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Abstract

Background:

Microdialysis is a sampling technique based on controlling the mass transfer rate of different-sized molecules
across a semipermeable membrane. Because the dialysis process has minimal effects on the surrounding fluid,
it is viewed as a tool for continuous monitoring of human metabolites. In diabetes treatment, microdialysis
probes have been used as sampling systems coupled to a glucose biosensor but may struggle to obtain high recoveries
of analytes, as the sampling housing, probes, and glucose sensors are fabricated as separate pieces and then
assembled, resulting in a large dead volume, which limits sensing frequency. An in situ combination of a
miniaturized microdialysis probe with an integrated glucose sensor could help solve some of these problems.

Method:

The system was fabricated by bonding a 6-um-thick polycarbonate track-etch membrane with 100-nm-diameter
pores onto microfluidic channels with the electrochemical glucose sensing electrodes patterned within the
microchannels.

Results:

In vitro experiments demonstrating glucose microdialysis with continuous sensing were conducted. The
permeability of glucose to the polycarbonate membrane with a 100-nm-diameter pore size was obtained to be
544 pm/s. Glucose recovery of 99% was observed using this microdialysis system at a perfusion flow rate of
0.5 pl/min. Experiments monitoring fluctuating glucose concentrations in the time domain at 99% recovery
were also performed. The lag time was measured to be 210 seconds with 45 seconds contributed by mass transfer
limitations and the rest from dead volume within the experimental setup.

Conclusion:

The electrochemical sensing component was able to continuously track concentration changes in the reservoir.
This system is expected to have the proper sensitivity to track physiologically relevant concentration changes of
glucose with a lag time of less than 1 minute and minimal amplitude reduction for continuous glucose monitoring
for diabetes treatment.
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Introduction

Diabetes mellitus is a clinically heterogeneous group
of disorders characterized by elevated blood glucose
levels resulting from deficiency in insulin secretion,
insulin resistance, or a combination of both. The blood
glucose concentration is regulated within a narrow range,
35 to 5 mM, in people who do not have diabetes, while
the level in diabetic patients varies considerably, between
1 and 30 mM. In diabetic patients, the consistently high
glucose levels result in long-term complications, including
retinopathy, nephropathy, and neuropathy, which often
leads to amputation of extremities. Studies have shown
that intensive glycemic control with self-monitoring
can reduce the long-term complication dramatically."?
Self-blood glucose monitoring can be achieved using a
portable glucose monitor available in most pharmacies.
The kit contains a glucose meter and its own reagent
strips. Usually a drop of blood obtained through a finger
prick is placed on the reagent strip. A finger prick can
be done with a small lancet fixed in a spring-loaded
device that punctures the fingertip quickly. The strip is
then placed in the blood glucose monitor, which reads
the blood glucose level usually through enzyme-linked
electrochemistry.

However, one of the disadvantages of tight glycemic
control with self-monitoring is an increase in the risk
of hypoglycemic incidences, highlighting the need for a
feedback-controlled insulin infusion system or “artificial
pancreas.” One of the critical components of such a
system is a continuous glucose monitoring system.
Of particular interest is a microdialysis-based glucose
sensing system.’~

Microdialysis is a continuous sampling technique based
on controlling the mass transfer rate of small molecules
across a semipermeable membrane while excluding the
larger ones. For biochemical monitoring, microdialysis
systems are usually placed (inserted or implanted) inside
the tissue of interest with an isotonic perfusion fluid
flowing through the system and diffusional exchange
occurring between the perfusate and the surrounding
interstitial fluid (ISF). Because the dialysis process has a
minimal effect on the surrounding fluid, it is viewed as
a tool for continuous monitoring.*'?

The most common type of commercially available
microdialysis probe is constructed as a concentric tube.
These microdialysis probes have been used for diabetes
treatment as a continuous monitoring system coupled

to a glucose sensor but can struggle to obtain high
recoveries of analytes due to a limited diffusional surface
area and a relatively large diameter creating a long
diffusional path length. The sampling probes and glucose
sensors are also fabricated as separate pieces and then
assembled, which can result in a large dead volume’'"
An in situ combination of a miniaturized microdialysis
probe with an integrated glucose sensor, allowing both a
high glucose recovery and less system lag time (both due
to system dead volume and mass transfer limitations)
for accurate glucose sampling during continuous patient
monitoring, could help solve these problems.

