
water at 0.60 W/m/K [21]. Further, the final heating profile will be dependent on the surrounding
tissue. Skin and fat, for instance, have low thermal conductivities at 0.37 and 0.21 W/m/K,
respectively while tissues like the eye and the lumen of the small intestines have thermal

conductivities >0.50 W/m/K [22]. As such, it is likely that the in vivo environment is going to
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have an insulating effect with less heat lost while heat is being generated. The presence of a heat
sink can further complicate the heating profile (represented by the third term in Equation 1). The
blood in perfused tissues can absorb the heat generated from chromophore irradiation and carry it
away [23]. Therefore, in vivo evaluation and characterization of the heating profiles generated
from chromophore irradiation are required for safe application of the designed drug delivery-on-
demand system.

Chapter 2 discussed that chromophores are capable producing reactive oxygen species
such as singlet oxygen and other free radicals upon light irradiation, which can be cytotoxic and
lead to irreversible damage [24]. In particular, the hydroxyl radical is a highly reactive species
with diffusion-controlled reaction rates [25]. Specifically, free radicals, such as hydroxyl
radicals, and reactive oxygen species target sulfhydryl bonds in proteins, the unsaturated bonds
in membrane fatty acids and nucleic acids [26]. For example, the double bonds in heterocyclic
DNA bases are one target of hydroxyl radicals and the addition of hydroxyl radicals contributes
to the generation of additional free radical species that culminate in strand breaks and DNA-
protein crosslinks [27]. Furthermore, singlet oxygen can react directly with cholesterol and fatty
acids in the cell membrane via Type Il lipid peroxidation reaction, which leads to a loss of
membrane flexibility, permeability and structural integrity in vivo [28, 29]. However, it is
important to note that cells produce a number of different free radicals species naturally during
electron transfer reactions, and there are innate defense mechanisms in vivo, such as enzymes
and free radical scavengers, to protect against oxidative damage [25]. For instance, the human
eye has excess ascorbic acid present to scavenge free radicals produced by photochemical
oxidation due to light entering the aqueous humor [30]. One goal of future animal studies will

therefore need to be to determine whether free radicals generated during light irradiation of the
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drug delivery-on-demand system overwhelms the these innate defense mechanisms leading to
tissue damage. In which case, additional features to protect against the generation of excess
reactive species will need to be included in the delivery system design.

While many clinical applications require protection against both excessive free radical
generation as well as excessive heat generation, there are cases where it would be advantageous
to allow free radical generation and/or excessive tissue heating to occur in combination with drug
delivery-on-demand. For instance, photodynamic therapy (PDT) utilizes photosensitizers to
produce cytotoxic species for treating oncological, cardiovascular, ophthalmic and
dermatological diseases [31, 32]. Clinical trials using PDT to treat choroidal neovascularization
(blood vessel growth that results in damage to the retina) showed sustained visual acuity in 53%
of patients compared to 38% of patients treated with the placebo [33]. A recent study combined
PDT with anti-vascular endothelial growth factor (VEGF) injections and found improved vision
and decreased retinal thickness in patients who had failed anti-VEGF monotherapy [34]. In the
case of excessive heat generation, thermal energy has been used to induce cell death in small,
unresectable tumors [35], and enhanced tumor destruction has been observed with combined
thermal ablation and doxorubicin delivery compared to thermal ablation alone [36]. Clearly,
there are clinical applications that would benefit from combined PDT or thermal ablation with
drug delivery-on-demand and the resulting combination products would become powerful tools
in the treatment of disease.

4.4 CONCLUDING REMARKS

The future is bright for light actuated drug delivery-on-demand systems, but there is still

much to do. In addition to designing new delivery vehicles and performing in vivo validation

studies, more evidence supporting delivery-on-demand over conventional methods (i.e. sustained
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controlled release, bolus injections) for applications ranging from tissue engineering to cancer
treatment is required to engineer optimal delivery-on-demand systems with release profiles that
maximize clinical outcomes. Furthermore, the complexity of these systems is a challenge to
scale-up and reduces its chances of reaching patients. Going forward, one of the goals needs to

be: simplify.

105



4.5 FIGURES
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Figure 1. Swelling Ratio of 300pL fibrin hydrogels (2.5 and 5 mg/mL final fibrinogen

concentration prepared with 10 IU/mL thrombin) with and without Factor Xllla substrate peptide

(n=3).
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Figure 2. Schematic illustration of the strategy to functionalize traditionally non-thermally
responsive materials with thermally responsive linkers. Biomaterials have unique properties that
can be used to incorporate of heat sensitive linkers for the delivery-on-demand of various

biologically active molecules.
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Figure 3. (A) Illustration of single light source setup which requires a high power light source
for deeper tissue penetration due to light attenuation. The high power can cause heating in

superficial tissue because of moderate NIR absorption by water in the tissue. (B) The measured
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temperature change of chicken muscle tissue (thickness = 2mm) in the NIR beam path and a
cardiogreen-spiked NiPAAm delivery vehicle (see Chapter 2 — Materials and Methods for
loading protocol) beneath the tissue (NIR initial light intensity ~ 1W; n=9). (C) The measured
temperature change of cardiogreen-spiked NiPAAm delivery vehicle irradiated with a single
low-power (~350mW) beam of NIR and dual low-power (combined ~700mW) beams of NIR
light. A single beam of NIR at 350mW is unable to produce a significant photothermal effect, but
a photothermal response comparable to a sample irradiated with a single 700mW NIR beam is
produced when two low-power NIR beams are used to irradiate the samples (n=9). (D)
Illustration of dual light source setup which using converging low-power NIR beams to deliver a
high dose of NIR photons to deeper tissue without heating the superficial tissue. (E) The
measured temperature change of chicken muscle tissue (thickness = 2mm) in the NIR beam path
and a cardiogreen-spiked NiPAAm delivery vehicle beneath the tissue (Anjr-1 = 350mW, Anr-2 =

350mW; n=9).
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