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Following implantation of a biosensor, adhesion of proteins and cells and eventual fibrous encapsulation
will limit analyte diffusion and impair sensor performance. A thermoresponsive nanocomposite hydrogel
was developed as a self-cleaning biosensor membrane to minimize the effect of the host response and its
utility for an optical glucose sensor, demonstrated here. It was previously reported that thermorespon-
sive nanocomposite hydrogels prepared from photopolymerization of an aqueous solution of N-isopro-
pylacrylamide (NIPAAm) and polysiloxane colloidal nanoparticles released adhered cells with thermal
cycling. However, poly(N-isopropylacrylamide) hydrogels exhibit a volume phase transition temperature
(VPTT) of �33–34 �C, which is below body temperature. Thus, the hydrogel would be in a collapsed state
in vivo, which would ultimately limit diffusion of the target analyte (e.g., glucose) to the encapsulated
sensor. In this study, the VPTT of the nanocomposite hydrogel was increased by introducing N-vinylpyrr-
olidone (NVP) as a comonomer, so that the hydrogel was in the swollen state in vivo. This thermorespon-
sive nanocomposite hydrogel was prepared by the photopolymerization of an aqueous solution of
NIPAAm, NVP, and polysiloxane colloidal nanoparticles. In addition to a VPTT a few degrees above body
temperature, the hydrogel also exhibited good mechanical strength, glucose diffusion, and in vitro cell
release upon thermal cycling. Thus, this nanocomposite hydrogel may be useful as a biosensor membrane
to minimize biofouling and extend the lifetime and efficiency of implantable glucose sensors and other
biosensors.

� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Optical biosensing techniques are advantageous because, after
initial implantation, they can be used for continuous, non-invasive
analyte detection. However, in order for an implanted sensor to
perform well over time, the biological host response must be min-
imized so that the analyte diffusion and signal propagation will not
be impaired. Even materials that are considered biocompatible can
form tissue capsules on the surface of an implant. Depending on
factors such as the physical properties of the material, size of the
implant and implantation location, the fibrous encapsulation can
range in size from �0.05 to 1.5 mm [1,2]. The capsule could alter
detected analyte levels by limiting diffusion to the sensor and by
changing local analyte concentrations via metabolic reactions [3].
The optical signal could also be hindered by the additional light
scatter and absorption.

Cross-linked thermoresponsive hydrogels reversibly switch
from a hydrophilic, swollen state to a hydrophobic, deswollen state
when heated above the volume phase transition temperature
ia Inc. Published by Elsevier Ltd. A
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(VPTT) [4]. Thermal modulation of poly(N-isopropylacrylamide)
(PNIPAAm) hydrogels has been used to release cell sheets from cul-
ture dishes without the use of potentially damaging enzymes or
chelating agents [5–7]. It is anticipated that the cell-releasing
behavior of PNIPAAm hydrogels may be used in vivo to minimize
membrane biofouling of implanted sensors. The present authors
previously reported a thermoresponsive nanocomposite hydrogel
composed of a PNIPAAm hydrogel matrix and polysiloxane colloi-
dal nanoparticles which released adhered cells upon thermal cy-
cling [8]. However, the VPTT of these hydrogels is �33–34 �C,
which is below body temperature. Thus, when implanted in the
body, the hydrogel would be in a deswollen state which would in-
hibit target analyte diffusion to the encapsulated sensor. Raising
the VPTT of the thermoresponsive nanocomposite hydrogel to just
above body temperature would render it in the swollen state
in vivo to improve glucose diffusion and ultimately enhance bio-
sensor efficiency. Furthermore, application of heat to deswell the
membrane may be used to remove adhered proteins and cells.

In order to tailor the VPTT of the nanocomposite hydrogel, the
precise body temperature in the targeted location for the biosensor
must be considered. The normal body temperature of a human de-
pends on many factors such as gender, race, activity level, fluid
ll rights reserved.
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consumption and time of day. The average core body temperature
for healthy adult humans at rest in thermoneutral conditions (i.e.,
when the body temperature is controlled without shivering or
sweating) is �36.8 ± 0.4 �C [9,10]. This internal body temperature
is maintained within �2 �C despite large variations in ambient
temperature. Hardy et al. showed that, when temperatures were
varied from 22 to 35 �C, subject core temperatures were relatively
stable, while skin temperatures changed dramatically, especially at
lower ambient temperatures [11]. The rate at which heat is trans-
ferred from the surface of the skin to the environment depends on
the temperature difference between the two and the thermal con-
ductivity of the surrounding medium [9].

