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Abstract

A self-cleaning membrane that periodically rids itself of attached cells to maintain glucose
diffusion could extend the lifetime of implanted glucose biosensors. Herein, we evaluate the
functionality of thermoresponsive double network (DN) hydrogel membranes based on poly(A-
isopropylacrylamide) (PNIPAAmM) and an electrostatic co-monomer, 2-acrylamido-2-
methylpropane sulfonic acid (AMPS). DN hydrogels are comprised of a tightly crosslinked,
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ionized first network [P(NIPAAmM-co-AMPS)] containing variable levels of AMPS (100:0-25:75
wit% ratio of NIPAAM:AMPS) and a loosely crosslinked, interpenetrating second network
[PNIPAAm]. To meet the specific requirements of a subcutaneously implanted glucose biosensor,
the volume phase transition temperature is tuned and essential properties, such as glucose
diffusion Kinetics, thermosensitivity, and cytocompatibility are evaluated. In addition, the self-
cleaning functionality is demonstrated through thermally driven cell detachment from the
membranes in vitro.
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1. Introduction

Continuous glucose monitoring (CGM) is critical for the reduction of short- and long-term
complications associated with diabetes.[2:2] A subcutaneously implanted glucose biosensor
could provide CGM, but the problem of membrane biofouling must be resolved to ensure
long-term efficacy.[34] Membrane biofouling is the product of the foreign body reaction in
which biosensor implantation triggers the accumulation of proteins and cells.[] By
compromising glucose diffusion to the housed sensor, membrane biofouling severely limits
the lifetime and sensitivity of transdermal and subcutaneous glucose biosensors. In order to
minimize biofouling, membranes relying on a passive (i.e., antifouling) strategy have been
most widely studied, including those based on poly(ethylene glycol) diacrylate (PEG-DA)
hydrogels,[8] poly(tetrafluoroethylene) (PTFE),[”] e-PTFE,[78] poly(vinyl alcohol) (PVA)
hydrogels,[®] polyhydroxyethyl-methacrylate (PHEMA) hydrogels,[1%] and poly-L-lactic
acid (PLLA).[*2] In contrast, we have reported “self-cleaning membranes” based on poly(A-
isopropylacrylamide) (PNIPAAm) hydrogels which utilize an active (i.e., foul-releasing)
mechanism to physically remove attached cells.[12-14] PNIPAAm hydrogels are
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thermoresponsive, deswelling and reswelling when heated above and cooled below their
volume phase transition temperature (VPTT, #33-35 °C), respectively.[15.16] This process
has been used for the thermally modulated release of cultured cells in vitro.[17-20] Most
recently, we evaluated a PNIPAAm double network nanocomposite (DNNC) membrane as a
candidate for a glucose biosensor self-cleaning membrane.[22] This membrane was
comprised of an interpenetrating, asymmetrically crosslinked PNIPAAmM matrix with
polysiloxane nanoparticles (200 nm diameter) embedded during formation of the first
network.[21] In the current study, we sought to create a superior self-cleaning membrane
with a double network (DN) design based on PNIPAAm and an electrostatic co-monomer, 2-
acrylamido-2-methylpropane sulfonic acid (AMPS) (Figure 1).

As previously reported,[22] we prepared DN hydrogels comprised of a tightly crosslinked,
ionized first network [P(NIPAAm-co-AMPS)] containing variable levels of AMPS (100:0-
25:75 wt% ratio of NIPAAmM:AMPS) and a loosely crosslinked, interpenetrating second
network [PNIPAAm]. AMPS is a strong electrolyte whose sulfonate groups undergo
complete dissociation over a wide pH range.[23:24] |rrespective of AMPS content, the VPTT
of these DN hydrogels was shown to be nearly unchanged versus conventional PNIPAAmM
hydrogels. Thus, while the VPTT of the P(NIPAAM-co-AMPS) first network was
predictably increased due to the presence of the hydrophilic AMPS comonomer,[2526] the
“PNIPAAmM-only” second network was able to produce the PNIPAAm hydrogel-like VPTT
for the DNs. While conveniently not producing a change to the VPTT, the presence of
AMPS in the first network produced improvements in other properties versus conventional
SN PNIPAAm hydrogels including extent of swelling, thermosensitivity, and compressive
strength. These properties were expected to promote glucose diffusion, self-cleaning, and the
ability to withstand mechanical forces associated with implantation and indwelling.

