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ABSTRACT

Continuous glucose monitors (CGMs) that permit real-time tracking of glucose
levels have the potential to vastly improve diabetes management. The membrane used to
construct an optical glucose sensor must address challenges related to assay retention,
glucose diffusivity, and minimizing the foreign body reaction (FBR). In this work,
thermosensitive, double network (DN) hydrogel membranes based on N-isopropyl-
acrylamide (NIPAAmM) were designed. With a tuned volume phase transition temperature
(VPTT), membranes are expected to “self-clean” via cyclical deswelling/reswelling with
body temperature fluctuations.

In a first study, the membrane mesh size was reduced with a comb architecture,
towards eventual formation of a biosensor with a f&rster resonance energy transfer
(FRET)-based glucose sensing assay. A tightly cross-linked first network was comprised
of NIPAAm copolymerized with negatively charged 2-acrylamido-2-methylpropane
sulfonic acid (AMPS), and a loosely cross-linked second network was formed from
NIPAAmM copolymerized with N-vinylpyrrolidone (NVP). Combs of varying charges,
lengths, and concentrations were introduced to the first network. Able to achieve the
targeted mesh size (~1-3 nm), negatively charged combs were the most effective in
reducing mesh size, attributed to electrostatic repulsive forces.

In a second study, a membrane was customized to directly embed a
phosphorescence sensing assay based on an oxygen-sensitive metalloporphyrin (HULK)

and glucose oxidase (GOx). The membrane’s first network was prepared from NIPAAm



and cationic (3-acrylamidopropyl)trimethylammonium chloride (APTAC). The second
network was formed with NIPAAm copolymerized with acrylamide (AAm). Anionic
HULK was retained via electrostatic attractive forces while the GOx was covalently
bonded via a glutaraldehyde linker. A membrane achieved the desired increase in
phosphorescence lifetime with increasing glucose concentrations from 50 to 200 mg/dL.
A lack of sensitivity at higher glucose levels was attributed to membrane oxygen
depletion.

In a final study, to improve the glucose sensitivity of the phosphorescence assay
at higher glucose levels, a membrane with improved oxygen permeability was prepared
by incorporation of silicone microdroplets. A ultrasonicate processor was used to disperse
the silicone phase during formation of the first network and the second network was
comprised of P(NIPAAm-co-AAm). With the optimal concentration of silicone
microdroplets, glucose sensitivity was observed for concentrations from 100 to 300

mg/dL.
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1. INTRODUCTION

1.1. Overview

Although positive outcomes have been reported with continuous uses, the adoption
of CGMs were limited by the user-experience, functionality and lifetime of the
implantable biosensor. This paper discussed the common CGMs on-the-market, and their
limitations affected by the foreign body responses. In addition, hydrogel material owing
to the high hydration, similar mechanical properties toward ECM and hydrophilic
surfaces, have been a good candidate as biocompatible interface between biosensor
implant and the host. A brief review on using hydrogels either as a biocompatible coating
for the biosensor, or as a matrix to incorporate the sensing assay was presented in this
paper. Some studies were discusses based on utilizing the unique properties of hydrogels,
such as diffusivity, wide-range of modification capacity, and various fabrication
capability, to construct the implantable glucose sensor, with mechanism such as
electrochemical sensing and optical sensing.
1.2. Current CGMs on-the-market

Diabetes have been a world-wide chronic disease with one of the fastest growing
patients' population. Estimated in 2014, There were 422 million adults affected by diabetes
worldwide. The global prevalence of diabetes grew from 4.7% to 8.5% in adult population
(1980 - 2014).13 In particular to US, there were estimated 34.1 adult diabetes mellites in
2018, which is 13% of the US adult population. The total cost related to diabetes in US

was ~$ 327 billion in 2017.*



Table 1.1 A brief summary of the major CGMs on-the-market

Guardian FreeStyle Libre Dexcom G6 Eversense
Transcutaneous Transcutaneous Transcutaneous Fully implantable
Sensor type Electrochemical sensor Electrochemical sensor Electrochemical sensor Optical hydrogel sensor
Replacement frequency 7 days 14 days 10 days 90 days
Calibration frequency Twice per day No No Twice per day
Annual cost” ~ $7000 >~ $2000 ~ $5000 ~ $600
Accuracy 9% 9% 10% 9%
Abdominal region /
Implant site Abdominal region Upper arm Abdominal region Upper arm
Skin-attach transmitter Skin-attach transmitter Skin-attach transmitter Skin-attach transmitter
(chargeable) (non-reusable) (up to 3 month) (chargeable)
Data collecting App App & reader App App

People with diabetes are not able to maintain their blood glucose levels (BGs) in
normal physiological ranges (70 - 120 mg/dL, or 4 - 7 mM), either due to insufficient
insulin production (type) or response (type 2), leading to a widely swinging blood glucose
range between 35 - 550 mg/dL (2 - 30 mM).>’ Without the efficient glucose regulation,
constant hyperglycemia events can lead to various long-term complications, such as
blindness, heart diseases or tissue failures.® ° Moreover, hypoglycemia occurs from
inadequate intake or response to medicine (e.g. insulin or glinides), which can result in
mortality.’® 1! Diabetes patients are highly encouraged to perform self-monitoring of
blood glucose (SMBG), which is commonly done by a "finger-prick™ test, drawing a small
amount of blood from a fingertip and testing it on a non-reusable enzymatic assay strip.
Besides the user comfort and convenience, the SMBG is undesirable because its outcome

is linked to administration, specifically the number of tests performed throughout a day.*?



Apparently, even with recommended testing frequency (4 - 7 times per day), the odds to
catch and stop hyper- / hypo-glycemia with SMBG depends on luck.

A concept to monitor patients' glucose levels in real-time, 24 / 7, was raised in
1970s.*® Continuous glucose monitors (CGMs) allow better assisted adjustment of BGs,
avoiding hyper- / hypo-glycemia, and establish an overview of BGs fluctuating with
patients' lifestyles. The first commercial CGM was launched in 1990s.'* Recent years, this
market has been competing among four major companies, Medtronic (Guardian), Abbot
(FreeStyle Libre), Dexcom (Dexcom G6) and Senseonics (Eversense).'? 416 (Table
1.1)*"%° The first three products (Guardian, FreeStyle Libre and Dexcom G6) all designed
with a electroenzymatic biosensor "needle”, which will be inserted transcutanteously
under skin monitoring the fluctuations of glucose in interstitial fluid (ISF), a transmitter
connect to the "needle”, attaching to the skin, and a smart device / app collecting the data.
The electroenzymatic sensor (“'the needle™), consisted with an electrode layer, an enzyme
layer (glucose oxidase, GOx) and a semi-permeable membrane layer, measures the
glucose indirectly by detecting the hydrogen peroxide generated from glucose oxidation.?®

21 (Equation 1)

B-D-Glucose + 0, + H,0 3 D-Glucono-1,5-Lactone + H,0, 1)

With years of development, the current products have acquired great features and
eased a lot of concerns, including easy insertion by the patients themselves, minimized
irritation allowing carriers doing all types of activities, and minimized infections.?? Still,
there are three major barriers limit the adoption of those transcutaneous CGMs.? First,

the frequent replacement of the "needle” sensor generating reoccurring cost (also on the
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transmitters), as the sensing components can be damaged by the molecules from the
inflammation responses and the sensing results can be drifted from the fibrous capsule.™®
2421 Second, to avoid tissue fibroses caused by repeated insertion, the installing site need
to avoid last insertion site and any areas with tattoo, scaring or irritation.® Third, the
uncomfortable skin-attach transmitter design, which has causing irritations and fallouts.?®
Recent years, Senseonics launched a CGM (Eversense) with the first and the only fully
implantable sensor, which have been FDA approved for 90-day operation.® 2931 The
implant [diameter (d) ~3.5 mm xlength (I) ~13.5 mm] is comprised with electronics and
optics hardware included in a poly(methyl methacrylate) (PMMA) case, and with a small
piece of hydrogel sensor coated on the PMMA cylinder, covering on top of the photonics.
Unlike the previous mentioned products, the hydrogel sensors contain fluorescent
indicators functionalized with boronic acid groups. Thus, the fluorescence signal
fluctuates directly with the reversible binding of glucose to the boronic acid. To minimize
the influence from the inflammation responses, a silicone drug release collar was also
incorporated to the PMMS case, eluting dexamethasone and extending the lifetime (90
days with FDA approval or 180 days stability studies)®® of the implants. Undoubtedly,
Eversense is a big breakthrough in state-of-the-art CGM. The rapid technology
development allows the optics and electronic been fabricated in such small sizes which
was unimaginable 20 years ago. However, the bulky skin-attach transmitters are still
required. The relatively large implants limit insertion to specific location (upper arm) and

require the procedure to be done by a medical specialist, which generating a big portion



of the cost.’® A recent FDA recall was issued due to manufacture misconduct due to

inappropriate hydration of the hydrogel sensor, resulting in shortened lifetime < 3 weeks.*
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Figure 1.1 Foreign body responses after the biosensor implantation.

After introducing the CGMs to the market over 20 years, studies have shown
positive outcomes including reduced hypoglycemia events and glycated hemoglobin, and
also increased time in range.® The improvements indicated that patients' blood glucose
level were better controlled with the adoption of CGMs. To encourage the adoption of
CGMs, development of biosensor implants has been conducted toward better functionality
and long lifetime. Various sensing mechanism has been applied to glucose sensing,
including aforementioned electrochemical sensing and optical sensing, and novel methods
such as semiconductor-based field effect transfer (FET), microelectromechanical systems
(MEMS) and quartz crystal microbalance (QCM). Nonetheless, for all the sensing
methods, after implantation, the foreign body responses are the bottlenecks for the current

researches.!3 24 26.35.36 After the implantation (minutes), tissue damages initiate the wound
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healing cascade, starting with platelets adhesion. Non-specific protein adhesion (e.g.
fibrinogens) also quickly occurs on the implant surfaces (minutes). Later, acute
inflammation is activated (hours to days), with inflammatory cells (e.g. neutrophils,
leukocytes and mast cells) infiltrating on site attempting to "clean™ the bacteria and injured
tissue or cell debris. chronic inflammation starts from days and lasts for weeks, with active
inflammatory cells (e.g. macrophages, myofibroblast and multi-nucleated giant cells)
presented on site. At late stage, proliferation of myofibroblast activities generating fibrous
capsule to insulate the implant, or phagocytosis activities by the multi-nucleated giant cells
to further digest or damage the implant. There are few major influences generated from
the foreign body responses, (1) active inflammatory cells (e.g. macrophages) consume
local glucose and oxygen, affecting the sensor functionality,®” * (2) interference
molecules generated from inflammation [e.g. acidic molecules or reactive oxygen species
(ROS)], which could lead to implant damage or sensing assay degradation,?™ 3 and (3)
thick fibrous capsule around the sensor, results to additional diffusion barriers, influencing
the readings.?® In order to achieve better sensor functionality after implanted, minimized
inflammatory response, fast healing and thin fibrous capsule are expected. Common
approaches to enhance the implant biocompatibility include refining implant shape, size
and stiffness,*>-#? anti-inflammatory drug elution,** % surfaces modifications to prevent
biofouling,**#" and mostly the consideration of better biocompatible materials.3%: 4 4°
Among those materials, hydrogels are emerged as particularly intriguing options to
fabricate the implant sensors, not only as surface coatings*” %% 5! put also as bulk matrix

to accommodate the assay.3% 52 %3



1.3. Hydrogels used to build implantable glucose biosensors

Hydrogels are three-dimensional (3D) crosslinked polymer networks with well-
recognized excellent biocompatibility.>>° Structurally, hydrogels highly resemble to
extracellular matrix (ECM), which is generally crosslinked natural macromolecules such
as proteins and glycans. The mechanical properties of hydrogels could be adjusted to
closely matching to the soft tissue, allowing for good biomechanical biocompatibility.
Additionally, the hydrophilic polymers allow water molecules filling the 3D networks,
retaining these materials high water content (> ~70%), which is a critical property
contributing to their biocompatibility. Besides the natural advantages, hydrogels have
been explored for enhanced biocompatibility, such as enhancing the surface hydrophilicity
by using charged polymers®® or biomimicry polymers®®, consideration of macro-porous
constructions,®? and stimuli-responsive hydrogels which dynamically prevent the
biofouling®®. A "self-cleaning" double network hydrogel (denoted as DN-25%) was
reported from our lab, which was comprised with a poly(N-isopropylacrylamide-co-2-
acrylamido-2-methylpropane sulfonic acid) [P(NIPAAmM-co-AMPS), 75 wt% NIPAAmM
vs. 25 wt% AMPS] 1% network and a poly(N-isopropylacrylamide-co-N-vinylpyrrolidone)
[P(NIPAAM-co-NVP)] 2" network.?* DN-25% exhibited self-cleaning properties in
vitro,® releasing adhered cells with temperature fluctuations between its volume phase
transition temperature (VPTT), and excellent biocompatibility in vivo,*® with minor
inflammation, fast healing and ultra-thin fibrous capsule formation.

1.3.1. Hydrogel coatings



As early in the 90s, poly(ethylene glycol) (PEG) hydrogels and poly(2-
hydroxyethyl methacrylate) PHEMA hydrogels were shown to be good biocompatible
interfaces for glucose biosensors . 57 Later, various of hydrogels were used to coat the
electrochemical sensor electrodes. A 2,3-dihydroxypropyl methacrylate (DHPMA)
hydrogel coating showed reduced fibrosis and reduced inflammation in vivo,%® a PHEMA
hydrogel coating improved the sensor lifetime to at least 21 days in vivo,®® and a poly(2-
methacryloyloxyethyl phosphorylcholine) PMPC hydrogel coating improved the sensor
(from Medtronic) accuracy.’® A series of composite poly(vinyl alcohol) PVA hydrogels
coatings showed great control toward inflammations and fibrosis, with the addition of
poly(lactic-co-glycolic acid) (PLGA) microspheres loaded with dexamethasone or/and
vascular endothelial growth factor (VEGF).”*"® Other than the electrochemical sensors, in
our lab, a hollow cylindrical capsule was reported to house a f&ster resonance energy
transfer (FRET) based assay.”* In order to achieve the small assay components (d ~3 nm),
layer-by-layer membranes were coated on the inside of the hollow cylindrical membrane,
providing additional diffusion barreris,> and comb-type architectures were incorporated
in the DN networks, adding steric barriers to the 3D mesh.>3 Functional coatings were also
fabricated with hydrogels containing glucose receptor molecules (such as boronic acid).
Those membranes showed glucose responsive behaviors such as with volumetric
changing, weight changing or electron density changes that would be sensed by the
devices under the coatings.” "

1.3.2. Hydrogel matrix



By adjusting polymer chemistry or network architectures, hydrogels can be
modified to incorporate various sensing assays. For the electrochemical sensors,
conductive hydrogels combining with nanoparticles and GOx, were explored as
affordable, soft and flexible sensor electrodes.”® A highly sensitive biosensor electrode
was fabricated with a porous polyaniline (PANI) hydrogel containing Pt nanoparticles.
The porous structure allowed high GOx enzyme loading and the Pt nanoparticles helped
preserve the GOx longterm functionality.”® A conductive hydrogel based on polyacrylic
acid (PAA), PANi and iron phthalocyanine functionalized graphene nanoplatelets (GPL-
FePc) were fabricated, showing remarkable sensitivity.2® A self-healing electrode
designed with chitosan and dextran hydrogel containing CeO2 / MnO. hollow
nanospheres, was proved to continuously function over 30 days in vitro.2* Those hydrogel
electrode were further developed with fabrication methods, such as an nanofibrous
hydrogel based on guanosine can be used to print flexible glucose electrode sensor®, and
an injectable glucose sensor was designed based on collagen-poly(pyrrole) hydrogels®.
For some of the electrode design, a more stable molecules to catalyze glucose oxidation
were incorporated comparing the GOx enzyme. A graphene oxide hydrogels were used in
combination of Co304 nanoflowers, the lateral served as electrocatalysts for glucose
oxidation.®* Gelatin methacryloyl (GelMa) hydrogels containing Ni nanoparticles
(catalyzing the glucose oxidation) and reduced graphene oxide exhibited high
electrochemical performance.®® Optical assays were another common sensing mechanism
incorporating into the hydrogels matrix. Fluorescence assays such as phenylboronic acid®®-

8 or FRET fluorophore pairs®. For example, recently, a GelMa hydrogel containing
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boronic acid-fluorophore pairs were recently reported for its potential for 3D-printing,®
and a polysulfobetaine based hydrogel biosensor was fabricated containing glucose-
binding proteins attached with FRET fluorophore pairs®. Assays based on lifetime sensing
was also explored on hydrogel biosensor. A highly sensitive senor was fabricated based
on a PAA hydrogel containing GOx and CdTe quantum dots (QDs), which exhibited a
quenching rate linear to the glucose concentration.®? Grunlan lab has attempted to
incorporate metalloporphyrin molecules coupled with GOx into the self-cleaning hydrogel
matrix.>®> Moreover, its sensing behavior was adjusted with the addition of silicone
microdomains increasing the oxygen permeability.** Multi-valent sensing can be achieved
when two or above sensing assays were incorporated into the matrix, such as the
combination of lifetime assay and surface-enhanced raman spectroscopy (SERS) assay.®
Additionally, the hydrogels can be fabricated into minimized size, microsphere hydrogels,
enable for injection implantation. PEG hydrogel microparticles coated with silvers were
studied for the SERS sensing,®® PAA hydrogel microdroplets immobilized with carbon
dots (CDs) and GOx were used for glucose biosensor based on the CDs quenching,®” and
a alginate microgels combining the peroxyoxalate chemiluminesence and GOx were used
to imaging the local oxygen concentration in tumors.%
1.4. Conclusion

As illustrated above, hydrogels have been widely used as biosensor implant
coatings or as matrix to build biosensor implants. This material is not only a great
biocompatible interface between the sensor and the host, but also exhibited tunable

diffusivity allowing adequate diffusion of glucose, can be easily modified toward various
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sensing mechanism, can be adapted to various fabrication methods and can be fabricated
into multiple platforms. With the assist of hydrogel, the CGM implant sensors will be

developed toward better accuracy, longer lifetime and minimized implant size.
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2. ACOMB ARCHITECTURE TO CONTROL THE SELECTIVE DIFFUSIVITY O A

DOUBLE NETWORK HYDROGEL"

2.1. Overview

Limiting the diffusion of small-sized substances (Dn < 5 nm) through hydrogels is
particularly difficult to achieve. Herein, we demonstrate the utility of a comb architecture
to systematically reduce the mesh size of a double network (DN) hydrogel to between ~1
and 3 nm, without loss of hydration. Combs of varying charge, length and concentration
were introduced during formation of the 1% network of the DN hydrogel based on of
thermoresponsive N-isopropylacrylamide and negatively charged 2-acrylamido-2-
methylpropane sulfonic acid. The resulting hydrogels’ mesh sizes were characterized with
a size exclusion test. Negatively charged combs were the most effective in reducing mesh
size, attributed to electrostatic repulsive forces with the DN. Due to a lack of interaction
and attractive forces to the 1 network, respectively, neutral and particularly positively

charged combs were less effective.