Currently there is a single continuous glucose monitor
on the market that uses microdialysis technology. This
is the Glucoday S, which is available only in Europe. A
semipermeable dialysis fiber is inserted subcutaneously
into the abdominal wall and perfused with glucose-
free isotonic fluid. The system provides a reading
every 3 minutes for 48 hours. Only one calibration is
needed for the 48 hours. It has been reported to have
better accuracy, precision, and long-term stability since
foreign body reactions are avoided. A disadvantage is
the instrumental time lag inherent to the microdialysis
technique, estimated to be about 7 minutes."

Microdialysis systems have recently been adapted to
microfluidic technologies for sample preparation prior
to sample analysis or for miniaturized biochemical
probes. Pan and colleagues”® sandwiched a commercially
available dialysis membrane between two microfluidic
chips and adopted this approach for continuous
glucose monitoring. Kirby and colleagues'® integrated
microdialysis membranes with microfluidic channels by
using an ultraviolet laser photopolymerization technique
to lithographically define a patterned mnanoporous
dialysis membrane within a microfluidic channel. A
final approach by Bohn and colleagues'” was to integrate
microdialysis membranes with microfluidics and is based
on direct bonding of microdialysis membranes with the
microchannel structures.

In this study, a novel on-chip microdialysis system,
which addresses some of the problems with continuous
glucose monitoring, is presented.®* The device is based
on thin film fabrication, which is easily integrated
with in situ biosensors, and direct polymer bonding on
microfluidic channels and will ultimately be used as
a microdialysis probe with direct contact between the
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dialysis membrane and the tissue of interest. Integration
of a biosensor directly with the microdialysis system
is designed to allow high recovery of analytes with a
smaller diffusional surface area and lower flow rates,
resulting in a less invasive, microdialysis probe that
can track fluctuating blood glucose concentrations
more accurately than existing systems. In addition, the
large surface to microchannel volume ratio and short
diffusional path will allow higher recoveries and faster
equilibration times for higher frequency sampling rates.

Theory

Analytical Model of the Microdialysis System

The concentration gradient between the perfusate and
the component of interest in the ISF (e.g, glucose) is
the driving force needed to transport molecules to the
lumen of the microdialysis probe. The concentration of
the molecules of interest in the perfusion fluid at the
output of the microdialysis probe is a representative of
the ISF and can be correlated to the concentration within
the ISE. The term, recovery, is defined as

Recovery = % 1)

©

where C , is the outlet concentration and C_ is the bulk
concentration in the surrounding fluid.

For this microdialysis system (Figure 1), a two-
compartment system is used with a reservoir channel
and a perfusion flow channel. Molecules inside the
reservoir are dialyzed across the microdialysis
membrane. The mass transfer coefficient is assumed to
remain constant, as K, over the diffusion path. From
mass transport theory and conservation theory, the
system can be described mathematically as

1

C...-C
lnu=_KoAm(L+—) 2)
C. . _Cd,in r d

where C . and C  are the inlet and the outlet
concentrations of the polydimethylsiloxane (PDMS)
reservoir channel. C,, and C, . are the dialysate inlet
and outlet concentrations of the perfusion flow. Q,
is the PDMS reservoir channel flow rate, and Q, is
the perfusion flow rate. K is the overall molecular
permeability, and A 1is the diffusional surface area.

In this work, C,, is always zero. Because the reservoir
flow rate is much higher than the perfusion flow rate,
C . and C_ are assumed to be equal values, C, and

r,in rout
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Figure 1. Schematic of the mass transfer model of the two-compartment
microdialysis system.

C,,. is simply C . In addition, when Q is much larger

than Q, (1/Q, << 1/Q)), the 1/Q, can be ignored on the
right side of the equation. Therefore, Equation (2) can be

simplified as
ln(l—ﬁ) = —KoAm(l) 3)
C o

©

where Q is the perfusion flow rate. The equation can
be rearranged to represent recovery as a function of
perfusion flow rate:

e @

By plotting the left side of Equation (3), -In(1-C_/C ), as
a function of perfusion flow rate (1/Q), the permeability
of the membrane to the molecules of interest (the slope
as K /A) may be determined to characterize the system
functionality.