Temperature variation occurs throughout the body because of
differing geometry and material inhomogeneity [12]. An implanted
optical sensor would optimally be located close to the surface of
the tissue in order to minimize the optical signal path length.
Therefore, it is likely to be strongly influenced by the environmen-
tal temperature, as more superficial tissues are more affected by
imposed thermal stresses than deeper tissues are [13]. For glucose
sensing described herein, the sensor is designed to be implanted in
the subcutaneous tissue on the underside of the forearm. The inner
temperature of the forearm has been determined as 35.5 �C, but
this maximum temperature was measured at a depth of 4 cm, near
the center of the arm [12]. At an ambient temperature of 23 �C, the
forearm surface temperature has been found to range from 29.4 �C
on the lateral side to 31.4 �C on the ventral surface [14]. If the sen-
sor is implanted just under the surface of the skin, its average nor-
mal temperature is likely to be several degrees below 35.5 �C. Thus,
in this study, body temperature at the site of the implanted glucose
biosensor is considered to be �35 �C.

The VPTT of PNIPAAm-based hydrogels is known to increase
generally with copolymerization of N-isopropylacrylamide (NIP-
AAm) with hydrophilic comonomers [15,16]. In this study, the
VPTT of the nanocomposite hydrogel was increased by introducing
N-vinylpyrrolidone (NVP) as a hydrophilic comonomer. Because
the VPTT of the resulting hydrogel is above body temperature, it
will exist in the swollen state in vivo to permit diffusion of glucose.
The ‘‘self-cleaning” mechanism of the hydrogel sensor membrane
was activated by cyclically raising the temperature above the VPTT
and subsequently allowing it to cool to body temperature. Because
thermal damage may occur to the surrounding tissue above 41.6–
42 �C, the temperature did not exceed this during heating [17].
2. Materials and methods

2.1. Materials

NIPAAm, NVP, potassium persulfate, ammonium hydroxide, so-
dium chloride, sodium phosphate, potassium phosphate, hydro-
chloric acid, and sodium hydroxide were purchased from Sigma–
Aldrich (St. Louis, MO). Potassium chloride was purchased from
Fisher Scientific (Pittsburgh, PA). 1-[(2-Hydroxyethoxy)-phenyl]-
2-hydroxy-2-methyl-1-propane-1-one (Irgacure-2959) was ob-
tained from Ciba Specialty Chemicals (Tarrytown, NY). N,N0-meth-
ylene bis-acrylamide (BIS) was purchased from Acros Organics
(Geel, Belgium). Octamethylcyclotetrasiloxane (D4) and 1,3,5,7-tet-
ramethyl-1,3,5,7-tetravinylcyclotetrasiloxane (D4

Vi) came from
Gelest, and dodecylbenzenesulfonic acid (BIO-SOFT�) came from
Stepan (Northfield, IL). The Slide-A-Lyzer dialysis cassette (MWCO
10,000) was obtained from Pierce (Rockford, IL). Aqueous experi-
ments were performed with deionized (DI) water with a resistance
of 18 MX cm (Millipore, Billerica, MA). The pH of the 1� phosphate
buffered saline (PBS) solution was adjusted to 7.4 using 1 M HCl
and 1 M NaOH and verified with a pH meter (420 A+, Orion; elec-
trode 5990-30, Cole-Parmer, Vernon Hills, IL).
2.2. Hydrogel sensor membrane fabrication