* Reprinted with permission from “Comb Architecture to Control the Selective Diffusivity of
a Double Network Hydrogel” by Dong, P., Schott, B.J., Means, A.K., and Grunlan, M.A.,
2020. ACS Appl. Polym. Mater., 2, 5269-5277. Copyright [2020] by American Chemical
Society. (http://pubs.acs.org/articlesonrequest/ AOR-VFU5JBRCMXCZ64VHTRKZ)
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2.2. Introduction

The semi-permeable diffusivity of hydrogels has led to their extensive use in
numerous biomedical applications, including drug delivery, regenerative medicine and
biosensing.>* %6 9194 Tajloring hydrogel diffusivity to achieve desired retention or release
profiles is highly complex but necessary to the specific application. The diffusion of
substances through the hydrogel matrix may be entirely passive or may be triggered by a
stimulus. Ranging in size and chemical nature, these substances include therapeutic agents
(e.g. small-molecule drugs and macromolecular proteins),>* 6105196 growth factors,07-10°
metabolic nutrients!®® 110 11 and biomarkers (e.g. glucose).!% 2 Advanced hydrogel
designs that leverage novel chemistries and architectures to tailor diffusion add further
complexity. In particular, methods that precisely limit diffusion of very-small-sized
substances (< 5 nm), without compromising other properties, are generally lacking but are
essential to certain applications.># 103 113 114

Hydrogel diffusivity is inextricably linked to its structural features.>* 1117 The
3D structure is generally viewed as a mesh created by crosslinked polymer chains, wherein
the crosslinks are formed via chemical bonds (i.e. covalent) or physical interactions (e.g.
ionic interactions and crystalline lamellae). Diffusion is regulated by the size exclusion
through the mesh, with free water that fills the mesh facilitating hydrodynamic movement
of the substances.!** 116122 Thys, mesh size (&) (i.e. the distance between crosslinks) is
often used to quantitatively describe selective diffusivity.t** 122122 Most highly hydrated
hydrogels have been reported with mesh sizes ranging from ~5 to ~100 nm.5* 106, 113, 124

125 Because of the lower limit in mesh size, small-sized molecules (< 5 nm) are generally
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insufficiently encapsulated, resulting in their poor retention or an undesirable burst
release. Several strategies have been leveraged to decrease hydrogel mesh size, in
particular, increasing crosslink density or polymer concentration. However, those
typically result in an undesirable decrease in hydration and associated brittleness and
diminished biocompatiblity.'?¢1? Towards decreasing mesh size while reducing impact
on these properties, hyperbranched or multi-arm polymer architectures that introduce
pendant side chains to the 3D network have been reported.'?* 12° However, these did not
produce mesh sizes below 5 nm. Selective diffusion may also be refined by introducing
physicochemical interactions between the hydrogel mesh and targeted substances.1% 106
130 These implement cleavable covalent bonds!3, hydrophobic interactions'®* 3 and
electrostatic interactions.*®* 35 Herein, we describe the use of a comb architecture to
decrease the mesh size of a double network (DN) hydrogel towards enabling the retention
of small-sized molecules such as those used in optical glucose-responsive assays.
Previously, we have reported a thermoresponsive, electrostatic DN hydrogel
whose “self-cleaning” property was anticipated to minimize the foreign body reaction
(FBR) of a subcutaneously implanted glucose biosensor and subsequently extend its
lifetime.*® 52 64.65 The DN membrane was based on N-isopropylacrylamide (NIPAAmM)
and negatively charged 2-acrylamido-2-methylpropane sulfonic acid (AMPS). Denoted as
DN-25%, a tightly crosslinked 1% network was comprised of NIPAAm copolymerized
with AMPS at (75:25 wt% of NIPAAM:AMPS) and a loosely crosslinked 2" network was
comprised of NIPAAm copolymerized with NVP to adjust the volume phase transition

temperature (VPTT) [onset (To) ~38 T and maximum (Tmax) ~42 <T]. In this way, the
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hydrogel would undergo dynamic self-cleaning via cyclical deswelling and reswelling,
triggered by natural body temperature fluctuations in the subcutaneous tissue.5* ©°
Attributed to their electrostatic and DN nature, the DN-25% cylindrical implants were
more mechanically robust versus a poly(ethylene glycol) diacrylate hydrogel (PEG-DA,
10 % wt/vol, 3.4 k g/mol), having well-established biocompatibility.***-1* Moreover, DN-
25% hydrogels subcutaneously implanted in rats produced milder inflammation and
exhibited accelerated healing and ultimately formed an extremely thin fibrous capsule of
only ~20-25 um (90 days).*® The DN-25% self-cleaning membrane, if able to adequately
house (i.e. retain) an optical liquid glucose-responsive assay in a central cavity, could be
used to form an electronics-free, subcutaneously implantable glucose biosensor. One such
glucose-responsive assay is a FRET-based, competitive-binding assay comprised of
fluorescently labelled PEGylated Concanavalin A (mPEG-TRITC-ConA) and
mannotetraose (APTS-MT).%2 139141 However, the mesh size of the DN-25% was
experimentally determined to be ~7 to 10 nm. Thus, as anticipated based on known
hydrodynamic diameter (Dn) values, it would permit the desired diffusion of glucose (Dn
~ 0.8 nm)*2 and retention of MPEG-TRIC-ConA (Dn ~ 30 nm)*4% 41 put will fail to retain

APTS-MT (Dh ~ 2-4 nm).14% 141 Indeed, this selective diffusion behavior was confirmed

for DN-25%.%2

15



a Monomers Comb Macromers

N
Y Y -8 i
o 0-$=0 N
NIPAAM >|) j\ i
5 HN._O " HN_ O §)L°.(—\,o,)=‘
YLN/\’S(\;G‘ YLN/\/S(\;/Q
N H n

o (o]
0 - n
M')L’ﬁ_o PAPTAC-MA
N PAMPS-MA

AMPS

b 1st Network 2nd Network DN with combs
/’/\}‘;‘ o
AV, A
e S A
-\ =) [ F
T RN

} Concentration } 4 Length

2@ *”‘Q

- Different Charges u/
/

/ \

1) (16D
/ \¢

Comb Variables

74-

-

\/

o

=,

Figure 2.1 (a) Chemical structures of monomers and their comb macromers used in
fabrication of comb-type double network (DN) hydrogels. (b) Fabrication process wherein
a comb architecture was incorporated into the 1st network. (¢) Comb macromer variables
studied in this work, including charge, concentrations and length.

Herein, a comb architecture was used to precisely control and reduce the mesh size
of this thermoresponsive, electrostatic DN hydrogel (Figure 2.1). The mobility of combs,
characterized by grafts tethered to backbones, has been leveraged to create polymer
electrolytes and antifouling coatings.> ¥4 PNIPAAmM comb hydrogels were shown to
exhibit enhanced thermosensitivity owing to the mobility of the grafts.’*> 146 For such
PNIPAAmM comb hydrogels, a reduction in mesh size was inferred from the relative
reduction in the diffusion of various probe molecules but quantified mesh sizes were not

determined.'*” 148 In this work, we sought to reduce the mesh size of the DN-25%
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hydrogel using comb architectures, particularly towards achieving a mesh size between
approximate 1 and 3 nm. In this way, the resulting comb-DN-25% hydrogels may permit
glucose diffusion but retain a small-sized glucose sensing assay component. Combs of
varying charge, concentration and length (n) were introduced the DN ‘s negatively charged
1st network. Specifically, negatively charged PAMPS-methacrylate (PAMPS-MA) combs
were incorporated at varying concentration (up to 50 mol%) and degrees of polymerization
(n = 5, 10, 20). Combs (n = 10) of different charges were also explored at 25 mol%,
including PAMPS-MA (negatively charged), PEG-A (neutral), and poly((3-acrylamido-
propyDtrimethylammonium chloride)-MA (PAPTAC-MA) (positively charged). Mesh
size was experimentally measured via FITC-dextran permeability studies. Other key
properties of the comb-DN-25% hydrogels were also quantified and related to comb
features, including thermosensitivity, hydration, and mechanical behavior.
2.3. Experimental
2.3.1. Material

NIPAAM  (97%), AMPS (97%), NVP (>99%), (3-acrylamido-
propyDtrimethylammonium chloride solution (APTAC, 75 wt% in H.0), poly(ethylene
glycol) methyl ether acrylate (PEG-A, 480 g/mol), N,N’-methylenebisacrylamide (BIS,
99%), 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959, 98%),
cysteamine hydrochloride (AET, > 98%), ammonium persulfate (APS, > 98%),
methacrylic anhydride (MA, 94%), sodium hydroxide (NaOH, > 97%), hydrochloric acid
(HCI, 37%), acryloyl chloride, trimethylamine (EtsN), poly(ethylene glycol) (PEG,

molecular weight = 3000 — 3700 g/mol), 2,2-dimethyl-2-phenyl-acetophenone (DMAP),
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potassium carbonate (K2COs3), magnesium sulfate (MgSO4), sodium bicarbonate
(NaHCOg), fluorescein isothiocyanate-dextran (FITC-dextran, 4k, 10k, 20k and 40k
g/mol), tetramethylrhodamine isothiocyanate—dextran (TRITC-dextran, 4.4k g/mol),
antibiotic solution (100X) (stabilized bioreagent sterile filtered with 10000 units of
penicillin and 10 mg of streptomycin per mL), Dulbecco’s Modified Eagle’s Medium
(DMEM) (1000 mg/dL glucose and L-glutamine without Na>COs and phenol red), ethanol
(HPLC grade), NMR grade deuterium oxide (D20) and other solvents were obtained from
Sigma-Aldrich. Phosphate buffer [potassium hydrogen phosphate (KoHPOa, dried, > 98%)
and potassium dihydrogen phosphate (KH2PO4, > 98%)] were purchased from Alfa Aesar.
Phosphate-buffered saline (PBS, 1X, pH 7.4, without calcium and magnesium,
Corning®), lactate dehydrogenase (LDH) cytotoxicity assay Kit (Pierce) and fetal bovine
serum (FBS, Hyclone) were obtained from Fisher Scientific. All chemicals were used
directly without further purification. Deionized water (DI) with a resistance of 18 MQ-cm
was purified with Cascada LS MK2, Pall. Mesenchymal progenitor cells (C3H/10T1/2,
Clone 8, CCL226) were obtained from the American Type Culture Collection (ATCC).
2.3.2. Comb macromer synthesis

Methacrylated (MA) comb macromers were synthesized under a nitrogen (N2)
atmosphere with a Teflon-covered stir bar to agitate the mixture. Product structures
(including degree of polymerization, n) were determined via end group analysis with *H
NMR spectroscopy on an Inova 500 MHz spectrometer operating in the FT mode with
D20 as the standard (Figure 2.8 and 2.9).

2.3.2.1. Synthesis of ""negatively charged' combs - PAMPS-MA (n =5, 10 and 20)
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First, oligomers with amine end groups were made from telomerization of AMPS
using APS and AET redox couple as initiator and chain transfer agent, respectively.4°
Briefly, an aqueous AMPS monomer solution (1M) was neutralized with solid NaOH (pH
= 7) and was bubbled with N2 for 30 min at RT. APS and AET (with molar ratio of 1:2)
were dissolved in DI separately and rapidly added into the solution. Next, the solution was
heated to 60 € under positive N2 pressure overnight and the pH intermittently was
adjusted to 4-5 with phosphate buffer. The reaction was terminated by adjusting pH to ~12
with solid NaOH. The products were recovered via precipitation from ethanol and vacuum
dried for 2 nights (RT, 30 in. Hg). The degree of polymerization (n) was controlled by the
ratio of AMPS to AET (n =5, 5:1; n = 10, 10:1; n = 20, 20:1). In the second step, amine-
terminated macromers were methacrylated with methacrylate anhydride. A designated
aqueous oligomer solution (0.1M) was neutralized with small amount of concentrated HCI
(pH = 7) and was purged with N2 for 10 min, following with dropwise addition of 1.3
equivalence of methacrylate anhydride at RT and maintain at 60 <€ overnight, under
positive N2 pressure. The final products were precipitated from ethanol and vacuum dried
for 2 nights (RT, 30 in. Hg).
2.3.2.2. Synthesis of ""positively charged' comb - PAPTAC-MA (n = 10)

The PAPTAC-MA was synthesized with a method analogous to that describe
above. The degree of polymerization (n) was controlled by the ratio APTAC to chain

transfer agent AET (n =10, 10:1).

2.3.3. Hydrogel fabrication
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Table 2.1 DN-25% (i.e. no combs) and comb-DN-25% hydrogel compositions and their
VPTT values.

1st network 2nd network VPTT

monomer (1.11 M) NIPAAm NVP T, T, AH

mel% (ol ooy | M Gww | €O © W
DN-25% 85% 15.0% - 2.5 9% 38.0+£06 419+13 28+04
PAMPS-c-5% (n =10) 85% 14.25% 0.75% 25 8% 37.0+0.7 40.1+0.6 2.8+04
PAMPS-c-15% (n = 10) 85% 12.75% 2.25% 2.5 5% 378+£03 425+0.1 2.6£0.2
PAMPS-c-25% (n = 10) 85% 11.25% 3.75% 25 5% 37.1+05 414+£02 2.0+£03
PAMPS-c-50% (n=5) 85% 7.5% 7.5% 2.5 5% 37.0+06 41.4+03 3.0+0.1
PAMPS-c-15% (n = 20) 85% 12.75% 2.25% 25 5% 37.1+04 43"3; 23403
PEG-¢-25% (n=10) 85% 11.25% 3.75% 25 8% 37.6+1.7 423+£31 28+£0.5
PAPTAC-c-25% (n = 10) 85% 11.25% 3.75% 25 5% 37.1+£02 41.5+03 25+£03

Comb-DN-25% hydrogels are denoted as “comb oligomer-c-x% (n)”, where comb
oligomer = PAMPS [negatively charged], PEG [neutral] or PAPTAC [positively charged];
x = comb concentration percentage (i.e. mol% based on AMPS) and n = the comb length
(i.e. degree of polymerization).

DN hydrogel sheets (~1.7 mm thickness) compositions were prepared as described
in Table 2.1. As previously reported, ¢ fabrication was accomplished in a two-step UV-

“I% network”) was soaked in the

curing process wherein a single network (SN) hydrogel (
precursor solution of the 2" network prior to curing, resulting in an interpenetrating, DN
hydrogel. The aqueous SN precursor solutions comprised of 1.11 M monomer (consisting
85 mol% NIPAAm and 15 mol% of AMPS or a combination of AMPS and designated
comb macromer), BIS crosslinker (3.3 mol% based on monomer concentration), and
Irgacure 2959 photoinitiator (4.6 mol% based on monomer concentration). A designated
1%t network precursor solution was injected to a rectangular mold consisting of a 1 mm
thick silicone spacer separated between two glass slides (75 > 55 mm) and sealed with

clips. The mold was submerged into an ice-water bath and exposed to UV light (UV-

transilluminator, 6 mW/cm?, hpeak = 365 nm) for 30 min, rotating the mold after 15 min.

20



The resulting SN was removed from the mold, soaked in DI water for 1 day and submerged
into the designated 2" network precursor solution overnight (~5 <€, refrigerator). The
aqueous 2" network precursor solutions were based on NIPAAm (2.5 M), NVP (5-9 %
wt/vol, to adjust VPTT), BIS crosslinker (0.15 mol% based on NIPAAm concentration)
and Irgacure 2959 photoinitiator (2 mol% based on NIPAAm concentration). After
soaking, the hydrogel was then transferred to a similar mold (~1.25 mm thickness),
submerged in an ice-water bath and cured with UV light for 30 min as described above.
The resulting DN hydrogels were removed from the molds and soaked in DI for 3 days at
RT with daily water changes prior to all characterizations.

A PEG-DA hydrogel control (PEG) was prepared as previously reported from 10
% (wt/vol) PEG-DA (Mn ~3.4k g/mol).** Briefly, the precursor solution (0.1 g PEG-
DA, 10 pL of 30 wt% DMAP dissolved in NVP and 1 mL DI)*® % was injected into a 1.7
mm (thickness) sandwich mold and cured with exposure to UV-light for 10 min, rotating
the mold after 5 min. The resulting hydrogels were removed from the molds and soaked
in DI for 3 days at RT with daily water changing prior to all characterizations.
2.3.4. Mesh size

Hydrogel mesh size was characterized by size-exclusion diffusion tests with FITC-
dextrans.'?* 12" Hydrogel discs (13 mm x 1.7 mm, diameter x thickness, N = 3, from
different hydrogel sheets) were harvested with biopsy punch. Each disc was soaked in 1
mL FITC-dextran solution (0.01 mg per mL DI water) for 24 hr in a sealed vial and then
transferred into another vial containing 1 mL of DI. After 24 hr, the fluorescent intensity

of the supernatant, was tested using microplate reader (Tecan, infinite M200 PRO,
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excitation wavelength (Aex) at 480 nm; emission wavelength (Aem) from 510 to 600 nm).
To quantify FITC-dextran diffusion, a calibration curve (fluorescent intensity vs. FITC-
dextran concentration, R-squared value > 0.99) was used to convert the fluorescent
intensity to calculated concentration. A calculated concentration of <0.00005 mg/mL was
considered negligible FITC-dextran diffusion as this corresponded to the average value of
DI. FITC-dextrans of varying molecular weights (4k, 10k, 20k and 40k g/mol)
corresponded to different hydrodynamic diameters (Dn ~3 nm, 4 nm, 7 nm and 10 nm,
respectively)™®? 133, A zwitterionic TRITC-dextran (4.4k g/mol, Dn ~3 nm) was also used
in a size-exclusion diffusion test for comparison against the negatively charged FITC-
dextran (4k g/mol, Dn ~3 nm).
2.3.5. Glucose diffusion coefficient

Hydrogel slabs were cut into square specimens (15 mm > 1.7 mm, length X
thickness, N = 3, from different hydrogel sheets) with a single edge razor blade and used
for glucose diffusion tests performed at RT and 37 €. A specimen was placed in a side-
by-side diffusion chamber (PermeGear) with the receiver and donor chamber containing
7 mL each of DI water and glucose solution (10 mg/mL), respectively. Each chamber was
mounted onto a stir plate and solutions were stirred with a Teflon-coated stir bar (100 rpm)
to maintain constant solution concentrations. Solution temperature maintained at RT or 37
€ with a water jacket/pump system. At 10 min intervals over a period of 3 hr, 50 uL of
solution was collected from each chamber via pipette and the glucose concentration was

measured (YSI 2700 Select Biochemistry Analyzer).
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As previously reported,® 154 15 the glucose diffusion coefficient though hydrogel
membrane can be calculated using Equation 1, which was deducted from Fick’s Laws.
Here, Q is the quantity of glucose transferred, t is the time of the diffusion, L is the
thickness of the specimen (1.7 mm), C, is the initial glucose concentration (10 mg/mL)
and A is the area of the hydrogel exposing for diffusion (1.767 cm?). For the resulting plots
of “Q” versus “t”, the slope was calculated from the linear portion that followed the lag

time (i.e. from ~30 min to ~140 min).

ADC,

12
Q= —/—x({t-gp) )
2.3.6. Volume phase transition temperature (VPTT)

Hydrogel VPTT was determined using differential scanning calorimetry (DSC, TA
Instruments Q100). A swollen hydrogel specimen (~10 mg) (N = 3, from different
hydrogels sheets) was blotted with a Kim Wipe and then sealed in a hermetic pan. After
cooling to 0 <€, the temperature was increased to 60 €€ and immediately returned to 0 €
at a rate of 3 €/min for 2 cycles. The VPTT was from the resulting endothermic phase
transition peak based on the onset temperature (To,) and the peak temperature (Tmax).
Furthermore, integration of the peak was used to determine enthalpy differentiation (AH).
All the results reported were from the 2" heating cycle to remove thermal history.

2.3.7. Equilibrium water content

Hydrogel discs (13 mm > 1.7 mm, diameter <thickness, N = 5) were harvested

from a single sheet with biopsy punch. Each disc was placed in a sealed vial with 20 mL

of DI water (RT, for 24 hr). Upon removal, the specimen was blotted with a Kim Wipe to
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obtain its swollen weight (Ws) and subsequently vacuum dried overnight (60 <C, 30 in.