Towards establishing their utility as self-cleaning membranes for implanted glucose
biosensors, this study sought to tune the VPTT and assess key properties of P(NIPAAmM-co-
AMPS)/PNIPAAmM DN membranes. First, the VPTT of the DN membranes was raised to
above 35 °C, the temperature of the subcutaneous tissue of the wrist[27:28] and the expected
location of an implanted biosensor. This would render the membrane swollen in the off-state
(i.e., no heating), thereby maximizing glucose diffusion. To induce self-cleaning, the
membrane would deswell upon transdermal heating above the VPTT (i.e., on-state). It is
known that copolymerization of NIPAAm with a hydrophilic comonomer raises the VPTT
of the hydrogel.[29:30] We have shown that small amounts (1-2 wt%) of Atvinylpyrrolidone
(NVP) comonomer (based on NIPAAm wt) elevated the VPTT of the PNIPAAm-based
DNNCI!2] to ~38 °C. Thus, NVP was likewise incorporated into the second network of the
DN membranes reported herein. Second, glucose diffusion through planar DN membranes
was experimentally measured at temperatures above and below the VPTT. Third, glucose
diffusion lag time was calculated for DN membranes in the form of a cylindrical rod (~1.5
mm x 5 mm, diameter x length), a geometry and size considered suitable for implantation. A
finite-element model was utilized to estimate lag time to achieve equilibrium with the
external environment of varying glucose concentrations. Given its impact on self-cleaning,
thermosensitivity was assessed in terms of diameter change of DN membrane cylinders with
thermal cycling above and below the VPTT. Finally, thermally modulated cell release from
the surfaces of DN membranes was evaluated.
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2. Experimental Section

2.1. Materials

NIPAAM (97%), AMPS (97%), PEG-DA (MW 575 g mol~1) and Atvinylpyrrolidone (NVP)
were obtained from Sigma-Aldrich. A,V -methylenebisacrylamide (BIS, 99%) was
purchased from ACROS. Chemical structures of all aforementioned materials are provided
in Figure S1 in the Supporting Information. 2-Hydroxy-2-methyl-1-phenyl-propan-1-one
(DAROCUR 1173) was purchased from Ciba Specialty Chemicals. 1-[4-(2-
Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-pro-pane-1-one (Irgacure 2959) was
purchased from BASF. Rat dermal fibroblast cells and growth medium (R116-500) were
obtained from Cell Applications. Lactate dehydrogenase (LDH) cytotoxicity assay kit was
obtained from Pierce. Phosphate-buffered saline (PBS, 1X, pH 7.4, without calcium and
magnesium) was obtained from Mediatech, Inc. Fetal bovine serum (FBS, Hyclone) was
obtained from Fisher Scientific. Mesenchymal progenitor cells (10T1/2) were obtained from
the American Type Culture Collection. Antibiotic antimycotic solution (100X) (stabilized
bioreagent sterile filtered with 10 000 units of penicillin and 10 mg of streptomycin A),
sodium bicarbonate (NaHCO3), and Dulbecco’s Modified Eagle’s Medium (DMEM) (1000
mg dL1 glucose and L-glutamine without Na,COs3 and phenol red) were purchased from
Sigma—Aldrich. For hydrogel fabrication and other experiments, deionized water (DI H,0)
with a resistance of 18 MQ-cm (Cascada LS MKZ2, Pall) was used. Cell culture media was
made from a combination of antibiotic antimycotic solution (100X) (stabilized bioreagent
sterile filtered with 10 000 units of penicillin and 10 mg of streptomycin A), NaHCOg3,
DMEM (1000 mg dL-1 glucose and L-glutamine without sodium bicarbonate and phenol
red), and FBS mixed into DI water. The pH was adjusted with 1 M HCl and 1 M NaOH,
verified with a pH meter (420 A+, Orion; electrode 5990-30, Cole-Parmer), and sterilized by
0.2 um filtration (sterile 90 mm filter unit, Nalgene Filtration Products).

