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Abstract: Thin films of analyte-specific hydrogels were combined with microfabricated
piezoresistive pressure transducers to obtain chemomechanical sensors that can serve as
selective biochemical sensors for a continuous monitoring of metabolites. The gel swelling
pressure has been monitored in simulated physiological solutions by means of the output
signal of piezoresistive sensors. The interference by fructose, human serum albumin, pH,
and ionic concentration on glucose sensing was studied. With the help of a database
containing the calibration curves of the hydrogel-based sensors at different values of pH
and ionic strength, the corrected values of pH and glucose concentration were determined
using a novel calibration algorithm.

Keywords: polyelectrolyte hydrogel; analyte-specific swelling behavior; piezoresistive
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1. Introduction

Hydrogels are three-dimensionally cross-linked hydrophilic polymer networks swollen in water
which are able to undergo a volume phase transition under the influence of environmental changes.
The amount of solvent uptake depends on the polymer structure and composition, and can be made
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particularly responsive to environmental factors, such as temperature, pH-value, ion concentration, salt
concentration, analyte molecule concentration in solutions, and solvent composition.

The ability to customize the hydrogels’ chemical and mechanical characteristics allows for the
synthesis of hydrogels optimized for detection of particular target species in a physiological
concentration range. In the presence of an analyte, these polymers alter their swelling properties, either
by ionization or by formation of analyte-mediated reversible crosslinks [1-5].

The diagnosis and management of metabolic diseases, such as diabetes mellitus, requires a
simultaneous and continuous monitoring of several metabolites (blood glucose level, pH-value,
concentration of CO,) throughout day with the help of measuring systems. In this regard, a new
challenge is an implantable sensor array microsystem consisting of several hydrogel-based sensors that
can provide a continuous monitoring and on-line control of physiological parameters in the body fluid.
Glucose levels in interstitial fluid lag temporally (ca. 5 min) behind blood glucose values [6-8].
Diabetes mellitus results from insulin deficiency and hyperglycemia, and is reflected by blood glucose
concentrations higher or lower than the normal range of 4.4-6.6 mM (80-120 mg/dL). To account for
both physiological (normoglycemia) and pathophysiological (hypo- and hyperglycemia) ranges, sensors
should measure between 1 and 22 mM (18-400 mg/dL) with a response time not greater than 7 min to
reach 90% of steady state [7].

Hydrogel-based sensors generally consist of two main components, the polymeric hydrogel used for
the biochemical detection and a transducer. Transducers involving mechanical [3,9-15],
electrochemical (e.g., capacitive [2], conductometric, amperometric, potentiometric [16]), and optical [17]
mechanisms are used to monitor changes in hydrogel volume and structure. The pH-, ionic strength-
and glucose-sensitive hydrogels undergo reversible volume transitions with environmental changes.
These volume transitions produce swelling pressures, which are the basis for the chemical-mechanical
transduction of piezoresistive hydrogel-based sensors [3,9-12]. Hydrogels can readily be miniaturized
and directly integrated into piezoresistive pressure sensors. Moreover, hydrogels with various moieties
can be used simultaneously in sensor arrays to detect a number of physiological analytes (e.g., glucose,
pH, CO,, ionic strength) [18,19]. In this context, it is important to estimate the gel swelling pressure
due to the concentration variation of metabolites in complex physiological solutions and to validate the
performance of piezoresistive chemomechanical sensors operating on the basis of this pressure.

In general, two components of the hydrogel control its swelling response, the chemical nature of
polymer chains that make up the network and their compatibility with water, and the nature and
amount of crosslinking species. Additionally, for hydrogels containing fixed ionizable groups, a third
ionic component, which depends on the degree of ionization, affects the swelling process.

Flory-Rehner-Donnan-Tanaka theory, which takes into consideration these three effects, has been
used classically to explain the swelling behavior of hydrogels [20-24]. According to this theory, the
swelling state of the hydrogel network is associated with the sum of three swelling pressures Ammixing,
ATtelestic, and Amionic, Which sum to zero under thermodynamic equilibrium conditions (see Equation (Al)
in Appendix A). For a nonionic hydrophilic hydrogel, the mixing of water with the polymer makes a
negative contribution Ammixing, While the stretching of the hydrogel network yields a positive
contribution Ameestic. FOr a polyelectrolyte hydrogel, there is an additional negative contribution Amionic
associated with the mixing of water with the counterions. lonic osmotic pressure Amionic, the third force
dictating the swelling behavior of the hydrogel, is observed only in hydrogels bearing fixed charges on
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the polymer chains. These fixed charges must be electrically compensated by mobile counterions, which
exert the swelling pressure on the network. In dilute solutions, the ion swelling pressure can be
approximated by means of the vant Hoff’s law [20] using concentration values ¢’ and ¢ of ith mobile

ions in the gel and in the surrounding solution, respectively (see Equation (A2) in Appendix A). This
pressure, when present, leads to an additional water uptake by the hydrogel network. The values of ¢’

depend on the concentration of fixed charges in the gels, which depends in turn on the degree of
substitution of ionizable groups, on the pH value, and on the ionic content of the external medium
(values of c;).

The osmotic pressure due to the concentration variation of ionized polymer groups and due to the
distribution of mobile ions as well as the locally different gel swelling and shrinking were numerically
investigated in [26,27] by applying the coupled chemo-electromechanical multi-field formulation for
polyelectrolyte gels using the finite element method. The gel swelling behavior was considered in
dependence on the acid dissociation constant value K, for ionizable polymer groups and on the change
of the pH value or salt concentration in solution [28,29]. In [30], the influence of a change of ambient
conditions was simulated for temperature-sensitive polyelectrolyte hydrogels.

Selectivity and sensor response to various interfering molecules at physiological serum concentrations
are two of the key criteria that should be addressed when characterizing the performance of the glucose
sensor. In recent years, numerous attempts have been made to develop a miniature, enzyme-free
glucose sensor, based on a hydrogel with incorporated phenylboronic acid groups as glucose detecting
elements [1-3,25]. Other species that ligand to phenylboronic acid can affect the ionization state of
these groups and, consequently, the sensor response. In this regard, it is necessary to investigate the
potential interference and its effect on the glucose signal.

In the present study, we examined the dependence of glucose sensing upon interferences by fructose
and human serum albumin at physiological pH and physiological levels of interfering molecules. We
calculated values of the gel swelling pressure in the presence of glucose and fructose in solution and
experimentally evaluated these values by means of microfabricated piezoresistive hydrogel-based
sensors. We determined the calibrating and measuring procedures for simultaneous and continuous
monitoring of analyte concentrations, pH value, and ionic strength. A calibration algorithm was
proposed and verified using a sensor array for several metabolic physiological parameters. The output
characteristics of the sensors were measured taking into account the investigated cross-sensitivities of
polyelectrolyte hydrogels.

