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Abstract

We review efforts to produce microfabricated glucose sensors and closed loop insulin delivery
systems. These devices function due to the swelling and shrinking of glucose-sensitive microgels
that are incorporated into silicon-based microdevices. The glucose response of the hydrogel is due
to incorporated phenylboronic acid (PBA) side chains. It is shown that in the presence of glucose,
these polymers alter their swelling properties, either by ionization or by formation of glucose-
mediated reversible crosslinks. Swelling pressures impinge on microdevice structures, leading either
to a change in resonant frequency of a microcircuit, or valving action. Potential areas for future
development and improvement are described. Finally, an asymmetric nano-microporous membrane,
which may be integrated with the glucose sensitive devices, is described. This membrane, formed
using photolithography and block polymer assembly techniques, can be functionalized to enhance
its biocompatibility and solute size selectivity. The work described here features the interplay of
design considerations at the supramolecular, nano, and micro scales.
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Introduction

This paper reviews work on implantable glucose sensors and closed loop insulin delivery
systems, based on swelling and deswelling of glucose sensitive hydrogels incorporated into
devices whose features are engineered at the micro and nanoscales. A synergy between top-
down and bottom-up approaches to device fabrication using hard and soft materials is proposed.

*Corresponding author: siege017@umn.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Siegel et al.

Page 2

Hydrogels, i.e. crosslinked polymer networks that absorb water, are soft materials that are of
great biomedical interest due to their favorable mechanical, mass transfer, and interfacial
properties with biological tissues. The polymer network and the absorbed water contribute
separately and synergistically to the hydrogel's properties. Most simply, the network is
responsible for the hydrogel's elastic and shape preserving characteristics, while absorbed
water accounts for the hydrogel's lubricity and also serves as the primary conduit for diffusion
of solutes. Solute partitioning and permeability and hydrogel swelling equilibrium and kinetics
are affected by interactions between the network and the absorbed water.

It has been convenient to describe swelling equilibria of hydrogels in terms of three forces, or
contributions to free energy, that are typically assumed to be independent (Figure 1) [1-3]. The
first force is due to entropy-driven mixing of water with the polymer, which is enhanced or
reduced depending on the compatibility (contact free energy) of these two components. The
second force is polymer elasticity, which is driven by polymer chain entropy. This force, which
depends on the degree of crosslinking of the hydrogel network, opposes swelling and shrinking
of the network away from the swelling state corresponding to the maximum number of polymer
configurations. These two forces alone account for the swelling of electrically neutral
hydrogels. Hydrogels containing ionizable side chains are also subject to a third, osmotic force,
attributed to the accumulation of an excess of mabile ions inside compared to the external
environment due to a Donnan potential [4,5] This third force usually promotes osmotic swelling
of the hydrogel, although shrinking may also occur due to ionic bridging by multivalent
counterions [5] or polyampholyte effects when both positive and negative fixed charges are
present [6,7].

Of particular interest are stimuli sensitive hydogels, whose swelling depends on physical (e.g.
temperature, light) and chemical (e.g. pH, ionic strength, glucose concentration) parameters
of the surrounding environment. These stimuli may impinge on any of the three forces
mentioned above. As examples, temperature may strongly affect solvent quality, pH may have
a strong effect on ionization, and addition of specific solutes may lead to new, reversible
crosslinks. With proper design of the hydrogel, swelling may change dramatically over a small
range of external parameter variation. Discontinuous, first order volume phase transitions have
been observed. Because of this sensitivity to external stimuli, such hydrogels have received
considerable attention in recent decades as mediators for biosensing and modulated drug
delivery [8-11].

In most studies of the effects of stimuli on hydrogels, the sample is exposed to a solution with
defined physical and chemical parameters and free, unconstrained swelling is measured. Under
this condition, swelling equilibrium corresponds to a cancellation of all swelling stresses inside
the hydrogel. While free swelling is an excellent characterization tool, it is not necessarily the
most relevant to sensing and drug delivery applications, especially when the hydrogel is
implanted into a body space. Free swelling may be difficult to measure in vivo, and the benefit
of free swelling controlled release from implanted hydrogels is probably limited to highly
potent drugs or biological response modifiers.

Besides equilibrium properties, Kinetics plays a prominent role in hydrogel applications. It is
well known that swelling and shrinking kinetics of hydrogels is dominated by diffusional
motion of solutes and of polymer chains against the solvent. Since diffusion time scales as the
square of the hydrogel's smallest dimension, size will have a strong impact. Conventional
hydrogels with dimensions measured in several millimeters to centimeters may require months
to reach swelling equilibrium. Noting that each tenfold reduction in size leads to a potential
hundredfold reduction in equilibration time, it becomes apparent that rapidly (say ~10 min)
responding hydrogels should have dimensions on the order of tens of microns.
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Finally, most conventional stimuli sensitive hydrogels are mechanically weak and prone to
fracture due to inhomogeneities, which serve as crack initiation points. While several strategies
to improve hydrogel toughness have been introduced [12-16], they tend to involve specialized
chemistries that are not easily generalized.

To remedy some of the disadvantages associated with free hydrogel swelling, we have been
investigating hydrogels that are embedded in microfabricated hard and/or soft structures that
limit swelling and shrinking. The hydrogel exerts forces on the restricting structures, and these
forces produce transduction. Juxtaposition of a responsive material with a solid structure is a
common theme in biology—one need only recognize that contraction of muscle is converted
to useful, directed motion by bone. Furthermore, embedding hydrogels in hard and soft
supporting materials confers addressability, and future applications may involve coordinated
action of numerous small hydrogels embedded in the same device.

