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Nanobiotechnology advanced antifouling surfaces for
the continuous electrochemical monitoring of glucose
in whole blood using a lab-on-a-chipt

Maria M. Picher,i* Seta Kupct,” Chun-Jen Huang,§® Jakub Dostalek,? Dietmar Pum,”
Uwe B. Sleytr® and Peter Ertl*®

In the current work we have developed a lab-on-a-chip containing embedded amperometric sensors in
four microreactors that can be addressed individually and that are coated with crystalline surface protein
monolayers to provide a continuous, stable, reliable and accurate detection of blood glucose. It is
envisioned that the microfluidic device will be used in a feedback loop mechanism to assess natural
variations in blood glucose levels during hemodialysis to allow the individual adjustment of glucose.
Reliable and accurate detection of blood glucose is accomplished by simultaneously performing (a) blood
glucose measurements, (b) autocalibration routines, (c) mediator-interferences detection, and (d)
background subtractions. The electrochemical detection of blood glucose variations in the absence of
electrode fouling events is performed by integrating crystalline surface layer proteins (S-layer) that
function as an efficient antifouling coating, a highly-oriented immobilization matrix for biomolecules and
an effective molecular sieve with pore sizes of 4 to 5 nm. We demonstrate that the S-layer protein SbpA
(from Lysinibacillus sphaericus CCM 2177) readily forms monomolecular lattice structures at the various
microchip surfaces (e.g. glass, PDMS, platinum and gold) within 60 min, eliminating unspecific adsorption
events in the presence of human serum albumin, human plasma and freshly-drawn blood samples. The
highly isoporous SbpA-coating allows undisturbed diffusion of the mediator between the electrode
surface, thus enabling bioelectrochemical measurements of glucose concentrations between 500 uM to 50
mM (calibration slope 8//5c of 8.7 nA mM™"). Final proof-of-concept implementing the four microfluidic
microreactor design is demonstrated using freshly drawn blood. Accurate and drift-free assessment of
blood glucose concentrations (6. 4 mM) is accomplished over 130 min at 37 °C using immobilized enzyme
glucose oxidase by calculating the difference between autocalibration (10 mM glc) and background
measurements. The novel combination of biologically-derived nanostructured surfaces with microchip
technology constitutes a powerful new tool for multiplexed analysis of complex samples.

of dialysis, concentrations of ions such as calcium, potassium,
urea and other substances are cleared, including a variety of

The aim of extracorporeal blood therapy is to remove toxic
substances from circulation during acute renal failure, sepsis
or multiple organ system dysfunctions. To date, extracorporeal
blood purification is predominantly used in the replacement
of kidney function by hemodialysis and in the support of liver
function using adsorptive techniques. However, in the process
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small molecules such as vitamins and glucose. The removal of
glucose from the patient’s blood further stresses the body,
causing extreme discomfort to the dialysis patient.' To
counteract the loss of blood sugar, a predefined amount of
glucose (1 g L™") is added to the dialysate during the 2 to 4 h
extracorporeal blood purification treatment to prevent energy
loss and hyper- or hypoglycemic symptoms. Although the
addition of a fixed glucose concentration to the dialysate
lessens patient suffering, it does not account for individual
variations in blood glucose levels that can range between 0.8 g
L~ " to 1.8 g L™ " within 4 h.” The proper adjustment of glucose
according to individual patient needs throughout the dialysis
process is thus very desirable. The implementation of a
feedback loop that continuously assesses blood glucose
concentration prior to and after blood purification for the
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automated regulation of glucose addition would significantly
improve hemodialysis treatment.