Thermoresponsive nanocomposite hydrogels based on PNI-
PAAm and polysiloxane colloidal nanoparticles were prepared as
previously reported by Hou et al. [18]. Polysiloxane nanoparticles
had an average diameter of 219 nm, with particles ranging in size
from 106 to 531 nm. In this study, hydrogels were prepared from
precursor solutions composed of DI water, 8–14 wt.% NIPAAm
monomer, 1–2 wt.% NVP comonomer, 0.2–1 wt.% BIS cross-linker,
1 wt.% Irgacure-2959 photoinitiator, and 1 wt.% polysiloxane col-
loidal nanoparticles. Values for NIPAAm, NVP, BIS, and Irgacure
were weight percentage based on total precursor solution weight,
while the nanoparticles were weight percentage solids of nanopar-
ticles based on total precursor solution weight. The solution was
injected between two glass microscope slides (75 � 50 mm) sepa-
rated by spacers 1 mm thick. The mold was submerged in an ice
water bath (�7 �C) and exposed to UV light for 10 min (UVP UV-
Transilluminator, 6 mW cm�2, kpeak = 365 nm). The hydrogel sheets
were removed from the mold, rinsed with DI water and soaked for
at least 48 h in DI water or PBS at room temperature (RT) to re-
move impurities and allow for adequate hydration prior to use.
After soaking the hydrogels, there was no detectable weight loss
by gravimetric measurement, thereby indicating that the sol con-
tent was quite small. From these hydrogel sheets, square slabs
were cut using a clean razor blade for morphological, VPTT, equi-
librium swelling, diffusion and cell adhesion tests. Circular discs
of a specific diameter were punched from hydrogel sheets for
swelling/deswelling kinetic studies and compression testing.

For tensile tests, hydrogels were prepared with a ring geometry.
First, hydrogels were prepared in a hollow tube geometry with a
double-walled tubular mold composed of an inner glass mandrel
(diameter 3 mm) and an outer glass cylinder (diameter 7.5 mm).
The tubular mold was filled with the precursor solution and cured
while submerged in an ice water bath (�7 �C) for 20 min under
constant rotation such that each surface point of the mold received
equal UV intensity and exposure time. The hydrogel tube was re-
moved from the mold and similarly purified as above by rinsing
and soaking in PBS. Cutting the resulting hydrogel tube into pieces
�3 mm wide afforded hydrogel ring specimens. For each of these
tests, enough samples were prepared to perform measurements
in triplicate.
2.3. Morphological characterization

Hydrogel specimens were subsequently maintained at either
4 �C (below VPTT) or 50 �C (above VPTT) in PBS for 24 h to promote
swelling or deswelling, respectively. They were subsequently flash
frozen in liquid N2 to preserve morphology and freeze-dried in a
lyophilizer (Labconco CentriVap Gel Dryer System, Kansas City,
MO) for 6 h at �40 �C. Cross sections were sputter-coated with
gold and visualized by field emission scanning electron microscopy
(FE-SEM; Quanta 600 FE-SEM, FEI, Hillsboro, OR).
2.4. Measurement of VPTT

The VPTT of the hydrogels was determined using differential
scanning calorimetry (DSC; TA Instruments Q100, New Castle,
DE). After soaking in either DI water or PBS at RT, the hydrogel
specimens were blotted with filter paper and sealed in a hermetic
pan. After cooling to �50 �C, the temperature was increased to
50 �C at a rate of 3 �C min�1 for each cycle. The resulting exother-
mic phase transition peak is characterized by the temperature at
the onset of the exotherm (To) and the peak temperature of the
exotherm (Tmax). Data reported are from the second cycle.



Table 1
Percentage range of the three components.

Component Range (wt.%)

Total monomer 10–15
NVP 1–2
BIS 0.2–1
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2.5. Measurement of equilibrium swelling

For equilibrium swelling measurements, hydrogel slabs of con-
stant dimension (1 cm � 1 cm � 1 mm) were prepared as above.
Hydrogel equilibrium swelling ratio is defined as: swelling
ratio = (Ws �Wd)/Wd, where Ws is the weight of the water-swollen
hydrogel at a certain temperature, and Wd is the weight of the
oven-dried hydrogel (40 �C, 24 h). Each square was sealed inside
a vial containing 20 mL DI water or PBS, immersed in a tempera-
ture controlled water bath for 24 h at the designated temperature
(10–50 �C), removed, blotted with filter paper to remove surface
water, and weighed (Ws).