2. Experimental Section
2.1. Sensor Design

Silicon-based microsensors are capable of measuring the swelling pressure from stimuli-responsive
hydrogels and, hence, the concentrations of the target analytes as shown in Figure 1. For the design of
the chemical sensors, commercially available pressure sensor chips C41/1 (AktivSensor GmbH/Epcos AG,
Stahnsdorf, Germany) with a flexible 20 pm thin silicon bending plate and with an integrated
piezoresistive Wheatstone bridge at the plate surface were employed as mechano-electrical transducer
for the transformation of the plate deflection due to the swelling pressure into an electrical output
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signal Vou. The calibration procedure for the sensors was performed with the help of a pressure
controller and a calibration curves were obtained.

Figure 1. Hydrogel-based biochemical dip sensor: (a) frontside photograph of the sensor
and (b) sensor design: 1 bending plate (3 mm %3 mm > 0.02 mm), 2 mechano-electrical
transducer (piezoresistive bridge), 3 swellable hydrogel, 4 Si chip (5 mm <5 mm >0.39 mm),
5 porous hydrophilic Anopore™ Al,0; membrane (5 mm x5 mm % 0.06 mm), 6 substrate,
7 interconnect, 8 hermetic parylene C coating (CVD, d = 3 jum), 9 measuring solution.
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The polymeric hydrogel was deposited into the cavity at the back side of the silicon chip and closed
with a porous biocompatible and hydrophilic Anopore™ Al,03 membrane (Whatman Ltd, thickness
60 pm, pore size 200 nm). This membrane provides a low protein binding for permanent implants [31].
The solution and analyte molecules diffuse into the chip cavity through the membrane, induce the
swelling process of the hydrogel, and lead to a change in the silicon plate deflection. The plate
deflection due to the swelling pressure change causes a stress state change inside the plate and
therefore a change of the resistivity of the piezoresistors affecting proportionally the output voltage
Vout OF the sensors. An increasing value of Vo corresponds to hydrogel swelling, whereas decreasing
of Vout corresponds to deswelling.

The sensors were wire-bonded to a printed circuit board and coated with a 3 pm thick hermetic
biocompatible parylene C layer using chemical vapor deposition (CVD) as described in [9] to protect
the sensors and electrical connections during wet testing. This layer was removed from the membrane
surface on the sensor’s back side in order to allow for the diffusion of analytes and solution into the
chip cavity. Finally, the sensors were connected to a measuring set-up, which was able to monitor the
output signals of the sensors.

As regards the hydrogel loading into the chip cavity, the thickness of the dried hydrogel layer was
well adapted for the cavity depth preventing a large underloading which could lead to a dead response
zone. The sensors with the dried hydrogel layer in the chip cavity showed a value of the offset voltage
smaller than 20 mV (see Figure Bl in Appendix B). After the sensor preparation, an initial gel
conditioning procedure was performed: an initial gel swelling in a glucose-free phosphate-buffered
saline (PBS, pH 7.4, ionic strength | = 0.15 M) for 24 h. The value Vo, Of the sensor output voltage at
steady state of the swollen gel was determined and then used as reference value (see Figure B1 in
Appendix B). Only after the accomplished conditioning procedure, the sensor signal was measured in
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PBS solutions with different analyte contents. In the PBS solution containing an analyte (e.g., glucose,
see Figure B3 in Appendix B), a further gel swelling was observed and the corresponding value Vg of
the sensor output voltage was measured. The curves in Figure B3 characterize the sensor response to
the glucose concentration changes. As the piezoresistive pressure sensor chips showed excellent stable
and dynamic properties with a response time t < 1 s, the long-term stability of the sensors and their
response time were solely determined by the stability of the hydrogel characteristics and by the gel
swelling/deswelling kinetics, respectively. The possibilities to improve the response time of the
sensors will be considered in Section 3.1.3.

The change of the gel swelling pressure induced by the change of the analyte concentration was
estimated using the value AVout = Vour — Vouro and the calibration curve An = f(AV,t) of the sensor
(Figure B2 in Appendix B).

2.2. Materials and Methods

The monomers used for the preparation of the gels were obtained as follows: acrylamide (AAm,
Fisher Scientific), 3-acrylamidophenylboronic acid (3-AAmMPBA, Frontier Scientific, Logan, UT,
USA), and N,N-methylenebisacrylamide (BIS, Sigma-Aldrich). Hydroxypropylmethacrylate (HPMA),
N,N-dimethylaminoethyl methacrylate (DMAEMA), and tetra-ethyleneglycol dimethacrylate (TEGDMA)
were purchased from Polysciences, Inc. (Warrington, PA, USA). The monomers were used as
received.  2-hydroxy-4’-(2-hydroxyethoxy)-2-methyl-propiophenone  (HHMP,  Sigma-Aldrich),
1-vinyl-2-pyrrolidinone (v-pyrol, Sigma-Aldrich), dimethyl sulfoxide (DMSO, Sigma-Aldrich),
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES, Sigma-Aldrich), ammonium peroxydisulfate
(APS, Sigma-Aldrich), N,N,N",N -tetramethylethylenediamine (TEMED, Sigma-Aldrich), D(+)-glucose
(Roth), and Dulbecco’s phosphate-buffered saline solution (1X PBS, Sigma- Aldrich) were also
used as received.

N-isopropylacrylamide (NIPAAmM, ACROS) was purified by recrystallisation from hexane and
afterwards dried in vacuum. Diethyl ether, ethyl acetate, dioxane, and tetrahydrofuran (THF) were
distilled over potassium hydroxide. Cyclohexanone was purified by distillation over calcium hydride.
2,2-Azobis(isobutyronitrile) (AIBN) was recrystallized from methanol. All other reagents were of
analytical grade. The 2-(dimethylmaleinimido)acrylamide (DMIAAmM) monomer was synthesized
according to [32]. 1-[3-(chloro-dimethyl-silanyl)-propyl]-3,4-dimethylmaleimide was prepared
according to [33].