Hg) for dry weight (Wg). Water content (W.) was defined per Equation 2:

We—W,
W, = Tsd (2)

2.3.8. Mechanical properties

Compression tests were performed with an Instron 5944 at RT. Hydrogel discs (6
mm %1.7 mm, diameter x<thickness, N =5, from different hydrogel sheets) were harvested
with biopsy punch. The disc was blotted with a Kim Wipe and subjected to a 0.5 N pre-
load force. A compressive force was applied at a constant strain rate (1 mm/min) until
fracture (force drop > 0.5 N). The compressive modulus (E) was calculated from the linear
potion of the strain-stress curve (from 0 to 10% strain). The compressive strength (o) was
determined as the stress at fracture.
2.3.9. Cytocompatibility

Cytocompatibility was assessed after 24 hr culture by measuring the secretion of
lactate dehydrogenase (LDH) with a commercial assay kit (Pierce TM). Briefly, hydrogel
discs (6 mm x1.7 mm, diameter x<thickness, N = 5, from different hydrogel sheets) were
harvested with a biopsy punch and were sterilized by soaking in 70% (v/v) ethanol (45
min % 2) and recovered in sterilized PBS (30 min < 3). The samples were equilibrated in
sterilized PBS for 24 hr (RT) prior to cell seeding. 10T1/2 cells were cultured in DMEM
(without phenol red) supplemented with 10% FBS and 1% antibiotics solution
(penicillin/streptomycin) and were seeded to each sample at a concentration of ~6000

cells/cm. After 24 hr, the supernatant for each sample was collected, reacted with the LDH
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kit, and the absorbance was measured with plate-reader (Tecan, infinite M200 PRO)
following a 25 min of development.
2.3.10. Statistical Analysis

All data is reported as means =xstandard deviations (error bar). Mean values were
compared in GraphPad Prism with 1-way or 2-way ANOVA and statistical significance
assumed with a p-value < 0.05.
2.4. Results and discussion
2.4.1. Design and fabrication of comb hydrogels

Previously, we reported a thermoresponsive, electrostatic DN hydrogel membrane
(DN-25%) consisting of a tightly crosslinked, negatively charged P(NIPAAM-co-AMPS)
1% network and loosely crosslinked P(NIPAAmM-co-NVP) 2" network.®* 65 7 Towards its
implementation as a membrane for a subcutaneously implanted glucose biosensor, the
desired mesh size is between approximately 1 and 3 nm, thereby retaining a small-size
sensing assay molecule (e.g. APTS-MT, Dn ~ 3 nm) but allowing glucose diffusion (Dn ~
0.8 nm). Thus, comb-DN-25% hydrogels were readily prepared herein by introducing
methacrylated or acrylated comb oligomers during the formation of the 1% network
(Figure 2.1). Expected to produce electrostatic repulsion between the combs and the
primary network, negatively charged PAMPS-MA combs were introduced at varying
concentrations (up to 50 mol% based on AMPS) and degrees of polymerization (n =5, 10,
20). A series of comb-DN-25% hydrogels were also prepared with combs (n = 10,
concentration = 25 mol%) that varied in terms of charge: PAMPS-MA (negatively

charged), PEG-A (neutral) and PATAC-MA (positively charged). Comb-DN-25%
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hydrogels are denoted as “comb oligomer-c-x% (n)”, where comb oligomer = PAMPS,
PEG or PAPTAC; x = comb concentration percentage (i.e. mol% based on AMPS) and n
= the oligomer length (i.e. degree of polymerization). For retention of the desired self-
cleaning in response to body temperature fluctuations (i.e. cyclical deswelling/reswelling),
the VPTT was desired to be maintained near that of the DN-25%. Thus, depending on the
composition of the comb-DN-25% hydrogel, varying amounts of NVP (5-9 wt%) were
copolymerized with NIPAAm during formation of the 2" network (Table 2.1).
Additionally, a PEG hydrogel (PEG-DA, 10 % wt/vol, 3.4 k g/mol) was prepared as a
widely studied, non-thermoresponsive single network (SN) hydrogel control.
2.4.2. Hydrogel diffusivity

For conventional SN hydrogels, the mesh size (&) is simply defined as the average
length in between crosslink and can be estimated by average polymer molecular weight
between crosslinks (M).1** 115118 This estimation is not possible for DN hydrogels due to
the asymmetrically crosslinked and interpenetrating nature of the constituent networks.
Herein, mesh sizes of comb-DN-25% hydrogels and controls were experimentally
measured using FITC-dextran permeability studies. FITC-dextrans (molecular weight
~4Kk, 10k, 20k and 40k g/mol), corresponding to different hydrodynamic diameters (Dn ~3
nm, 4 nm, 7 nm and 10 nm, respectively), were utilized. A hydrogel specimen was allowed
to sequentially soak in a designated FITC-dextran solution (0.01 mg/mL), transferred to
fresh DI and the amount of FITC-dextran released via diffusion was analyzed. Thus, a
hydrogel with mesh size larger than Dy of a particular FITC dextran would permit its

diffusion in and out of the hydrogel. Based on a solution’s fluorescence intensity, the
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concentration of the FITC-dextran diffused from a hydrogel was calculated from a
calibration curve (i.e. concentration vs. fluorescent intensity). Diffusion was considered

negligible if the calculated concentration was < 0.00005 mg/mL (i.e. that of DI water).

_ w= DN-25%
-

£ 0.0010- PEG

o

£ 000084 T
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7 nm<¢g<10nm 10nm<¢

Figure 2.2 (a) Size exclusion study of DN-25% and PEG hydrogels. (b) Calculated mesh

sizes (&) of these compositions. [Note: The dash line represents a negligible concentration of
FITC-dextran (< 0.00005 mg/mL).]

First, the mesh size of the DN-25% (i.e. no combs) was determined as well as that
of the PEG hydrogel (Figure 2.2). For DN-25%, FITC-dextrans 4k and 10k were shown
to have diffused but not FITC-dextrans 20k or 40k. Thus, its mesh size was estimated
between 7 and 10 nm. As reported previously,>? the DN-25% failed to encapsulate the
sensing assay component (APTS-MT, Dn ~3 nm), which agrees with the experimentally

determined mesh size. In the case of the PEG hydrogel, given the diffusion of FITC-
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dextran 40k g/mol, its mesh size was estimated to be greater (> 10 nm). This agrees with
a reported mesh size value 17.2 1.0 nm.*%*

Towards tailoring and reducing the mesh size of DN-25%, a series of comb-DN-
25% hydrogels were initially prepared with negatively charged PAMPS-MA of different
lengths (n = 5, 10, 25) and concentrations (Figure 2.3). For a given comb length, an
increased concentration led to relatively decreased mesh sizes. For instance, with the
shortest PAMPS-MA combs, the mesh size was reduced from 7 nm <& < 10 nm [PAMPS-
C-5% (n=5)] to £ <3 nm [PAMPS-c-50% (n = 5)] (Figure 2.3a, €). At the intermediate
comb length, the mesh sizes ranged from

7 nm < & < 10 nm [PAMPS-c-5% (n = 10)] to & < 3 nm [PAMPS-c-25% (n = 10)]
(Figure 2.3b, €). Finally, for the longest comb length, mesh size also decreased from 4
nm < & < 10 nm [PAMPS-c-5% (n =20)] to £ <3 nm [PAMPS-c-15% (n = 20)] (Figure
2.3c, e). Thus, several compositions prepared with PAMPS-MA combs were able to
achieve the targeted mesh size value (§ <3 nm) (Figure 2.3d), but the comb concentration
required to do so decreased with increased comb length. It was also observed that longest
PAMPS-MA combs (n = 20) were more difficult to dissolve into the aqueous precursor

solutions. Thus, PAMPS-c-25% (n = 10) emerged as the best candidate of this series for

achieving & <3 nm.
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Figure 2.3 Size exclusion study of comb-DN-25% prepared with PAMPS-MA combs
(negatively charged) (a) of the same length (n = 5) at different concentration (5, 15, 25
and 50%); (b) of the same lengths (n = 10) at different concentration (5, 15 and 25%); (c)
of the same lengths (n = 20) at different concentration (5 and 15%); (d) of different lengths
(n =5, 10 and 20) at different concentration (15, 25 and 50%, respectively); (e) Calculated

mesh sizes (§) of these compositions. [Note: The dash line represents a negligible
concentration of FITC-dextran (< 0.00005 mg/mL).]

To examine the influence of combs charge, analogous comb-DN-25% hydrogels
were prepared with the same concentration of neutral PEG-A and positively charged
PAPTAC-MA combs (Figure 2.4). Versus the DN-25% [7 nm < § < 10 nm], the mesh

size was reduced for PEG-c-25% (n = 10) [4 nm <& < 7 nm] but was similar for PAPTAC-
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€-25% (n=10) [7 nm <& < 10 nm]. Thus, neither reduced the mesh size to that of PAMPS-
c-25% (n = 10) [§ < 3 nm]. We hypothesized that electrostatic repulsion between
negatively charged PAMPS combs and the negatively charged 1% network limited comb
flexibility and so better blocked diffusion. Neutral PEG combs, lacking repulsive forces
to the 1% network, resulted in greater comb flexibility, leading to a relatively diminished
reduction in mesh size. For positively charged PAPTAC combs, the lack of a reduction in
mesh size was attributed to the electrostatic attraction of the combs to the 1% network,
producing a lack of steric blocking. We also sought to understand the potential
contribution of the slight negative charge of FITC-dextran to the ability of these comb-
DN-25% hydrogels to restrict diffusion. Thus, diffusion tests were conducted with
zwitterionic (i.e. net neutral charge) TRITC-dextran (4.4k g/mol) and compared to that
with FITC-dextran (4.4k g/mol) (Figure 2.9). As observed for FITC-dextran diffusion,
TRITC-dextran diffusion was most limited by PAMPS-c-25% (n = 10) versus PEG-c-25%
(n = 10) and PAPTAC-c-25% (n =10). Thus, PAMPS-c-25% (n = 10) effectively blocks

diffusion of small sized molecules irrespective of charge.
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Figure 2.4 (a) Size exclusion study of comb-DN-25% hydrogels prepared combs of the
same length (n = 10) and concentration (25%), including PAMPS-MA (negatively
charged), PEG-A (neutral charge) and PAPTAC-MA (positively charged). (b) Calculated
mesh sizes (§) of these compositions. [Note: The dash line represents a negligible
concentration of a FITC-dextran (< 0.00005 mg/mL).]

While PAMPS-c-25% (n = 10) obtained a targeted reduced mesh size (§ <3 nm), it
is desirable that diffusion of an ultra-small molecule (e.g. glucose; Dn ~ 0.8 nm) be
sustained (i.e. 1 nm < < 3 nm). In this way, towards developing an implanted glucose
biosensor, such a membrane could retain small sized optical assay molecules while
permitting glucose diffusion to the assay. Thus, glucose diffusion experiments were
conducted to compare PAMPS-c-25% (n = 10) to DN-25% and PEG hydrogels (Figure
2.5). Due to the thermosensitivity of the former two hydrogels (VPTT T,’s~37 °C; Table

2.1), diffusion tests were conducted at both 22 and 37 <C (i.e. in their swollen state and
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onset of deswollen states, respectively). For the PEG hydrogel, the glucose diffusion
coefficient (Defr) values were ~2.48 x107° cm?s™! (at 22 °C) and ~3.51 <10 cm?s™! (at
37 °C). The slight increase at the hire temperature was attributed to a greater Brownian
motion. At 22 °C, the Dest values of both the DN-25% and the PAMPS-c-25% (n = 10)
were very similar to each other (~1.9 x10°° cm? s!). At 37 °C, their Des values also
increased somewhat despite the onset of deswelling. These results, when combined with
the FITC-dextran diffusion studies, indicate that PAMPS-c-25% (n = 10) has a mesh size
between 1 and 3 nm. Moreover, desirable for the potential application as an implanted
biosensor membrane, this comb hydrogel exhibited Des values within the range of Des of

glucose through subcutaneous tissue or fibrous capsule (~2 x 107%cm?s™1).1%6
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Figure 2.5 Measured glucose diffusion coefficient (Defr) values of PEG, DN-25% and
PAMPS-c-25% (n = 10) hydrogels. *p > 0.05.
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2.4.3. Water content, mechanical properties and non-cytotoxicity

As previously noted, a reduction in mesh size achieved with typical approaches
(e.g. increased crosslinking density or concentration) leads to concomitant reduction in
hydration and brittleness. Thus, the hydration and compressive mechanical properties of
a PAMPS-c-25% (n = 10), PEG-c-25% (n = 10) and PAPTAC-c-25% (n = 10) hydrogels
were evaluated (Figure 2.6). Their mesh sizes were reduced to varying extents versus the
DN-25% or PEG hydrogel controls (Figures 2.2, 2.4). Despite this, the hydration values
of all comb hydrogels were statistically similar to the DN-25%. As previously observed,%
the DN-25% achieved a higher compressive modulus and strength versus the PEG
hydrogel, attributed to the former’s electrostatic repulsive forces as well as asymmetrically
crosslinked networks. Compressive moduli values increased in the order: PAPTAC-c-25%
(n = 10) << PEG-c-25% (n = 10) < DN-25% ~ PAMPS-c-25% (n = 10). The modulus of
PAPTAC-c-25% (n = 10) was notably lower than the PEG hydrogel. The compressive
strengths of all comb-DN-25% hydrogels were lower than DN-25%, particularly PAPTAC-
c-25% (n = 10) which was weaker than even the PEG hydrogel. This may stem from the
increased electrostatic interactions that disrupt the dissipation of stress by the asymmetric
DN, the mechanism by which ultra-high strength is thought to be imparted.*” The superior
modulus and moderate strength of PAMPS-c-25% (n = 10), versus other comb-DN-25%
hydrogels, is attributed to the enhanced electrostatic repulsive forces between the
negatively charged combs and negatively charged DN. Neutral PEG combs did not
contribute to such repulsive forces, resulting in the diminished modulus of PEG-c-25% (n

= 10). For PAPTAC-c-25% (n = 10), electrostatic attractive forces imparted by positively
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charged combs diminished modulus substantially. Based on its superior mechanical
properties and desirable mesh size [ < 3 nm], the non-cytotoxicity of PAMPS-c-25% (n

= 10) was confirmed with an LDH (Figure 2.11).
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Figure 2.6 Measured glucose diffusion coefficient (Des) values of PEG, DN-25% and
PAMPS-c-25% (n = 10) hydrogels. *p > 0.05.
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Figure 2.7 For PEG, DN-25%, PAMPS-c-25% (n = 10), PEG-c-25% (n = 10) and
PAPTAC-c-25% (n = 10), values for: (a) water content, (b) compressive modulus, and (c)
compressive strength .*p > 0.05; “p < 0.05 vs. PEG; ®p < 0.05 vs. DN-25%.

2.5. Conclusion
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The use of a comb architecture to tailor and reduce the mesh size (&) of a
thermoresponsive, electrostatic double network (DN) hydrogel was evaluated. DN-25%
(7 nm < £ < 10 nm) consisted of a tightly crosslinked, negatively charged P(NIPAAM-co-
AMPS) 1% network and loosely crosslinked P(NIPAAmM-co-NVP) 2" network. Comb-DN-
25% hydrogels were prepared by introducing methacrylated or acrylated combs of
different charge [PAMPS-MA (negatively charged), PEG-A (neutral) and PATAC-MA
(positively charged)], concentration and length (n) during formation of the negatively
charged 1% network. In this way, the combs were expected to sterically block the mesh
“window” and reduce the mesh size, to varying extents. By tailoring the amount of NVP
incorporated with NIPAAm in the 2" network, the VPTT was maintained in the desired
range, near that of DN-25%. When prepared with negatively charged PAMPS-MA combs,
an increase in comb concentration led to a decreased mesh size. All comb lengths (n =5,
10, 20) achieved the targeted mesh size (§ < 3 nm), but a longer comb did so at a reduced
relative concentration. However, PAMPS-c-25% (n = 10) did so without any observed
comb insolubility in the precursor solution. Analogous comb-DN-25% hydrogels were
prepared with the same concentration of neutral PEG-A and positively charged PAPTAC-
MA. However, their mesh sizes were not effectively reduced versus that of DN-25%,
particularly for the latter: PEG-c-25% (n = 10) [4 nm < & < 10 nm] and PAPTAC-c-25%
(n =10) [7 nm < § < 10 nm]. Thus, negatively charged combs were the most effective in
reducing mesh size, attributed to electrostatic repulsive forces with the DN’s 1% network.
Due to a lack of interaction and attractive forces to the 1% network, respectively, neutral

and particularly positively charged combs were less effective. Moreover, PAMPS-c-25%
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(n = 10) was shown to allow diffusion of glucose, indicating its mesh size to be ~1 <& <
3 nm. Despite the reduction in mesh size, these comb-DN-25% hydrogels favorably
exhibited similar hydration versus DN-25%. Moreover, PAMPS-c-25% (n = 10) exhibited
a greater compressive modulus versus the ultra-strong DN-25%, as well as moderate
strength and cytocompatibility. Based on its thermosensitivity, mesh size and mechanical
properties, this hydrogel is an excellent candidate for an implanted glucose biosensor
membrane based on its anticipated ability to house small size glucose-response assay
components and to undergo “self-cleaning” due to cyclical deswelling/reswelling.

2.6. Supplement

a b c d ef g

n=5
09 1.0 1.1 6.3 3.3
0.346.2
o]
-1
0-S=0
g Yc
HN
0 (\f n=10
a,b 1] s
ﬁ)‘LN/\/ A

H of &' n
e 9
10 1.0 25.6 10.73.5
1.199.9

ko

18.52.4
241468

11 1.0

55 5.0 45 40 s 30 X 20 15 K 05

Figure 2.8 *H NMR spectra of PAMPS-MA macromers (n =5, 10 and 20). Peaks
labelled (a-g) correspond to protons noted on structure. The peak integration values are
noted beneath each spectra.
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Figure 2.9 'H NMR spectrum of the PAPTAC-MA (n = 10). Peaks labelled (a-k)

correspond to protons noted on structure. The peak integration values are noted beneath
the spectrum.
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Figure 2.10 Size exclusion diffusion using neutral TRITC-dextran and negatively charged
FITC-dextran of the PEG hydrogel, DN-25% and comb-DN-25% hydrogels prepared
combs of the same length (n = 10) and concentration, including PAMPS-MA (negatively
charged), PEG-A (neutral charge) and PAPTAC-MA (positively charged). “p < 0.05 vs.
TRITC-dextran. [Note: The dash line (- - -) represents a negligible concentration of a FITC-

dextran (< 0.00005 mg/mL). The dash line (---) represents a negligible concentration of a TRITC-
dextran (< 0.00002 mg/mL).]
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Figure 2.11 Cytocompatibility evaluated with LDH assay (PS culture dish control, PEG,
DN-25% and PAMPS-c-25% (n = 10). #p > 0.05

Table 2.2 Water content of PEG, DN-25%, PAMPS-c-25% (n = 10), PEG-¢c-25% (h =

10) and PAPTAC-c-25% (n = 10) (Data corresponds to that reported in Figure 2.7a.)
Water Content

(%)
PEG 89.8 +0.2
DN-25% 85.2 +0.3
PAMPS-c-25% (n = 10) 86 +1.3
PEG-c-25% (n = 10) 86.2 +0.1
PAPTAC-c-25% (n = 10) 86.2+0.4

Table 2.3 Compressive modulus of PEG, DN-25%, PAMPS-c-25% (n = 10), PEG-c-25%
(n =10) and PAPTAC-c-25% (n = 10) (Data corresponds to that reported in Figure 2.7b.)

Compressive Modulus

(MPa)
PEG 0.33 +0.05
DN-25% 0.62 +0.05
PAMPS-c-25% (n = 10) 0.68 +0.08
PEG-¢-25% (n = 10) 0.58 +0.02
PAPTAC-c-25% (n = 10) 0.098 +0.01
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Table 2.4 Compressive strength of PEG, DN-25%, PAMPS-c-25% (n = 10), PEG-c-25%
(n =10) and PAPTAC-c-25% (n = 10) (Data corresponds to that reported in Figure 2.7c.)

Compressive Strength

(MPa)
PEG 0.49 +0.03
DN-25% 3.5+0.34
PAMPS-c-25% (n = 10) 1.2 £0.22
PEG-c-25% (n = 10) 1.25 +0.17
PAPTAC-c-25% (n = 10) 0.26 £0.02
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3. AGLUCOSE BIOSENSOR BASED ON PHOSPHORESCENCE LIFETIME

SENSING AND A SELF-CLEANING MEMBRANE

3.1. Overview

The adoption of existing continuous glucose monitors (CGMs) is limited by user
burden. Herein, we present a design for a glucose biosensor with the potential for
subcutaneous implantation, without the need for a transcutaneous probe or affixed
transmitter. The design is based on the combination of an enzyme-driven phosphorescence
lifetime-based glucose sensing assay and a thermoresponsive, self-cleaning membrane to
reduce biofouling. The metalloporphyrin, Pd meso-tetra(sulfophenyl)-tetrabenzo-
porphyrin ([PdPhs(SO3sNa)sTBP]s, HULK) as well as glucose oxidase (GOx) were
successfully incorporated into the UV-cured double network (DN) membranes by
leveraging electrostatic interactions and covalent conjugation, respectively. The oxygen-
sensitive metalloporphyrin was incorporated at different levels within the DN membrane.
These HULK-containing membranes retained the desired thermosensitivity, as well as
glucose diffusivity and primary optical properties of the metalloporphyrin. After
subsequently modifying the membranes with GOX, glucose-sensing experiments revealed
that membranes prepared with the lowest GOXx level exhibited the expected increase in
phosphorescent lifetime for glucose concentrations up to 200 mg/dL. For membranes
prepared with relative higher GOx, oxygen-limited behavior was considered the source of

diminished sensitivity at higher glucose levels. This proof-of-concept study demonstrates
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the promising potential of a new biosensor design integrating a specific optical biosensing
chemistry into a novel thermoresponsive hydrogel membrane.
3.2. Introduction

Diabetes affects over 422 million people worldwide and over 30 million people in
just the USA.2 18 Central to minimizing both short- and long-term complications of this
chronic condition is the judicious monitoring of blood sugars and subsequent appropriate
actions to correct hypo- and hyperglycemia.> 2 The widely utilized finger-prick test affords
only intermittent glucose measurements, presenting a major barrier to diabetes
management.t>® 80 Continuous glucose monitors (CGMs) provide real-time monitoring
of glucose levels both day and night.?> 1% 161-163 Sjnce introduction in the late 1990s, use
of CGMs has been primarily limited to use for Type | diabetes and adoption has remained
relatively low due to their “user-burden” 2% 23 164
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relatively low due to their “user-burden” 2% 23 164

42



Current CGMs on-the-market (Abbott FreeStyle® Libre 2, Dexcom G6, and
Medtronic MiniMed™) are designed with transcutaneous electrochemical sensor probes
to measure glucose in the interstitial fluid (ISF). The probe is linked to a transmitter that
is adhered to the skin on the upper arm or abdomen, and delivers the data to a customized
reader or a smart phone. Although transcutaneous CGMs have evolved with improved
user experiences (e.g., reduced irritation and infections)??, the obtrusive “skin-attached”
transmitter design and frequency of probe replacement (~7-14 days) has led to
underwhelming adoption.?? 2% 1% A subcutaneously implanted CGM is anticipated to
provide superior user comfort.