2.6. Measurement of swelling/deswelling kinetics

For kinetic swelling/deswelling measurements, hydrogel discs
of constant dimension (diameter 8 mm, thickness 1 mm) were pre-
pared as above. The hydrogel discs were maintained in PBS at
either 35 or 39 �C for 24 h and then placed in PBS at the opposite
temperature at time zero. The change in swelling was measured
by removing the discs from the solution and immediately measur-
ing the diameter with a digital caliper.

2.7. Measurement of glucose diffusion

The diffusion through the hydrogels previously maintained in
PBS was measured using glucose as an example analyte. The
hydrogel slabs (1 cm � 1 cm � 1 mm) were placed in a side-by-
side diffusion cell (PermeGear, Bethlehem, PA) with glucose solu-
tion (1000 mg dL�1) in the donor chamber and DI water in the
receptor chamber. The solutions were stirred to provide even con-
centrations, and a water jacket was used to maintain a consistent
temperature. Samples were taken every 20 min from the receptor
chamber, and the glucose concentration was measured using a
YSI 2700 Select Biochemistry Analyzer (YSI Incorporated, Yellow
Springs, OH). Average hydrogel slab thicknesses were measured
on a DMA Q800 (TA Instruments, New Castle, DE) and the diffusion
coefficients were calculated using Fick’s second law of diffusion.

2.8. Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) was performed in the
compression mode using a DMA Q800 (TA Instruments, New Cas-
tle, DE) equipped with a parallel-plate compression clamp with a
diameter of 40 mm (bottom) and 15 mm (top). Swollen hydrogel
discs of constant dimension (diameter 13 mm, thickness 1 mm)
were punched from a hydrogel sheet maintained in PBS. Each disc
was clamped between the parallel plates, and silicone oil was
placed around the exposed edges to prevent dehydration. The
hydrogel discs were allowed to equilibrate for 5 min at either 35
or 39 �C and were then tested in multi-frequency-strain mode
(1–100 Hz).

2.9. Tensile tests

Tensile tests of hydrogels ring specimens were performed using
a TA Instruments DMA Q800 operating in tension mode. Specimens
with ring geometry were prepared by cutting a portion from a
hydrogel tube produced from the double wall tubular mold
(ID = 3 mm, OD = 7.5 mm) as above. Individual rings (width
�3 mm) were cut from the central portion of the appropriate
hydrogel tube using a clean razor blade, and sample dimensions
were measured with a digital caliper. Each hydrogel ring was blot-
ted with filter paper and loaded onto custom aluminum bars
gripped directly into DMA tension clamps so that the upper and
lower bars were located inside the ring. Samples were subjected
to a constant strain (1 mm min�1) until they broke at the center
of one side of the ring. Stress was calculated from the measured
force divided by the cross-sectional area of two rectangles with
sides equal to the width and wall thickness of the ring. The gauge
length corresponded to the outer diameter of the ring less the wall
thickness. The following parameters were determined: (1) tensile
modulus; (2) ultimate tensile strength (UTS); and (3) percentage
strain at break. The tensile modulus was obtained from the slope
of the linear part of the stress–strain curve. The UTS represents
the maximum stress prior to failure. Strain was calculated from
the measured displacement divided by the gauge length. Results
reported are the average result of three specimens cut from the
central portion of the same hydrogel tube.

2.10. Measurement of ‘‘self-cleaning” properties

Hydrogels and polystyrene controls were sterilized by exposure
to 70% ethanol for 45 min. The samples were then washed three
times with sterile Dulbecco’s PBS for 30 min each and placed in
DMEM overnight. The samples were inoculated with GFP-H2B
3T3 mouse fibroblast cells maintained in DMEM with 10% fetal calf
serum and antibiotics. A non-thermoresponsive polystyrene con-
trol and a nanocomposite hydrogel were maintained at 35 �C,
while a duplicate set was cycled between 35 and 39 �C every hour.
The average rate of heating to 39 �C was 0.63 �C min�1 and cooling
to 35 �C was 0.49 �C min�1. Three hydrogel slabs of each material
and group were removed daily and imaged (Nikon Eclipse TE
2000-S) to obtain a cell count. Both constant and variable temper-
ature specimens were evaluated over a period of 7 days.
3. Results and discussion