Although the benefits of online analysis are evident,
advancements in extracorporeal blood glucose monitoring
are hindered by the unavailability of low-cost, reliable and
drift-free sensors. In this context, portable microdevices, such
as lab-on-a-chip (LOC), are well suited for integration into
dialysis systems because measurements do not have to be
conducted by a skilled operator. Furthermore, LOC systems
are capable of rapid and sensitive analysis, and feature
improved cost-performance over conventional instrumenta-
tion due to parallelization and because less reagents are
required.*”> The many advantages of LOC technology have
made it popular in the past decade and it is applied in
immunoassays, detection of toxins in blood, particle sorting
and cell analysis. LOC devices are also used for protein
synthesis, on-chip PCR, multi-enzymatic assays to detect
alcohol levels, as well as lactate® and glucose concentrations
based on optical’”*' and electroanalytical techniques.'**°
Additionally, a large number of LOC devices capable of
determining glucose d,'e '8
serum, plasma and urine samples'®"® have been developed
using a variety of enzyme immobilization techniques. >***

The integration of electroanalytical techniques, such as
amperometric detectors, into microfluidic biochips demon-
strate increased spatial and temporal resolution, chemical
identification of the substance being detected, low detection
limits as well as high sensitivity.”® We have recently reported
the application of amperometric detectors in microfluidic
devices to detect biofilm respiration rates based on redox-
mediated electrochemical measurements; a principle that has
also been used for glucose detection.”*> However, the
accurate detection of glucose in whole blood samples using
amperometric sensors has been hindered by calibration
errors, sensor drifts and lag time. While sensor drifts and
lag time are common to most biosensors, calibration errors
tend to occur when using amperometric sensors because not
all of the generated current is specific to glucose. The presence
of electroactive components in blood, such as vitamin C etc.,
creates the need for continuous background measurements
and frequent sensor calibrations. Furthermore, long-term
monitoring of blood glucose levels is limited by rapid
electrode fouling events that occur in protein-rich samples
(e.g. 70 mg mL ™" plasma proteins).">?*

To overcome the existing bioanalytical challenges asso-
ciated with blood glucose monitoring we have developed a lab-
on-a-chip that could be employed in a feedback loop
mechanism during extracorporeal blood purification. The
chip simultaneously performs (a) amperometric blood glucose
measurements, (b) autocalibration routines, (c¢) mediator-
interference detection, and (d) background subtractions. All
four operating steps are necessary to ensure the continuous,
reliable and accurate detection of blood glucose, which relies
on enzymatic-based bioelectrochemistry. The key feature of
our novel concept is the integration of a uniform bioactive
surface layer that is capable of preventing blood coagulation

concentrations in whole bloo
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along “foreign”” LOC surfaces such as glass, PDMS and metal
electrodes. In the current work we investigate the crystalline
S-layer proteins SbsB and SbpA as bioactive surface compo-
nents for our microanalytical device because they are
compatible with electroanalytical measurement techni-
ques.*®?° S-layer proteins represent the outermost cell wall
component of bacteria and archaea and they perform a variety
of important functions, such as acting as precise molecular
sieves, providing resistance to heat by increasing membrane
stability as well as regulating cell-surface interactions.* S-layer
lattices are formed by self-assembly and represent a supramo-
lecular cell envelope structure that features pores identical in
size and morphology in the 2 to 8 nm range.*>*” The repetitive
feature of the S-layer lattice structure aligns functional groups
and pore areas in well-defined positions and orientations at
any surface. This means that highly repetitive functional
groups are available for binding the monolayers of bioactive
molecules such as enzymes, antibodies and immunogens for
application in bioanalytical devices, immunoassays, affinity
microparticles and affinity membranes.**** Additionally, the
intrinsic antifouling characteristics of S-layers have been
successfully demonstrated in combination with ultrafiltration
membranes (SUMs) where the S-layer protein isolated from
Lysinibacillus sphaericus CCM 2177 was employed as a
molecular sieve exhibiting a cut-off of approx. 30 000 to
40 000 or 4 to 5 nm.**™*®

The combination of S-layer technology with microfluidics
containing embedded amperometric microsensors advances
extracorporeal blood glucose monitoring by providing accurate
information on blood glucose levels. The nanobiotechnology
advanced bioactive microchip surface acts as (1) an efficient
immobilization matrix for glucose oxidase (GOx), (2) a uniform
antifouling coating to prevent blood from clogging in the
microchannels, and (3) a molecular sieve that allows for rapid
electron transfer between the electrode surface and the soluble
redox-mediator ferricyanide. Since the LOC system allows the
prolonged monitoring of glucose during extracorporeal blood
purification, the antifouling properties of the S-layer proteins
SbpA and SbsB are evaluated against the standard antifouling
surfaces, including bovine serum albumin (BSA) and polyethy-
lene glycol (PEG). In this study, chronoamperometric glucose
measurements are conducted using protein coated band
electrodes, where the 4-5 nm pores of the S-layer lattice
structure enable rapid electron transfer between the platinum
electrode and GOx, which is covalently attached to the S-layer,
using the soluble redox mediator ferricyanide. Additionally, the
microfluidic layout consists of two inlets and one outlet that are
separated by a microreactor, which is designed for the passive
mixing of the redox-mediator solution and blood sample.