Microfabricated hydrogel based devices that are responsive to glucose are being developed in
our laboratory. These devices exploit the glucose-dependent swelling behavior of
phenylboronic acid (PBA) derivatives. The most promising device at present is a passive
implantable microsensor which, following implantation, can be interrogated by wireless
means, obviating the need for batteries and lead wires that breach the cutaneous barrier. A
related device, a glucose-sensitive microvalve which modulates fluid flow, e.g. of an insulin
solution, is also described. Both devices rely on selective exchange of small solutes such as
water, glucose, and small electrolytes within the physiologic environment, and thin, strong,
size selective membranes, which also may serve as interfaces with the host tissue, will be
important for biointegration.

Following a discussion of PBA-based hydrogels and the two microfabricated devices, we will
review the development of an asymmetric membrane in which a microporous supporting
silicon structure is coated by a transport selective nanoporous block polymer membrane. Taken
together, this work illustrates a combination of top-down micromachining and bottom-up
nanoassembly. Details regarding methods are available in referenced publications.

Hydrogel Structure and Response

Early work on glucose sensitivity mediated through hydrogel swelling involved the
combination of glucose oxidase, which converts glucose to gluconic acid, with a pH sensitive
hydrogel containing acid groups such as alkylacrylic acids, or basic groups such as
N,N,dialkylaminoethyl methacrylates or methacrylamides [17-20]. This approach suffers from
glucose oxidase's tendency to degrade over time and the presence of physiologic buffers that
attenuate pH response [21-23].

More recently, hydrogels containing phenylboronic acids (PBA's) have received considerable
attention [24-37]. Asshown in Figure 2, the trigonal PBA moiety is a Lewis acid whose unfilled
sp? electron orbitals can be receptors for Lewis bases. For example, hydroxide ion (OH") binds
to polymerized methacrylamidophenylboronic acid (MPBA) with pKa~8.86, converting it to
tetrahedral methacrylamidophenylboronate ion (MPBA"). The charged tetrahedral boronate is
in a favorable configuration to undergo bidentate condensation with diols such as glucose. Thus
glucose stabilizes the charged form of MPBA, promoting development of Donnan osmotic
swelling forces. (We neglect a weak but measureable binding of glucose to trigonal MPBA
[26,27,35,36].) Several groups have exploited this property for hydrogel-based sensing and
delivery. Asher et al have incorporated colloidal crystal arrays inside hydrogels containing
MPBA and acrylamide (AAm), and were able to detect changes in glucose concentration by a
shift in optical diffraction wavelength [26-28]. Related holographic techniques have been
explored [31-33]. Kataoka et al. demonstrated glucose-sensitive insulin permeability changes
in MPBA containing membranes [24,25].
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We have studied the pH- and glucose-sensitive free swelling properties of a poly(MPBA-co-
AAmM) hydrogel, crosslinked with methylene bisacrylamide (Bis). AAm monomer was
included because MPBA is intrinsically hydrophobic, and pure MPBA hydrogels respond very
slowly to changes in glucose concentration. Details regarding hydrogel synthesis and swelling
measurements are in Appendix I. Briefly, hydrogels with 0-20 mol% MPBA substitution into
pAAmM were synthesized in aqueous solution in cylindrical (0.8 mm ID) capillaries. Following
removal from the capillaries and extraction of unreacted components and sol fraction, the
hydrogels were exposed to buffered solutions (ionic strength 155 mM) of varying pH and
glucose concentrations and swollen to equilibrium.

Figure 3a displays the equilibrium swelling response of the various poly(MPBA-co-AAM)
hydrogels to sugar free solutions as a function of pH. Swelling is reported as the ratio of the
hydrogel diameter, d, under a given condition, and the diameter at synthesis, dp=0.8 mm. As
expected, hydrogels containing AAm alone do not respond to change in pH. Incorporating
MPBA into the hydrogel leads to pH sensitivity. Below pH 9, which is close to the pKa of
MPBA, increased MPBA content led to reduced swelling, while above pH 9, increased MPBA
leads to increased swelling. These phenomena are explained by the hydrophobic nature of
MPBA when it is uncharged, and an increase in polarity and Donnan potential as it charges
with increasing pH. Because the 20% composition was most sensitive, this hydrogel was used
in subsequent studies.

Free swelling measurements of the glucose sensitive hydrogel, carried out at pH 7.4 in PBS
are presented in Figure 3b. Swelling increases monotonically with increasing glucose
concentration due to progressive ionization, in line with the scheme in Fig. 2. Also shown in
Fig. 3b are swelling data for the same hydrogels in similar media, but with fructose substituted
for glucose. For clarity, sugar concentrations are plotted on a log axis. Evidently, these
hydrogels are much more sensitive to fructose than glucose, as might be expected based on the
two sugars' relative dissociation constants to tetrahedral PBA", K¢=0.27 mM and K4=9 mM,
respectively [37].

Based on the glucose sensitive ionization scheme of Figure 2, the fraction of ionized PBA
moieties in the hydrogel at equilibrium is modeled by

1
a=
14210~ PH-—PKD) 1(14.C,/K,) )

where Cq is the external sugar concentration (s=f or g), Ks is the dissociation constant of the
sugar molecule to MPBA", and /4 is the Donnan ratio, which is the ratio of concentrations of
individual univalent positive ions (e.g. Na*, H*) in the hydrogel's interstitial fluid to their
respective concentrations in the external medium. For anionic hydrogels, A>1. The Donnan
ratio is calculated according to the electroneutrality condition

(1- ¢)Z/l:’zic';- — a0y (q;i()) =0

(2)

where ¢ is the volume fraction of polymer, @g is the polymer volume fraction at synthesis
gelation, og is the molar concentration of ionizable groups at in the aqueous synthetic mixture,

and z;, ; are respectively the valence and concentration (mol/L) of the i'th mobile ionic species
in the external aqueous medium. For isotropic swelling, ¢ / g = (dg / d)3. The ideal Donnan
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swelling pressure, modeled assuming negligible interaction between charges except for those

needed to maintain overall electroneutrality, is calculated using the Donnan relation c,~=/l:"c;-,
where ¢; is the ion concentration in the hydrogel water, and van't Hoff's law,

ADion :RTZ(Ci = C,)
i

=RT) (X - 1)
i (©)]

where R is the gas constant and T is temperature (°K) [3,4,38].