2.2.1. Glucose-Sensitive AAm/3-AAMPBA/BIS Hydrogels

A cross-linked glucose-sensitive copolymer of acrylamide and 3-acrylamidophenylboronic acid
(AAmM/3-AAMPBA) containing AAm/3-AAmMPBA/BIS at a nominal mole ratio of 80/20/0.25 was
prepared by free-radical crosslinking copolymerization as described in [3]. Stock solutions of AAm
and BIS were prepared in distilled water. Appropriate amounts of the two stock solutions were mixed
in a vial with TEMED. In order to dissolve 3-AAmMPBA into the pre-gel solution, 1M NaOH was
added into the vial. The free-radical initiator APS was introduced after purging the vial with N, gas for
10 min, after which the pre-gel solution was injected into a cavity (thickness 400 pm) between two
square plates (polycarbonate and poly(methyl methacrylate)) of surface area 60 cm® The total



Chemosensors 2014, 2 150

monomer concentration in the pre-gel solution was 30.2 wt%. After approximately 16 h of reaction at
room temperature, the hydrogel slab was removed from the mold and washed for at least two days with
deionized water and PBS buffer (pH 7.4, ionic strength 0.15M) before testing. In sugar-free PBS buffer
at physiological pH and ionic strength, the hydrogel contains 58 wt% water. The dried hydrogel foils
(thickness dp = 330 |um) were prepared by evaporation of water at room temperature and then cut into
pieces. The pieces of surface area Sp = 3 mm =<3 mm were used for the sensor.

2.2.2. pH-Sensitive HPMA/DMAEMA/TEGDMA Hydrogels

The pH-responsive hydrogel is based on three monomers: hydroxypropyl methacrylate (HPMA),
N,N-dimethylaminoethyl methacrylate (DMAEMA) and tetra-ethylenglycol dimethacrylate
(TEGDMA). The DMAEMA monomer contains a pH-sensitive tertiary amine, HPMA was included to
obtain a transition pH close to the physiological range [9] and tetra-ethyleneglycol dimethacrylate
(TEGDMA) acts as crosslinker.

A detailed description of the synthesis procedure of the cationic polyelectrolyte hydrogel containing
HPMA/DMAEMA/TEGDMA at a nominal mole ratio 70/30/2 is described elsewhere [9,34].
Appropriate amounts of monomers HPMA and DMAEMA, crosslinker TEGDMA as well as
accelerator TEMED were mixed in a vial to obtain a pre-gel solution, which was then purged with N,
gas for about 10 min. Shortly thereafter, the initiator APS was added to the pre-gel solution and the
mixture was vortexed for about 5 s before being injected into a cavity (thickness 400 % 10 pm)
between two square glass plates of surface area 64 cm® The hydrogel slab was removed from the glass
plate after approximately 4 h of reaction then washed with PBS solution for at least 2 days to remove
unreacted chemicals prior to testing.

In case of the cationic HPMA/DMAEMA/TEGDMA-hydrogels, the tertiary amine groups of the
DMAEMA become ionized for pH values below the base dissociation constant of DMAEMA (pKj, = 7.8).
Therefore, a phase transition can be observed by altering the pH towards acidic conditions [35].

2.2.3. PNIPAAmM-DMAAM-DMIAAmM Terpolymer

The photo cross-linkable PNIPAAM-DMAAM-DMIAAmM terpolymer (at a mole ratio 66.3/30.7/3)
was obtained by free radical polymerization of N-isopropylacrylamide (NIPAAm), dimethylacrylamide
(DMAAmM) and 2-(dimethylmaleinimido)acrylamide (DMIAAmM) initiated with AIBN at 70 <C in
dioxane with a total monomer concentration of 0.55 mol/L under nitrogen for 7 h. The polymer was
precipitated in diethylether and purified by reprecipitation from THF into diethylether (1:3).

The DMIAAm-chromophore was selected for cross-linking because it is known to form stable
dimers. The DMIAAmM-chromophore reacts via a [2 + 2]-cycloaddition under irradiation. By using
thioxanthone as photo sensitizer, a complete conversion of the chromophores could be achieved within
a few minutes [33].

The adhesion promoter layer was prepared by absorbing 1-[3-(chloro-dimethyl-silanyl)-propyl]-3,
4-dimethylmaleimide from 0.3 vol% solution in dicyclohexyl on the Si/SisN4 surface of the chip
bending plate for 24 h. The substrates were rinsed with chloroform. Pre-gel solution was deposited into
the chip cavity by pipetting of 10 L cyclohexanone solution containing 10 wt% polymer and 2 wt%
(with respect to the polymer) thioxanthone sensitizer. The polymer films were dried at 60 <C for 15 min
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and then under vacuum at 20 <C for 5 min. The dry films were cross-linked by UV irradiation, using a
mercury lamp producing an irradiance at the substrate plane of 1.7 mW/cm?.

The PNIPAAM-DMAAM-DMIAAmM terpolymer has a higher value of the volume phase transition
temperature Te (T = 43 <C) than PNIPAAmM (7, = 33 <C) due to the additional hydrophilic
DMAAmM component [10,36]. In the physiological temperature range between 36 <C and 40 T, the
PNIPAAM-DMAAmM-DMIAAmM hydrogel is in its swollen state.

2.2.4. Solution Characterization

D(+)-glucose (Roth) and d(-)-fructose (Acros Organics) were dissolved in phosphate buffered saline
(PBS, pH7.4) solutions of ionic strength | = 0.15 M. The pH value of PBS was adjusted with HCI or
with NaOH and was measured using a Knick pH meter with pH/Pt-1000 probe.

3. Results and Discussion
3.1. Sensors for Glucose Concentration

The glucose-sensitive hydrogel used in this study in glucose sensors was a copolymer of acrylamide
and 3-acrylamidophenylboronic acid (AAmM/3-AAmMPBA). Figure 2 shows the effect of glucose on the
response of one sensor (sensor 1) within a range from 0 mM to 20 mM of glucose. Figure B5a in
Appendix B shows the data scatter of the four repeated measurements for the sensor 1, and Figure B5b
shows the measuring results for three sensors. The sensors with phenylboronic acid (PBA)-containing
gel demonstrated an increasing gel swelling pressure with increasing glucose concentration cg in PBS
solution (pH7.4, I = 0.15 M). From the plot of the sensor characteristic, the sensor’s sensitivity was
estimated to be 3.7 kPa/mM over the range 0-20 mM glucose. The measurement uncertainty was
calculated according to [37,38] (see Appendix B). The value of the expanded uncertainty Uexp(ta) Was
estimated to be 3.2 kPa and shown in Figure 2 using error bars.