3.1. Material design

Thermoresponsive nanocomposite hydrogels were designed to
have a VPTT slightly above body temperature, so that the hydrogels
would be swollen in the resting state in vivo in order to maximize
diffusion of glucose. There are several methods to alter the VPTT,
including adjusting the pH or adding surfactants, both of which
would be physiologically infeasible. [19,20]. The other widely used
method is the introduction of a comonomer [15,16,21]. In order to
raise the VPTT, a hydrophilic comonomer, NVP, was added to the
hydrogel precursor solution. In addition to the design constraint
of the VPTT, the other components of the hydrogel were also con-
sidered with regard to impact on swelling, diffusion and mechan-
ical strength. In general, hydrogel swelling decreases with total
monomer concentration in the precursor solution as well as with
higher cross-linker levels. Lower levels of swelling are expected
to increase mechanical strength but diminish diffusion. A design
of experiments analysis was performed using JMP statistical soft-
ware to optimize the formula by varying the hydrogel components
as described in Table 1.

Each potential combination of components was tested based on
maximum swelling ratio, diffusion and mechanical strength to pre-
dict the most desirable formula for use in the temperature range of
interest. The optimal composition was determined as 9 wt.% NIP-
AAm monomer, 1 wt.% NVP comonomer, 87.8 wt.% water,
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0.2 wt.% BIS cross-linker, 1 wt.% polysiloxane nanoparticles
(weight percentage solids of nanoparticles with respect to total
precursor solution weight), and 1 wt.% Irgacure photoinitiator (all
weight percentage based on total precursor solution weight).
3.2. Material characterization

The self-cleaning mechanism of the nanocomposite hydrogel
will be induced with cyclical heating above the VPTT and cooling
below the VPTT to cause deswelling and swelling, respectively. In
addition to the physical change in the hydrogel, concomitant
changes in surface hydrophilicity with thermal cycling also con-
tribute to cell release. Because the hydrogels were photochemically
cured at a low temperature (�7 �C), homogeneous rather than het-
erogeneous hydrogels were expected to be formed as previously
reported [22–25]. In order to view the morphological differences
between the swollen and deswollen states, the hydrogels were
maintained in PBS either below the VPTT (4 �C) or above the VPTT
(50 �C) and then lyophilized to preserve the hydrogel structure and
volume [26,27]. SEM images were then acquired, as shown in
Fig. 1. Hydrogels maintained below the VPTT (swollen state) exhib-
ited a homogeneous, expanded network, whereas those main-
tained above the VPTT (deswollen state) were homogeneous but
substantially contracted.

Characterization of the VPTT of PNIPAAm hydrogels has been
typically conducted on those prepared with and/or soaked in DI
water. However, upon implantation as a sensor membrane, the
hydrogel will be subjected to a physiological environment. Thus,
it is important to analyze the functionality of an implantable sen-
sor under physiological conditions, particularly with respect to pH
and salinity. Designed to be implanted in the subcutaneous tissue,
the sensor will be bathed in interstitial fluid. The human body can
control the pH of blood and interstitial fluid to within a tenth of a
pH unit of 7.4 [28]. Since the pH of DI water is �7, a slightly more
basic solution should be used for more accurate testing. PNIPAAm
has been considered a pH-sensitive material [29,30]. However,
other work supports the idea that the changes seen are in fact
due to other factors such as a copolymer or the salts used in the
preparation of the pH buffer solutions, and not necessarily to the
change in pH [19,31]. The VPTT of PNIPAAm can be changed with
the addition of various salts by a salting out effect which causes
a decrease in VPTT [19,20,32,33]. The type of salt, valence, size of
Fig. 1. SEM micrographs of hydrogels displaying (A) swollen morphology after condition
the VPTT at 50 �C.
the anions and the concentration have a strong influence on the ef-
fect. The salting out may be due to a combination of several effects,
including changes in the water structure in the hydration layer sur-
rounding the polymer and changes in the interactions between the
polymer and the solvent. The addition of electrolytes changes the
normal hydrogen bonded water structure, disrupting the highly
oriented water molecules, resulting in an increase in the hydropho-
bicity of the PNIPAAm and a subsequent decrease in the VPTT [20].