When the medium consists primarily of a 1-1 electrolyte such as NaCl with concentration c,,
Egs. (2) and (3) are simplified by defining the dimensionless parameters

0= (oo/c, (@/do) | (1 — ¢) and Ayjp = 10PH-PKA (1 + ¢ / Kg) [39]. Algebraic rearrangements
reveal the dimensionless relations

A ion
SPion _p41/2-2
RTc; 4)
and
a=——=(1-1/2)/6
1+/l//11/2 (5)

Since A >0 and 6>0, the LHS and RHS of Eq. (5) decrease and increase monotonically, and
we deduce that only one real root, A >1, exists. Furthermore, A increases with increasing 6 and
with increasing A1/,. Equation (4) indicates that at constant salt concentration and temperature,
the ion swelling pressure increases with increasing A. Taken together, the model predicts
increasing Apijqn With increasing pH or glucose concentration.

At free swelling equilibrium, Apjo, is balanced by the polymer network’s (negative) swelling
pressure, Appet, due to polymer/solvent mixing and polymer elasticity. A useful model for the
network swelling pressure is the extended Flory-Rehner theory, according to which [1,3,26]

A - RT I‘n(1—¢)+¢+)(¢2|+ (¢)”3 ¢
Prer= Vi #o do 260

(6)

where y is the polymer/solvent interaction parameter, v, is the molar volume of water (0.018
cm3/mol), and py is the molar concentration of polymer chains contributing to network
elasticity (roughly proportional to the concentration of crosslinks) when the hydrogel is
synthesized. The y parameter is expected to increase with increasing MPBA content due to
intrinsic hydrophobicity of MBPA, but it might decrease when MPBA is ionized, due to
increased ion-dipole interactions with water.
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To predict free swelling equilibrium, we add Egs. (4) and (6) and set the total swelling pressure
APgw = APion + Apnet = 0, subject to Eq. (5). The unknowns ¢, o, and A are calculated
simultaneously, and the swelling ratio relative to the reference state, ¢q / ¢, is determined.

We shall not attempt here to carry out the model fitting procedure. Instead we call attention to
a qualitative feature that can be tested directly against the data. Under the assumptions of the
model, the only effect sugar molecules have on swelling is through stabilization of the ionized,
tetrahedral form of MPBA, as quantitated through the parameter o. It follows, according to Eq.
(1), that for any value of a [and hence o, determined by Egs. (1)-(5)],C¢/ K¢ = Cg/ Ky, or
logig Cg —logso Cs = logsg (Kg / K), so the glucose and fructose curves should be translates of
each other along the log-transformed abscissa. It is evident from Figure 3b that this is not the
case. The swelling curve for fructose is steeper than that for glucose. One possible explanation
is that glucose and fructose binding differentially alter the hydrogel's hydrophobicity, i.e. the
x parameter. Other data, to be discussed in the following paragraphs, argue for a different
mechanism.

In Figure 3c, swelling is plotted versus concentration in the presence of fructose, glucose, and
a combination of the two sugars, at pH 10. At this pH, a strong majority of the MPBA units
are ionized, so swelling should not change greatly as a result of sugar binding. This is seen to
be the case when the hydrogel swells in fructose. Glucose, on the other hand, causes the
hydrogel to shrink at low concentrations. A swelling minimum is observed near C4q=9mM,
followed reswelling at higher glucose concentrations. In the presence of 0.2mM fructose, this
shrink/reswell behavior is attenuated. Similar results that have been reported by other
laboratories [27,31]. The general consensus is that glucose is able to form bisbidentate
complexes with PBA groups residing on different polymer chains, leading to reversible
covalent crosslinks by virtue of the presence of two cis-diol pairs on glucose. These glucose
mediated crosslinks are in addition to the permanent crosslinks formed during polymerization.
Fructose, having only one cis-diol, cannot form such crosslinks and inhibits glucose-mediated
crosslink formation. With increasing glucose concentration, new crosslinks form, causing the
hydrogel to contract until the point is reached where free glucose competes with crosslinking
glucose to form monobidentate complexes with PBA. At this point, the hydrogel reswells. This
general mechanism is illustrated in Figure 4.

Further evidence for glucose-mediated crosslinking is inferred from mechanical studies.
Cylindrical disk hydrogels were placed between two platens, and a rapid (4 sec) linear
compression ramp was applied. The slope of the force versus displacement curve was used to
calculate shear modulus, taking into account the surface area and thickness of the hydrogel
disk. According to Flory-Rehner and many scaling theories [1,40], the ratio of shear moduli
of a gel at two degrees of swelling but with the same number of crosslinks is given by

G2/G1=(¢a /1) *=d, |d, 1)

This idea is tested in Figure 5, where we take “1” to correspond to the sugar-free condition and
“2” to denote a hydrogel swollen to equilibrium at a given sugar concentration, i.e. G/ G(0) =
d(0) / d. While the prediction of Eq. (7) is roughly correct for fructose and at high glucose
concentrations, shear modulus greatly exceeds that predicted over the glucose concentration
range where shrinking is observed (see Fig. 3c). Extra crosslinks must be contributing to the
short term shear modulus over this range. Note that there is no increase in shear modulus at
100 mM glucose, where all PBA sites are occupied by monobidentate glucose.
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Since the glucose-mediated crosslinks are formed by a reversible reaction, individual crosslinks
are not permanent, but are constantly forming and breaking. These processes, which are
accompanied by chain rearrangements, can be observed in dynamic mechanical studies [41],
the results of which will be reported elsewhere.