Glucose Sensing

A glucose oxidase (GOX)-based sensor is described here
to be integrated with the microdialysis system. The
catalysis of glucose by glucose oxidase is

Glucose+ O, —**— p-gluconolactone + H,0, ®)
p-gluconolactone + H,0 — gluconic acid ©6)

Hydrogen peroxide is produced as a product of the
enzymatic reaction. As long as oxygen and enzyme
are in excess of the glucose substrate (i.e, not rate
limiting), the hydrogen peroxide concentration will
increase linearly with increasing glucose concentration.
In this work, a three electrode-modified Clark cell
electrochemical sensor was chosen to be integrated
with the microdialysis chip because it can be integrated
easily using thin film-based fabrication. A platinum
(Pt) electrode that is biased at +0.7 V versus a reference
electrode (Ag/AgCl) can be used as a hydrogen peroxide
detector by oxidizing hydrogen peroxide at the working
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Figure 2. Schematic of the stacked microdialysis system with glucose sensing electrodes.

electrode surface. In the three electrode configuration,
the AgCl electrode is protected from consumption by
an auxiliary electrode, which injects current into the
electrolyte while holding the reference electrode at a
constant potential but with no current flow. The oxidation
current is then monitored by amperometry:

Anode: H,0, = O, +2H" +2e” )

Method

The system is fabricated using a polycarbonate track-
etch membrane (100-nm-diameter pore sizes, 6 um thick,
Whatman Inc.) directly bonded onto SU-8 microfluidic
channels with the platinum sensing electrodes patterned
and in the bottom of the microchannels.

In order to create a reservoir environment with the
concentration continuously being changed for testing
the time resolution of the device, a stacked system was
developed (Figure 2). There are three main parts of the
described device: the microdialysis monitoring chip, a
PDMS reservoir channel piece, and a PDMS mixer.

Fabrication

The Pt sensing electrodes were first fabricated using a
lift-off technique on clean glass slides by sputtering a
100-A-thick titanium/1000-A platinum layer onto a 2-um-
thick Shipley 1818 photoresist layer patterned by optical
lithography. The areas of the working and the counter
electrodes were 294 and 21 mm? The contact pads
were 2 x 2 mm, which was designed to be large enough
for easy wire connection. Access holes for the fluidic

connection within the device were drilled by estimation
after defining the electrodes.

The SU-8 2010 negative photoresist was the material
chosen for the fluidic channels. The microfluidic
channel was determined to be 15 um thick after the
standard SU-8 photolithographic fabrication procedure.
A polycarbonate track-etch membrane was chosen as
the microdialysis membrane. The membrane and the
device were treated with oxygen plasma for 90 seconds
(300 mTorr, 50 W). Before applying the membrane on the
SU-8 fluidic channels, the device was wetted with a clean
cotton wiper followed by a lamination bond. The device
was next placed on a hot plate of 120°C for 30 minutes
to enhance the bonding, which subsequently resulted in
a strong nonleaking bond. The diffusional area of the
system was about 7 mm?

Even though the ultimate goal of this research was to
create a device in direct contact with a tissue of interest,
in this work, a second fluidic channel was needed in
order to create a reservoir channel for testing the device
with a changing reservoir concentration efficiently. The
reservoir was fabricated in polydimethylsiloxane silicone
rubber by casting the PDMS over a patterned SU-8
mold in a standard soft lithography procedure? for the
molding of 20-um-deep reservoir fluidic channels.

The last step to complete this system was to assemble
the Ag/AgCl pellet electrode (0.8 mm diameter, A-M
systems) with the chip. The pellet was inserted into the
glucose sensing area directly (Figure 2). Two pictures of
an actual device are shown in Figure 3.
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Reservoir Channel layer

/

Figure 3. Photographs of the actual glucose microdialysis chip. Pt electrodes are on the bottom of the device covered with the SU-8 microfluidic
channel layer, the polycarbonate membrane, and the PDMS reservoir channel layer.

The same soft lithography technique used to fabricate the
reservoir channel was also utilized to build a supportive
PDMS micromixer for controlling the input concentration
into the reservoir, which was then bonded with clean
glass to close the open surface. The strategy to enhance
mixing was to reduce the diffusional length by splitting
the flow stream into n substreams and rejoining them.
Therefore the total mixing time was decreased by a factor
of n2.? Figure 4 shows the geometry of the mixer. The
width of the mixing channel was 200 um and split into
five substreams, resulting in a 40-um diffusional path
length.

Experimental Setup

The experimental setup is shown in Figure 5. PE10 tubing
(Intramedic polyethylene tubing, i.d.: 0.28 mm, o.d.: 0.61 mm)
was used to connect the device to the syringes. Three syringe
pumps were employed for time domain microdialysis.

Well-mixed fluid
outlet connected
to the PDMS
reservoir piece

PBS solution
inlet

Figure 4. Geometry of the micromixer.