Experimental section

Lab-on-a-chip design and fabrication

The entire lab-on-a-chip system (see suppl. information,
Fig. 1f) consisted of a microfluidic biochip located in an
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Fig. 1 Images of microfluidic biochip including inlets, wastes, reaction chambers as well as amperometric microsensors located in the end of each microreactor
implemented for prolonged blood analysis (MR1), automated background subtraction (MR2), autocalibration (MR3) and drift correction (MR4). Insets show images of
84 mm long microreactor (MR4) separated by two inlets and one waste/outlet as well as electrochemical set up located at the end of each microreactor.

aluminum fixture connected via tubing to external valves,
injection ports and a syringe pump (KDS 250, KdScientific,
USA). The microfluidic biochip was fixed using spring loaded
connectors integrated within two printed -circuit boards
providing shielded connection to the potentiostat (VMP3,
Bio-Logic, France). The microfluidic biochip shown in Fig. 1
consisted of a 30 x 30 mm® quartz glass substrate
(Borofloat™) containing the amperometric sensors and a 15
x 25 mm? soft polymer polydimethylsiloxane-based micro-
fluidic (PDMS-Sylgard 184, Dow Corning, Germany). The
microfluidic channel layout comprised four individual addres-
sable microreactors of 84 mm length, 30 um height and 100
pm width. Electrodes, leads and contact pads were fabricated
by sputtering a 10 nm titanium seed layer followed by the
deposition of a 200 nm platinum layer onto the pre-patterned
substrates. The electroanalytical configuration of each micro-
reactor consisted of three band electrodes surrounded by a
ground in order to eliminate electrode cross-talk between the
four amperometric sensors. Each electrode had a length of 100
pm and 20 pm width. Microfluidic master molds were
fabricated by photolithography using the epoxy resin SU8-
2050 (height of 30 um) patterned onto a silicon wafer.
Microfluidic channels were formed by pouring a mixture
(10 : 1) of PDMS silicone elastomer base and curing agent over
the epoxy master molds while polymerization was allowed to
take place over a period of 4 h at 70 °C following a 10 min
degassing step in a vacuum chamber. The soft polymer fluidic
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was removed from the master and cut to the appropriate size
followed by extensive cleaning using isopropanol and DI water.
The pre-cut PDMS microfluidic was aligned under a micro-
scope and put in contact with the bottom substrate immedi-
ately after oxygen plasma treatment (Diener Electronics) (30 s
at 40 W). A curing time of 24 h at 50 °C was implemented to
allow complete cross-linking between the activated PDMS and
glass surfaces. Finally a predrilled glass slide was layered on
top of the PDMS to mount the self-made injection ports (PEEK
tubing 1/32'" and Tygon tube 1/16'’, Upchurch Scientific, USA)
onto the microfluidic biochip using an epoxy adhesive (35 °C
for at least 10 min).