We believe that the observations of shrinkage at pH 10.0 can be used to explain the
nonconformal swelling curves for fructose and glucose at physiological pH. The course of
swelling as a function of fructose concentration can be completely explained by monobidentate
binding to MPBA, with progressive charging of the hydrogel. At low glucose concentrations,
initial binding is similarly monobidentate, but as glucose concentration is increased, some of
the binding is bisbidentate, leading to enhanced crosslinking even as the network charge is
increasing. The combination of these two effects leads to attenuated swelling in glucose
compared to fructose, even after their respective binding constants are taken into account.

The shrinking mode observed in Figure 4 may be useful in sensing or valving, provided it can
be translated to pH 7.4. Efforts toward shifting pH response in the acidic direction have been
reported by several groups, either by derivatizing MPBA with electron-withdrawing groups
that lower pKa [29,42], or by copolymerizing amines with MPBA [31,41,43]. The amines serve
as electron donors to the sp? shell of the boronic acid, and therefore replace OH- as the Lewis
base. This approach may substantially reduce pH-dependence of hydrogel swelling, which is
of concern since diabetics are prone to acidotic and alkalotic swings in blood pH. To analyze
the significance of pH-sensitivity when swelling is determined exclusively by network
ionization, we observe in Eqg. (5) that the fraction ionized parameter, o, depends only on A4/»
since A is calculated in the process of determining swelling. We consider how A1/, varies
differentially with C4 and pH, and find

a/l 2 (()/l ¢ )
A/ll/z Z%Acg-F ()pll/-} A[)H

:%:KUACﬁm o 10777PKA(14+Cy/Ko)ApH

(8

When Alyjp =0, ACq = —2.3(Kg + Cg)ApH, indicating that over typical blood glucose ranges,
say C4=5-120 mM, an acid shift of 0.1 pH unit would produce the same effect on hydrogel
swelling as a 3.2-6.7 mM increase in blood glucose concentration. This effect, which does not
depend on the pKa of the PBA moiety, must be compensated or eliminated in any practical
glucose-sensitive sensor or actuator whose mechanism is based on ionization. Compensation
may be achieved either by removing the need for OH" in the Lewis acid-base reaction, perhaps
by inclusion of amines or other Lewis bases in the hydrogel, or by introducing a second
hydrogel that monitors pH alone. These considerations become much less important when
glucose crosslink-mediated shrinking is the dominant mechanism, especially when this occurs
with negligible dependence of a on glucose concentration [28].

It was previously noted that fructose has a much higher affinity for MPBA than glucose.
However, the typical blood concentration of fructose is reported to be <20 pM [44], well below
K=0.23 mM, so its fluctuations appear to be insignificant compared to those of glucose or pH.

While the free swelling measurements are easy to carry out and permit useful information about
hydrogel response to be obtained, they are not directly predictive of the response of a confined
hydrogel. In the sensor to be described below, the hydrogel is confined in a rigid cavity, and
its response is essentially isochoric [45,46], i.e. its volume and geometry do not change
significantly with glucose concentration. In this case Apsy = APion + APnet > 0, provided the
hydrogel does not shrink below the volume of the confining cavity. The latter condition should
be a requirement for practical devices. Swelling pressure Ap,, is matched at equilibrium by
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the mechanical stresses at cavity boundaries, which are measured by strain or displacement
detection.

In modeling the equilibrium isochoric swelling pressure, Egs (4)-(6) still apply, with ¢ taken
as constant, not necessarily equal to ¢g. In the simplest conception, glucose affects swelling
pressure only through Apjon Vvia the parameter h. However, since ionization of the hydrophobic
MPBA residue may affect x, and since glucose can mediate extra crosslink formation between
MPBA, Apnet Mmay also be glucose sensitive.

The isochoric scenario is idealized, insofar as some distortion of the cavity by the hydrogel is
needed for detection or valving purposes. Swelling in a confined but deformable surrounding
may lead to small shape changes, shear stresses may develop, and the parameters ¢, «, and A
may become nonuniform even at equilibrium. If it can be assumed that these effects are
minimal, then the simple uniform swelling model presented here will be useful in designing
devices.

Implantable Glucose Microsensor [39,47]

To convert the glucose-sensitive swelling pressure developed in an MPBA-based hydrogel into
a measurable signal that can be detected wirelessly, the hydrogel was embedded in a small
silicon-based capacitive sensor, shown schematically in Figure 6a. The hydrogel was
introduced between a rigid, porous aluminum oxide membrane (Anopore®: 0.25 porosity, 60
um thick) and a more compliant glass diaphragm (pyrex, 30 um thick). The diaphragm was
formed by chemically etching a pyrex wafer on both sides, forming cavities of thickness 200
um for the hydrogel and 20 um for the capacitor gap, respectively. Glass facing the 20 um
cavity was sputter coated with 0.5 um of Cr and Au under a finger-like pattern mask, forming
the top plate of a microcapacitor. The bottom capacitor plate was a Cr/Au film coated on a
silicon substrate, which also hosted a microinductor coil formed by deep reactive ion etching
and filling with copper. Electrical contacts were established between the microcapacitor plates
and the microinductor, forming a microresonator circuit. The glass and silicon members were
anodically bonded, leading to a hermetically sealed capacitor gap. Pregel solution (20 mol%
MPBA in polymer) was introduced into the 200 um cavity in the pyrex, and covered with a
silanized cover slip. Following polymerization, the Anopore® membrane was bonded onto the
glass, sealing in the hydrogel.