Figure 2. Response of the sensor 1 with AAmM/3-AAMPBA/BIS hydrogel and corresponding
calculated values of the gel swelling pressure in dependence on glucose (V) and fructose
(A) concentration, respectively, in PBS solutions (pH 7.4, ionic strength 0.15 M) at 36.5 C
and in PBS solution with cg =5 mM, ¢ = 0.1 mM, and cysa = 27 mg/mL (XX).
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The pendant groups of phenylboronic acid are present in both an uncharged trigonal form and a
charged tetrahedral boronate at physiological pH [39-41]. Phenylboronic acid exists in equilibrium
between the uncharged and the charged form. The complex formation between the uncharged form and
glucose is unstable because of its high susceptibility to hydrolysis, while charged phenylboronic acid
groups are able to form a stable complex with glucose [2]. The complex formation between the
charged phenylboronic acid groups and glucose causes a shift in the equilibrium towards an increase of
charged phenylboronic acid groups. Therefore, the total amount of charged phenylboronic acid groups
increases when glucose is added, thereby increasing the osmotic swelling pressure within the gel,
which subsequently leads to the gel swelling.

The charged form of PBA is characterized by a pK, value, which in the absence of glucose is given
by pK, = 8.86 [1]. Binding of glucose is characterized by a binding constant of the glucose molecule to
PBA, Kg = 9.1 mM. In the present work, these values were used to calculate the gel osmotic pressure
in the presence of glucose according to Equation (A9) (see Appendix A), which is based on the value
of the Donnan ratio A.

In order to calculate the value of A, we reformulated Equation (A10) for an anionic gel (z=-1) in a
uni-univalent electrolyte solution (the valence of ions z; = 1) as:

1+>c, IK, .

“Tliac, K, +>c, IK, 1+ia @)
and Equation (A8) as:
A-1A=bl(1+aA1) 2)
using the substitutions:
c.. /K,
a = L
1+3c, 1K, ®)
and:
b=c;/c® (4)
Here,

- C,. =10""" is the concentration of hydrogen ions related to the pH of the environment;
- C;, K and a are the concentration, the acid dissociation constant, and the degree of ionization,

respectively, of the ionizable polymer groups;
- ¢, and K, are the concentration and dissociation constant, respectively, of the nth analyte species;

- ¢’ is the total ion concentration in the solution (see Equation (A4) in Appendix A).
Further, Equation (2) can be rewritten as third-order polynomial
a’+2*—(a, +b)A-1=0 (5)
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In order to solve Equation (5), we calculated the value of ¢} using the input data of the dried gel

layer, and then the value of b using Equation (4).
The input data of the polymer layer shown in Tables 1 and 2 were used for the calculation of the
concentration c; of the ionizable PBA groups. Here, p, and m, = p,V, are the density and the mass of

the dried gel layer, respectively, M; and N; denote the molar mass and the number of the acrylamide
(AAm, C3HsNO) monomer units, respectively, M, and N, denote the molar mass and the number of the
3-acrylamidophenylboronic acid (3-AAMPBA, CgH10BNO3) monomer units, respectively, Mz and N3
denote the molar mass and the number of N,N'-methylene-bisacrylamide (BIS, C;H10N20y),
respectively. Taking into account the polymer composition, we obtained for the mole numbers N;, N;
and N3 of AAm, 3-AAmMPBA and BIS, respectively in the gel sample volume V

N1 :mpé/(M1§1+M2§2+M3§3) (6)
N, =m,&, (M.& + M,&, + My&;) @)
Ny =m & (M S + M8, + M) (8)

Here, &, & and &3 are the mole fractions of AAm, 3-AAMPBA and BIS, respectively. The value
C; = 2.23 M of the ionizable PBA groups concentration in the pre-swollen gel sample (thickness

d; =400 pm, volume V; = 3.6 |L) was calculated as:
cg =N, /V, 9)

and used in Equation (4). Solving Equation (5), we obtained an equilibrium value of the Donnan ratio
A (A > 1), that was used in Equation (A9) for the calculation of the gel osmotic pressure in the presence
of analytes in the solution. The values of a; and A for the different glucose concentrations in PBS
solution with pH7.4 and | = 0.15 M as well as the corresponding calculated values of the ionic swelling
pressure Amionic at T = 36.5 <C are shown in Table C1 (Appendix C). Figure 2 compares the measured
and the calculated values of the gel swelling pressure Amionic for the AAmM/3-AAMPBA/BIS hydrogel
layer in PBS solutions (pH7.4, ionic strength 0.15 M) with different sugar concentrations at 36.5 <C.

Table 1. Parameters of the investigated AAmM/3-AAMPBA/BIS layer.

do 1 SO 1 VO 1 pp 1 m p’
pm mm? L glem? g
330 9 3x10° 1.29 [42] 3.8x10°

Table 2. Composition of the investigated AAm/3-AAMPBA/BIS layer.

M, N, g,
Monomer g/mol mol mol%
AAmM (C3HsNO) 7108  32x10° 80
3-AAMPBA (CgH;oBNO3) 190.99 8 x10°° 20
BIS (C;H1oN,0,) 154.17 1x1077 0.25

Our microfabricated sensors demonstrated a sufficient sensitivity of 3.7 kPa/mM over the range
0-20 mm glucose in PBS solutions with physiological pH and ionic strength values. For comparison,
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Table 3 shows the results for microfabricated implantable glucose sensors from other works. In [1],
the sensitivity of a capacitive glucose sensor with an acrylamide/methacrylamidophenylboronic
acid/N,N-methylenebisacrylamide (AAm/MAAMPBA/BIS) hydrogel confined in the 2.8 x2.8 0.2 mm?
cavity was achieved to be 0.15 kPa/mM over the glucose concentration range 0-20 mm in the linear
region of the sensor characteristic. In [43], the piezoresistive glucose sensor with an acrylamide/
3-acrylamidophenylboronic acid/N-3-dimethyl-aminopropyl acrylamide/N,N-methylenebisacrylamide
(AAM/3-AAMPBA/DMAPAAM/BIS) hydrogel in the chip cavity of 1 x 1 x 0.4 mm® displayed a
sensitivity of 0.005 kPa/mM over the range 0—20 mM glucose.

Table 3. Parameters of microfabricated implantable glucose sensors.

Sensitivity, Dimensions of Cavity

Transducer Hydrogel KkPa/mM with Gel, mm® References

piezoresistive AAM/3-AAMPBA/BIS 3.7 3 %3 %x0.37 present work
capacitive AAM/MAAMPBA/BIS 0.15 2.8 x2.8 x0.2 [1,2]

piezoresistive ~ AAmM/3-AAMPBA/DMAPAAM/BIS 0.005 1x1x=0.4 [43]

3.1.1. Cross-Sensitivity to Interferents

An apparent problem with this glucose sensing mechanism is that PBA cannot distinguish glucose
from other cis-diol molecules and may give rise to errors when the glucose measurements are carried
out in presence of other sugar molecules, for instance, fructose, which is also found in blood. Although
the normal physiological level of fructose is approximately 500 times smaller than that of glucose
(8 M vs. 5.5 mM, respectively), the binding affinity of PBA for fructose exceeds that for glucose by a
factor of 40 [2-4]. Binding of fructose is characterized by a binding constant of the fructose molecule
to PBA, Kr = 0.23 mM [1]. In the present work, this value of Kr was used to calculate the gel swelling
pressure Amionic In PBS solutions containing fructose according to Equations (3)—(5), and (A9)
(Figure 2). The values of a; and A for the different fructose concentrations in PBS solution with pH7.4
and | = 0.15 M as well as the corresponding calculated values of the ionic swelling pressure Amijonic at
T =36.5 <C are shown in Table C2 (Appendix C).