2.2. Preparation of Non-Thermoresponsive PEG-DA Hydrogels

Precursor solutions were formed by vortexing DI H,O, PEG-DA (100% v/v), and
DARACUR 1173 (1% vi/v) for 1 min.

Planar Sheets—Planar hydrogel sheets (1 mm thick per electronic caliper) were
prepared by pipetting the precursor solution between two clamped glass slides (75 x 50 mm)
separated by polycarbonate spacers (1 mm thick) and exposing the mold to longwave
ultraviolet (UV) light (UVP UV-Transilluminator, 6 mW cm™2, Apeak = 365 nm) for 30 s at
room temperature (RT). Hydrogel sheets were removed from their molds, rinsed with DI
H-0, and soaked in a Petri dish containing DI H,O (60 mL) for 24 h.

Cylinders—<Cylindrical hydrogels (*3 mm x 5 mm, diameter x length per electronic
caliper) were prepared by pipetting the precursor solution into a hollow cylindrical glass
mold (inside diameter ~2.5 mm, length = 10 mm) with one end sealed by Parafilm. After
sealing the other end of the mold, it was likewise exposed to longwave UV-light as above at
RT for 3 s. The cylindrical hydrogel was removed from the mold, rinsed with DI H,0, and
immersed in a Petri dish containing DI H,O (60 mL) for 24 h. A clean razor blade was used
to equally trim the ends to achieve a cylindrical length of 5 mm.
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2.3. Preparation of Thermoresponsive DN Hydrogels

24 . VPTT

The “first network precursor solution” was formed with NIPAAm monomer, AMPS
monomer (100:0, 75:25, 50:50 and 25:75 wt% NIPAAmM:AMPS), BIS crosslinker,
Irgacure-2959 photoinitiator and DI water. In a 50 mL round bottom (rb) flask equipped
with a Teflon-covered stir bar, NIPAAmM & AMPS (total weight of 1.0 g), BIS (0.04 g), and
Irgacure 2959 (0.08 g) were dissolved in DI H,O (7.0 mL). The “second network precursor
solution” was formed by combining NIPAAm (6.0 g), NVP (0.96 g), BIS (0.012 g), Irgacure
2959 (0.24 g), and DI H,O (21.0 mL). DN hydrogels are denoted as “DN-X%" where X%
equals the wt% of AMPS in the first network’s NIPAAM:AMPS wt% ratio (Table 1).

Planar Sheets—Planar hydrogel sheets (1 mm thick post-swelling) were produced by
pipetting the first network precursor solution into a mold consisting of two clamped glass
slides (75 x 50 mm) separated by 0.5 mm (for DN-75% and DN-50%) or 1 mm (for
DN-25% and DN-0%) thick polycarbonate spacers. Thinner molds were utilized for
DN-75% and DN-50% to account for their greater post-cure swelling.[221 The mold was then
immersed in an ice water bath (*7 °C) and exposed to longwave UV light for 30 min. The
resulting “single network” (SN) PNI-PAAm or P(NIPAAmM-co-AMPS) sheet was removed
from the mold, rinsed with DI H,0, and then soaked in DI H,0 at RT for 2 d with daily
water changes. The SN sheet was then transferred into a covered Petri dish containing the
second network precursor solution for 48 h at 2 °C. Next, the SN hydrogel sheet was placed
into a rectangular mold (1 mm thick), photocured for 30 min in an ice water bath, and
finally soaked in DI H,O as above. These specimens were used to measure VPTT.