Micrographs showing a top view of the microcapacitor and a side view of the microinductor
are provided in Figures 6b,c, respectively. The patterned Cr/Au deposition on the top
microcapacitor plate reduced eddy currents, substantially sharpening the frequency response,
as shown in Figure 7a.

The natural, or resonant frequency (Hz or cps) of the microresonator is given by
f=12rVLC (9)

where L and C are the inductance (henry) and capacitance (farad) of the corresponding
microcircuit elements. While L is fixed in the present circuit, C depends on the gap between
the capacitor plates, which is in turn affected by the swelling pressure exerted by the hydrogel.
By this means, changes in external glucose concentration are converted to changes in resonant
frequency, which can be monitored by a remote radio frequency interrogating circuit. This
microdevice is totally implantable, and requires neither its own battery nor transcutaneous
wires.

J Control Release. Author manuscript; available in PMC 2011 February 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Siegel et al.

Page 9

Calculating the deformation of the diaphragm and resulting change in capacitance under a
swelling hydrogel is difficult, and numerical techniques are generally required. When
deformation is relatively small, then linear deformation laws will be obeyed. For a square
diaphragm of width a and thickness t, and a gap gq between the plates at zero swelling pressure,
the fractional change in capacitance is approximated in the linear region by (see Appendix II)

AC _ KApsw
Co  1+k(A./A,)*Py (10)

where Py is the air pressure in the unloaded cavity, Ac and Ay are the areas of the capacitor
and the plates bounding the hermetically sealed cavity, respectively, and [48]

2/ 4
k=0.0746— (f )
E \rg (11

In Egs. (10) and (11), Cy = €A / gp is the unloaded capacitance, where ¢ is the dielectric
permittivity of air, while E and v are the Young's modulus (Pa) and Poisson ratio, respectively,
of the diaphragm. The denominator in the RHS of Eg. (10) accounts for the compressibility of
air in the capacitor gap. To convert these relationships to fractional change in resonant
frequency, expand Eq. (8) in f, around its unloaded value, fp, and assume small changes. The
result is Af, / fg = —AC / 2Cy.

Evidently, greatest sensitivity occurs when the diaphragm is wide and thin, and when the gap
is narrow. While the range of pressures over which small deformation analysis applies is
limited, these conclusions are expected to hold outside that range. Geometric parameters for
the sensor components should be chosen to maximize sensitivity while minimizing the
possibility of mechanical failure of the diaphragm.

A microsensor was fabricated with following parameters: a=2.42x103 um, Ac=(2.76x103
um)2, Ay=(3x103 um)2, h=30 pum, gy=20 pum, and L=2.82 uH. The cavity containing the
hydrogel was of thickness 200 um. Taking the dielectric permittivity of air to be essentially
equal to that in vacuum, e=¢¢=8.85x10"12 coul?/(N-m?), the unloaded capacitance is estimated
as 3.37 pF, and the unloaded resonant frequency is predicted to be 51.6 MHz. The latter was
measured in the microsensor and was found to be about 51.2 MHz. The slight disparity is due
primarily to stray capacitance between turns in the microinductor, although uncertainties in
the geometric parameters may also play a role.

Using the tabulated values E=6.4x1010 GPa and v =0.20 for pyrex, and Pg=1
atm=1.103x10° Pa, we calculate k=7.1x10 Pal and x(Ac / An)? Py = 7.84. Evidently, air
compression in the gap contributes significantly to reactance to deformation of the diaphragm
by the expanding hydrogel. Based on these substitutions, Eq. (10) becomes AC / Cq =
2.04x10"4Apg,(Pa) = 22.5Apgy(atm).

The hydrogel-loaded microsensor was exposed to various glucose concentrations in pH 7.4
PBS, and its resonant frequency was determined by connecting it to a frequency analyzer and
measuring the frequency of maximum phase dip in driving point impedance. As shown in
Figure 7b, a rather well defined relationship between f, and Cg exists at equilibrium. At low
glucose concentrations the frequency shift is nearly linear, but its slope falls off at higher
glucose concentrations, which might be anticipated by the free swelling behavior shown in
Fig. 3b. (The resonant frequency has been shown to shift linearly with applied air pressure
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[47].) Also, the resonant frequency of the device at zero glucose concentration is 42.6 MHz,
which is 17% lower than that measured without the hydrogel. This disparity is attributed to a
resting swelling pressure developed by the confined hydrogel after it is synthesized and
equilibrated with external buffer. The frequency offset is larger than the range of frequencies
corresponding to changes in glucose concentration, and in future design it should be minimized
since it may be a source of interdevice variability and intradevice drift. Moreover, the large
frequency offset suggests that deformation of the glass diaphragm may be out of its linear
range, and the analysis leading to Eq. (10) may not be valid. On the other hand, the small
operating range of resonant frequencies as a function of glucose concentration suggests that
linearized analysis of diaphragm response around its resting value is possible, and that swelling
is essentially isochoric.

To further characterize the sensor's utility, response kinetics were measured. As shown in
Figure 7c, the sensor requires about 80 min to reach equilibrium, and there is a dead time of
about 5 min following change in glucose concentration. These delays are not acceptable for
treatment of diabetes, which requires ~5 min response time. Response time can be substantially
reduced by using a thinner hydrogel and a thinner rigid membrane. Based on theories of
membrane transport hydrogel swelling kinetics, it is expected that response time will scale
quadratically with thickness of these structures, but this scaling law may not hold when either
binding/unbinding of glucose to the hydrogel, or the accompanying mechanical relaxations
which occur when glucose-mediated crosslinking is an important factor, become rate limiting
[41]. Faster response may also result by reducing the density of MPBA groups in the hydrogel,
since this density determines the number of glucose molecules that must enter or exit the
hydrogel to establish a new equilibrium state. However, both of these modifications will carry
the cost of reduced sensitivity. Thinning of the solid structures must occur without sacrificing
their mechanical strength.