In order to investigate the potential interference, the sensor signal was measured in PBS solutions
containing fructose within a range from 0 mM to 2.5 mM. Figure 2 shows a greater sensor response to
fructose than to glucose. However, at small fructose concentrations ¢ < 0.1 mM no influence of
fructose on the sensor signal was observed. As a step to progressively move towards in vivo
experiments, an additional test was performed in PBS solution containing 5 mM glucose, 0.1 mM fructose
and 27 mg/mL human serum albumin (HSA) in order to mimic body fluids (Figure 2). No changes
were observed in the gel swelling degree due to adding the protein within the physiological
concentration range.

The response of PBA-containing hydrogels to various mono-and disaccharides as well as to lactate
and glycerol has been tested in [1,17,39,44] taking into account the binding affinities at physiological
pH and physiological levels of interfering molecules. A complete analysis of chemical interference
with sensor function would also include the effects of polysaccharides and glycoproteins as well
as the effects of such essential anti-inflammatory medicines as acetylsalicylic acid (aspirin),
iso-butyl-propanoic-phenolic acid (ibuprofen) and N-acetyl-p-aminophenol (paracetamol, acetaminophen).
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Potential interferents could cause a glucose measurement error. The concentration fluctuations of the
interfering species will add a noise to the device response which has to be investigated comprehensively in
our future studies.

It should be noted, that the use of hydrogels, which are more specific to glucose molecules provides
an additional possibility to minimize the interference by other species that may be present in the
physiological environment. The glucose selectivity of PBA can be improved via incorporation of
quaternary amines into the hydrogel as discussed in [2,4]. Efforts to improve the sensor
performance for practical use by applying a copolymer acrylamide/3-acrylamidophenylboronic
acid/N-(3-dimethylaminopropyl acrylamide) (AAm/3-AAmMPBA/DMAPAAmM) are currently underway
in our institute.

3.1.2. Effects of pH and lonic Strength Changes

In order to investigate the influence of the environmental pH change on the calibration curves of the
glucose sensors, the sensor signal was monitored in glucose-containing PBS solutions with different
pH values. Figure 3a shows the response of the sensor 1 with AAm/3-AAmMPBA/BIS hydrogel plotted
over the glucose concentration and pH of the PBS solution (ionic strength 1 = 0.15 M). The fixed
charge density on the AAmM/3-AAMPBA/BIS polymer backbone increases with increasing pH value
due to the ionization of the anionic PBA groups, thereby increasing the osmotic swelling pressure
within the gel, which subsequently leads to the gel swelling.

Figure 3. lonic component Amionic OF the gel swelling pressure measured by means of the
sensor 1 with AAm/3-AAmMPBA/BIS hydrogel at 36.5 <C in PBS solutions (ionic strength
I = 0.15 M) plotted over the glucose concentration cg and pH (a) and in PBS solutions
(pH7.4) plotted over the glucose concentration cg and ionic strength | (b) as well as
corresponding calculated values of Amionic. The values of a;, b, and A used for the
calculation are shown in Tables C3 and C4 (Appendix C).

(b)

— measured

— measured
— calculated

— calculated

An increase of the ionic strength of a solution has an opposite effect on the response of the glucose
sensor (Figure 3b). The sensor signal was measured in glucose-containing PBS solutions (pH7.4) with
different values of the ionic strength. Figure 3b shows a decrease of the gel swelling pressure with
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increasing value of the ionic strength. An increase of the environmental ionic strength enhances the
osmotic pressure outside the hydrogel, which pushes the hydrogel to shrink.

From these experiments, it is clear that the correct value of the glucose concentration in solution can
be determined only in the case of known pH- and I-values because the swelling of a glucose-sensitive
hydrogel results from the interplay of the glucose concentration, pH and the ionic strength of the
solution. The cross-sensitivity of a polyelectrolyte glucose-sensitive gel can be eliminated by using
two reference sensors for simultaneous pH and ionic strength measurements. The corrected values of
the glucose concentration could be estimated with the help of the calibration curves of these three
sensors (see Section 3.4).

3.1.3. Response Time

The gel response time depends on the cooperative diffusion coefficient and on the square of the
sample dimension. Scaling to micro-dimensions enhances the time response. Consequently, a
reduction of the sample size improves the sensor performance. However, a reduction of the gel
thickness is limited by the necessity to obtain a sufficiently high sensor signal and, consequently, a
sufficient sensitivity. It is feasible to achieve an optimum between the sensor signal amplitude and the
sensor response time by using:

(1) porous gels. A response time reduction of about 80% was observed compared to sensors with
non-porous hydrogels [45]. However, the porous structure affects the mechanical stability
of the gel and, consequently, the long-term stability of the sensor sensitivity, which needs to
be improved.

(2) composite as well as hybrid materials. A significant reduction (of 72%, compared to the
homogeneous hydrogel) of the sensor response time was achieved for the hybrid hydrogel with
incorporated hygroscopic fibers which accelerated the diffusion of the solution in the gel and,
consequently, the gel swelling/deswelling [19]. The incorporated hydrophilic porous fibres led
to a faster, and at the same time, increased solution uptake.

(3) the method of initial rate determination of the solution uptake. It was found that the value v of
this rate depends on the initial concentration gradient (c. —c_,) of the analyte between the

solution and the gel [10]. With the help of the values v; and v, for two solutions with a known
concentration ¢, and with an unknown one c_,, the value of c), can be estimated (see

al
Equation (B1) in Appendix B). By applying this method, the measuring time ty, which is
necessary to determine the glucose concentration in PBS solution was essentially shortened
from the time to reach a full saturation of the solution uptake to the time which is necessary for
the initial rate determination (t,, <3 min, see Figure (B4) in Appendix B).

3.2. pH Sensors

The pH-responsive HPMA/DMAEMA/TEGDMA hydrogel was used in pH sensors. The DMAEMA
monomer contains pH-sensitive tertiary amines, HPMA was included to obtain a transition pH close to
the physiological range near pH 7.4. The sensing mechanism is based on the protonation of the tertiary
amines on the DMAEMA backbone. At pH values lower than pH 8, elevated backbone protonation
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temporarily increases the osmotic swelling pressure within the hydrogel (Figure 4a). From the
plot of the sensor characteristic, the sensor’s sensitivity was estimated to be 17.4 kPa per 0.1 pH
over the pH range 7.2—7.5 at | = 0.15 M. Similar as in Section 3.1, dried gel pieces of the same size
(3 mm %3 mm %0.33 mm) were used for pH sensors.