Cylinders—Cylindrical hydrogels (¥2.5-5.5 mm x 5 mm, diameter x length) were
prepared by pipetting the precursor solution into a cylindrical glass mold [inside diameter
~1 mm (for DN-75% and DN-50%) or ~2.5 mm (for DN-25% and DN-0%), length = 10
mm] as above. The mold was immersed in an ice water bath and exposed for 30 min to
longwave UV light. Cylindrical hydrogels were removed from their molds, rinsed with DI
H,0, and soaked in a Petri dish containing DI H,O for 2 d at RT with daily water changes.
The SN cylindrical hydrogel was then transferred into a Petri dish containing the second
network precursor solution for 48 h at 2 °C. Next, the cylindrical hydrogel was placed into a
cylindrical mold [diameter ~2.5 mm (for DN-75% and DN-50%) or ~6 mm (DN-25% and
DN-0%), length = 10 mm], submerged in an ice water bath, exposed for 10 min to longwave
UV light, and soaked in DI H,0 as above. A clean razor blade was used to trim ends to
achieve a cylindrical length of 5 mm.

The VPTT of swollen hydrogels was determined by differential scanning calorimetry (DSC,
TA Instruments Q100). Water swollen hydrogels were blotted with a Kim Wipe and a small
piece was sealed in a hermetic pan. After cooling to =50 °C, the temperature was increased
to 50 °C and immediately returned to —50 °C at a rate of 3 °C min~! for two continuous
cycles. The resulting endothermic phase transition peak was characterized by the initial
temperature at which the endotherm starts (7,) and the peak temperature of the endotherm
(7max)- Reported data are from the second cycle to ensure any thermal history has been
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erased and to simulate the rth heating cycle during multiple continuous cycles, such as
intended for this application.

2.5. Glucose Diffusion

Planar hydrogel strips (1 cm x 1 cm x ~1 mm) were placed in a side-by-side diffusion cell
(PermeGear) positioned atop a stir plate. The donor chamber contained 3 mL of glucose
solution (~¥1000 mg dL~1), and the receptor chamber contained 3 mL of DI H,O. Chamber
solutions were stirred with Teflon-coated stir bars (800 rpm) to maintain constant solution
concentrations. A water jacket maintained the designated temperature (35 and 40 °C)
throughout the system. Every 10 min (for a total time of 3 h), 50 uL aliquots were removed
via pipet from each chamber and glucose concentration was determined with a YSI 2700
Select Biochemistry Analyzer (YSI Incorporated). The diffusion coefficient (D) values were
calculated using Fick’s second law of diffusion after applying the assumptions that each
solution maintained a uniform concentration and that the concentration of each element at
the hydrogel membrane surface was equal to that in the bulk volume of each chamber.

2.6. Glucose Diffusion Lag Time

COMSOL Multiphysics software (COMSOL, Inc.) was used to develop a computational
model of the glucose diffusion lag time for the DN hydrogels. The model utilized a time-
dependent transport of diluted species study in which the rate of glucose diffusion through a
geometric cylinder (1.5 mm x 5 mm, diameter x length) was analyzed. Model assumptions
included the absence of backwards flux and a constant external glucose concentration. As
used in our previous model,[12] the maximum and minimum free tetrahedral mesh element
size were chosen as 0.382 and 0.0249 mm, respectively, to define the finite-element analysis.
The simulation began with an initial internal glucose concentration of 0 mg dL=1 inside the
DN hydrogel and initial external glucose levels of 60, 80, 160, and 300 mg dL™1. The
average glucose concentration within the cylindrical hydrogel was assessed every second for
1 h for each external glucose concentration. The diffusion lag time was defined as the time
required for the hydrogel internal glucose concentration to reach 95% of the external glucose
concentration.