Glucose Sensitive Microvalve [30,49]

While an implantable glucose sensor as described above would be an extremely useful adjunct
to insulin therapy, it only goes half way to achieving the “holy grail” of closed loop control
[50-52]. In present applications, the role of the sensor is to provide information either directly
to the patient, or to an automated insulin delivery system such as a pump. Here we briefly
comment on an extension of the sensor concept that could, in principle, provide closed-loop
feedback control of insulin delivery.

Figure 8a diagrams the modified system. Again, the glucose-sensitive hydrogel (20 mol% PBA
as above) is sandwiched between a rigid porous membrane and a diaphragm. However, the
diaphragm now consists of flexible polydimethylsiloxane (PDMS), whose deformation opens
and shuts a flow channel, acting as a valve. A silicon embossment is bonded to the diaphragm
to increase efficiency of opening/shutting action. This assembly can be attached via a catheter
to a pressurized insulin solution, e.g. in a small capsule which could be worn externally and
replaced regularly. Obviously, the driving pressure must be less than the swelling pressure that
is developed in the hydrogel during the shut phase.

Figure 8b displays the dynamic flow response of this microvalve when exposed to alternating
0 mM and 20 mM glucose solutions (PBS), with flow driven by a water column. Under these
two conditions, the valve is open and shut, respectively, as indicated by the steady state flow
values. In this case, the response lag is about 20 min, and there is a noticeable dead time.

As above, response time can probably be improved by further size reduction. However, a more
fundamental problem lies in the polarity of response. Due to the relationship between hydrogel
swelling and glucose concentration, and the valving mechanism, insulin would be delivered
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under hypoglycemic conditions and shut off under hyperglycemia. To reverse this behavior,
either the valve mechanics must be redesigned, or a switch must be made to hydrogels that
shrink when glucose concentration increases.

Micro/Nanoporous Asymmetric Membranes as Device/Host Interfaces [53]

The two devices described above rely on a glucose sensitive hydrogel and a rigid porous
membrane structure that controls solute and solvent transfer into the hydrogel compartment.
As already discussed, increased speed of device response may require a thinner membrane, but
this goal must be balanced against concerns regarding mechanical integrity. A second
consideration is that the membrane be able to interface with the host tissue environment.
Optimally, a glucose sensor or closed loop delivery system should reside close to the blood
supply, and should not cause excessive encapsulation, which could lead to external mass
transfer limitations. While numerous coatings have been applied to device surfaces to reduce
inflammation and foreign body response, the problem is not yet universally solved [54-57]. As
a third goal, the membrane should separate the hydrogel from glycoproteins which, having cis
diol functionalities, could interfere with sensing or actuation. In this section we briefly review
our efforts to design a new class of rigid but permeable membranes which will hopefully display
superior mechanical, separation, and biocompatibility properties.

The strategy is to overlay a thin nanoporous membrane on a rigid, microporous silicon
substrate, yielding an asymmetric membrane structure. In short, the microporous structure is
formed by directional reactive ion etching (Bosch process) of a 100 um thick Si wafer coated
on both sides with Si3Ni4 and patterned on one side using a photomask into a square array of
square (20 um)?2 pores with 20 um separation. The etch is stopped at the downside Si3Niy4 layer.
The wafer is then inverted. A block polymer solution [polystyrene-block-polyisoprene-block-
polylactic acid, PS-PI-PLA (Fig. 9a), Mn=69,500, PDI=1.14, 56% PS, 10% PI, 34% P1 wt%,
in chlorobenzene] is spin coated onto the SigNi,4 surface, followed by solvent evaporation. Due
to the sizes and incompatibilities of the blocks, the polymers self assemble into a hexagonal
array of cylindrical PLA “dots” that are lined by PI, all in a PS continuous phase (Fig. 9b). The
PLA dots are removed upon exposure to aqueous NaOH, leaving behind an array of “test tube”
structures, whose rounded bottoms are due to wetting of the Si3Ni4 substrate by PS (Fig 9c).
Controlled chemical (HF) and plasma (oxygen) etch steps remove the bottom PS and
underlying Si3Niy, resulting in a nanoporous membrane carpeting the microporous silicon
array. The nanopores are lined with PI, which can be used for later functionalization (Fig. 9d).

Figure 10 displays the asymmetric membrane, at two scales. The coarser scale is an electron
micrograph visualizing the micropore array, and the inset is a tapping AFM image of the
nanoporous block polymer carpet, revealing an average pore size 43 nm with 11% RSD. The
thickness of the nanoporous membrane is 82 nm. Various mechanical challenges have attested
to the ruggedness of this asymmetric membrane construct.

Transport experiments with a small molecule (methyl orange, MO, MW=327g/mol) and a large
molecule (dextran blue, DEX, MW=2x10%), summarized in Fig. 11ab, demonstrate that the
asymmetric membrane is capable of size-selection, and therefore may be useful in protecting
the hydrogel from very large macromolecules. Figure 11c demonstrates that removal of PLA
is crucial in establishing membrane permeability to water-soluble solutes and that the PLA
domains may completely span the polymer film.

To further reduce the size of molecules that can enter a device, one may wish to utilize the
vinyl constituents of the P1 coating as grafting sites for polymer brushes or crosslinked nanogels
that would fill the nanopores with a size selective mesh. The polystyrene surface may also be
functionalized with other polymers that improve biocompatibility.
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Concluding Remarks

This paper contains a combination of old and new material. We reviewed previously published
work on a glucose-sensitive microsensor and microvalve, both of which depend on the swelling
and shrinking of hydrogels based on p(MPBA-co-AAm). The analysis of sensor response
which suggests that air compression contributes significantly to diaphragm reactance is new,
as is the discussion of how polarity of response in both devices might be changed. The
discussion of the nano/microporous membrane primarily recapitulates previously published
work, although the suggestions for future modifications are new.