The fully-implantable Senseonics Eversense® device was more recently
introduced, wherein the subcutaneous cylindrical implant is comprised of hydrogel
sensors, optical diodes, and electronics, all placed within a poly(methyl methacrylate)
(PMMA) case.?® An anti-inflammatory drug release “collar” containing dexamethasone
acetate is incorporated into the PMMA construct, aimed at reducing foreign body response
(FBR) and consequently extending the sensor lifetime to up to 3 months.?® % However,
its somewhat large size (d ~3.5 mm x 1 ~ 18.3 mm) requires surgical placement and limits
the options for implantation site to the upper arm, rather than the wrist.?® 3% 165
Additionally, a power module and data transmitter must be affixed to the skin over the site
of this implant. The optics and electronics within the non-reusable PMMA constructs add
failure modes and likewise increase the replacement cost." 1> Moreover, a voluntary
recall was issued following a manufacturing issue that led to inadequate hydration of the

sensor, reducing sensor lifetime to < 3 weeks.3* Given the limitations of current devices,
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a CGM that would permit subcutaneous implantation in the wrist without the need for
skin-attached transmitter is expected to improve adoption. To do so, the method of glucose
detection as well as the approach to enhance implant biocompatibility for an extended
lifetime are essential.

Wrist-wearable devices with activity tracking capabilities have become popular
technology products.®¢-168 A glucose biosensor that could be implanted subcutaneously at
the wrist for wearable detection would represent a convenient, reduced user-burden CGM
design.? 1% Specifically, detection of a subcutaneous optical glucose sensor could be
accomplished via an LED and photodiode pair on a smart watch. Optical glucose sensors
based on fluorescence intensity measurements have been widely studied, such as with
Férster resonance energy transfer (FRET) assays,>* 19 or phenylboronic acid assays.*’®
11 However, the fluorescence intensity values, and thus apparent glucose levels, may be
significantly affected by factors influencing the fluorophores, the excitation efficiency, or
measured light intensity. For example, decreased fluorescence intensity is observed with
repeated optical interrogation due to assay photo-bleaching,3! %172 and the skin thickness
or skin tone has been shown to affect the fluorescence intensity by attenuating the
excitation signals.}*® As an alternative, we have utilized oxygen-sensitive
metalloporphyrins for optical biosensing based on phosphorescence lifetime
measurements.® 172 176180 The phosphorescence lifetime of the metalloporphyrin is
controlled by oxygen collision quenching, such that increased oxygen levels lead to a
decreased lifetime, which is proportional to intensity changes but is independent of the

assay concentration, excitation source intensity, or other environmental factors.7® 181, 182
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Moreover, metalloporphyrins exhibit long phosphorescence lifetimes of 10-100’s
microseconds; these are measurable with low-cost electronics and most importantly they
are distinct from the autofluorescence lifetime ranges of tissues of a few nanoseconds.*
172 Herein, a commercially available metalloporphyrin, Pd meso-tetra(sulfophenyl)-tetra-
benzoporphyrin ([PdPhs(SO3Na)sTBP]3), was chosen to construct a glucose biosensor.
We coined this metalloporphyrin as “HULK” based on its distinct green color. In
combination with glucose oxidase (GOx), the phosphorescence lifetime response of
HULK to oxygen can be related to glucose concentration according to Equation 1, from
which it may be seen that the enzyme drives the reaction in which oxygen is consumed

with the introduction of glucose.

B-D-Glucose + 0, + H,0 =3 D-Glucono-1,5-Lactone + H,0, 1)

To build a glucose biosensor for subcutaneous implantation at the wrist and
detection with wearable devices, the carrier or “housing” of the HULK possesses equal
importance. The FBR is considered a primary obstacle to the longevity of implanted
biosensors.?” 18 Hydrogels have been widely studied as implantable materials,%% 184
largely based on their relative biocompatibility due to significant hydration that gives rise
to passive resistance to biofouling. In contrast, we previously reported a thermoresponsive
double network hydrogel (DN) membrane with robust mechanical properties and an
exceptional ability to limit the FBR via cyclical “self-cleaning”.*® % Based on
thermoresponsive N-isopropylacrylamide (NIPAAm) and anionic 2-acrylamido-2-
methylpropane sulfonic acid (AMPS), the membrane was comprised of a tightly

crosslinked 1% network of [P(NIPAAmM-co-AMPS)] (75:25 wt% ratio) and a loosely
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crosslinked 2" network of NIPAAm copolymerized with N-vinylpyrrolidone (NVP). The
NVP content can be tailored to precisely tune the volume phase transition temperature
(VPTT) such that the membranes cycles between fully swollen and slightly deswollen
states with ~1 °C fluctuations, known to occur in in subcutaneous tissue of the human wrist
(~35-36 °C)*> 188 and in commonly utilized rat models (~37-38 °C)*" 18, To evaluate
self-cleaning in a rat subcutaneous model, we tailored the VPTT to exhibit a Tonset ~36.5
<T and a Tmax of ~41 <T.*® Such an implant-sized cylindrical membrane (~2.5 x 5 mm)
exists largely in the relatively swollen state, but slightly deswells (~20-25 pm) at
intermittent higher body temperatures. This dynamic, active process affords “self-
cleaning” by driving the release of adhered cells as well as deterring initial cellular
adherence. In the rat model, after 90 days, these implant-size membranes exhibited
remarkable biocompatibility marked by a rapid healing response, and minimal fibrous
capsule.*8

Herein, this self-cleaning membrane inspired a design to permit effective
encapsulation of the phosphorescence lifetime-based glucose sensing assay, HULK and
GOx (Figure 3.1 and 3.2). The membrane’s 1% network was prepared from NIPAAm and
cationic (3-acrylamidopropyl)trimethylammonium chloride (APTAC) at a 75:25 mol%.
The 2" network was formed from loosely crosslinked NIPAAmM copolymerized with
acrylamide (AAm). The VPTT was precisely adjusted for a future rat subcutaneous model
based on the AAm level. The anionic HULK was incorporated during UV-cure of the 1%
network so that electrostatic interactions with the cationic membrane would promote its

retention. The GOx enzyme was covalently bonded to the DN membranes by leveraging
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the 2" network’s AAm segments’ primary amides, and also a glutaraldehyde linker’s
dialdehydes. DN membranes were first prepared with three HULK concentrations and
characterized in terms of key material properties, such as phosphorescence intensity,
VPTT, glucose diffusivity, and mechanical properties. Next, GOx was incorporated into
the HULK-containing membranes at different concentrations, and the phosphorescent

properties related to local glucose levels were characterized.

Noise:
auto-fluorescence

Phosphorescence
lifetime

Self-cleaning
g Hydrogel

Deswellingl& e

Self-cleaning

Figure 3.1 Towards a subcutaneous implanted CGM, glucose biosensors were constructed
with a metalloporphyrin [PdPhs(SO3Na)sTBP] (i.e., “HULK”) and glucose oxidase (GOXx)
embedded in a self-cleaning membrane disc. The phosphorescence lifetime response of
HULK to oxygen can be correlated to glucose concentrations. The cyclical
deswelling/reswelling of the thermoresponsive membrane due to body temperature
fluctuations reduces biofouling and, hence, the foreign body reaction (FBR) for an
extended the biosensor lifetime.

3.3. Experimental

3.3.1. Materials

47



(3-Acrylamidopropyltrimethylammonium chloride solution (APTAC, 75% wt.%
in H20), N-isopropylacrylamide (NIPAAmM, 97%), N,N’-methylenebisacrylamide (BIS,
99%), 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959, 98%),
acrylamide  (AAm, > 99%), sodium  acetate = (NaAc, >  99%),
tris(hydroxymethyl)aminomethane (TRIS, > 95%), D-(+)-glucose (> 99.5%), glucose
oxidase (GOx) from Aspergillus niger (100,000-250,000 units/g solid, without added
oxygen), and glutaraldehyde solution (grade Il, 25 wt% in H20) were obtained from
Sigma-Aldrich. Peroxidase (horseradish, 85 units/mg dry weight) and o-dianisidine
dihydrochloride (99%) were purchased from Alfa Aesar. Pd (II) meso-
tetra(sulfophenyltetra benzoporphyrin sodium salt ([PdPhs(SOsNa)sTBP]s, > 95%);
“HULK”) was obtained from Frontier Scientific (Logan, UT, USA). The HULK was
dissolved in DMSO (10 mM), aliquoted into 500 |, and stored in a refrigerator (~5 <C).
Dimethyl sulfoxide (DMSO, >99.9%) were obtained from VWR. All chemicals were used
directly without further purification. Deionized water (DI) with a resistance of 18 MQ-cm
was purified with Pall Cascada LS MK2.

3.3.2. Fabrication of DN membranes containing [PdPhs(SOzNa)4sTBP]s (i.e.,

“HULK”)
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Figure 3.2 (a) Fabrication of double network (DN) membranes containing “HULK” [i.e.,
PdPh4(SOzNa)4] using a two-step UV-cure process. (b) Subsequent incorporation of GOx
enzyme into HULK-containing DN membranes with a glutaraldehyde linker,

DN membranes containing varying concentrations of HULK were fabricated with
a 2-step UV-curing process (Figure 3.2a). Briefly, a single network (SN) precursor
solution was prepared, comprised of 1 M monomer (75 mol% NIPAAmM and 25 mol% of
APTAC), HULK (0, 0.1, 0.3, or 0.5 mM), BIS crosslinker (2.5 mol% based on monomer
concentration), and Irgacure 2959 photoinitiator (0.5 mol% based on monomer
concentration). The solution was degassed with nitrogen (N) sparging for 5 min, and then
immediately injected into a rectangular mold assembled by clipping a silicone spacer (0.7
mm) between two glass slides (75 <55 mm). While submerged in an ice-water bath, the
mold was subjected to UV light (UV-transilluminator, 6 mW/cm2, Apeak = 365 nm) for 5
min on each side. The resulting SN membrane was removed from the mold, soaked in DI

water for 1 day, and subsequently submerged into a 2" precursor solution overnight (~5
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€, in refrigerator). This solution was prepared with NIPAAm (2 M), AAm (5 wt% in
addition to NIPAAm), BIS crosslinker (0.1 mol% based on NIPAAm concentration), and
Irgacure 2959 photoinitiator (2 mol% based on NIPAAm concentration). After soaking,
the membrane was then transferred to another rectangular glass mold having 1 mm thick
polycarbonate spacers. The mold was likewise submerged in an ice-water bath, and UV-
cured for 5 min per side. The resulting HULK-containing DN membrane “slabs” were
removed from the molds and equilibrated in DI for 3 days at room temperature (RT) with
daily water changes prior to all subsequent characterizations. These membranes are
denoted as “DN-X" where “X” is the concentration of HULK in the 1% network precursor
solution (0, 0.1, 0.3, and 0.5 mM). Analogous SN membranes are likewise denoted as
“SN-X".

Table 3.1 Compositions, VPTTs, and water contents of DN-x membranes prepared with
different concentrations of HULK.

1st network 2nd network DN
Monomer (1 M) HULK Monomer VPTT
(concentration in 1% Water
network precursor content
NIPAAmM APTAC solution) NIPAAmM AAmM To Trmax
DN-0 75% 25% 0mM 2M 5% 36.7 £0.1 38.5+0.1 93.8 £0.4%
DN-0.1 75% 25% 0.1mM 2M 5% 36.6 0.6 38.4 0.2 92.7 £0.6%
DN-0.3 75% 25% 0.3mM 2M 5% 36.5+0.3 38.4£0.2 93.3+0.7%
DN-0.5 75% 25% 0.5 mM 2M 5% 36.5+0.4 38.5+0.3 93.8 +0.3%

DN hydrogels are denoted as “DN-x”, where x = HULK concentration (i.e., 0, 0.1, 0.3, or
0.5 mM) in the 1% network precursor solution. Corresponding 1 networks are denoted as
“SN-x". The 1% network contained 2.5 mol% of crosslinker (BIS) based on monomer
concentration, and 0.5 mol% of photoinitiator (Irgacure 2959) based on monomer
concentration. The 2" network consisted of 5 wt% of AAm in addition to 2M NIPAAmM,
0.1 mol% of BIS based on NIPAAmM, and 2 mol% of Irgacure 2959 based on NIPAAm.

3.3.3. HULK absorbance profile and leaching study
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The incorporation of HULK into DN-x membranes was confirmed by absorbance
measurements as follows. Discs (d ~ 6 mm xt ~1.2 mm, N = 3) were harvested via biopsy
punch from SN-x and DN-x membranes. The discs were blotted with Kimwipes and placed
in a 96-wellplate without the addition of any buffer. Absorbance of each disc (at 460 and
640 nm) was characterized with a microplate reader (Tecan, Infinite M200 PRO).
Absorbance profiles of a 0.1 mM HULK aqueous solution (to confirm maintenance of
HULK absorbance peak) and of the “supernatant” produced from soaking a single DN
slab in DI water (~25 mL) for 3 days without changing water (to confirm a lack of HULK
leaching) were also characterized. The absorbance profiles of these solutions were
compared to representative DNs containing HULK, specifically DN-0.3. For each of the
above solutions, 100 i was added into a 96-wellplate and absorbance scan from 350 to
900 nm was performed with the microplate reader.

3.3.4. HULK concentration

According to Beer-Lambert law,*® the actual concentration of HULK in a DN-x
membrane is expected to follow a linear relationship with the membrane’s absorbance.
Therefore, calibration curves plotting absorbance (at 460 and 640 nm) versus a series of
membranes that had fully absorbed a HULK aqueous solution of a designated
concentration were prepared. DN-0 discs (d ~ 6 mm =<t ~1.2 mm, N = 12) were harvested
from 5 different slabs using biopsy punches and each disc was placed into a well of a 48-
wellplate. To each well was added 1 mL of a HULK aqueous solution (0.005, 0.01, 0.015,
or 0.02 mM; N = 3 for each concentration). The absorbance of the supernatant (at 460 and

640 nm) from each well was recorded with the microplate reader until none could be
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detected (~48 hr). At this point, the HULK (at a specified mM concentration) was
considered fully adsorbed by the disc. The absorbance of these discs (at 460 and 640 nm)
were then recorded with the microplate reader, and used to construct the calibration
curves. The HULK concentrations for the calibration curves was recorded to account for
disc volume (~34 L), thereby equaling 0, 0.3, 0.44, and 0.6 mM.
3.3.5. Sol content

Discs (d ~13 mm xt ~ 0.7 mm, N = 5) were harvested via biopsy punch from SN-
x or DN-x slabs immediately after UV-curing. The discs were vacuum dried overnight
(RT, 30 in. Hg) to obtain the dry weight (‘prior to water equilibration’) (Wqo) of each.
These discs were then equilibrated in DI for 24 hr, vacuum dried overnight (RT, 30 in.
Hg), and the dry weight (‘after water equilibration’) (Wa1) of each recorded. The sol

content was defined per Equation 2:

Sol content = WSV;;:/‘“ x 100% 2)

3.3.6. Volume phase transition temperature (VPTT)

The VPTTs of DN-x membranes were characterized using differential scanning
calorimetry (DSC, TA Instruments Q100). A piece of a swollen DN membrane (~10 mg)
(N = 3, each from a different hydrogel slab) was blotted with a Kimwipe and then sealed
in a hermetic pan. After cooling to 0 <€, the temperature was ramped to 60 €€ and returned
to 0 <€ at a rate of 3 €/min for 2 cycles. The VPTT was reported with onset temperature
of the endothermic phase transition (T,) and the peak temperature (Tmax) Of the transition.
All the results were reported from the 2" heating cycle to remove any thermal history.

3.3.7. Swelling and deswelling kinetics
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DN-x discs (d ~13 mm x<t ~1.2 mm; N =5, each from a different DN slab) were
harvested with a biopsy punch. Each disc was equilibrated in DI water at 36 <€ overnight.
Afterward, the discs were sequentially submerged in a 38 <€ water bath for 10 min,
transferred to a water bath at 36 € for 10 min, and moved to 38 <€ water bath for 10 min.
During this process, the weight changes of the discs was monitored every 5 min. At each
time point (0, 5, 10, 15, 20, 25, and 30 min), discs were removed from water bath, and
blotted with Kimwipes in order to obtain their weight.

3.3.8. Equilibrium water content

Hydrogel discs (d ~13 mm =t ~1.2 mm, N = 5) were harvested from a single DN-
x slab with a biopsy punch. Each disc was equilibrated in 20 mL of DI in a sealed via at
RT for 24 hr. Upon removal, the discs were blotted with Kimwipes and weighed on a
digital scale (swollen weight, W;s). The swollen discs were subsequently vacuum dried
overnight (RT, 30 in. Hg) in order to obtain the dry weight (Wq). The water content (W)
was defined per Equation 3:

Ws—Wg

W, = 227 x 100% 3)

3.3.9. Glucose diffusion coefficient

DN-x slabs were cut into square shapes (d ~15 mm %<t ~1.2 mm, N = 3, from
different DN slabs) with a single edge razor blade. Each sample was placed and gently
clamped in between two side-by-side diffusion chambers (PermeGear). DI water (7 mL)
and glucose solution (10 mg/mL) were added into the receiver and donor chambers,
respectively. Each chamber was stirred with a Teflon-coated stir bar at 100 rpm to

maintain a homogenous solution within. The solution temperature was maintained at RT
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(22 <€) or 37 T with the water heating jacket system. At 10 min intervals over a period
of 1.5 hr, 50 uL of solution was collected from each chamber. Afterward, the glucose
concentrations of the collected samples were measured with a benchtop glucose analyzer
(YSI 2700 Select Biochemistry Analyzer).

As reported in previous studies,>® ® Fick’s laws were used to derive mathematical
calculations for diffusion coefficient (Def) of glucose passing through a hydrogel
membrane. The following Equation 4 was used for a side-by-side diffusion model. [Q:
quantity of glucose transferred, t: time interval of the diffusion, L: thickness of the sample
(~1.2 mm), C,: the initial glucose concentration (10 mg/mL) and A: the area of the samples

exposing for diffusion (1.767 cm?)]

ADC, L?

Q= ) X (t

) (4)

~ 6Desy
3.3.10. Mechanical properties

Compression tests were performed with an Instron 5944 at RT. DN-x discs (d ~6
mm xt ~1.2 mm, N = 5, from different hydrogel slabs) were harvested with biopsy
punches and were blotted with Kimwipes prior to tests. Each disc was placed at the center
of the bottom platen and was subjected to a 0.5 N pre-load force, following with
compression at a constant strain rate (1 mm/min) until fracture (force drop > 0.5 N). The
compressive modulus was calculated from the linear portion of the strain-stress curve
(from 0 to 10% strain). The compressive strength and the compressive strain were
determined at fracture point.

3.3.11. Incorporation of GOx
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After equilibrating in DI for 3 days, DN-x discs were harvested from the slabs with
biopsy punches (d ~8 mm). Each of the discs were immersed in 1 mL glutaraldehyde
solution (2.5 wt/v) for 1.5 hr, following with washes using DI for 30 min (10 min %3
times). Afterward, each disc was immersed in 1 mL of GOx aqueous solution (0.05, 0.1,
and 0.5 mg/mL in DI water) overnight (~5 <€, in refrigerator) (Figure 3.2b). The resulting
GOx-modified DN membranes were then equilibrated in 5 mM NaAc solution (pH ~5)
for 3 days (~5 <€, in refrigerator) with daily water changes prior to all characterizations.
These membranes are denoted as “DN-x-Gy” where “X” is the concentration of HULK in
the 1% network precursor solution (0, 0.1, 0.3, and 0.5 mM), and “Gy” denotes the GOx
concentration in solution (0.05, 0.1, and 0.5 mg/mL) used in the fabrication. VPTT,
equilibrium content, and compressive mechanical properties were performed according to
protocols described above for DN-x membranes.