2.7. Thermosensitivity

Three cylindrical DN hydrogels of each composition (*#2.5-5.5 mm x 5 mm, diameter x
length) were vertically attached to a single Petri dish with a small amount of optical adhesive
(Norland Optical Adhesive 61) to the base of one end. To hydrate the affixed cylinders, the
Petri dish was filled with DI H,O for at least 12 h at RT prior to thermally cycling. The Petri
dish was positioned atop a heating plate under a DSLR camera (Canon Rebel T3i) with a 50
mm macro lens. Images were taken every 5 min as the hydrogels were thermally cycled
between 25 and 40 °C for five cycles. The average rate of heating to 40 °C was ~0.7 °C
min~1, and passive cooling to 25 °C occurred at a rate of ~0.22 °C min~1. Thus, each cycle
consisted of a 1 h heating period followed by 1 h of passive cooling. Cylinder diameters
were analyzed by ImageJ software.
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2.8. Cytocompatibility

DN hydrogel cytocompatibility was assessed by measuring LDH concentrations released by
rat dermal fibroblasts 24 h after cell seeding versus that of two cytocompatible controls, a
PEG-DA hydrogel as well as tissue culture plastic (i.e., polystyrene, PS). Planar DN and
PEG-DA hydrogel sheets were prepared as described above. Three 6 mm discs were
punched from the sheet (*1 mm thick) and then sterilized by immersion in 80% EtOH for 45
min. The hydrogel discs were then washed 3X (30 min each) with sterile PBS, submerged in
PBS for 24 h, and subsequently transferred to a sterile 24-well plate. Next, rat dermal
fibroblast cells suspended in rat fibroblast growth medium, were seeded onto each hydrogel
disc and also into the empty tissue culture plastic wells at a concentration of ~6500 cells
cm~2. Cells were incubated for 24 h at ~37 °C with 5% CO,. Finally, the media from each
well was extracted and assessed for LDH level per the manufacture’s protocol. The relative
LDH activity was calculated by normalizing DN sample absorption to that of PS.

2.9. Cell Adhesion and Release

All DN planar hydrogels (*20 mm diameter, ~1 mm thickness) were transferred to a 12-well
plate and soaked in PBS (2 d) and then sterilized by UV-irradiation overnight. Before
seeding, all hydrogels were soaked in DMEM supplemented with 40% FBS and antibiotics
for 1 h at RT (i.e., in their swollen state, 7< VPTT). Next, the media was removed and
mouse mesenchymal progenitor 10T1/2 cells (suspended in fresh media containing 10%
FBS) were seeded on the surface of the hydrogels at 25 000 cells cm=2. After 5 h of
incubation at 30 °C (i.e., swollen state; 7< VPTT), initial cell attachment was imaged
immediately after removal from incubation using a Zeiss Axiovert 40C microscope (Carl
Zeiss, Germany). A PS well plate dish served as a positive cell-adhesive control. To observe
cell release, a transparent heating pad (Minco) was equipped to the microscope stage and
controlled via LabView using a thermistor feedback system. The specimen was transferred
to the temperature controlled stage and the thermistor was placed in the media above the gel
to regulate the temperature. The specimen was heated from 30 °C (7< VPTT) to 40 °C (7>
VPTT) at a rate of ~1-2 °C min~! to induce deswelling. After reaching 40 °C, the hydrogel
was air cooled at ~1-2 °C min~1 to RT to induce reswelling. Sequential heating and cooling
cycles were immediately repeated with images captured at each swollen state at ~25-30 °C.

3. Results and Discussion

3.1. VPTT

Thermoresponsive DN hydrogel membrane compositions are recorded in Table 1. DN
hydrogels are denoted as “DN-X%" where X% equals the wt% of AMPS in the first
network’s NIPAAM:AMPS wit% ratio. As previously reported,[22] in the absence of the
hydrophilic NVP comonomer, the VPTTs of DNs prepared with 100:0-75:25
(NIPAAM:AMPS) in the first network were 31.6-32.4 °C (7,) and 32.9-34.0 °C ( Trnax)-
Thus, when implanted at the subcutaneous body temperature of the wrist (7~ 35 °C), these
membranes would be deswollen in the off-state (i.e., no heating) which was anticipated to
reduce glucose diffusion. Thus, in this work, a small amount of NVP comonomer (2 wt%
based on total NIPAAm monomer weight) was incorporated into the second network to
increase the VPTT to 35.7-36.0 °C (7,) and 39.3-40.4 °C ( Tmax) (Table S1 and Figure S2).
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3.2. Glucose Diffusion