Two syringe pumps were required for changing the
solution concentration within the reservoir PDMS channel
by alternating the relative flow rates from two syringes,
where one was filled with a phosphate-buffered saline
(PBS) solution and the other was filled with a glucose
solution (398 mg/dl). The micromixer was used to generate
a well-mixed flow without concentration gradients
introduced into the reservoir channel. The third syringe
pump was used for producing a steady perfusion flow
within the SU-8 lower channel. The perfusate contained
glucose oxidase at a concentration of 1000 unit/ml mixed
within 5 ml of PBS solution. A CHI electrochemical
station (model type 750B, (CHI Instruments, Austin, TX)
was used to collect the oxidation current for determining
the glucose concentration within the sensing area.

Concentration control Syringe Pump 1:
of fluid in upper PDMS Glucose solution
channels

e | SYiNge Pump 2:
|PBS solution

1] G ingtruments
bt Wik

of

SN—

CHI Electrochemical
station 750B

Syringe Pump 3:
PBS solution
w/GOX

Figure 5. Experimental setup for glucose sensing.
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Results and Discussion

Thin film platinum electrodes were used here for glucose
sensing based on the detection of hydrogen peroxide.
Pt has the advantage that it is less reactive toward the
Cl ions in the electrolyte under a positive potential bias,
whereas Au and Ag electrodes will chlorinate under
these conditions.”

The relationship between the anodic oxidation current
and the glucose concentration was determined using
a Therasense FreeStyle glucose monitor as a reference
and was obtained over the experimental operating
range (Figure 6). The calibration curve is divided into
two segments. The slope is larger in the more dilute
(hypoglycemic) region and then decreases as the glucose
solution becomes more concentrated (hyperglycemic
region). The overall sensing process is influenced by
the kinetics of the reaction, by diffusion of the involved
elements toward the electrode, and by stoichiometric
limitations. In a kinetically controlled process, the
enzymatic reaction is not rapid enough to oxidize all
the glucose in the solution. Kinetic control usually
takes place at low enzyme concentrations. The volume
between the microdialysis region of the device and
the sensing area was about 0.15 ul. It took less than
20 seconds for the perfusion flow to reach the sensing
area at the experimental flow rate of 0.5 ul/min. Despite
the high enzyme concentration used in this work, it
is still possible that the enzymatic reaction was not
sufficiently fast enough to convert all the glucose into
hydrogen peroxide prior to reaching the sensing area.
Diffusional control also occurs when the electrodes are

covered with a low permeability membrane. Because the
electrodes were not covered, diffusional control should
not play a role here. The reaction may also be limited
by stoichiometric restrictions. If all the oxygen in the
flow is consumed, the oxidation current does not reflect
the true glucose concentration and is governed by the
oxygen concentration. Oxygen deficiency often results in
saturation of the sensor at high glucose concentrations.

Table 1. Glucose Microdialysis Results

Experiment KA., (Wl/min) KA, (um?/s) K, (um/s)
Set 1 2.302 38363333.33 5.27
Set 2 2.362 39363333.33 5.41
Set 3 2.796 46598333.33 6.40
Set 4 2.046 34100000 4.68
Average 5.44
STD 0.71

The system was then tested for glucose dialysis. The
PDMS reservoir channel was infused with glucose
solution at a concentration of 398 mg/dl at a constant
flow rate. The diffusional area was 7.28 mm? The
permeability was calculated to be 544 + 0.71 um/s
(Table 1). Glucose recovery as a function of perfusion
flow rates was obtained in Figure 7. Recoveries at high
perfusion flow rates were not performed here due to
the following two reasons. First, the pressure at high
perfusion flow rates might be high enough to cause the
membrane to delaminate. Second, the perfusion flow
rates have to be negligible compared to the flow rate
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Figure 6. Calibration curves of glucose concentration versus oxidation
current.

Figure 7. Glucose microdialysis recovery as a function of perfusion flow
rate.
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of the PDMS reservoir channel in order to satisfy the
assumptions used to derive Equation (3). The highest
recovery was 99% at a perfusate flow rate of 0.5 ul/min.

Subsequently, experiments monitoring glucose concentration
in the time domain were conducted. The step response
of the microdialysis system was first collected (Figure 8).
The reservoir concentration started at a glucose
concentration of 119 mg/dl, was increased to 279 mg/dl
at the 10th minute, and was then reduced back to
119 mg/dl at the 20th minute. The perfusion flow rate was
maintained at 0.5 wl/min throughout the experiment,
which allowed a 99% recovery according to the recovery
results in Figure 7.

The system response to any input waveform can be
modeled using linear system theory by convolving the
input waveform with the impulse response® For a given
step response, (), the impulse response, h(t), could be
obtained by taking the first derivative of the step response
shown in Figure 8.

h(®) = g() ®)

With the impulse response, the output signal can be
predicted.