In order to verify the insensitivity of HPMA/DMAEMA/TEGDMA gel to glucose, the sensor signal
was measured in PBS solutions containing glucose within a range from 0 mm to 20 mm (Figure 4).
No changes were observed in the gel swelling degree due to adding of glucose. This confirms the
reasonability of the use of HPMA/DMAEMA/TEGDMA gel in a reference sensor for pH measurements.

Figure 4. lonic component Amionic Of the gel swelling pressure measured by means of the
sensor with HPMA/DMAEMA/TEGDMA hydrogel at 36.5 <C in PBS solutions (ionic
strength 1 = 0.15 M) plotted over the glucose concentration ¢ and pH (a) and in PBS
solutions (pH7.4) plotted over the glucose concentration cg and ionic strength | (b) as well
as corresponding calculated values of Amionic.

(@) - (b)

— measured — measured

— calculated

— calculated

In the case of the cationic HPMA/DMAEMA/TEGDMA-hydrogels, the tertiary amine groups of the
DMAEMA become ionized for pH values below a base dissociation constant of DMAEMA (pKy = 7.8).
In this study, we estimated the value of the fraction o of the ionized cationic polymer groups which
only bind protons as:

1 1
a= ] = ]
1+47 ¢, /K, 1+47a,

(10)

using the substitution:
a2 = COH* / Kb (11)
Here, c,, =10"%*"" js the concentration of hydroxide ions related to the pH of the environment

and Kj, denotes the base dissociation constant of the ionizable polymer groups.
In order to calculate the value of A, we reformulated Equation (A8) for a cationic gel (z = +1) in a
uni-univalent electrolyte solution (the valence of ions z; = #1) as:

A-1A=-blAl+a,A™) (12)

using the substitution from Equation (4).
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Further, Equation (12) can be rewritten as third-order polynomial:
A +(@,+b)A*—1-a, =0 (13)

In order to solve Equation (13), we calculated the value of c¢; using the input data of the dried

HPMA/DMAEMA/TEGDMA gel layer, and then the value of b using Equation (4).
The input data of the polymer layer shown in Tables 1 and 4 were used for the calculation of the
concentration c¢; of the ionizable DMAEMA groups. Similar, as in Section 3.1, the numbers of

monomer units shown in Table 4 were calculated for a dried gel piece of the same size (3 mm <3 mm
x 0.33 mm). The value ¢; = 2.06 M of the ionizable DMAEMA groups concentration in the

pre-swollen gel sample (thickness d; = 400 pm, volume V; = 3.6 L) was calculated as:
Cg = Nowaema Vi (14)

and used in Equation (4). Solving Equation (13), we obtained an equilibrium value of the Donnan ratio
A (0 <A <1), that was used in Equation (A9) for the calculation of the ionic osmotic pressure of the
gel. The values of a, b, and A for the different pH values of PBS solutions and for the different values
of the ionic strength | are shown in Table D1 (Appendix D). Figure 4 compares the measured and the
calculated values of the gel swelling pressure Amignic for the HPMA/DMAEMA/TEGDMA hydrogel
layer in PBS solutions at 36.5 <C.

Table 4. Composition of the investigated HPMA/DMAEMA/TEGDMA layer.

M, N, g,

Monomer g/mol mol mol%
HPMA (C;H;,03) 144.17 1.7 107 70
DMAEMA (CgH150,N) 157.20 7.4 %107 30
TEGDMA (C16H2607) 330.37 4.9 <107’ 2

Our microfabricated pH sensors demonstrated a sufficient sensitivity of 17.4 kPa/0.1pH over the
pH range 7.2—7.5 in PBS solutions with the physiological ionic strength of 0.15 M. For comparison,
the parameters achieved for microfabricated implantable pH sensors are listed in Table 5. In [25],
the sensitivity of a capacitive pH sensor with a methacrylic acid/acrylamide/ethyleneglycol dimethacrylate
(MAA/AAM/EGDMA) hydrogel confined in the 2.8 2.8 0.2 mm? cavity was 0.15 kPa/0.1pH over
the pH range 7.2-7.4.

Table 5. Parameters of microfabricated implantable pH sensors.

Sensitivity, Dimensions of cavity

Transducer Hydrogel KPa/0.1pH with gel, mm? References
piezoresistive ~ HPMA/DMAEMA/TEGDMA 17.4 3 %3 x0.37 present work
capacitive MAA/AAM/EGDMA 0.23 2.8 x2.8 x0.2 [25]

The swelling of a pH-sensitive hydrogel results from the interplay of the pH and the ionic strength
of the solution. Figure 4b shows the output characteristics of the pH-sensor in glucose-containing
buffered solutions of several series with different ionic strengths. From the plot of the curve at pH7.4,
the cross-sensitivity was estimated to be 0.16 kPa/mM over the I-range 130-150 mM. In [9], a pH-sensitive
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HPMA/DMAEMA/TEGDMA gel confined in a 1.5 < 1.5 x0.4 mm® cavity of a piezoresistive sensor
displayed a cross-sensitivity of 0.12 kPa/mM to the ionic strength over the I-range 125-150 mM.

The cross-sensitivity of a polyelectrolyte gel can be eliminated by using a reference sensor with a
neutral gel for the simultaneous ionic strength measurement. The corrected pH values of the solution
could be estimated with the help of the calibration curves of these two sensors.

3.3. Sensors for lonic Strength

The response of the sensor based on PNIPAAM-DMAAM-DMIAAM hydrogel was measured in
PBS solutions with different ionic strengths. Figure 5 shows the output characteristics of the sensor for
ionic strength. The hydrogel demonstrates a decrease of the swelling pressure with increasing value of
the ionic strength. An increase of the environmental ionic strength enhances the osmotic pressure
outside the hydrogel, which pushes the hydrogel to shrink.