3.3.12. GOx enzyme activity test

One-unit activity of GOx incorporated into DN membranes was defined as the
amount of GOXx that is capable to catalyze 1 mol glucose and produce hydrogen peroxide
(H20,) at 37 €, pH ~5.1%1%2 Based on the GOx enzymatic assay,'®® horseradish
peroxidase (POD), and o-dianisidine dihydrochloride (o-DDH) were used to characterize
the activity within the membranes.%% %1% DN-x-Gy discs (d ~ 6 mm xt ~1.2 mm, N =
3) were harvested with biopsy punches, and were placed in a 96-wellplate. The discs were
equilibrated at 37 <€ for 10 min, followed by the addition of 145 uL assay consisting of
0.17 mM 0-DDH, 1.72% (w/v) glucose, and 5 uL 60 unit/mL POD (pH ~5, at 37 <€). The

absorbance at 500 nm was monitored every 15 s for 5 min. As the light penetrated through
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two phases (liquid assay and the hydrogel), the Beer-Lambert law was applied to derive

Equation 6 for calculating the GOXx activity (Mbsﬂ

: rate of absorbance change for
min  test

500nm

. AAb
testing samples; _
min  plank

. rate of absorbance change for blank cells; &: molar

attenuation coefficient of oxidized o-DDH at 500 nm, which equals 7.5 mMtecm™; € light
pathlength, which was measured to be ~0.5 cm; Vassay: Volume of the assay, which was

150 pL; and Vdise: volume of the disc, which was calculated to be ~34 pi_.)

gnits of enzyme =
mL Y -

min  test min

Vassay (6)

Vaisc

AAbsoonm AAbsoonm
blank *
£xl

3.3.13. Glucose sensing based on phosphorescence intensity

DN-x-Gy discs (d ~6 mm =<t ~1.2 mm; N = 3) were placed into wells of a 96-
wellplate and incubated at 37 €€ for 10 min. Next, 100 pL glucose solution (0, 50, 100,
200, or 300 mg/dL) was added and the discs equilibrated for precisely 5 min (at 37 <€).
Next, to determine phosphorescence intensity, fluorescence intensity was recorded with a
lag-time of 25 s (excitation wavelength: 640 nm). A given disc was sequentially
equilibrated with glucose solutions of increasing concentration, washing 3X with 5 mM
NaAc solution.
3.3.14. Glucose sensing based on phosphorescence lifetime

After cutting the edges with biopsy punches (d ~ 6 mm xt ~1.2 mm; N = 3), the
DN-x-Gy discs were placed in a custom-designed flow-through system® 17818 tg evaluate
the phosphorescent lifetime changes at different glucose concentrations (0, 50, 100, 200
and 300 mg/dL). Glucose solutions were pumped through at a rate of 5 mL/min, while the

oxygen concentration was not specifically controlled (ambient condition, ~8 mg/L oxygen
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dissolved in solution at RT and 0.21 atm oxygen'®’). The discs were incubated at 37 €
for 60 min with 0 mg/dL solution flow-through and were subjected to 1 min glucose
solution flows at each concentration. A 10 min washing in between different glucose
concentration was performed with 0 mg/dL solution. During this process, each disc was
excited with a 630 nm light-emitting diode, and was monitored with a custom time domain
phosphorescence lifetime measurement system. % 180
3.3.15. Statistical analysis

All data are reported as means =standard deviations (error bar). Mean values were
compared in GraphPad Prism with 1-way or 2-way ANOVA and statistical significance
assumed with a p-value < 0.05.
3.4. Results and discussion

DN membranes containing different levels of HULK were successfully fabricated
with the 2-step UV-curing process (Figure 3.1a and Figure 3.3a). These membranes are
denoted as “DN-x" where “x” is the concentration of HULK in the 1 network precursor
solution (0, 0.1, 0.3, and 0.5 mM). Likewise, the 1% cured single networks are denoted as
“SN-x”. The absorbance profiles of HULK of the DN-0.3 and of the aqueous solution (0.1
mM) were qualitatively similar, suggesting HULK had no substantial physical-chemical
interactions that altered its optical properties after incorporation into the DN-x membranes
(Figure 3.3b). The “equilibrium supernatant”, in which a DN-0.3 slab was equilibrated
for 3 days, showed no absorbance near 460 nm or 640 nm, indicating an absence of HULK
leaching. This successful retention is attributed to the electrostatic attraction between the

cationic APTAC segments of the DN membranes and the anionic HULK. There was
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generally no significant difference between absorbance of a SN-x membrane and the
corresponding DN-x membrane (Figure 3.3c; Table 3.2), indicating that the HULK
introduced during the formation of a SN membrane was well-preserved after the
subsequent UV cure to form the DN membrane. While a certain concentration of HULK
was added to the 1% network precursor solution, the actual amount of HULK within DN-
x membrane (Figure 3.3d; Table 3.3) was determined using the designated calibration
curves (Figure 3.9). These results reveal that ~26-30% of the HULK in the 1% network
precursor solution concentration was present in the final DN-x membrane. This apparent
reduction in concentration is attributed primarily to the increased volume of swollen DN
membranes, but there is also some loss due to photo-bleaching of the phosphor during UV

curing of the 2" network.
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Figure 3.3 (a) Photo image of DN-0, DN-0.1, DN-0.3, and DN-0.5 discs (i.e., increasing
amounts of HULK). (b) Absorbance spectra [350-900 nm] of 0.1 mM HULK (i.e.,
[PdPh4(SOsNa)sTBP]3) aqueous solution, DN-0.3, and the supernatant of a DN-0.3 slab
following equilibration for 3 days. (c) Absorbance of SN-x and DN-x at 460 and 640 nm
($: p < 0.05, significantly different versus corresponding SN-x). (d) Calculated
concentration of HULK in DN-x membranes.

The aforementioned successful retention of HULK absorbance is attributed to a
carefully selected UV cure schedule. To reduce the potential for photo-bleaching of the
HULK, the cure time for both the 1% and 2" networks were shortened to 10 min (versus
30 min of prior reports to form similar DN membranes*® %) and precursor solutions were
also sparged with N2. Compared to when cured for 30 min, the DN-0 cured for 10 min
expectedly showed an increased sol content, higher hydration, and also reduced modulus

(E) and compressive strength (CS) (Figure 3.10a-c, Tables 3.4-3.6). Still, the E (~0.44
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MPa) and CS (~0.37 MPa) of the DN-0 prepared with the shorter cure time is similar to
conventional hydrogels, such as those prepared from poly(ethylene glycol) diacrylate
(PEG-DA; My = 3.4 kDa, 10% w/v; E = ~0.33 MPa; CS = ~0.48 MPa).>® Even a slight
increase in cure time from 10 min to 14 min showed evidence of photo-bleaching (Figure
3.10d). Thus, the utilized 10 min UV cure protocol is judicious for incorporation of HULK

within the DN-x membranes.
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Figure 3.4 (a) Deswelling/swelling kinetics, in which the weight changes of the DN-x
were recorded when the DN membranes were subjected to temperature changes between
36 T and 38 € while submerged in water. The results at 20 min and 30 min were isolated
and plotted into bar graphs. (b) Glucose diffusion coefficient (Deff) values of DN-x at RT
and 37 <C. (#: p > 0.05, no significant difference)
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In order to achieve self-cleaning in vivo, the VPTTs of the DN membranes must
be precisely adjusted to consider subcutaneous temperature fluctuations.*® % As described
earlier, for a rat subcutaneous model, a VPTT with a T, ~36.5 € and a Tmax ~38.5 €
would afford cycling between swollen and slightly deswollen states, avoiding excessive
deswelling that could compromise glucose diffusion and impart brittleness. Since the
VPTT of PNIPAAmM hydrogels (~33-35 °C) is known to increase with the incorporation
of hydrophilic comonomers,*® the addition of 5 wt% of AAm to the 2" network precursor
solution produced the targeted VPTT for all DN-x membranes (Table 3.1). Gravimetric
cyclic deswelling/reswelling studies were also conducted (Figure 3.4a; Table 3.7). Since
the 1% cycle of deswelling (0-10 min) and reswelling (10-20 min) may be influenced by
thermal history, specimen weights were considered for the 2" cycle, at the start of
reswelling (at 20 min) and at the end of subsequent deswelling (at 30 min). An average of
1.9 £0.5 % weight decreased was observed upon deswelling. The lack of significant
differences in % weight changes among DN-x membranes indicates that HULK

concentration does not impact thermosensitivity.
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Figure 3.5 (a) Compressive modulus (E), and (b) strength (CS) of the DN-x membranes.
($: p <0.05, significantly different versus DN-0. #: p > 0.05, no significant difference)

All the DN-x membranes exhibited similarly high water contents (~93%) (Table
3.1). This was expected to contribute to good diffusivity of glucose. The Def of each DN-
X membrane was measured at both RT and 37 <€, representing a fully swollen state and an
onset of deswelling state, respectively. No significant difference of Det values [~2.8 +0.6
%x107° cm? s7'] were observed among all DN-x membranes at either temperature (Figure
3.4b; Table 3.8). While a higher temperature can induce greater glucose Brownian motion
for accelerated diffusion, the lack of a relative increase in Deff values of DN-x membranes
at 37 °C may stem from slight membrane deswelling. A similar Des value (at 37 °C) was
observed for a non-thermoresponsive PEG-DA membrane.> The Det of DN-x membranes
was notably higher than that of subcutaneous tissue (~2 x107° cm?s™1).1%¢ Thus, when used
to prepare a glucose biosensor, the glucose diffusion lag time would be limited by the

subcutaneous tissue, not the membrane.
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Figure 3.6 (a) Photo image of DN-x-G0.5 hydrogel discs (x = 0, 0.1, 0.3, and 0.5). (b)
GOx concentration based on its enzyme activity (unit/mL) for aqueous GOx fabrication
solution (0.5 mg/mL) and DN-x-G0.5 (x = 0, 0.1, 0.3, and 0.5). (c) Preliminary glucose
sensing test based on the phosphorescence intensity of DN-x-G0.5 (x = 0, 0.1, 0.3, and
0.5). ($: p <0.05, significantly different; #: p > 0.05, no significant difference)

The E and CS of DN-x membranes were also determined (Figure 3.5; Table 3.9).
Due to their similarly high hydration, this was not a contributing factor to any differences
in mechanical properties. The incorporation of HULK into membranes, irrespective of

concentration, did not influence E values significantly. DN-0.3 showed a statistically
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greater CS versus DN-0, possibly due to the electrostatic attraction between the HULK
and the membrane network. DN-0.5 showed a decreased CS, which is attributed to the
observed aggregation of HULK in precursor solutions at this higher concentration (Figure
3.11), as previously noted by others,9%-202

Following confirmation of the successful incorporation of HULK into DN-x
membranes, the GOx enzyme was subsequently added as a necessary component for
glucose detection. Glutaraldehyde was used to covalently link the primary amine on GOx
to the primary amide of PAAm segments in the DN’s 2" network. GOx incorporation was
performed on DN-x (x = 0, 0.1, 0.3 and 0.5) membranes (discs, d ~ 8 mm) by sequential
absorption of glutaraldehyde and GOx (Figure 3.2b, Figure 3.6a). These resulting
membranes are denoted as “DN-x-Gy” where “X” is the concentration of HULK in the 1%
network precursor solution (0, 0.1, 0.3, and 0.5 mM), and “Gy” denotes the GOx
concentration in solution (0.05, 0.1, and 0.5 mg/mL) used in the fabrication. The inclusion
of GOx did not produce significant changes in VPTT values nor in mechanical properties,
while a very slight decrease in water content to ~90% was observed (Figure 3.12; Tables
3.10-3.11). The effective GOx concentration and accessibility within membranes were
assessed by measuring GOXx activity, specifically for membranes prepared with a 0.5
mg/mL GOx solution (i.e., DN-x-G0.5) (Figure 3.6b; Table 3.12). All DN-x-G0.5
membranes (x = 0, 0.1, 0.3, and 0.5) exhibited similar GOx activity. The expected
reduction versus the GOx solution is attributed to incomplete absorption from the aqueous

solution.
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Figure 3.7 For DN-0.3-Gy membranes (y = 0.05, 0.1, and 0.5): (a) GOx activity, and (b)
glucose sensing based on phosphorescence intensity. ($: p < 0.05, significantly different)

With this series of membranes, initial glucose sensing tests based on HULK
phosphorescence intensity were conducted using a microplate reader. After incubating in
glucose solution (50, 100, or 150 mg/dL) for 5 min, phosphorescence intensity of DN-x-
G0.05 membranes were recorded with a reading lag time of 25 s (Figure 3.6¢). As
expected for membranes prepared with the same GOx levels, an increased
phosphorescence intensity was observed for all membranes when the glucose level was
raised from 50 to 100 mg/dL. However, similar readings were exhibited at 100 and 150
mg/dL. This result may be explained in terms of oxygen depletion within the membranes.
As noted previously, the expected increase in phosphorescence intensity (or lifetime)
response of HULK with increased glucose levels is related to the reduction of oxygen that
is consumed during glucose oxidation (Equation 1). Thus, the lack of a further increase
in phosphorescent intensity for a 150 mg/dL glucose concentration indicates that either
the oxygen was consumed within the membranes or the enzyme was overwhelmed.

Hypothesizing that the depletion of oxygen limited glucose sensitivity at higher

concentrations, the GOx was subsequently incorporated at lower levels in DN membranes
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to reduce the oxidation rate. Based on its superior mechanical properties, a series of
membranes was prepared based on DN-0.3 with increasing GOx concentration: DN-0.3-
G0.05 < DN-0.3-G0.1 < DN-0.3-G0.5. The GOx levels within these membranes were
quantified in terms of activity, and showed the expected increase (Figure 3.7a; Table
3.13). DN-0.3-G0.05, having the lowest GOx levels, exhibited an increase in
phosphorescent intensity across the entire glucose concentration range (0 — 200 mg/dL)
(Figure 3.7b). In contrast, the increase in phosphorescent intensity of DN-0.3-G0.1 and
DN-0.3-G0.5 plateaued at glucose concentrations of 50 mg/dL. These results support our
hypothesis that a lower GOx concentration in HULK-containing membranes avoids

oxygen depletion by reducing the rate of oxygen consumption.
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Figure 3.8 Glucose sensing test based on the phosphorescence lifetime of DN-0.3-G0.05.
(#: p > 0.05, no significant difference)

Based on the above results, DN-0.3-G0.05 was selected for additional

phosphorescence lifetime analysis towards advancing to use as an implanted sensor.

66



Glucose response tests were performed using a custom designed flow-through system and
reader-heads.® 8 As glucose concentrations increased to 50 mg/dL and then to 100
mg/dL, this membrane exhibited substantial increases (~37% and ~36%, respectively) in
phosphorescence lifetime (Figure 3.8; Table 3.14). At higher glucose concentration (100
— 300 mg/dL), the phosphorescent lifetime continued to increase, but to a reduced extent
(~26%). Moreover, at 200 and 300 mg/dL concentrations, the lifetimes were statistically
similar. This nonlinear response behavior is consistent with many other examples of these
enzymatic optical systems developed using various hydrogel matrices.1’® 293205 Although
the reduction in GOx improved glucose sensitivity at higher glucose concentrations,
oxygen depletion may still be a factor. While beyond the scope of this work, it is noted
that the response sensitivity, linearity, and range may be adjusted using different
approaches to decrease the reaction rate by slowing glucose delivery to the enzyme. 1’8 202
However, it is noteworthy that detection of low glucose levels are clinically most critical,
as it is the hypoglycemic episodes that present acute risk to the patient. The sensors
demonstrated here have exquisite sensitivity at low glucose levels, with a 2-2.5X increase
in lifetime over 50 mg/dL steps.
3.5. Conclusion

Towards the development of a subcutaneously implanted glucose biosensor, the
metalloporphyrin PdPhs(SOsNa)sTBP]s (i.e., “HULK”) and glucose oxidase (GOx) were
incorporated into a self-cleaning membrane. Glucose levels can thus be related to the
oxygen-sensitive phosphorescence lifetime of HULK. A thermoresponsive DN membrane

design, previously shown to limit the FBR reaction via body temperature fluctuation-
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driven cyclical swelling/deswelling, was strategically tailored to enable incorporation of
HULK and GOx. Introduced at varying concentrations (0, 0.1, 0.3, and 0.5 mM HULK)
during the UV cure of the 1% network, the resulting DN membranes stably immobilized
HULK via electrostatic interactions and maintained the metalloporphyrin’s absorbance
profile. The DN membranes demonstrated the targeted thermosensitivity and glucose
diffusion Kkinetics despite presence of HULK. Compressive moduli (E) were also similar
for all HULK-containing DN membranes, while compressive strength (CS) was greatest
for an intermediate HULK concentration (i.e., DN-0.3) and reduced for a high HULK
concentration (i.e., DN-0.5). To immobilize GOx within the HULK-containing DN
membranes, glutaraldehyde was used as a covalent linker. During initial glucose sensing
testing of membranes formed with a high GOx concentration (i.e. DN-x-Gy0.5), the
phosphorescent intensity plateaued at glucose levels >50 mg/dL, indicating oxygen-
limited behavior; membranes formed with lower GOx levels were found to reduce the rate
of oxygen consumption, and the membrane with the lowest GOx levels (i.e., DN-0.3-
G0.05) exhibited an increase in phosphorescent intensity from 0 to 200 mg/dL. Methods
to reduce the rate of oxygen consumption (e.g., improve oxygen permeability) may further
improve the range of glucose response, but the current system has exceptional sensitivity
to low glucose levels that are critical in detecting hypoglycemia. Overall, these membranes
represent a promising candidate for subcutaneous glucose biosensors. Based on these
promising results, future work will include assessment of this biosensor design in vivo.

3.6. Supplement
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Figure 3.9 Calibration curves for absorbance at (a) 460 nm and (b) 640 nm versus the
concentration of HULK absorbed into DN-O membranes. From these calibration curves,
the actual concentration of HULK within DN-x membranes was calculated (Figure 3.3 d).
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Figure 3.10 (a) Sol content of SN-0 and DN-0 membranes fabricated with 30 min or 10
min UV-cure. (b) Water content of DN-0 membranes cured for 30 min and 10 min. (c)
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Compressive strength of DN-0 cured for 30 min and 10 min. (d) Photo image of SN-0.3
membrane cured for 14 min. ($: p < 0.05, significantly different versus ‘UV: 30 min’; #:

p > 0.05, no significant difference)

Figure 3.11 Photo image of an empty vial previously used to contain the precursor
solution of SN-0.5. Visible aggregation was observed on the bottom of the glass vial,
attributed to the high HULK concentration.
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Figure 3.12 (a) VPTT (T, and Tmax), and water content of DN-x and DN-x-G0.5 (x = 0,
0.1, 0.3, and 0.5). (b) Compressive mechanical properties of DN-x and DN-x-G0.5 (x =0,
0.1, 0.3, and 0.5). There were no significant changes between DN-x and the corresponding
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DN-x-G0.5 (i.e., same value of x). ($: p < 0.05, significantly different versus

corresponding DN-x). Data also shown in Tables S4a and S4b.

Table 3.2 Absorbance of SN-x and DN-x membranes at 460 nm & 640 nm. (Data

corresponds to that reported in Figure 3.3c.)

460 nm (a.u.) 640 nm (a.u.)

DN-0 0.042 £0.003  0.035 +0.003

DN-0.1 0.168 £0.015  0.082 +0.011
DN-0.3 0.372 £0.029  0.161 +0.019
DN-0.5 0.59 £0.043 0.247 +£0.027
SN-0 0.041 £0.008  0.037 +=0.008

SN-0.1 0.173 £0.028  0.095 +0.036
SN-0.3 0.408 +0.043  0.183 +0.025
SN-0.5 0.666 +0.02 0.284 +0.013

Table 3.3 Calculated concentration of actual amount of HULK in DN-x membranes.

(Data corresponds to that reported in Figure 3.3d.)

Calculated Calculated
Conc. with Ab  Conc. with Ab
at 460 nm at 640 nm
(mM) (mM)
DN-0.1 0.032 +0.004 0.035 +0.008
DN-0.3 0.078 +0.008 0.08 +£0.011
DN-0.5 0.133 +0.01 0.132 +0.016

Table 3.4 Sol content (%) of SN-0 and DN-0 membranes fabricated with 10 min or 30

min UV-cure. (Data corresponds to that reported in Figure 3.10a.)

SN-0 DN-0

(%) (%)
10 min UV-curing 3.8+£13 11+£29
30 min UV-curing 18.6 3.2 29.8 +2.4
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Table 3.5 Water content (%) of DN-0O membranes fabricated with 10 min or 30 min UV-
cure. (Data corresponds to that reported in Figure 3.10b.)