Signal ,, = Signal,, * h(t) ©)

Next, the concentration of the reservoir channel was
varied in a sinusoidal fashion from 80 to 318 mg/dl while
the total PDMS reservoir flow rate remained at 10 ul/min.
The period of the input signal was 800 seconds with a

concentration change every 40 seconds. This period was
chosen because it is a sufficient timescale for tracking
physiological concentration changes, such as glucose
fluctuations within a diabetic patient.

Figure 9 shows the sinusoidal response of the system.
The experimental results and the output predicted by
Equation (9) are in good agreement with a negligible
signal amplitude reduction due to incomplete glucose
recovery. At the perfusion flow rate of 0.5 ul/min, the
system was able to track the concentration waveform
with a 99% recovery and a phase lag of 210 seconds.
Only 45 seconds out of the 210-second phase lag was
contributed by the microdialysis system. The rest of
this lag was because of dead volume from the tubing
connection between the mixer and the microdialysis chip
(~275 Wl tubing volume at a reservoir flow rate of 10 wl/min).
Both input and output signals were converted into the
frequency domain by Fourier transforms and had an
obvious frequency peak at 0.00125 Hz, which represents
the 800-second sinusoidal period. A Pearson’s correlation
coefficient (r) has been determined to be 0.99 between
the experimental data and the system response predicted
by linear system theory.

The diffusion coefficient of glucose in bulk water is
9.09 x 10 m?/s.? According to the diffusion theory the
mixing time in the PDMS mixer may be estimated as

d2

T = (10)
2D

and was calculated to be 1.76 seconds. Based on the
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Figure 8. Time domain of step glucose dialysis at a perfusion flow rate of
0.5 ul/min.

Figure 9. Response of sinusoidal input demonstrated with the glucose
microdialysis system. The perfusion flow rate is 0.5 yl/min.
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volume of the mixer and the PDMS mixer flow rate, it
would take 2.52 seconds for fluid to flow through the
fluidic channel of the mixer, so the solution exiting the
mixer is considered well mixed.

The pressure drop along the microchannel can also
be neglected when compared with the atmospheric
pressure.”’ Therefore, the pressure difference across the
membrane is assumed to be constant along the diffusional
membrane channel. The osmotic pressure-induced flux
was also found to be negligible when compared with the
diffusional flux due to the concentration gradient.

The time for the system to come into equilibrium with
the surrounding fluid, t_, can be estimated as

ss’
d 2
ss o
D

m

t (11)

where D, is the diffusion constant through the
membrane estimated as K d. The equilibrium time, t,
was calculated to be 1.1 seconds for the system presented.
This means that rapid perfusion channel equilibrium is
possible when the microdialysis system is in contact with
the interstitium for rapid continuous sensing.

One disadvantage of the membrane used is that the
membrane porosity seems to vary from batch to batch.
When a new batch of membranes was integrated with
the device, the permeability of the membrane to the same
molecules under the same conditions was not consistent
with results from the previously used membranes. Technical
information provided from the manufacturer indicates
that the rated pore density is between 1 x 10° and 6 x 10
pores/cm?, which is an enormously wide range, and no
further information about the membrane with a specific
pore size could be obtained. Therefore the exact membrane
permeability must be determined experimentally.

Conclusions

A complete fabrication protocol that allows continuous
glucose sensing within an on-chip microdialysis system
has been developed. Even though the device was designed
for direct contact between the dialysis membrane and
the tissue of interest, in order to create a reservoir
environment with the concentration continuously being
changed for testing the time resolution of the device,
a stacked system and a micromixer were designed to
cooperate with the microdialysis chip.

Integration of the microdialysis chip with in-line sensing
capabilities was meant to reduce the glucose sensing

delay caused by the dead volume with a tubing assembly.
In this system, it took less than 20 seconds for the perfusion
flow to reach the sensing area at the experimental flow
rate of 0.5 ul/min.

A 99% glucose recovery was obtained with the
microdialysis system with a diffusional area of 7 mm? at
a flow rate of 0.5 ul/min. Compared with commercially
available microdialysis probes, the on-chip microdialysis
system was able to obtain high recoveries with a smaller
diffusional membrane area.

Experimental data were in good agreement with analytical
modeling. The electrochemical sensing component was
able to continuously track concentration changes in the
This system is expected to have the proper
sensitivity to track physiologically relevant concentration
changes of glucose with minimal lag time and amplitude
reduction for continuous glucose monitoring for diabetes
treatment. Future work will focus on redesigning this
system into an implantable probe and on testing the
system within a diabetic animal model in order to assess
the biocompatibility of the system and continuously track
blood glucose concentration in real time.

reservoir.
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