Figure 5. Gel swelling pressure Am measured by means of the sensor with
PNIPAAM-DMAAmM-DMIAAM hydrogel at 36.5 <T in dependence on ionic strength I
of PBS solution.
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3.4. Simultaneous Monitoring of Analyte Concentration, pH Value and lonic Strength

The hydrogel-based sensors were integrated in a sensor array for the simultaneous monitoring of
ionic strength, pH value and glucose concentration in solution. The output signals Vi, V,, and V3 of the
sensor for ionic strength | with the PNIPAAM-DMAAmM-DMIAAmM hydrogel, of the pH sensor with
the HPMA/DMAEMA/TEGDMA hydrogel, and of the glucose sensor with the AAm/3-AAMPBA/BIS
gel, respectively, were measured using a set-up, which was able to monitor the output signals from
multiple sensor arrays simultaneously. Additionally, the temperature T was controlled with a
temperature sensor. With the help of the database containing the calibration curves of the hydrogel-based
sensors at different values of pH and ionic strength, the corrected values of pH and glucose
concentration were determined using a calibration algorithm developed and verified in this work
(Figure E1 in Appendix E).
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The data-flow-programme consists of three main parts. In the first module, the output signal V; of
the PNIPAAmM-DMAAM-DMIAAmM hydrogel-based sensor and the value T of the temperature are used
in order to determine the I-value of the measuring solution with the help of the calibration curves of
the sensor for ionic strength. In the second module, the determined I-value and the measured V- and
T-values are analyzed using the database of the pH sensor, and the correct pH-value is chosen. In the
third module, the determined I- and pH-values as well as the measured Vs- and T-values are compared
with the database of the glucose sensor. As a result, the corrected value of the glucose concentration cg
IS estimated.

4. Conclusions

Values of the gel osmotic pressure were calculated in the presence of analytes in the solution and
compared with those obtained experimentally by means of hydrogel-based sensors. Layers of
analyte-specific hydrogels were incorporated in piezoresistive chemical microsensors. A copolymer
with glucose-sensitive phenylboronic acid groups was used in the sensors for glucose concentration.
A pH-sensitive, but not responsive to glucose hydrogel containing pH-sensitive tertiary amine groups
had served as a functional layer in the pH sensors. In the sensors for ionic strength, a neutral
terpolymer was used. The calibrating and measuring procedures for simultaneous and continuous
monitoring of analyte concentrations, pH value and ionic strength were determined. A calibration
algorithm was developed and verified using a sensor array for several metabolic physiological
parameters. The output characteristics of the sensors were measured taking into account the
investigated cross-sensitivities of polyelectrolyte hydrogels. With the help of the database containing
the calibration curves of glucose sensor at different values of pH and ionic strength, the corrected value
of glucose concentration was determined and cross-sensitivities were eliminated.
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Appendix A. lonic Osmotic Pressure of Polyelectrolyte Hydrogels

The hydrogel swelling pressure Am can be described by the sum of three components Amtmixing,
ATtglestic, and Ationic [20-24]:

A= Aﬂ.mixing + AT astic + ATTionic (A1)

In dilute solutions, the ionic component Amionic Of the swelling pressure can be approximated by
means of the vant Hoff’s law as [20]
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A7Z-ionic =RT Z:(Cig _Cis) (AZ)

where ¢ and ¢’ are concentrations of ith mobile ions in the gel and in the surrounding solution,

respectively, R the universal gas constant, and T the absolute temperature. The equilibrium state is
characterized by the Donnan ratio A, which describes the distribution of mobile ions between the gel
and the solution. In the case of a uni-univalent electrolyte solution (the valence of ions z; = 1) [23]:

S

9
ﬂ, — Ccsations — Cz;nions (A3)
Cai C.hi
cations anions
Here, Cliionss Conions: Ceations @Nd Conions are the concentrations of monovalent mobile cations and

anions in the gel and in the solution, respectively. For the polyelectrolyte gel with anionic side
groups, A > 1.
The total ion concentration c® in the solution is given as:
S S S
c :Ccations+canions (A4)
For a uni-univalent electrolyte solution,

S S S

Ccations = Canions =C (A5)

and c* is equal to the ionic strength | = % Y z/C; .
i

At equilibrium, charge neutrality is maintained inside the gel:

—c!

anions

Cg

cations

+za-c; =0 (A6)
with:

g _ S g _ S
Ceations = A-C, Canions =C 1A (A7)
Here, ¢ is the concentration of the ionizable groups on the polymer backbone and « is the fraction

of ionized polymer groups with the valence z.
Using Equations (A6) and (A7), one obtains [25]
D Azt +za-c =0

(A8)

and the ionic osmotic pressure (using Equation (A2))

A7Z-ionic = RTIZ(;LZI _l) -C’ (A9)

In the case of the polyelectrolyte gel with anionic side groups, the fraction o of polymer groups that
are ionized in the presence of analytes in the solution depends on their concentrations and on the pH
value of the solution [25]:
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Here, c .. =10""" is the concentration of hydrogen ions related to the pH of the environment, K,
the acid dissociation constant of the ionizable polymer groups, ¢, and K, the concentration and

1+>¢c, 1K,
a= :
1+4-¢c,. /K, +>¢c, IK,

dissociation constant, respectively, of the nth analyte species.

Appendix B. Piezoresistive Che

After the sensor preparation,

(Figure B1). Only after the acco

sensor response to the glucose co

momechanical Sensors

an initial gel conditioning procedure was performed: an initial gel
swelling in a glucose-free phosphate-buffered saline (PBS, pH7.4, ionic strength | = 0.15 M) for 24 h
mplished conditioning procedure, the sensor signal was measured in
PBS solutions with different glucose contents (Figure B3). The curves in Figure B3 characterize the

ncentration changes.

Figure B1. Sensor output voltage Vo, during the gel swelling in PBS buffer (pH7.4, ionic
strength 0.15 M) when started from a dried state (an initial gel conditioning procedure).

\

200+

150+

100+

50+

out (

mV)

\Y,

out,0

0 50 100 150 200 250 300 350 400
t (min)

Figure B2. Calibration curve An = f(AV,,) of the piezoresistive chemomechanical sensors.
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Figure B3. Time-dependent sensor response for different glucose concentration cg steps in
PBS solutions (pH7.4, ionic strength 0.15 M) initially starting from cg = 0 mM.

AV, (mV)

C

1,6- G
1,4 2mMm
1,2
1,0

1.5 mM
0,8
0,61 § 1 mM
0,4

0.5 mM
0,2
0,0 — . . :

0 2 4 6 8 10
tm t (min)

Method of Initial Rate Determination

In order to shorten the sensor response time, the dependence of the rate v of the initial solution
sorption on the initial concentration gradient (c —c_,) of the analyte between the solution and the gel

was used. With the help of the values v; and v, (see Figure B4) for two solutions with a

known concentration ¢, and with an unknown one c_,, the value of ¢, was estimated using

Equation (B1).
(Cg,z —Co02) = (C2,1 —Cho1) (Vo V) (B1)

Figure B4 shows the initial increase in the output voltage for two step values of the gradual glucose
concentration change. The values v; and v, of the initial rate were determined at the time 0 < t;, < 3 min.