DN-0

(%)
10 min UV-curing 93.8+0.4
30 min UV-curing 82.3+04

Table 3.6 Compressive modulus (E) and strength (CS) and of DN-0 membrane
fabricated with 10 min or 30 min UV-cure. (Data corresponds to that reported in Figure
3.10c.)

E CS
(MPa) (MPa)
10 min UV-cure 0.44 +0.05 0.37 +0.08
30 min UV-cure 0.39 +0.04 0.64 £0.15

Table 3.7 Deswelling/swelling kinetics at 20 min and 30 min of DN-x membranes. (Data
corresponds to that reported in Figure 3.4a.)

Weight

Change at 20 Weight Change
min (%) at 30 min (%)

DN-0 99.3 +0.75 97.0 =0.09
DN-0.1 98.3 1.1 96.6 +1.4
DN-0.3 98.8 +0.77 97.0 +=0.83
DN-0.5 99.2 +0.17 97.4 +£0.32

Table 3.8 Glucose diffusion coefficient (Deff) values of DN-x membranes at RT and 37
<C. (Data corresponds to that reported in Figure 3.4b.)

Deff at RT Detf at 37 <C
(x10%cm?s?)  (x10°%cm?s?)
DN-0 2.56 £0.41 3.48 £0.69
DN-0.1 2.01 +£0.29 2.9 +0.44
DN-0.3 2.56 £0.33 2.90 £0.35
DN-0.5 2.42 £0.22 3.33+£0.44
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Table 3.9 Mechanical properties of DN-x membranes. (Data corresponds to that reported
in Figure 3.5.)

Compressive Compressive Compressive

Modulus Strength Strain
(MPa) (MPa) (%)
DN-0 0.44 £0.05 0.37 £0.08 37.3+3.8
DN-0.1 0.5 +0.07 0.36 £0.11 32,9 +4.9
DN-0.3 0.53 +0.09 0.53 +£0.05 38.2+1.8
DN-0.5 0.42 +0.09 0.17 +0.08 245 +8.2

Table 3.10 VPTT and water content of DN membranes before (DN-x, x = 0.1, 0.3 & 0.5)
and after incorporation of GOx (DN-x-G0.5, x = 0.1, 0.3, & 0.5). (Data corresponds to
that reported in Figure 3.12a.)

To Tmax Water Content
(G®) (=C) (%)

DN-0 36.7 0.1 38.5 +0.1 93.8 +0.4
DN-0.1 36.6 +0.6 38.4 +0.2 92.7 +0.6
DN-0.3 36.5 +0.3 38.4 +0.2 93.3 +0.7
DN-0.5 36.5+0.4 38.5 +0.3 93.8 +0.3
DN-0-G0.5 36.8 +0.3 38.5 +0.4 91.1 +1.8
DN-0.1-G0.5 36.8 +0.1 38.2 0.1 91.0 0.8
DN-0.3-G0.5 36.7 0.1 38.2 +0.1 88.6 +0.3
DN-0.5-G0.5 36.8 +0.2 38.2 +0.1 90.7 0.2

Table 3.11 Mechanical properties of DN membranes before (DN-x, x = 0.1, 0.3 & 0.5)
and after incorporation of GOx (DN-x-G0.5, x = 0.1, 0.3, & 0.5). (Data corresponds to
that reported in Figure 3.12b.)

E CS €

(MPa) (MPa) (%)
DN-0 0.31 +0.11 0.37 +0.07 34.6 +2.9
DN-0.1 0.30 +0.05 0.35 +0.06 35.0+1.9
DN-0.3 0.38 +0.04 0.68 +0.25 40.2 +£3.7
DN-0.5 0.27 +0.05 0.30 +0.09 349 +2.3
DN-0-G0.5 0.32 +0.07 0.41 +0.10 38.3 +3.2
DN-0.1-G0.5 0.37 +0.08 0.46 +0.07 36.8 2.5
DN-0.3-G0.5 0.47 +0.08 0.71 +0.11 405 +2.7
DN-0.5-G0.5 0.36 +0.10 0.32 +0.08 34.4 +2.2
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Table 3.12 GOx concentration based on its enzyme activity (unit/mL) for aqueous GOx
fabrication solution (0.5 mg/mL) and DN-x-G0.5. (Data corresponds to that reported in
Figure 3.6b.)

GOx Activity

(unit/mL)

GOx solution 841.2 +6.8
DN-0-G0.05 158.4 +51.4
DN-0.1-G0.5 168.5 +£17.6
DN-0.3-G0.5 125.7 £50.6
DN-0.5-G0.5 135.5 +10.8

Table 3.13 GOx concentration based on its enzyme activity (unit/mL) for DN-0.3-Gy.
(Data corresponds to that reported in Figure 3.7a.)

GOx Activity
(unit/mL)
DN-0.3-G0.05 454 +2.9
DN-0.3-G0.1 67.3 £8.6

DN-0.3-G0.5 111.3 +13.2

Table 3.14 Glucose sensing based on phosphorescence lifetime of DN-0.3-G0.05. (Data
corresponds to that reported in Figure 3.8.)

Glucose Phosphorescence
Concentration lifetime
(mg/dL) (15)
0 159 +5.9
50 52.7 +5.9
100 100.5 +8.6
200 121.4 £11.5
300 132.6 +£15.8
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4. A SELF-CLEANING SILICONE CONTAINING DOUBLE NETWORK

HYDROGEL MEMBRANE TO ENHANCE GLUCOSE SENSING

4.1. Overview

Hydrogels as one of the most utilized materials in biomedical engineering possess
wide-range adjustable properties. Their properties can be easily controlled with network
structures and polymer chemistries. For example, silicones were added to hydrogels for
contact lens applications, for the increased oxygen permeability. In our previous work, a
hydrogel glucose sensor was fabricated based on a biocompatible "self-cleaning" hydrogel
membrane and phosphorescence sensing assay. In this study, micro-domains of silicone
contents were crosslinked into the hydrogel glucose sensor. The oxygen permeability of
the silicone containing hydrogels was evaluated toward their glucose sensitivity. The
silicone phase solution, containing silicone monomer 3-
(methacryloyloxy)propyltris(trimethylsiloxy)silane,  crosslinker  methacryloxypropyl
terminated polydimethylsiloxane and photoinitiator 2-hydroxy-2-methylpropiophenone,
was dispersed into the aqueous phase precursor solution with a ultrasonicator processor.
The emulsion was cured as first network, and a second network based on poly(N-
isopropylacrylamide-co-acrylamide) was cured as follow. With the addition of silicones,
the hydrogels exhibited increased toughness. However, we observed that the diffusion
properties of the hydrogels were also influence by macro-structure of the hydrogel. SiHy-

0.25, with 0.25 M silicones in the first network, showed significant increased glucose and

75



oxygen permeability due to phase separation. This composition also showed the best
glucose sensitivity, especially toward the higher glucose ranges (~300 mg/dL).
4.2. Introduction

With the prevalence and rapid growth of diabetes,'® continuous glucose monitors
(CGMs) that allow 24 hour tracking of glucose levels in real-time have been emerged for
improved blood sugar management in order to minimize the short- and long-term
complications.?® 162 206-209 On_the-market CGMs (Medtronic Guardian™, Dexcom G6,
and Abbott FreeStyle® Libre 2) employ a transcutaneous electrochemical sensor design
for monitoring glucose levels in the interstitial fluid (ISF). The transcutaneous probe is
linked to a transmitter that is adhered to the skin on the upper arm or abdomen, and delivers
the data to a customized reader or a smart phone. While improvements have been made
(e.g., ease of insertion, and reduced less irritation and infections),?? transcutaneous sensors
still require frequent replacements (~7-14 days) due to biofouling, leading to
inconvenience, reoccurring costs, and the potential for subcutaneous fibroses.t® 23 26, 164
Anticipated to improve user comfort and convenience, Senseonics developed a CGM
(Eversense®) based on a fully subcutaneous implant (d ~3.5 mm x| ~ 18.3 mm) that
contained an optical hydrogel sensor, optics, and electronics in a poly(methyl
methacrylate) (PMMA) cylinder case.?® % With a silicone collar releasing dexamethasone
acetate targeting the inflammatory response, this implant was FDA approved for 90-day
use, and potential for 180-day utility.'> %> However, this CGM requires surgical

implantation and removal (in the upper arm) and there was voluntary recall in 2019 due
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to inadequate hydration of hydrogel sensors from manufacturing issue, which resulted in
shortened lifetime to < 3 weeks.

A glucose sensor that would be small enough to non-surgically implant in the wrist
subcutaneous tissue (e.g., via trocar needle), interrogated without a skin-attached
transmitter, and able to function for extended periods requires overcoming significant
challenges. Optical glucose sensors offer advantages over electrochemical sensors as they
could be interrogated exclusively via a LED and photodiode pair on a smart-watches,
allowing for the exclusion of skin-attached transmitters. Numerous optical glucose sensing
approaches have been has been studied,” *> 210 211 jncluding with assays based on
fluorescent intensity measurements (e.g., F&ster resonance energy transfer (FRET)
assays,'> 20 24 27, 35 212 phenylboronic fluorescence assays,*" 1’ and phosphorescence
lifetime assays!’®). To advance the design of an optical glucose biosensor, the manner in
which the assay is housed is paramount and must address numerous issues, including ease
of biosensor fabrication, assay retention, glucose diffusion to assay, and minimizing
surface biofouling and the foreign body reaction (FBR). This latter issue is considered a
primary barrier to the long-term functionality of implanted glucose biosensors in
general .t 20. 2427, 35,212 Numerous material strategies have been explored to improve
implant biocompatibility, including refining implant shape, size and stiffness,**-4? anti-
inflammatory drug elution,** #* and surface modifications.*>*’ Owing to the tunability of
diffusivity, permeability, and other key properties, hydrogels have emerged as particularly
intriguing options for constructing glucose biosensors," 4 as both surface coatings 47 5°

51 as well as bulk matrices to embed assays.3" 52
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Herein, we reported the proof-of-concept study of an optical glucose biosensor
constructed from a phosphorescence lifetime assay and a customized thermosensitive
matrix. The assay is based on a commercially available metalloporphyrin fluorophore, Pd
meso-tetra(sulfophenyl)-tetrabenzoporphyrin ~ ([PdPhs(SOsNa)sTBP]z), denoted as
"HULK" for its bright green color,®® in combination with glucose oxidase (GOx). HULK
provides distinct benefits versus other glucose-sensitive assay based on fluorescent
intensity values,'® 20 24 27, 3L, 35 171, 212 por HULK, the phosphorescence lifetime is
regulated by oxygen collision quenching, such that increased oxygen levels generally lead
to a decreased lifetime, which is proportional to intensity changes but is independent of
the assay concentration, excitation source intensity, or other environmental factors (such
as skin thickness or pigmentation).*’® 181182 Specifically, the phosphorescence lifetime of
HULK can be related to glucose levels as oxygen is consumed via glucose oxidation as

catalyzed by GOx,% 176 178-180 ner Equation 1.

B-D-Glucose + 0, + H,0 =3 D-Glucono-1,5-Lactone + H,0, 1)

For the membrane housing, a first consideration for incorporation of the
HULK/GOx assay is anticipation of biofouling upon implantation. In contrast to typical
strategies employing passive resistance to biofouling,® 23214 we have previously reported
a thermoresponsive, “self-cleaning” double network (DN) hydrogel membranes with
excellent biocompatiblity.*® Based on thermoresponsive N-isopropylacrylamide
(NIPAAmM) and anionic 2-acrylamido-2-methylpropane sulfonic acid (AMPS), the
membrane was comprised of a tightly crosslinked 1% network of [P(NIPAAmM-co-AMPS)]

(75:25 wt% ratio), and a loosely crosslinked 2" network of NIPAAm copolymerized with
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N-vinylpyrrolidone (NVP) to precisely tune the volume phase transition temperature
(VPTT). Thus, the membrane’s VPTT can be tailored to produce -cyclical
deswelling/reswelling with temperature fluctuations occurring in subcutaneous tissues,
both 2 rat models (~37-38 °C)*7 18 and a human wrist (~35-36 °C).18 18 mplant-
sized cylindrical membranes (~2.5 x 5 mm) were shown to intermittently and slightly
deswell (~20-25 pm) at these relatively higher temperatures. This active “self-cleaning”
process was shown to diminish adhesion of cultured cells.®® 2> Moreover, when implanted
for 90 days the rat model, these implant-size membranes (VPTT: Tonset ~36.5 T, Tmax Of
~41 <C) exhibited excellent biocompatibility with fast healing response and a remarkably
thin fibrous capsule.*®

For construction of a glucose biosensor, a customized thermosensitive membrane
was required for effective incorporation of the HULK and GOX. In a more recent report,
new self-cleaning DN hydrogel membrane was prepared from a NIPAAm and cationic (3-
acrylamidopropyl) trimethylammonium chloride at 75:25 mol% [P(NIPAAjm-co-
APTAC)] 1% network and loosely crosslinked NIPAAm and acrylamide [P(NIPAAmM-co-
AAmM)] 2" network. The VPTT was precisely tuned with AAm levels.®® During formation
of the cationic 1% network, the anionic HULK was incorporated to leverage electrostatic
interactions for its retention. GOx was introduced along with glutaraldehyde during
formation of the 2" network, permitting covalent bonding of GOx with AAm segments’
primary amides, and also with the dialdehydes of glutaraldehyde. The HULK and GOx
were successfully immobilized in the membrane, and could achieve sensitivity for glucose

levels in the lower physiological range (50 to 200 mg/dL). The loss of sensitivity at higher
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glucose levels (i.e., 200-500 mg/dL) was attributed to a sub-optimal oxygen permeability
of the membrane, leading to oxygen consumption within the membrane. For oxygen-
sensitive HULK/GOXx glucose sensing, membrane oxygen levels are critical (Figure 4.1a).
As the oxygen concentration directly influenced the phosphorescence signals, there are
three possible scenarios that may occur in glucose concentration range of interest (50 -
500 mg/dL) (Figure 4.2 b). Two scenarios would not yield differences in phosphorescence
signal: (i) if membrane oxygen permeability is very low relative to oxygen consumption
(“oxygen consumption dominant”), and (i1) if membrane oxygen permeability is very high
relative to oxygen consumption (“oxygen diffusion dominant”). A third and ideal scenario
occurs when membrane oxygen permeability affords desirable oxygen levels (“oxygen
diffusion sufficient”).

To afford the desired sensitivity of HULK/GOx to glucose levels across the
physiological range, the oxygen permeability of the thermosensitive membrane must be
enhanced. To achieve this, membranes were herein modified with silicone microdomains.
Polydimethylsiloxane (PDMS) has been incorporated into hydrogels to improve gas
permeability,?*® 217 related to its flexibility of chains comprised of siloxane bonds that
yield free volumes for the transportation.?t® 219 220. 221 Dye to the insolubility of PDMS in
aqueous solution, the manner of introduction is imperative to achieve good distribution.
To modify the 1% network precursor solution, an ultrasonicate processor was used to
disperse the silicone phase, consisting of 3-(methacryloyloxy)propyltris(trimethylsiloxy)-
silane (TRIS), methacryloxypropyl terminated polydimethylsiloxane (crosslinker), and

photoinitiator. The resulting emulsion was UV-cured, producing a 1% network
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[P(NIPAAjm-co-APTAC)] with embedded silicone microparticles. The P(NIPAAmM-co-
AAM) 2" network was subsequently formed. Membranes were first characterized in terms
of key material properties, such as phosphorescence intensity, VPTT, glucose diffusivity,
and mechanical properties. Next, HULK and GOx were incorporated into the silicone
containing membranes at different concentrations, and the phosphorescent properties

related to local glucose levels were characterized.
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Figure 4.1 (a) An illustration of sensing mechanism of HULK/GOX, after the introduction
of glucose, the oxygen in the membrane can be consumed via glucose oxidation, resulting
in increased phosphorescence signals. The phosphorescence intensity was directly linked
to the oxygen concentration in the membrane, which was determined by the oxygen
consumption and oxygen diffusion. (b) An illustration of three possible sensing profile
between the interested glucose concentration range (50 - 500 mg/dL). The three profiles
were determined by the relationship between oxygen diffusion and oxygen consumption.
4.3. Experimental

4.3.1. Materials
3-(Methacryloyloxy)propyltris(trimethylsiloxy)silane (TRIS) was purchased from

Alfa Aesar. Methacryloxypropyl terminated polydimethylsiloxane (4-6 cSt, DMS-R05)
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was purchased from Gelest. (3-Acrylamidopropyl)trimethylammonium chloride solution
(75% wt.% in water, APTAC), N-isopropylacrylamide (97%, NIPAAm), N,N’-
methylenebisacrylamide (99%, BIS), 2-hydroxy-4’-(2-hydroxyethoxy)-2-
methylpropiophenone (98%, Irgacure 2959), acrylamide (> 99%, AAm), 2-Hydroxy-2-
methylpropiophenone (97%, Darocur® 1173), poly(vinyl alcohol) (87-90% hydrolyzed,
Mw ~30-70 kg/mol, PVA), ethanol (HPLC grade), triton X-100, glucose oxidase (100k -
250Kk units/g solid, without added oxygen) and glutaraldehyde solution (Grade Il, 25% in
water) were obtained from Sigma-Aldrich. Mouse fibroblast cells (NIH/3T3) were
obtained from the American Type Culture Collection (ATCC). Dulbecco's Modified
Eagle's Medium (DMEM, HyClone, GE Sciences), phosphate-buffered saline (PBS, 1X,
pH 7.4, without calcium and magnesium, Corning®) and trypsin-EDTA (0.5%, no phenol
red, Gibco) were purchased from Fisher Scientific. Fetal bovine serum (Atlanta
Biologicals, USA), and penicillin/streptomycin (100 U/100 g/mL, Gibco), alamarBlue,
phalloidin stain (Biotium) and Hoechst 33258 (Biotium) were obtained from Thermo
Fisher. All chemicals were used directly without further purification. Deionized water (DI)
with a resistance of 18 MQ-cm was purified with Cascada LS MK2, Pall.
4.3.2. Fabrication of DNs

Similar to our previous works, the double network hydrogels (DNs) were
fabricated via a 2-step UV-curing process (Figure 4.2). Briefly, the 1% network precursor
solution was injected into a “sandwich” mold assembled with one piece of silicone spacer
(thickness: 0.7 mm or 0.2 mm) in between two pieces of glass slides (75 mm x50 mm).

It was immediately subjected to a UV lamp (UV-transilluminator, 6 mW/cm2, Apeak = 365

82



nm) for 60 min (rotating the side facing down every 30 min). During the UV-curing, the
mold was immersed in an ice bath preventing raised temperature due to curing. The
resulting single network (SN) was removed from the mold, and equilibrated in 2" network
precursor solution in refrigerator. After 24 hr, the SN was placed in a sandwich mold
assembled with one piece of polycarbonate spacer (thickness: 1 mm or 0.25 mm) in
between two pieces of glass slides (75 mm x50 mm). The mold was immersed in an ice
bath while subjecting to UV-curing (60 min, rotating every 30 min). Before
characterization or sequential sensor fabrication, the cured DN was immersed in 100%
IPA for 2 days and DI for 2 days, with media changes every 12 hr.

The slabs prepared with 0.7 mm and 1 mm spacer for SN and DN were utilized to
characterize the physical properties of the DNs. The slabs prepared with 0.2 mm and 0.25
mm spacer for SN and DN were used for later glucose sensor fabrication.

To prepare 1% network precursor containing silicone microdroplets, silicone
monomer (TRIS) crosslinker (DMS-R05, 2.5 mol% based on TRIS concentration) and
photoinitiator (Darocur 1173, 0.5 mol% based on TRIS concentration) were mixed
together forming silicone phase. Meanwhile, monomer NIPAAmM and APTAC, crosslinker
(BIS, 2.5 mol% based on NIPAAm and APTAC concentration), and photoinitiator (Irg
2959, 0.5 mol% based on NIPAAmM and APTAC concentration) were dissolved in 1 %
(wt/vol) PVA ageuous solution forming water phase. The silicone phase liquid was mixed
with the water phase solution with ultrasonicator processor (Fisher Scientific, 120 Watt,
20 kHz), with 30% amplitude for 5 min (Figure 4.2). The 2" network solution was

prepared as described in Table 1, 2 M NIPAAm, 5 wt% AAm (based on NIPAAm), 0.1
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mol% of BIS (based on NIPAAm), and 2 mol% of Irgacure 2959 (based on NIPAAmM)
were dissolved in DI. The resulting compositions were denoted as SiHy-x (x = 0, 0.25 or
0.5), where x representing the concentrations (M) of TRIS in the 1% network.

Table 4.1 Compositions, VPTTs, and water contents of DN membranes prepared with
different concentrations of silicones.