Most of the data and discussion regarding free swelling response of p(MPBA-co-AAM)
hydrogels are new. While a model was presented for analyzing the results was presented, no
fits were provided, primarily because the theory, which does not yet provide for glucose-
mediate crosslinking and the observed increase in short term shear modulus accompanying
shrinking, is incomplete. While this phenomenon is most striking at pH 10, the incongruence
of swelling curves in response to glucose and fructose at pH 7.4 suggests that the glucose
mediated crosslinking mechanism is also active at physiological pH. It is possible, using Egs.
(1)-(6), to fit the pH data of Fig. 3a and the fructose data of Fig. 3c, but the glucose data cannot
be fitted. Alexeev et al. [27] suggested a way to include glucose-mediated crosslinking into a
similar model. More comprehensive data and model evaluation will be needed to complete this
aspect.

The analysis of relative swelling sensitivity to pH and glucose concentration for hydrogels that
rely on OH" binding is important, since it suggests that devices that work by this mechanism
may be not be sufficiently specific in their response to glucose, unless a purely pH-dependent
compensating mechanism is provided. We suggest that replacing OH" with a copolymerized
amine serving as a “constitutive” Lewis base, and relying on glucose-mediated crosslinking
and shrinking, may improve selectivity to glucose.

As already mentioned, sensor and valve component sizes must be reduced to improve response
time. It will be also be important to develop methods to introduce hydrogels into the devices
that do not provide large resting pressures, which may reduce device reliability. Further work
on microfabricated glucose sensors and closed-loop insulin delivery systems will require a
close interplay between polymer chemistry, an understanding of the physical chemistry of
hydrogel swelling as a function of glucose concentration and pH, and improved micro- and
nanofabrication techniques.
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Appendix I. Experiments with p(MPBA-co-AAm) Hydrogels

Preparation

Pregel solutions were loaded into glass capillaries (I.D. = 800 um) and polymerized at room
temperature for 12 hours. Typically, 200 mg of MPBA (with equimolar NaOH), AAm, and
Bis were mixed with 5 ul TEMED, 0.5 mg APS, and distilled water to form a 1 ml pregel
solution. The MPBA-co-AAm hydrogels were removed from the capillaries and equilibrated
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consecutively in distilled water and pH 7.4 PBS for 2 days at room temperature prior to the
swelling experiments.

The same procedure was used to prepare slab hydrogel samples, except the pregel solution was
polymerized between two glass plates separated by a 1 mm thick spacer. Water-equilibrated
slab hydrogels were cut into 5 mm diameter discs for compression modulus measurements.

Swelling Experiments

Cylindrical hydrogels were cut into 2 mm-long segments and placed in vials containing 3 ml
degassed 0.015 M PBS solutions with different pH values and glucose or fructose
concentrations. Vials were tightly capped and placed in vacuum desiccators. Solutions were
changed every 6 hours to avoid pH shift. Hydrogel diameters were measured under an optical
microscope after 12 hours. Hydrogel swelling was found to be isotropic, so diameter
measurements were readily converted to volumes.

Compression Modulus Measurements

Hydrogel disks were equilibrated in appropriate solutions and then loaded between two parallel
plates of a Rheometer (Rheometric Scientific Inc., ARES), and uniaxial compression with a
compression velocity of 25 um/second was performed. The gap between the plates and the
force applied were recorded. Shear modulus G was determined according to

F /A0=G X ((r - (1/72)

where F is the normal force, Ag is the cross sectional area of the hydrogel disk before
compression, and « is the compression ratio. Compression measurements were of short
duration (<5 sec), so that no water was exuded from the hydrogels and the constant volume
assumption was valid.

Appendix Il. Derivation of Eq. (10)

Eqg. (10) is derived by a first order perturbation analysis of diaphragm deflection around its
unloaded state, where the hydrogel's swelling pressure, Apsy iS zero and the pressure in the
gap is equal to atmospheric pressure, Py. Denoting the change in gap pressure due to deflection
by Apgap, We may write, in the linear regime [see Eq. (7)]

AC
C_():K(Apm = Apgap) (A1)

Now the capacitor is bounded on top by the diaphragm and on the bottom by a rigid plate, and
the two plates are assumed to be parallel in the unloaded state. We denote the areas of the
diaphragm, the capacitor and the hermetically sealed cavity by Ap, Ac and Ay, respectively.
Let (x,y) denote coordinates of points along the two diaphragm, and g(x,y) be the distance
between the two plates at that coordinate. In the unloaded state, g(x,y)=gg, constant, and the
volume between the plates is Vg=Agp. In response to swelling pressure, the change in volume
is
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AViap= [ 1 8(x,7) — g0l dA= [ Ag(x, y)dA
Ap Ap (A2)
where Ag(x,y) is the local deflection. Hence
%ZALIAg(x,y)dA
0 “ma, &0 (A3)

But according to the ideal gas law at constant temperature, (pg + Apgap)(Vo + APgap) = PoVo
hence

Apww AV

Po Vo (A4)

On the other hand, the relative change in capacitance is given, in the linear regime, by

8f [g(.\l‘._v) - gLo] dA
C 4 N

A
Co eA./80
1 A
- 86Y) 1o
cA, 80 (A5)

Equation (10) results from combining Egs. (Al), (A3), (A4), and (A5). Note that the
approximations involved in this derivation may be unreliable at high swelling pressures, and
that the linear approximations for gap pressure and capacitance may break down at different
points. In particular, Eqg. (A5) tacitly assumes parallel lines of electrical flux in a deflected
capacitor, which will cease to be correct at high deflections.
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Figure 1.
Schematic of forces influencing polyelectrolyte hydrogel swelling.