The glucose diffusion coefficient (D) was assessed by examining glucose diffusion through
each DN membrane when sandwiched between side-by-side diffusion cell systems.
Measurements were performed at 35 °C (7< VPTT; swollen) and 40 °C (7> VPTT;
deswollen), representing subcutaneous body temperature and an elevated temperature used
to trigger self-cleaning, respectively. Fick’s second law of diffusion, Equation (1), was used
to calculate the diffusion coefficients at each temperature:

ot ox? (1)

where cis the concentration within the hydrogel, ¢is the time, Dis the diffusion coefficient,
and x s the diffusion distance.[31-34] The above equation may be modified based on the
assumption that each solution preserved a uniform concentration and that each element
concentration was equal at the hydrogel membrane surface as in the bulk volume of each
chamber. The simplified equation, Equation (2), is:

ADC, L?
Q= <75 - —>
L 6D )

where @Qis the overall quantity of glucose transferred through the hydrogel until the specific
time, £ A refers to the hydrogel area exposed to the donor or receiving chambers, C; is the
initial solute concentration of the donor chamber, and L is the measured membrane
thickness.

Values of Dare reported in Table 1. At 35 °C (7< VPTT), the DN membranes were at the
swollen state. Glucose diffusion increased with higher AMPS content in the first network
with values of Dincreasing from 1.82 + 0.02 x 1078 (DN-0%) to 2.21 + 0.02 x 1075
(DN-75%). This is attributed to an increase in electrostatic repulsive forces that give rise to a
more swollen membrane.[22] Glucose diffusion for DN membranes was enhanced versus that
of a PEG-DA (MW 575 g mol~1) membrane (D= 1.59 + 0.42 x 1076 cm? s71) which have
been noted not to significantly inhibit glucose diffusion.[3%] Furthermore, dermal and
epidermal values of D have been reported as 2.64 + 0.42 x 1076 and 0.075 + 0.05 x 1076
cm? 571, respectively.[36] Thus, all DN membranes’ D values fall within the functional range
in their swollen state. When heated to 40 °C (7> VPTT), the DN membranes became
deswollen. Expectedly, this reduced glucose diffusion as indicated by the decreased values
of D. Overall, these results verify satisfactory glucose diffusion through the DN membranes
in the swollen state. However, during deswelling, glucose measurements for any of these
membranes would likely be prohibited.

3.3. Glucose Diffusion Lag Time

A COMSOL Multiphysics computational model was utilized to determine the theoretical
glucose diffusion lag time for the DN cylindrical membranes (1.5 mm x 5 mm, diameter x
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length). The simulation utilized an initial glucose quantity within the hydrogel of 0 mg dL™1.
Subsequently, four different glucose concentrations (60, 80, 160, and 300 mg dL~1), which
represent low, normal, high, and very high physiological glucose levels,[371 were applied to
the cylinders. With these conditions, the average glucose concentration within the hydrogel
cavity was calculated every second for 1 h (Table 1 and Figure 2). For DN-0%, an average
lag time of 19.01 £+ 0.22 min was calculated. However, as AMPS content was increased, lag
time decreased and was only 15.48 + 0.15 min for DN-75%. The increase in swelling[??]
may be responsible for the decreased lag time. Physiological lag times upward of 15 min
have been reported between glucose changes in the interstitial fluid (ISF) and in the
blood.[38-42] However, to further reduce the lag time, the cylinder diameter may be reduced.
If a lag time of less than 5 min is desired, the required maximum diameters were also
calculated using this diameter is decreased from 1.5 mm to ~417 pm.