1st network (1 M) 2nd network DN
Aqueous Phase Silicone Phase Monomer VPTT
Water
NIPAAM  APTAC TRIS NIPAAM  AAm T T content
SiHy-0 0.75M 0.25M oM 2M 5% 36.4+0.2 38.5+0.1 87.7 £0.3%
SiHy-0.25 05M 0.25M 0.25M 2M 5% 36.4+0.2 38403 88.6 +£0.4%
SiHy-0.5 0.25M 0.25M 05M 2M 5% 36.5+0.2 38.1+0.3 88.9 +£0.2%

DN hydrogels were denoted as “SiHy-x”, where x = TRIS concentration (i.e., 0, 0.25 or
0.5 M) in the 1% network precursor solution. BIS (2.5 mol% based on monomer
concentration in aqueous phase) and Irg (0.5 mol% based on monomer concentration in
aqueous phase) were added in the aqueous phase as crosslinker (BIS) and photoinitiator.
For the silicone phase, DMS-R05 (2.5 mol% based on TRIS concentration) and EGDA
(0.5 mol% based on TRIS concentration) were added as crosslinker and photoinitiator.
The 2" network was consisted of 5 wt% of AAm in addition to 2M NIPAAm, 0.1 mol%
of BIS based on NIPAAm, and 2 mol% of Irgacure 2959 based on NIPAAmM.
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Figure 4.2 (a) a scheme showing the UV-curing fabrication for the DN hydrogels
containing the silicone microdomains. (b) a scheme showing the incorporation of HULK

and GOx post UV-curing.
4.3.3. Characterization of microdroplet size
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The 1st network precursor solution (SiHy-0.25 or SiHy-0.5) was diluted 100> with
1 % (wt/vol) PVA solution. 0.5 pL of the diluted solution was vacuum dried (30 in. Hg)
on an aluminum specimen mount at room temperature (RT). The dried samples were
subjected to Au-Pt sputter coating (~ 7 nm) and imaged with a scanning electron
microscope (SEM, Tecan Vega 3, accelerating voltage of 10 kV).

Image analysis software (Image J) was used to further analyze the size of the
microdroplets. Measurements (N = 20) were taken along the two diagonal midlines of
each SEM image (N =5 for each composition).

4.3.4. Sol content

For cured SN and DN, disc samples were harvest from the different slabs (SN
thickness = 0.7 mm, DN thickness = 1 mm) immediately after curing (N =5, @ = 8 mm)
and were vacuum dried at RT (30 in. Hg) to obtain the original dry weight (Wqo). Each dis
sample (SN or DN) was sequentially immersed in 20 mL of 100% IPA for 2 days and 20
mL of DI for 2 days, with media changing every 12 hr. The disc samples were vacuum
dried again (RT, 30 in. Hg) to obtain the dry weight after equilibrium in solvents, obtaining
the dry weight (Wa1). The Sol content for SNs and DNs were calculated using equation

one.

Sol content = WSV;;:/‘“ x 100% (1)

4.3.5. Volume phase transition temperature (VPTT)
The VPTT of SiHy-x (x =0, 0.25 or 0.5) was measured using differential scanning
calorimetry (DSC, TA Instruments Q100). A small piece (~10 mg, N = 3) was harvested

from a swollen DN slab (thickness = 1.2 mm) with razor blade, blotted with a Kimwipe

85



and then sealed in a hermetic pan. During the DSC measurements, the samples were
cooled to 0 €, and were heated up to 60 <€ at a rate of 3 €/min for 2 cycles. The VPTT
was reported as the temperature (T,) at the beginning of the endothermic transition and
the peak temperature (Tmax) Of the transition. All the results reported were from the 2"
cycle to remove any thermal history.
4.3.6. Equilibrium water content

Hydrogel discs (@ ~8 mm X thickness ~1.2 mm, N = 5) were harvested from a
swollen slab (SiHy-x, x = 0, 0.25 or 0.5) with a biopsy punch. Each disc was equilibrated
in 20 mL DI for 24 hr (RT). Upon removal, the discs were blotted with Kimwipes and
weighed on a digital scale (swollen weight, Ws). The swollen discs were subsequently
vacuum dried overnight (RT, 30 in. Hg) to obtain the dry weight (Wg). The water content
(Wc) was defined per Equation 2:

_ Ws—Wq

W, = 222 x 100% )

4.3.7. Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-
FTIR)

Disc samples (N = 3, @ = 8 mm) were punched from hydrogel slabs (SiHy-x, x =
0, 0.25 or 0.5) and were vacuum dried (30 in. Hg) under RT. ATR-FTIR (Bruker ALPHA-
Platinum, n = 32) were used to confirm the peaks of Si-CHz (1280 — 1240 nm), Si-O-Si
(1200 — 1000 nm) and Si-(CHz)2 (840 — 790 nm).
4.3.8. Morphology of the DNs

SEM (Tecan Vega 3, accelerating voltage of 10 kV) was used to observe the cross-

section morphology of the DNs. A small hydrogel piece was harvested from a slab (SiHy-
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X, X = 0. 0.25 or 0.5) with a razor blade, cutting off a thin layer on both top and bottom
exposing the cross-section. The samples were vacuum dried (~30 in. Hg) under RT and
were sputter coated with Au-Pt (~ 7 nm) prior to imaging.

4.3.9. Confocal laser scanning microscope (CLSM)

Representative discs samples (@ ~8 mm x thickness ~1.2 mm, N = 1) were
harvested with a biopsy punch and were stained with Nile Red solution for 24 hr. Nile red
solution was made as previously reported, by dilute 75 i of 20 mg/mL Nile red methanol
solution with 128 mL of DI.2%22 An Olympus FV1000 confocal microscope was used to
image each sample (excitation: 488 nm and emission: 500-600 nm). Z-stacks images were
acquired with a 0.53 pm/slice for 20 pm depth. Representative slices of the stacks were
exported without pseudo-color.

4.3.10. Hydrophilicity

Surface hydrophilicity of the DNs was characterized via static water contact angle
(Ostatic), and was measured using CAM-200 goniometer (KSV instruments) equipped with
an autodispenser, video camera and drop-shape analysis software (Attention Theta). A 5
L DI droplet was placed on the surface of a DN slab (SiHy-x, x = 0, 0.25 or 0.5) (blotted
with Kim Wipes) and the Ostatic was monitored over 1 min. The Ostatic (N = 5) at 0 min and
1 min were compared through all compositions.

The bulk hydrophilicity of DNs was evaluated with H-index. Disc samples (N =
10, @ = 8 mm, thickness = 1.2 mm) were harvested from slabs (SiHy-x, x = 0, 0.25 or 0.5)
and were vacuum dried (30 in. Hg, RT, overnight) for dry weight (Wg). Those discs were

submerged in 20 mL of 70% IPA (N = 5) or 100% DI (N = 5) for 24 hr. The swollen
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weight (W;) of each disc was measured and the equilibrium swollen ratio (Q = Ws/Wjq)
was calculated for either swollen in 100% DI (Qoi) or 70% IPA (Qipa). The H-index (H)
was defined as Qipa/Qor).
4.3.11. Mechanical properties

Compression tests were performed with an Instron 5944 at RT. SiHy-x, x =0, 0.25
or 0.5) discs (d ~6 mm xthickness ~1.2 mm, N = 5) were harvested with biopsy punches
from a slab and were blotted with Kimwipes prior to tests. Each disc was placed at the
center of the bottom platen and was subjected to a 0.5 N pre-load force, following with
compression at a constant strain rate (1 mm/min) until fracture (force drop > 0.5 N). The
compressive modulus was calculated from the linear portion of the strain-stress curve
(from 0 to 10% strain). The compressive strength and the compressive strain were
determined at fracture point.
4.3.12. Glucose diffusion coefficient

SiHy-x (x = 0, 0.25 or 0.5) slabs were cut into square shapes (d ~15 mm =<t ~1.2
mm, N = 3, from different DN slabs) with a single edge razor blade. Each sample was
placed and gently clamped in between two side-by-side diffusion chambers (PermeGear).
DI water (7 mL) and glucose solution (7 mL, 10 mg/mL) were added into the receiver and
donor chambers, respectively. Each chamber was stirred with a Teflon-coated stir bar at
100 rpm to maintain a homogenous solution within. The solution temperature was
maintained at RT (22 <€) or 37 <T with the water heating jacket system. At 10 min

intervals over a period of 1.5 hr, 50 pL of solution was collected from each chamber.
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Afterward, glucose concentration of individual collected solution was measured with YSI
(YSI 2700 Select Biochemistry Analyzer).

As reported in previous studies,>® % Fick’s laws were used to deduct mathematical
calculations for diffusion coefficient (Deff) of glucose passing through a hydrogel
membrane. The following Equation 4 was used for a side-by-side diffusion model. [Q:
quantity of glucose transferred, t: time interval of the diffusion, L: thickness of the sample
(~1.2 mm), Co: the initial glucose concentration (10 mg/mL) and A: the area of the samples

exposing for diffusion (1.767 cm?)]

ADC L?
Ex (t—
L 6Deff

Q= ) ©)

4.3.13. Fabrications of DNs containing HULK

As illustrated in Scheme 3, Disc samples were harvested from hydrogel slabs
(thickness: 0.5 mm) using a 6 mm biopsy punch. Each of the disc was immersed in 300
uL of 0.1 mM HULK solution (in IPA) for 48 hr at 35 <C. After soaking, each disc was
washed with DI (1 mL, 3 %10 min) and equilibrated in DI overnight for lateral fabrication.

As the relationship between absorbance and concentration of Hulk in DNs is
expected to follow Beer-Lambert law, in order to determine the Hulk concentration in the
disc, a linear calibration curves (absorbance at 460 or 640 nm vs. concentration) were
plotted using a series of DNs with determined Hulk concentrations (Figure 4.13). The
absorbance of the samples were characterized with microplate reader (Tecan, Infinite
M200 PRO). Disc samples (& = 6 mm, thickness = 0.5 mm, N = 15) were harvested from
SiHy-x (x =0, 0.1 or 0.25) slabs (thickness = 0.5 mm) with a biopsy punch. Each sample

was soaked in 300 pl HULK solution at 35 <C (in IPA, 0.0018 mM, 0.0037 mM, 0.018
89



mM, 0.037 mM and 0.07 mM, N = 3 for each concentration). After 48 hr, the discs were
washed with IPA (1 mL, 3 <10 min) and equilibrated in IPA overnight. Considering the
transparency of the DNSs, all absorbance readings were taken when the DNs were
equilibrated with IPA and each sample was immersed in 100 pL in IPA during
characterization.

The Hulk concentration in each disc was calculated with moles of loaded Hulk
(moles of Hulk in original supernatant subtracts moles of residual Hulk in the final
supernatant) divided by the volume of the disc (~11 ). To determine the residual Hulk
concentration in the final supernatant, a calibration curve was made plotting the
absorbance of Hulk IPA solution and their concentrations (0.01 mM, 0.05 mM, 0.1 mM
and 0.2 mM) (Figure 4.14).

4.3.14. Fabrications of hydrogel glucose sensors

The last step to finish a glucose sensor was incorporating the GOx. The disc
samples, equilibrated in DI, were sequentially soaked in 2.5 % (w/v) of glutaraldehyde
aqueous solution (300 pL) for 1.5 hr and Gox aqueous solution overnight. In between
these two soakings, each disc was washed with DI (1 mL, 3 <10 min) and equilibrated in
DI for 1 hr. The finished hydrogel sensors, containing HULK and Gox, were stored in 5
mM NaAc solution (pH ~5) in refrigerator before all following characterizations.

The Gox activity was determined using a colorimetric activity assay Kit. The disc
samples were placed in a 96 well-plate and were equilibrated in 5 mM NaAc solution at
37 T prior to testing. After 10 min, the NaAc solution was removed, followed by the

addition of 150 pL activity assay solution (pH ~5, at 37 <€), which was comprised of 145
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uL of 0.17 mM o-DDH and 1.72% (w/v) glucose (dissolved in 50 mM NaAc solution),
and 5 puL 60 unit/mL POD aqueous solution. Immediately after the addition, the

absorbance at 500 nm was recorded every 15 s for 5 min. The GOx enzyme activity was

AAbSOOnm
min  tes

calculated with equation 3 ( : absorbance changes within one minute for testing
t

Absoonm

A o .
samples; — : absorbance changes within one minute for blank cells; & molar
blank

attenuation coefficient of oxidized o-DDH at 500 nm, which equals 7.5 mM™scm™; I: light
pathlength, which was measured to be ~0.5 cm; Vassay: Volume of the assay, which was

150 pL; and Vdisc: volume of the disc, which was calculated to be ~11 piL).

Units

——0 f enzyme = (

T ] V
min  test min 5 Lassay (3)
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4.3.15. Oxygen permeability

Hydrogel glucose sensors (SiHy-x, x = 0, 0.25 and 0.5. @ = 6 mm, thickness = 0.5
mm, N = 3 for each composition) were fabricated containing ~0.3 mM HULK and ~100
unit/mL GOx. For each composition, three samples were immersed in 15 mL NaAc
solution (5 mM) within a 20 mL scintillation vial and were degassed by bubbling with N2
for 1 hr. The scintillation vials were than sealed with parafilm and equilibrated at 37 <C.
Each sample was quickly placed in a cell of a 96-wellplate, containing 80 L DI which
was equilibrated in open container to air overnight. The phosphorescence intensity
(fluorescence intensity at excitation: 460 nm, emission: 800 nm and lagtime: 25 |6)
changes of the sample were recorded over 1 min. As the phosphorescence intensity
changing rate is directly related to oxygen permeability, the slope of phosphorescence

intensity vs time was calculated and used as indicator for oxygen permeability.
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4.3.16. Glucose sensitivity

Hydrogel glucose sensors (SiHy-x, x = 0, 0.25 and 0.5. @ = 6 mm, thickness = 0.5
mm, N = 3 for each composition) were fabricated containing ~0.3 mM HULK and ~100
unit/mL GOx. For each composition, three samples were equilibrated in 15 mL NaAc
solution (5 mM) at 37 <C. Each sample was placed into one cell of a 96-wellplate and 50
ML glucose solution (0, 50, 100, 150, 200, or 300 mg/dL) was added and the discs
equilibrated for precisely 5 min (at 37 €€). The phosphorescence intensity (fluorescence
intensity at excitation: 460 nm, emission: 800 nm and lagtime: 25 &) were recorded over
5 min equilibration. The normalized phosphorescence intensity (intensity at 0 min
equilibrating in NaAc solution / intensity at 5 min equilibrating in given glucose solution)
was calculated for each glucose concentration to value the sensitivity. A given sample was
sequentially equilibrated with glucose solutions of increasing concentration, washing 3X
with 5 mM NaAc solution for 5 min in between.
4.3.17. Cytocompatibility

Hydrogel discs (6 mm =< 0.5 mm, diameter x thickness, N = 3, from different
hydrogel sheets) were harvested with a biopsy punch, and were loaded with 0.3 mM Hulk.
They were sterilized by soaking in 70% (v/v) ethanol (30 min % 3) and recovered in
sterilized PBS (30 min x 3). After sterilization, ~100 unit/mL GOx was bonded to the
hydrogel discs. Mouse fibroblast cells (NIH/3T3) (ATCC) were cultured under normal
media conditions consisting of Dulbecco's Modified Eagle's Medium (DMEM) with 10 %
fetal bovine serum and 1% penicillin/streptomycin (100 U/100 pg/mL). After every 2-3

days, culture media was exchanged for fresh media. Cells were passaged with 0.5%
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trypsin-EDTA upon reaching confluency of ~70% and seeded at ~2500 cells/cm?. For
indirect cellular viability assay, NIH/3T3 cells were cultured in a 24 well plate at 10,000
cells per wells. The hydrogels of each composition were placed with a transwell insert,
which were then placed within the 24 well plate, with cells without transwell inserts acting
as control (n=3). After 24 hrs cellular viability was determined using alamarBlue™
according to manufactured protocol. For cellular morphology studies, NIH/3T3 cells were
seeded directly on to hydrogels of different compositions for 24 hrs, with cells cultured in
a 96 well plate acting as control. For actin staining, cells were, fixed with 2.5%
glutaraldehyde and permeabilized with 0.1% TritonX-100. Phalloidin stain was then
added according to manufacturer’s protocol and samples were incubated for 20 minutes at
37 <C. The stain was removed, washed with 1X PBS three times. Cells were then treated
with Hoechst 33258 according to manufacturer’s protocol and incubated for 5 minutes at
room temperature. Samples were then washed with 1X PBS three times followed by
imaging using a fluorescent inverted microscope (ZEISS Axio Vert.Al).
4.4. Results and discussion

For common silicone containing hydrogels, the hydrophilic monomers used were
able to mixed with the silicone monomers. The mixed monomer liquid was then cured via
UV and the products were equilibrated in DI to allow swelling. However, the critical
NIPAAmM monomers, to achieve self-cleaning, was not able to dissolve in any silicone
monomers. Although, all the components chosen in IPA, the precursor solution was not

able to be UV cured with the setup in our lab.
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Figure 4.3 (a) Distribution of microdroplet in the 1% network precursor emulsion of SiHy-
0.25 diameter (um) measured by image J. (b) Distribution of microdroplet in the 1%
network precursor emulsion of SiHy-0.5 diameter (um) measured by image J. (C)
Representative SEM image of SiHy-0.25 microdroplet in the 1% network precursor
emulsion (scale bar: 2 um). (d) Representative SEM image of SiHy-0.5 microdroplet in
the 1 network precursor emulsion (scale bar: 20 pm).

In order to successfully incorporate silicones into the hydrogel system, the silicone
phase precursor was dispersed in the aqueous phase precursor with a ultrasonicating
processor (Figure 4.2). After ultrasonicating, the silicones were dispersed in the 1%
network precursor as micro-droplets (Figure 4.3), generating the opaque emulsion
precursors (Figure 4.11). With increased silicone concentration, the average diameter of
microdroplets in SiHy-0.5 precursor (0.32 £0.08 pm) was increased comparing to it in

SiHy-0.25 precursor (2.24 0.5 pm).
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The emulsions were stabilized by the addition of 1% PVA. Although no visible
phase separation observed within 30 days (Figure 4.11), precursor emulsions were made
and used freshly (within 1 hr) for each fabrication. Also due to the opaqueness, aiming for
designed degree of curing, the length of the UV-curing for both 1% network and 2"
network was increased to 60 min comparing to our previous works. After extended UV-
curing, DNs were equilibrated in 100% IPA and DI in sequence, extracting unreacted
monomers, prior to all characterizations. As shown in Figure 4.4a, silicone containing
hydrogels (SiHy-x, x = 0, 0.25 or 0.5)) were successfully fabricated as described. When
equilibrated in DI, the resulted DNs went from clear (SiHy-0), translucent (SiHy-0.25) to
opaque (SiHy-0.5) with increasing silicone concentration. This was possibly due to the
collapsing silicone chains when they are interacting with a bad solvent (DI), while the
hydrophilic sections of the polymers [P(NIPAAm-co-APTAC) and P(NIPAAmM-co-
AAm)], at the same time, were extended when interacting DI, a good solvent. As contrast,
the resulted DNs were clear equilibrated 100% IPA, a good solvent for both hydrophilic
polymer chains and the silicone contents.

To examine the curing degree, SNs and DNs were all sequentially equilibrated in
IPA and DI to extract unreacted monomers, and the sol content of each hydrogel was
characterized (Figure 4.4b; Table 4.2). Comparing SNs or DNs among SiHy-x (x = 0,
0.25 or 0.5), there was no significant difference between three compositions, indicating a
similar extend of curing, independent of silicone contents, between SNs or DNSs.
Moreover, the silicone peaks were confirmed using ATR-FTIR, further demonstrating the

success incorporation of silicones (Figure 4.4c). Comparing to SiHy-0, peaks of Si-(CHs)>
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(~840 nm), Si-O-Si (~1050 nm) and Si-(CHas) (~1250 nm) were observed in curves of

SiHy-0.25 and SiHy-0.5.
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Figure 4.4 (a) Representative photo image of SiHy-x (x = 0, 0.25 or 0.5) disc samples
immersed in DI or IPA. (b) Sol content of both SNs and DNs for all compositions (SiHy-
0, SiHy-0.25, and SiHy-0.5). (c) Representative ATR-FTIR curves of SiHy-x (x = 0, 0.25
and 0.5), peaks of Si-CH3 (~1250 nm), Si-O-Si (~1050 nm) and Si(CH3)2 (~ 840 nm)
were labeled. (#: p > 0.05, no significant difference)

After staining the hydrophobic silicone contents with Nile red, the distribution of
the silicones was observed via CLSM (Figure 4.5). Comparing to SiHy-x showing no
stained component, the micro-domains of stained silicones were thoroughly in the SiHy-
0.25 and SiHy-0.5. Similar to the 1% network precursors, the micro-domains in SiHy-0.5

were larger than it in SiHy-0.25. More aggregation of the silicones was also observed in

SiHy-0.5.
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(b)
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Figure 4.5 Representative CLSM image of (a) SiHy-0, (b) SiHy-0.25 and (¢) SiHy-0.5.
(Scale bar: 10 um)

SEM and EDS were used to characterize the DN cross-sections (Figure 4.6 and
Figure 4.12). Silicone elements were detected from SiHy-0.25 and SiHy-0.5 compositions,
comparing to blank SiHy-0 controls. Interestingly, at this lower silicone concentration, a
rough morphology was observed on the cross-section of SiHy-0.25, indicating phase
separation behaviors. This phase separation could be driven by the hydrophobic sections
of [P(NIPAAmM-co-APTAC) and P(NIPAAm-co-AAm)] tending to interact with the
silicone micro-domains, while their hydrophilic sections were prone to avoid the micro-
domains. With increasing silicone concentration, SiHy-0.5 presented a smoother cross-
section similar to SiHy-0.