Given the known effects of pH, salts and electrolytes on the
VPTT of PNIPAAm, the present studies were conducted with nano-
composite hydrogel samples that were maintained in both DI
water and PBS for 48 h prior to specific tests. The impact of PBS
on the VPTT is shown in Table 2. The VPTT was characterized by
both the onset (To) or the maximum temperature (Tmax) of the
endothermic peak [16,22]. Hydrogels saturated in PBS displayed
a lower VPTT in terms of To and Tmax values. As expected, the addi-
tion of the hydrophilic comonomer NVP raised the VPTT. Thus, at
physiological conditions, the nanocomposite hydrogel prepared
with NVP is expected to exhibit a VPTT above body temperature.
This will render the hydrogel in the hydrated, swollen state when
implanted in the body for enhanced diffusion of glucose to the
encapsulated sensor. Cyclical heating to 39 �C followed by cooling
to body temperature will cause deswelling and swelling,
respectively.
3.3. Equilibrium swelling

The extent of swelling and deswelling of the hydrogels was
determined via equilibrium swelling measurements from 10 to
50 �C in both DI water and in PBS. As was seen in the DSC measure-
ments of VPTT, Fig. 2 shows that the VPTT occurred at slightly low-
er temperatures for hydrogels soaked in PBS vs in DI water, and
NVP increased the VPTT. Upon implantation, greater swelling of
the hydrogel membrane would enhance diffusion in the resting
state at 35 �C. The self-cleaning mechanism of the hydrogel will
be activated by heating to 39 �C to cause hydrogel deswelling
and release of adsorbed cells. At �39 �C, the hydrogel containing
NVP and in PBS (A) produced the most significant deswollen state.
The extent of deswelling or the net change in swelling from 35 to
39 �C of hydrogel A was as significant as in water (B) and more sub-
stantial than for the hydrogel without NVP (C). The large extent of
deswelling is expected to maximize the self-cleaning mechanism.
ing below the VPTT at 4 �C and (B) deswollen morphology after conditioning above



Table 2
VPTT of hydrogels with and without comonomer NVP in either DI water or PBS.

To (�C) Tmax (�C)

(A) With NVP, in PBS 34.6 ± 0.7 37.4 ± 1.5
(B) With NVP, in water 38.1 ± 0.3 41.8 ± 0.1
(C) Without NVP, in PBS 30.4 ± 1.8 31.7 ± 1.7
(D) Without NVP, in water 32.8 ± 0.3 34.9 ± 0.1

Fig. 2. Equilibrium swelling ratios as a function of temperature for (A) hydrogel
with NVP in PBS, (B) hydrogel with NVP in water, (C) hydrogel without NVP
comonomer in PBS, and (D) hydrogels without NVP in water.
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3.4. Swelling and deswelling kinetics

Deswelling and swelling kinetics were studied for hydrogel A
(with NVP) by measuring hydrogel disc diameter at regular time
intervals while heating hydrogel discs in PBS from 35 �C (<VPTT)
Fig. 3. For hydrogel A (with NVP in PBS), kinetics of swelling (d) upon cooling to
35 �C and deswelling () upon heating to 39 �C.
to 39 �C (>VPTT) and cooling from 39 to 35 �C, respectively
(Fig. 3). Whereas swelling began rapidly upon cooling, deswelling
appeared to be slower. This may be in part due to the limitations
of the measurement; the diameters of the hydrogels during
deswelling may have increased during the physical measurement
at RT due to reswelling, even though each measurement lasted
only a few seconds. In additional, formation of a surface skin dur-
ing deswelling may limit water expulsion from the bulk [34,35].
Enhancing deswelling may be effected with modifications to the
polymerization conditions, poration and freeze-drying if a quicker
transition is necessary [27,36–38].
3.5. Glucose diffusion

The diffusion through the hydrogels was studied using glucose
as an example analyte, as it is of particular interest for the develop-
ment of implantable sensors. A side-by-side diffusion cell was used
to monitor the glucose transport through the gels, and Fick’s sec-
ond law of diffusion was used to calculate the diffusion coefficients
for each case.