3.4. Thermosensitivity

Considered suitable geometry and size for an implanted glucose biosensor, DN membranes
were prepared as cylinders (*2.5-5.5 mm x 5 mm, diameter x length). The extent, rate, and
consistency at which a cylindrical hydrogel deswells and reswells upon cyclically heating (7
> VPTT) and cooling (7< VPTT) is critical for affecting cell detachment. Thus, the
thermosensitivity of hydrogels was determined by measuring diameter change of vertically
affixed cylinders during thermal cycling. Over a 10 h period, cylinders were subjected to five
thermal cycles, each consisting of heating (~0.70 °C min™1) to 40 °C for 1 h and cooling
(~0.22 °C min~1) to 25 °C for 1 h. During each thermal cycle, a consistent change in
diameter was observed (Figure 3 and Table 1). The consistency in diameter change is
essential for controlled and steady self-cleaning behavior. In addition, the maximum
percentage change in diameter (from a swollen to deswollen state) increased with AMPS
content. Thus, DN-75% was the most thermosensitive, exhibiting a change diameter of
33.5% * 1.0%.

3.5. Cytocompatibility

For feasibility as a self-cleaning membrane for implanted glucose biosensors, the DN
hydrogels must display cytocompatibility. This was assessed via LDH activity assays
(Figure S3, Supporting Information). LDH is a cytosolic enzyme released into the media
upon cellular apoptosis or necrosis and thus can be used to assess cellular toxicity.[43] LDH
levels were measured 24 h post-seeding. LDH levels observed for all DN membranes were
statistically similar to that of non-cytotoxic PEG-DA hydrogel and tissue culture plastic (i.e.,
PS). These results indicate the low cytotoxicity of DN membranes.

3.6. Cell Adhesion and Release (“Self-Cleaning”)

The self-cleaning ability of DN hydrogel membranes was evaluated both in terms of the
initial levels of cell adhesion in the swollen state as well as the release of adhered cells upon
thermal cycling (Figure 1). PS tissue culture plastic was used as a cell adhesive control. In
order to obtain sufficient levels of adhered cells, DN membranes were first conditioned in
DMEM (40% FBS) for 1 h. Preconditioning of a surface with protein is conventionally used
to promote adhesion of cells.[44] Moreover, protein adsorption precedes cellular adhesion for
a surface upon implantation.[>] Seeded cells (in fresh media containing 10% FBS), were
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incubated on the surface of swollen DN membranes at 30 °C. After 5 h, cell adhesion was
examined (Figure 4). In the case of the cell-adhesive PS, cells exhibited typical spread
morphology indicative of attachment. For DN membranes, higher levels of AMPS
contributed to an increased degree of cell adhesiveness. For DN-0% (i.e. no AMPS), a round
cell morphology was observed, suggesting poor attachment. In fact, numerous cells were
observed to migrate across this surface owing to a lack of attachment. Cell adhesiveness
remained low for DN-25% but notably increased for DN-50%. This observation is attributed
to the known greater affinity of cells to negatively charged versus neutral surfaces.[46-48]
Somewhat unexpectedly, despite higher levels of AMPS, DN-75% exhibited reduced cell
adhesiveness, with most cells displaying a round morphology and only few spread cells
observed. This may be the result of increased hydration which accompanies this higher
AMPS content,[22] resulting in more hydrophilic, surfaces which reduce initial cell
adhesion.[17:49]

Following observation of initial cell attachment to swollen DN membranes, specimens were
subjected to successive thermal cycling from 30 °C (swollen state) to 40 °C (deswollen
state). Images were captured after two cycles upon return to their swollen state (Figure 5).
For all DN-0%, DN-25%, and DN-75% membranes, a round cell morphology was
maintained after thermal cycling. For DN-50%, two thermal cycles induced cells to change
from a spread to a round morphology with some cells floating across membrane surface,
indicating effective cellular detachment. Likewise for DN-75%, after two thermal cycles, all
cells displayed a round morphology, with many floating across the surface. For the PS
control, cells remained spread and attached, confirming that thermal cycling of the cells on a
traditional, non-thermoresponsive surface did not cause detachment.