Figure B4. Time-dependent sensor response for two glucose concentration cg steps from
Ceos t0 €2, and from cgy, to cg ,.
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Figure B5. QOutput characteristics of the glucose sensors with AAm/3-AAmMPBA/BIS
hydrogel in PBS solutions (pH7.4, ionic strength 0.15 M) at 36.5 <C: (@) results of the four
repeated measurements for the sensor 1 and (b) results for three sensors.
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Uncertainty of Measurements

The measurement uncertainty was calculated according to the ISO “Guide to the Expression of
Uncertainty in Measurement” (GUM) [37]. According to [38], the sensor output voltage Vo can be
described as a function of the individual voltage components, which are influenced by the target
quantity, the disturbing quantities and the internal noise. In the case of glucose sensors, we estimated
the combined uncertainty of the analyte-induced voltage u(Va) as

U(V,) = JU(V; )2 UV, )2+ UV )2 + UV ) (B2)

taking into account the cross-sensitivities of the glucose sensors with regard to temperature T, ionic
strength I, and pH. Here, u(Vr), u(Vi), u(Ven), and u(Viy) are the standard uncertainties due to the
disturbing gquantities and the internal noise, respectively. The values u(Vt) = 0.1 mV, u(V,) = 0.5 mV,
u(Vpn) = 0.6 mV, and u(Vin) = 0.1 mV were obtained from repeated measurements and were used for
the calculation of the combined uncertainty u(Va) according to Equation (B2). The expanded
uncertainty Uexp(Va) was determined using the obtained value u(Va) = 0.8 mV and a coverage factor
k=2as

uexp(VA) = k'u(VA) (Bg)

The value of the expanded uncertainty Uegp(ma) Was estimated to be 3.2 kPa using the value
Uexp(Va) = 1.6 mV and the calibration curve of the piezoresistive chemomechanical sensors.
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Appendix C: AAm/3-AAMPBA/BIS Hydrogel

Table C1. Values of a; and A for the different glucose concentrations g in PBS solution
with pH7.4 and | = 0.15 M as well as the corresponding calculated values of the ionic
swelling pressure Amionic Of the investigated AAmM/3-AAmMPBA/BIS layer at T = 36.5 <C.
The values ¢, =2.23 M, ¢* =0.15 M, b = 14.85, pK, = 8.86, and Kg = 9.1 mM were used

for the calculation of Amionic according to Equations (3)—(5) and (A9).

Cg, MM a; Y ATtionic, KPa
0 28.84 1.23 16.60
1 25.98 1.25 19.16
2 23.64 1.27 22.60

2.5 22.62 1.28 23.64
3 21.69 1.29 25.16
4 20.03 1.31 28.32
5 18.61 1.33 31.77
6 17.38 1.36 36.08
7 16.30 1.38 39.66
8 15.35 1.40 43.36
9 14.50 141 46.60
10 13.74 1.43 49.71
11 13.06 1.45 53.10
12 12.44 1.46 56.56
13 11.88 1.49 62.20
14 11.36 151 66.49
15 10.89 1.53 69.76
16 10.46 1.54 73.09
17 10.06 1.55 76.01
18 9.68 1.57 79.42
19 9.34 1.58 82.18
20 9.02 1.60 86.85

Table C2. Values of a; and A for the different fructose concentrations cg in PBS solution
with pH7.4 and | = 0.15 M as well as the corresponding calculated values of the ionic
swelling pressure Amionic Of the investigated AAmM/3-AAmMPBA/BIS layer at T = 36.5 <C.
The values ¢; = 2.23 M, ¢* = 0.15 M, b = 14.85, pK, = 8.86, and K¢ = 0.23 mM were

used for the calculation of Amionic according to Equations (3)—(5) and (A9).

Cr, MM ady A ATtionic, KPa
0 28.84 1.23 16.60
0.1 20.10 1.31 28.32
0.2 15.43 1.38 40.39
0.3 12.52 1.47 58.00
0.4 10.53 1.53 70.87
0.5 9.09 1.60 86.85
0.6 7.99 1.66 101.29
0.7 7.13 1.72 116.34
0.8 6.44 1.77 129.30
0.9 5.87 1.85 150.75
1.0 5.39 1.89 161.77
1.3 4.34 2.04 204.66
2.5 2.43 2.57 370.21

165
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Table C3. Values of a; and A for the different glucose concentrations Cg in PBS solutions
with I = 0.15 M and with the different pH values for the investigated AAmM/3-
AAmMPBA/BIS layer (c; =2.23 M, b = 14.85).

Cg, MM pH7.2 pH7.3 pH7.4 pH7.5
a A a Y a Y a; A

4571 115 3631 119 2884 123 2291 1.28
1 4118 117 3271 120 2598 125 20.64 130
2.5 3586 119 2848 123 2262 128 1797 134
5 2950 122 2343 128 1861 133 1479 140
10 2178 129 1730 136 1374 143 1091 151
15 1726 136 1371 142 1089 153 8.65 1.60
20 1429 142 1135 151 9.02 1.60 7.16 1.73

Table C4. Values of aj, b, and A for the different glucose concentrations Cg in PBS
solutions with pH7.4 and with the different values of the ionic strength | for the
investigated AAm/3-AAMPBA/BIS layer (¢, =2.23 M).

A A A A
Ce, MM a 1=013M, 1=014M, 1=015M, 1=0.16M,
b=17.13 b=15091 b =14.85 b=13.92
0 28.84 1.25 1.24 1.23 1.21
1 25.98 1.28 1.26 1.25 1.23
25 22.62 131 1.29 1.28 1.26
5 18.61 1.36 1.34 1.33 131
10 13.74 1.47 1.44 1.43 1.40
15 10.89 1.57 1.54 1.53 1.48
20 9.02 1.66 1.63 1.60 1.57

Appendix D: HPMA/DMAEMA/TEGDMA Hydrogel

Table D1. Values of a,, b, and A for the different pH values of PBS solutions with the
different values of the ionic strength | for the investigated HPMA/DMAEMA/TEGDMA layer

(c¢ =2.06 M).
A A A A
pH a 1=0.13 M, 1=0.14 M, 1=0.15M, 1=0.16 M,
b=1585  b=1472  b=1374  b=12.88
7.2 10 0.63 0.64 0.66 0.67
7.3 12.59 0.68 0.69 0.71 0.72
1.4 15.85 0.71 0.72 0.74 0.75

7.5 19.95 0.75 0.76 0.77 0.78
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Appendix E

Figure E1. Flowchart of the programme for the calculation of the corrected values of pH

and glucose concentration.
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