@c
@t
¼ D

@2c
@x2

where c is the concentration in the hydrogel, t is time, D is the dif-
fusion coefficient, and x is distance [39–41]. Assuming that the
chambers are well mixed by stirbars, and concentrations do not
vary between the gel surface and the bulk fluid, this can be solved
to:

Qt ¼
ADC1

l
t � l2

6D

 !

where Qt is the total amount of glucose transferred through the gel
until time t, A is gel area, C1 is the glucose concentration in the do-
nor chamber, and l is gel thickness.

Table 3 shows the effect of temperature on the diffusion coeffi-
cients of hydrogels created with and without the comonomer NVP.
At 30 �C, both hydrogels are below the VPTT, and the swollen nat-
ure of the hydrogel permits similar glucose diffusion. At tempera-
tures above the VPTT, the hydrogel collapses into a deswollen state
to inhibit glucose diffusion. At 35 �C (body temperature), the
hydrogel prepared with NVP (A) is below its VPTT, whereas the
hydrogel prepared without NVP (C) is above its VPTT. Thus, glucose
diffusion is greater for the former hydrogel (A). Not until hydrogel
(A) is heated above 39 �C is a substantial decrease in glucose diffu-
sion observed. Thus, upon implantation, the hydrogel prepared
with NVP would permit better glucose diffusion in the resting state
when not subjected to thermal heating to self-clean the surface.
Glucose diffusion through the dermal layer of skin has been previ-
ously measured as 2.64 � 10�6 and as 0.075 � 10�6 cm2 s�1

through the epidermis [42]. Though the hydrogels with NVP expe-
rience a slight decrease in diffusion rate at the activated tempera-
ture, it appears to be still within a useable range.
Table 3
Effect of temperature on diffusion coefficients of hydrogels with and without the
comonomer NVP (cm2 s�1) in PBS.

Temperature
(�C)

Without NVP (C)
(VPTT � 31 �C)

With NVP (A)
(VPTT � 38 �C)

30 1.09 � 10�6 1.33 � 10�6

35 0.193 � 10�6 1.24 � 10�6

39 0.0483 � 10�6 0.785 � 10�6



Table 4
Tensile properties of hydrogel (A).

35 �C 39 �C

Modulus (kPa) 2.0 ± 0.4 8.5 ± 1.1
UTS (kPa) 89.2 ± 27.9 353.7 ± 46.2
% Strain at break 68.3 ± 7.1 78.8 ± 5.8
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3.6. Mechanical properties

Mechanical robustness is desired for an implanted sensor mem-
brane to permit insertion, removal and integrity during residence
in the body. Although swelling enhances diffusion, it also leads
to reduced mechanical strength. Many methods for improving
hydrogel strength do so by reducing swelling [43]. For instance,
PNIPAAm hydrogels formed at T < �20 �C are morphologically
homogeneous, whereas those formed at higher temperatures are
heterogeneous [23,24,44]. At T > �20 �C, newly formed insoluble
PNIPAAm chains phase separate, such that subsequent cross-link-
ing leads to the formation of a macroscopic network of loosely
interconnected highly cross-linked polymer-rich domains and
lightly cross-linked polymer-poor domains. Heterogeneous PNI-
PAAm hydrogels display greater swelling, but are mechanically
weaker compared with the corresponding homogeneous hydrogel.
To maintain mechanical integrity, homogeneous hydrogels were
prepared for this study. In addition, polysiloxane colloidal nano-
particles were incorporated to improve the mechanical properties
of the nanocomposite hydrogels without affecting the VPTT or
reducing swelling [18]. For compression and tensile tests, mea-
sures were taken to avoid dehydration of the specimens, which
would falsely increase mechanical rigidity and strength. Mechani-
cal tests were performed at 35 and 39 �C on hydrogel A (i.e., pre-
pared with NVP and maintained in PBS) to determine the change
in mechanical properties in a swollen vs deswollen state,
respectively.