4. Conclusions

To explore their potential as self-cleaning membranes for implanted glucose biosensors, we
refined and evaluated key properties of DN membranes based on PNIPAAmM and electrostatic
comonomer, AMPS. The DN membranes were comprised of a tightly crosslinked, ionized
first network [P(NIPAAmM-co-AMPS)] containing variable levels of AMPS (100:0-25:75 wt
% ratio of NIPAAM:AMPS) and a loosely crosslinked, interpenetrating second network
[PNIPAAm]. The VPTT was adjusted to ~38 °C by incorporation of NVP comonomer into
the second network. In this way, the DN membranes were swollen in the off-state when
implanted in the subcutaneous tissue of the wrist and glucose diffusion was maximized.

Experimentally measured glucose diffusion coefficients (D) were shown to increase with
AMPS content. In addition, when considered as implantable cylinders (1.5 mm x 5 mm,
diameter x length), calculated glucose diffusion lag time decreased with AMPS content.
Enhanced glucose diffusion with AMPS content is attributed to the corresponding increase
in membrane swelling.[22] Glucose diffusion was best for DN-75% (i.e., 25:75 wt%
NIPAAM:AMPS in first network) with D equaled to 2.21 + 0.02 x 106 cm? s1 and lag time
equaled to 15.48 + 0.15 min. In comparison, our previously reported PNIPAAm-based
DNNC membrane displayed relatively diminished glucose diffusion properties (D= 1.88
+0.01 x 1078 cm? s71 and lag time ~19 min). Should a lag time of less than 5 min be
desired, the diameter of DN-75% could be reduced to 417 um. Thermally driven diameter

Macromol Mater Eng. Author manuscript; available in PMC 2017 May 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fei et al.

ch

Page 11

ange of cylindrical DN membranes was shown to be consistent over multiple cycles with

the greatest maximum change in diameter observed for DN-75% (33.5 £ 1.0%). After 5 h in
the swollen state, cells showed little or no attachment to DN-0%, DN-25%, and DN-75%
whereas significant attachment was shown for DN-50%. Thus, while cells were adhesive to
the more negatively charged surface of DN-50%, the higher hydration (swelling) of
DN-75% diminished adhesion. Still, after only two thermal cycles, all cells on each DN
membrane composition assumed a round morphology, indicative of cell detachment. These
properties along, with their enhanced mechanical behavior,[22] make these DN hydrogels

ex

cellent candidates for a self-cleaning membrane for implanted glucose biosensors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Page 13

“Self-cleaning” glucose biosensor (green inner cylinder) based on thermoresponsive double
network (DN) P(NIPAAmM-co-AMPS)/PNIPAAmM hydrogels (blue outer cylinder). Thermal
cycling above and below the VPTT induces deswelling (bottom left) and reswelling (top),

respectively, leading to cell release (pink) and restoration of glucose diffusion.

Macromol Mater Eng. Author manuscript; available in PMC 2017 May 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Fei et al.

300

250

[Glucose] (mg dL-1)

300

250

100

[Glucose] (mg dL-1)

50

Figure 2.
Calculated average glucose concentration inside cylindrical hydrogels (1.5 x 5 mm) at 35 °C
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for constant environment glucose levels of 60, 80, 160, and 300 mg dL™1. The glucose
diffusion lag time (gray square) marks when the average internal hydrogel glucose
concentration is 95% to that of the external environment.
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Figure 3.

Diameter change during thermal cycling of vertically affixed hydrogel cylinders (10 h time
period). Diameter change (black) and temperature change (gray).
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Figure 4.
Representative images of PS tissue culture plastic and DN membranes following 5 h culture

with 10T1/2 cells at 30 °C (swollen state) prior to thermal cycling. Scale bar = 100 um.
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Figure 5.
Representative images of 10T1/2 cell detachment from DN-50% with thermal cycling: (top)

after first thermal cycle and return to the swollen state, some cells switch from a spread to
round morphology, indicative of detachment and (bottom) after second thermal cycle and
return to the swollen state, all cells adopt a round morphology. Scale bars = 100 pm.
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