J Control Release. Author manuscript; available in PMC 2011 February 15.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Siegel et al. Page 19

R R R
r o Geo P
NH o \I\T-I ’ NH
OH HO OH
_OH O o © _on
B B o K N
!
OH  pKa—8.86 HO ' o ?
Lewis acid/base Bidentate
reaction condensation
Figure 2.

Conversion of trigonal (Lewis acid) form of phenylboronic acid moiety to the tetrahedral
(Lewis base) form in the presence of OH", followed by bidentate condensation of cis-diol
bearing ligands (sugars in the present case). Not shown is a relatively unimportant pathway in
which sugar binds first to trigonal form. After Kataoka et al. [25].

J Control Release. Author manuscript; available in PMC 2011 February 15.

+2H-0



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Siegel et al.

2.0
1.9
1.8

17]®

1.6
1.5

d/d,

1.3

1.2]A
114wy

1.0

os{&

0.8

1.4]e

Page 20

omp 4o
ap ¢

<>

1.8
1.7
1.6
1.5-
1.4
1.3
1.2
1.1
108
0.9-
0.8

d/d,

8 9 10 11

0.74,

b)

10100
Sugar Concentration (mM)

J Control Release. Author manuscript; available in PMC 2011 February 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Siegel et al. Page 21

2.2
-“f | ] n . || ]

2.1-+

2.0-

1.9-

o 15]e A 4

1.7 A ;
- A

16 o & 4 % §

1.5 e %;%

144 T §' T T T T T T T T
0 20 40 60 80 100

Sugar Concentration (mM)

c)

Figure 3.

Swelling (dilation factor with respect to diameter at synthesis) of p(MPBA-co-AAM)

hydrogels.

a) Effect of pH on swelling for hydrogels with following mol% PBA in polymer: (m) 0%; (o)

50%; (A) 10%:; (V) 15%; (@) 20%.

b) Effect of sugar concentration at pH 7.4: (m) fructose; () glucose.
c) Effect of sugar concentration at pH 10.0: (m) fructose; (e) glucose; (A) glucose+0.2mM

fructose.
Error bars are standard deviations.
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Figure 4.

Interactions of glucose and fructose with PBA units. A single glucose molecule can bind to
one (monobidentate) or two (bisbidentate) PBA units at low and intermediate concentrations.
Bisbidentate interactions lead to reversible crosslinks between polymer chains. At higher
concentrations free glucose competes with bishidentate glucose for PBA sites, reducing
bisbidentate interactions. Fructose is only capable of monobidentate binding, and it inhibits
bisbidentate crosslink formation.
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Figure 5.

Shear modulus of 20% MPBA hydrogel as function of glucose concentration at pH 10. Values
are normalized by shear modulus of pH 10 solutions with no glucose added. (m) observed; (o)
predicted based on data of Fig. 3c and assuming no change in crosslink density, i.e. G / G(0)
=d(0) / d. Error bars are standard deviations.
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Figure 6.

a) Schematic of integrated implantable glucose sensor featuring a glucose-sensitive hydrogel
sandwiched between a rigid nanoporous membrane and a semiflexible micrcapacitor, which
is connected to a microinductor coil.

b) Top view of microsensor indicating size. Microcapacitor in center is scored with cutting
lines to reduce eddy currents, and from top vantage point appears to be “framed” by
microinductor coil.

¢) Side view of microcoil, which is deposited into trenches in bottom silicon piece. Panels a,c
reproduced from Ref. 45 with permission.

Panel b reproduced from Ref. 39 with permission.
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Figure 7.

a) Example of frequency response (impedance) of LC microresonator, highlighting sharper
resonance when cutting lines are included in microcapacitor.

b) Resonant frequency, (f), of microsensor as a function of external glucose concentration in
pH 7.4 PBS, at equilibrium.

c) Kinetics of response of microdevice to changes in external glucose concentration. Panel a
reproduced from Ref. 39 with permission. Panels b,c reproduced from Ref. 45 with permission.
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Figure 8.

a) Schematic of microvalve which opens and shuts due to swelling and shrinking of glucose
sensitive hydrogel.

b) Flow response of microvalve connected via tubing to a water column, with valve switched
between PBS (pH 7.4) solutions containing 0 mM and 20 mM glucose.

Panel a adapted and panel b reproduced from Ref. 30 with permission.
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a) Chemical structure of PS-PI-PLA block polymer.

b) Self-assembly of PS-PI-PLA on Si3Ny, which in turn is on top of a microporous silicon
support membrane. “Test tube structures” of PLA cylindrical dots form a hexagonal array.
Here only a cross-sectional slice of the array is shown. Layers are not drawn to scale since

micro- and nanofeatures are of vastly different size.
¢) Same as b but with PLA removed.

d) Removal of SizN3 and wetting PS layer yields continuous nano-microporous membrane.

Apparently “floating” nanostructures form a tubular hexagonal lattice in 3D.
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Figure 10.

Electron micrograph of microporous Si array carpeted with nanoporous block polymer
membrane. Inset: tapping AFM of nanoporous membrane. Blowup is not literal, as two images
were taken separately.
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a) Transport of a small molecule (methyl orange, MO, 327 g/mol) and a large macromolecule,
dextran blue, DEX, 2x10° g/mol) through micro-nanoporous hybrid membrane.

b) Similar comparison of transport of MO and DEX through a control microporous membrane.
Differences is slopes here are due to size-dependent (Stokes-Einstein) diffusion coefficients
of MO and DEX. Comparing a and b results, it is seen that hybrid provides greater size

selectivity.

c) Transport of MO across the hybrid membrane before and after removal of PLA block by

spiking NaOH into receiver solution.
Reproduced from Ref. 53 with permission.
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