The storage modulus (G0) is related to the stiffness or rigidity of
the material [45]. At higher temperatures, less water is present in
the hydrogel matrix, resulting in a stiffer, more compact structure.
As expected, the deswollen hydrogel at 39 �C exhibited a higher G0

at all frequencies vs the swollen hydrogel at 35 �C due to the lower
water content of the former (Fig. 4). The tensile modulus, UTS and
percentage strain at break also increased for the deswollen hydro-
gel at 39 �C (Table 4). This change in hydrogel stiffness during ther-
mal cycling may contribute to cell detachment. Materials with
modulus values much greater than the surrounding tissue are
known to cause local irritation and a greater host response [46].
Though mechanical properties of specialized connective tissue
Fig. 4. Storage modulus (G0) of hydrogel A at 35 and 39 �C measured in compression
mode.
such as bone, cartilage and tendon have been extensively studied,
much less information is available regarding the behavior of loose
connective tissue in humans. Iatridis et al. found the equilibrium
tensile modulus of subcutaneous rat tissue to be 2.75 kPa [47].
Thus, the modulus of the hydrogel is similar to soft tissue and
would be expected to minimize local irritation.
3.7. ‘‘Self-cleaning”

In order to determine the effect of a variable thermal environ-
ment on cell adhesion, hydrogel A and polystyrene control samples
were inoculated with GFP-labeled H2B 3T3 mouse fibroblast cells
and exposed to either a constant temperature of 35 �C or cycled be-
tween 35 and 39 �C every hour. Fig. 5 shows that, for both polysty-
rene control and hydrogel A samples maintained at 35 �C, the
number of cells increased throughout the week. Because of the ten-
dency of cells to adhere to hydrophobic surfaces, the hydrophobic
polystyrene controls exhibited more cell attachment at the end of
the week compared with the hydrophilic hydrogel when main-
tained at 35 �C. With thermal cycling, the polystyrene control also
exhibited increasing cell numbers with time, showing that varia-
tions in the temperature did not cause cell death. The slight de-
crease in cell count between days 5 and 6 is attributed to cells
that may have been disturbed when the used cell culture media
was exchanged for fresh DMEM. The time required to completely
detach cells from PNIPAAm films depends on cell types and the
physiochemical properties of the specific hydrogel [48]. This ther-
mal cycling schedule of the hydrogel was effective at limiting cell
adhesion, demonstrating the possible utility of this system as a
self-cleaning sensor membrane for glucose biosensors.
4. Conclusions

A thermoresponsive nanocomposite hydrogel was developed as
a self-cleaning membrane to control the host response and extend
the lifetime and efficiency of implanted biosensors. The swelling,
diffusion and mechanical strength were optimized for in vivo con-
ditions. By incorporating a hydrophilic comonomer, NVP, the VPTT
was increased so that the hydrogel would exist in the swollen state
at body temperature, which would permit increased diffusion of
the target analyte (e.g., glucose) to the enclosed sensor. The ‘‘self-
cleaning” mechanism of the hydrogel membrane is activated by
cyclically raising the temperature above the VPTT and subse-
quently cooling to body temperature. Even though the diffusion
rate is lower in the ‘‘active” state, the addition of NVP significantly
improves glucose transfer. During deswelling, the dynamic com-
pression modulus (G0) as well as tensile modulus increased. This in-
crease in hydrogel rigidity should contribute to diminished
adhesion of cells in addition to the effects due to the changes in
surface hydrophilicity. Though further research is needed to deter-
mine the necessary duty cycle to promote optimal diffusion while
limiting cell adhesion and to assess in vivo functionality, the in vitro
cell adhesion rates are promising. Over a period of 7 days, it was
found that hydrogels that were exposed to thermal cycling had
very low levels of cell attachment throughout the course of the
study.



Fig. 5. Cell adhesion over time for hydrogels A and polystyrene controls maintained at either constant or variable temperatures.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 2 and 5, are dif-
ficult to interpret in black and white. The full colour images can be
found in the on-line version, at doi: 10.1016/j.actbio.2010.01.039.
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