The influence of the silicones toward DN hydrogel properties were characterized
using SiHy-x (x = 0, 0.25 or 0.5, thickness = ~1.2 mm) before the addition of sensing
assay. As reported in our previous papers®® %3 to achieve proper “self-cleaning”, the
VPTTs of the DNs were tailored to be close to the implant site temperature. (Table 4.1).
During self-cleaning process, the DNs deswell / swell upon temperature fluctuations above
or below the VPTT, which dynamically prevent the biofouling. Here, considering the

future studies on rat model (~37-38 <C), 5 wt% of AAm was added into the 2" networks
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of all the DNs, resulting a VPTT of T, ~36.5 T and Tmax ~38.5 <C. There was no
significant difference between SiHy-x (x = 0, 0.25 or 0.5), indicating that the silicones did
not significantly affect the VPTT. The SiHy-x (x = 0, 0.25 or 0.5) exhibited similar water
content (Table 4.1) as well. Yet, decreased surface hydrophilicity were observed when
silicone contents increased (Figure 4.7a; Table 4.3). As the droplet just contacted with
the slab (0 min), a contact angle > 90 “were observed for SiHy-0 (~94 9, SiHy-0.25 (~101
9 and SiHy-0.5 (~108 9. After contacting for 1 min, the surface of the slab restructured
and the contact angle of all composition decreased < 90 <(SiHy-0: ~61 < SiHy-0.25: ~78
<and SiHy-0.5 ~85 9, indicating that each of the composition was able to present a
hydrophilic surface in aqueous environment. As expected, the bulk hydrophilicity also
decreased with increasing silicones, which was confirmed with the H-index (Figure 4.7b;
Table 4.4). The H-index was defined using the ratio between swelling degrees in a more
hydrophobic solvent (70% IPA) and a more hydrophilic solvent (DI). As SiHy-x (x = 0,
0.25 or 0.5) exhibited similar water content, or swelling degree in DI, the increased H-
index indicated that the DNs swelled better in more hydrophobic 70% IPA with increased
silicones. The decreased hydrophilicity, due to the incorporation of silicones, could lead
to decreased diffusivity in aqueous environment. However, there was no significant
influence of silicones toward glucose diffusion (Figure 4.7c; Table 4.5). SiHy-0.5 showed
similar glucose diffusion coefficient to SiHy-0 at both RT or 37 <C. An increased glucose
diffusion coefficient was observed of SiHy-0.25 at both testing temperatures, which was
possibly due to phase separation observed in SEM. Notably, SiHy-x (x = 0, 0.25 or 0.5)

showed higher glucose diffusion coefficient comparing with the subcutaneous tissue
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(~2x107% cm? s7'), and were expected to allow efficient glucose diffusion as glucose

biosensors.

(b)

(a) SiHy-0

SiHy-0.25 (c) SiHy-0.5

Figure 4.6 (a) Representative SEM image of SiHy-0 cross-section (scale bar: up — 20 pm,
down — 10 pm). (b) Representative SEM image of SiHy-0.25 cross-section (scale bar: up
—20 um, down — 10 um). (c) Representative SEM image of SiHy-0.5 cross-section (scale

bar: up — 20 um, down — 10 pum).
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Figure 4.7 Physical properties of SiHy-x (x = 0, 0.25 or 0.5) (a) Contact angel. (b) H-
index. (c) Glucose diffusion coefficient. (*: p < 0.05, significantly different from each

other sample at the same condition; $: p < 0.05, SiHy-x (x =0, 0.25 or 0.5) is significantly
different from its own at different condition.)
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As shown in Figure 4.8 (Table 4.6), the mechanical properties were influenced by
the silicone micro-domains. With the addition of the soft and flexible silicones
microdomains, the hydrogels became more ductile and softer, showing increased
compressive strain and decreased compressive modulus decreased. The strength of the
SiHy-0.25 decreased comparing to SiHy-0, due to the soft silicone microdomains.
However, the SiHy-0.5 showed increased compressive strength due to increased ductility.
As results, SiHy-0.5 showed similar toughness comparing to SiHy-0, while SiHy-0.25

exhibited much higher toughness.
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Figure 4.8 Mechanical properties of SiHy-x (x = 0, 0.25 or 0.5) (a) Compressive strain
(€). (b) Compressive modulus (E). (c) Compressive strength (CS). (d) Toughness. (*: p <
0.05, significantly different from each other)

After characterized the influence of silicone to the physical properties, SiHy-x (x
=0, 0.25 or 0.5, thickness = 0.5 mm) were incorporated with sensing assay as described.
Much thinner samples allowed homogenous loading of HULK. The loading HULK
concentration was characterized to be ~0.3 mM and the GOx concentration was ~100

unit/mL (Figure 4.9a and b).
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Figure 4.9 (a) Calculated concentration of HULK loaded in the hydrogel discs (& =6 mm,
thickness = 0.5 mm, SiHy-0, 0.25 or 0.5). (b) GOx activity of the hydrogel discs (& = 6
mm, thickness = 0.5 mm, SiHy-0, 0.25 or 0.5, loaded with ~0.3 mM HULK). (c)
Phosphorescence intensity changing rate within the first minute when the hydrogel discs
were first exposing to oxygen (@ = 6 mm, thickness = 0.5 mm, SiHy-0, 0.25 or 0.5, loaded
with ~0.3 mM HULK and ~100 unit/mL GOx). (#: p > 0.05, not significantly different
from each other) ($: p < 0.05, significantly different from each other)

The oxygen permeability was indirectly accessed by measuring the
phosphorescence intensity changes within the first minute as the sensor exposed to
aqueous environment containing satirized oxygen (Figure 4.9c). Comparing to SiHy-0,
SiHy-0.25 and SiHy-0.5 both showed faster changing rate, indicating better oxygen
permeability. As expected, the silicone micro-domians did result in better oxygen

permeability. Moreover, SiHy-0.25 showed the fastest changing rate and highest oxygen
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permeability, exceeding the SiHy-0.5. This was similar to the trend of glucose diffusion
coefficient, which was possibly due to the phase separation observed with SEM. The
preliminary glucose sensing was characterized with phosphorescence intensity changes
when the sensor exposed to different glucose solution (0, 50, 100, 150, 200 and 300
mg/dL) (Figure 4.9d). As expected, the SiHy-0.25 showed the best sensing range from
100 - 300 mg/dL, while the other two compositions lost sensitivity at higher concentration
(> 150 mg/dL). All the compositions showed lack of sensitivity at lower concentration (50
- 100 mg/dL), which was not observed in previous studies. Comparing the difference
between the previous sensor and the sensor fabricated in this work, this lack of sensitivity
at lower concentration, even for non-silicone composition SiHy-0, was possibly due to the
thickness of the sensor.

The cytocompatibility was evaluated by indirect cellular viability assay (Fig. 8e).
Cells cultured in the environment containing SiHy-x (x = 0, 0.25 or 0.5) sensors showed
good viabilities. The cells were also seeded to the sensors. Although the surface
hydrophilicity changed with the addition of silicones, cells were not able to grow on the

sensor hydrogels (Figure 4.10a-c).
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Figure 4.10 (a-d) Fluorescence imaging of cells seeded on SiHy-0. 0.25 or 0.5 and tissue
culture plates (TCPs) after 24 hr. (e) Normalized cell viability of SiHy-0. 0.25 or 0.5 and
tissue culture plates (TCPs). (#: p > 0.05, not significantly different from each other)

4.5. Conclusion

In this paper, we introduced a novel method to incorporate silicones in a self-cleaning
double network hydrogel. Micro-domains of silicones were cured within the P[NIPAAmM-
co-APTAC] 1° network, followed with an additional curing of a P[NIPAAmM-co-AAM]
2" network. The introduction of the hydrophobic silicones resulted in an increased surface
and bulk hydrophobicity of SiHy-x (x = 0, 0.25 or 0.5). The silicones also generated
different swelling profiles within the hydrogels in different solvent (i.e. DI or IPA), which
in otherwise influence the opacity of the hydrogels equilibrating in different solvents. As
expected, Silicones, owing to the flexible and soft chains, also retained the hydrogels more
ductile and soft mechanical properties, as well as better oxygen permeability. Additional
to the silicones, the micro-domain structure also influenced the physical properties of the

hydrogels significantly. From SEM imaging, it was observed that the SiHy-0.25 exhibited
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significant phase separation, other than the silicone micro-domain. This was possibly due
to the different interaction tendency of hydrophobic and hydrophilic sections of
P[NIPAAmM-co-APTAC] and P[NIPAAmM-co-AAm] with the silicone micro-domains. As
result, the diffusivity (glucose or oxygen) of SiHy-0.25 was significantly increased. This
composition also showed widest sensing range (100 - 300 mg/dL). In this paper, the
sensitivity was only preliminary characterized phosphorescence intensity. Future study
would be conducted with SiHy-0.25, with the investigation with better GOx loading
(narrow concentration range), thickness of the sensor and phosphorescence lifetime
sensing.

4.6. Supplement

Figure 4.11 (a) Photo image of 1* network precursor emulsion for SiHy-0.25 and SiHy-
0.5 took on first day. (b) Photo image of 1% network precursor emulsion for SiHy-0.25 and
SiHy-0.5 took after sitting for 30 days.
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Figure 4.12 (a) Representative SEM and EDS images of SiHy-0. (b) Representative SEM
and EDS images of SiHy-0.25. (c) Representative SEM and EDS images of SiHy-0.5. (d)
Average elements percentages of SiHy-x (x =0, 0.25 or 0.5) characterized with SEM-EDS.

SEM, (Tecan Vega 3) with oxford energy-dispersive x-ray spectroscopy (EDS)
detector was used to analysis the elements on SiHy-x (x =0, 0.25 or 0.5) cross-sections. 5
random points were selected for the EDS scanning and the average elements concentration

at those points were calculated.
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Figure 4.13 Calibration curves for absorbance at (a, ¢, €) 460 nm and (b, d, f) 640 nm,
plotting with absorbance of HULK in DNs (SiHy-x, x = 0, 0.25 and 0.5) versus HULK
concentrations in DNs (~ 0.05 mM, ~0.1 mM, ~0.45 mM, ~0.65 mM, and ~1 mM).
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Figure 4.14 Calibration curves for absorbance at (a) 460 nm and (b) 640 nm, plotting with
absorbance of HULK IPA solution versus HULK concentrations (0.01 mM, 0.05 mM, 0.1
mM and 0.2 mM).

Table 4.2 Sol content of both SNs and DN for all compositions (SiHy-0, SiHy-0.25, and
SiHy-0.5). (Data corresponds to that reported in Figure 4.4b.)

SN DN
SiHy-0 0.11 +0.06 0.27 +£0.01
SiHy-0.25 0.13+0.01 0.27 +£0.01
SiHy-0.5 0.12 +0.02 0.28 #0.01

Table 4.3 Contact angle (°) of SiHy-0, SiHy-0.25, and SiHy-0.5. (Data corresponds to
that reported in Figure 4.7a.)

0 min 10 min

SiHy-0 93.6 £3.1 60.9 +8
SiHy-0.25 100.7 3.3 78.4 +4.2
SiHy-0.5 108.4 +2.4 84.7 55

Table 4.4 H-index of SiHy-0, SiHy-0.25, and SiHy-0.5. (Data corresponds to that
reported in Figure 4.7b.)

H-index
SiHy-0 0.73 +£0.01
SiHy-0.25 0.79 +£0.03
SiHy-0.5 0.98 +0.03
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Table 4.5 Glucose diffusion coefficient (x 10°° cm?s™) of SiHy-0, SiHy-0.25, and SiHy-

0.5. (Data corresponds to that reported in Figure 4.7c.)

At37 T

SiHy-0 1.9 +0.08 2.6 +0.01
SiHy-0.25 2.2 +0.09 3.3 +0.07
SiHy-0.5 1.9 +0.08 2.9+0.01

Table 4.6 Compressive mechanical properties of SiHy-0, SiHy-0.25, and SiHy-0.5. (Data
corresponds to that reported in Figure 4.8.)

Strain Modulus Strength Toughness

(%) (MPa) (MPa) (MJ/m®)
SiHy-0 54.5+0.7 0.4 +£0.03 2.1+0.1 0.26 +0.02
SiHy-0.25 59.2 +1.7 0.26 +0.02 1.7+0.2 0.23 +0.03
SiHy-0.5 88.1 +2.9 0.19 +0.02 2.7 0.2 0.6 +0.06
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5. CONCLUSIONS AND FUTURE WORK

5.1. Conclusion

This work was motivated by the realization of subcutaneously implanted optical
glucose biosensors to improve diabetes management. On-the-market CGMs are primarily
transcutaneous designs having limited lifetimes (7-14 days), primarily attributed to the
FBR to the electrochemical sensors that resides in the subcutaneous tissue. An optical
glucose sensor of reduced size would permit non-surgical implantation to the wrist, and
also could be could be interrogated exclusively via a LED and photodiode pair on a smart-
watches, allowing for the exclusion of skin-attached transmitters. The membrane used to
construct such a sensor is paramount to success, but must address challenges related to
fabrication, assay retention, glucose diffusivity, and minimizing the FBR. In this work,
thermosensitive, DN hydrogel membranes were designed to successfully house optical
glucose sensing assays. The designs were based on thermoresponsive
NIPAAm, and included different charged and hydrophilic comonomers as well as covalent
linkers. By precisely tuning the VPTT, membranes would be able to cyclically
deswell/reswell with the temperature fluctuations (~ 1 €€) known to occur in subcutaneous
tissue. This “self-cleaning” process would minimize cellular adhesion, ultimately leading
to a diminished FBR as confirmed in the previously studied first-generation membrane
evaluated in vivo (rat model). In Chapter I, a perspective on the utility of hydrogels to
house glucose sensors or sensing assays was presented, providing context to the work

presented herein.
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In Chapter Il, the mesh size () of a thermoresponsive DN membrane was
systematically reduced via incorporation of a comb architecture, towards eventual
formation of a biosensor with a FRET-based glucose sensing assay. The mesh size of the
membrane would have to be tuned to ~1-3 nm to afford glucose diffusion [Dn ~0.8 nm],
but retain within a central cavity fluorescently-labeled PEGylated Concanavalin A
(mPEG-TRITC-ConA) [Dn ~30 nm] and mannotetraose (APTS-MT) [Dn ~3 nm]. The
DN-25% membrane (7 nm < § < 10 nm) was based on a negatively charged P(NIPAAmM-
co-AMPS) 1% network and a P(NIPAAm-co-AAm) 2" network. Comb-DN-25%
hydrogels were prepared by introducing PAMPS-MA (negatively charged), PEG-A
(neutral), and PATAC-MA (positively charged) of varying concentration and length (n)
during formation of the first network. When prepared with negatively charged PAMPS-
MA combs, an increase in comb concentration led to a decreased mesh size. All comb
lengths (n =5, 10, 20) achieved the targeted mesh size (§ < 3 nm), but a longer comb did
so at a reduced relative concentration. Analogous comb-DN-25% hydrogels prepared with
neutral or cationic combs were did not effectively reduce the mesh size: PEG-c-25% (n =
10) [4 nm < < 10 nm] and PAPTAC-c-25% (n = 10) [7 nm < & < 10 nm]. The efficacy
of negatively charged combs to reduce mesh size is attributed to electrostatic repulsive
forces with the DN. PAMPS-c-25% (n = 10) was also shown to allow diffusion of glucose,
indicating its mesh size to be ~1 < £ <3 nm. Based on its thermosensitivity, and mesh size
as well as mechanical properties and cytocompatibility, this membrane is an excellent
candidate for an implanted glucose biosensor membrane prepared with the FRET assay as

well as for other sensors.
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In Chapters Il and IV, thermosensitive DN membranes were customized to
directly embed a phosphorescence sensing assay based on an oxygen-sensitive
metalloporphyrin (“HULK”’) and GOX. First, in Chapter Il1, the membrane’s first network
was prepared from NIPAAm and cationic APTAC (75:25 mol%). The second network
was formed from a loosely crosslinked NIPAAm copolymerized with AAm to tune the
VPTT. Anionic HULK was retained via electrostatic attraction to cationic moieties. The
GOx enzyme was covalently bonded to the DN membranes by leveraging the AAm
segments’ primary amides, and also a glutaraldehyde linker’s dialdehydes. HULK levels
were systematically varied (0, 0.1, 0.3, and 0.5 mM) with retention the metalloporphyrin’s
absorbance profile. GOx levels were found to be critical to glucose sensitivity. For
membranes formed with a high GOx concentration, the phosphorescent intensity
plateaued at glucose levels >50 mg/dL. Attributed to reducing the rate of oxygen
consumption, membranes formed with the lowest GOx levels exhibited an increase in
phosphorescent intensity from 0 to 200 mg/dL. While demonstrating promising sensitivity
in this lower glucose range, sensitivity up to 500 mg/dL is desirable. Thus, in Chapter 1V,

a new thermosensitive DN membrane was prepared to improve oxygen
permeability by incorporation of hydrophobic, silicone microdroplets. To modify the 1%
network precursor solution, an ultrasonicate processor was used to disperse the silicone
phase, consisting of 3-(methacryloyloxy)propyltris(trimethylsiloxy)silane (TRIS),
methacryloxypropyl terminated polydimethylsiloxane (crosslinker), and photoinitiator.
After UV cure of the 1% network, the P(NIPAAmM-co-AAm) 2" network was subsequently

formed, resulting in DNs with the targeted VPTT. Membranes were prepared with three
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molar concentrations of TRIS in the 1% network: SiHy-x (x = 0, 0.25 or 0.5, where x =
TRIS concentration [M]). With the optimal concentration of silicone microdroplets,
sensitivity was observed in concentrations from 100 to 300 mg/dL. The SiHy-0.25
membrane (i.e., intermediate silicone microdroplet levels) exhibited significantly greater
phase separation as observed by SEM, leading to greater glucose diffusion and apparent
oxygen permeability. This membrane showed widest glucose sensitivity range (100 to 300
mg/dL).

In summary, the design of thermosensitive DN membranes may be customized to
effectively house different optical glucose sensing assays. Importantly, such modifications
can be done while retaining the thermosensitivity associated desired for self-cleaning
behavior. As UV-curable systems, fabrication of the membranes/formation of sensors is
highly flexible in terms of final dimensions and geometry. As described in “Future Work”,
tailoring of the designs could further improve the biosensor functionality.

5.2. Future works

The next step for work discussed in chapter |1, is to construct the biosensor with
FRET sensing assay and characterize the sensitivity in vitro, in collaboration with Prof.
Gerard Coté To achieve this, comb DN PAMPS-c-25% (n = 10) will be used to fabricate
the hollow cylinder membrane and polyampholyte hydrogels, which was reported with
adhesive properties toward charged surfaces,??® will be used to fabricate caps to enclose
the cylinder ends.

For the future works based on studies in chapter Il and IV, the biosensor

comprised with HULK, GOx and silicone containing hydrogel matrix (SiHy-0.25) needs

114



to be subject to phosphorescence lifetime sensing tests in vitro, collaborating with Prof.
Mike McShane.

The comb DN [PAMPS-c-25% (n = 10)] and silicone containing DN (SiHy-0.25)
showed great potential to construct the implantable biosensor. Thus, in vivo material
biocompatibility studies are necessary for both compositions. Rat subcutaneous model
with 7-, 30- and 90-day implantation studies will be conducted, following with the
histology analysis for healing status, and immunohistochemistry technics to analyze the
inflammation cellular activities.

Furthermore, after the in vitro sensing tests, both of the biosensors will be tested

on a rat model to characterize their in vivo functionality.
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