Microchannel surface modification procedures

The S-layer protein SbpA was isolated from cell wall fragments
of Lysinibacillus sphaericus CCM 2177 as previously
described.”® For recrystallization 2 mg protein lyophilisate
were dissolved in 3 mL of 5 M guanidin-hydrochlorid (Gerbu,
Germany) in 50 mM TRIS-HCI buffer at pH 7.2 and dialysed
against DI water (Millipore, Austria) for 1 h at 4 °C. After
dialysis the protein solution was centrifuged for 15 min at 4 °C
and the protein concentration was measured using a
NanoDrop spectrophotometer (Thermo, Austria) at 280 nm.
The S-layer protein stock solution (1 mg mL ™" in DI water) was
diluted 1 : 10 using a 0.5 mM TRIS buffer containing 10 mM
CaCl, at pH 9; recrystallization was allowed to take place on
glass, platinum or PDMS microchip surfaces in the presence of
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continuous 0.6 mm s~ " fluid flow over a period of 4-12 h at
room temperature. Once recrystallization of the S-layer was
completed, the microfluidic channels were rinsed with DI
water at a flow rate of 0.1 mm s~ ' for at least 1 h to remove
residual S-layer proteins. In case of increased fluid shear stress
conditions (e.g. flow rates above 2 mm s~ '), the recrystallized
S-layer was further stabilized by inter- and intramolecular
covalently linking protein subunits using the cross-linkers like
glutardialdehyde (GA), bis(sulfosuccinimidyl) suberate (BS?)
and dimethyl pimelimidate (DMP). S-layer stabilization using
GA was performed by incubating 0.5% GA in 0.1 M PBS for 30
min and Schiff bases were reduced by using 10 mM sodium
borohydride (NaBH,) in a 10 mM NaOH solution for 50 min.
The BS® cross-linking procedure began with a 30 min
incubation period for S-layer proteins with 1.7 mM BS® in 20
mM PBS and followed by a 15 min washing step using a 1M
TRIS buffer (pH 7.5) to quench unreacted BS®. DMP cross-
linking was performed using a HEPES buffer (pH 8) containing
10 mM DMP followed by a 60 min incubation period.
Stabilization of the S-layer protein crystal was accomplished
by cross-linking available amino groups. The remaining free
carboxyl groups were activated using 10 mM 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC) in DI
water at pH 4.75 for 1 h, rinsed with cold DI water and
subsequently incubated with the 400 ug mL~" GOx solution for
12 h. Following the immobilization of GOx onto the S-layer
protein, the functionalized surface was rinsed with cold PBS
for approx. 2 h.

S-layer characterization using SPR

The antifouling properties of surfaces modified with SbpA and
SbsB S-layer proteins, as well as by PEG and BSA in the
presence of the HSA, human plasma and whole human blood
were evaluated using surface plasmon resonance spectroscopy
(SPR). While the surface protein SbsB originates from Bacillus
stearothermophilus PV72/p2 and forms oblique lattice struc-
tures, SbpA originates from Lysinibacillus sphaericus CCM 2177
(syn. Lysinibacillus sphaericus CCM 2120) and forms square
lattices following surface crystallization. The in-house built
SPR system is described in detail elsewhere (see suppl.
information, Fig. 41).°° In brief, a 50 nm gold coated glass
sensor chip was optically matched on top of a prism and the
flow chamber (10 pL volume, 1 cm length and 100 pm depth)
was pressed against the gold surface to form a tight seal. The
microfluidic sensor chip and prism coupler were mounted on
a rotational stage (2-circle 414, Huber AG, Germany) to adjust
the angle of incidence of the laser beam, while the intensity of
the reflected laser beam was measured using a photodiode
connected to a lock-in amplifier (Model 5210, Princeton
Applied Research, USA). Following recrystallization of the
SbpA protein at the gold surface, the flow chamber was rinsed
using the above described protocol. For SbsB protein
recrystallization on the gold surface a protein solution of 100
pg mL~ ' in Hank’s Balanced Salt Solution (HBSS; PAA, Austria)
pH 7.2 was used. After a 12 h recrystallization period, the gold
surface was rinsed with DI water. The amount of non-
specifically adsorbed molecules was quantified in terms of
surface mass density (ng mm™~?) in the presence of 30 mg ml~*
HSA in 0.5 mM TRIS buffer (pH 7.5), human plasma and whole
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human blood for a period of 1 h at 200 L min ™" flow rate.
Results of the study were compared with standard antifouling
surfaces including PEG and BSA surfaces. PEG surfaces were
made using gold coated glass slides that were incubated with a
thiol-PEG solution (1 mM PEG in ethanol) for 24 h to form a
self-assembled monolayer (SAM) and then extensively rinsed
with ethanol and dried using inert argon. PEG-covered
biochips were stored in an argon filled glass box and sealed
with parafilm. For BSA covered gold surfaces, 30 mg mL~" BSA
in PBS was allowed to adsorb onto the gold-covered glass
slides for a period of 1 h prior to use.

Microfluidic electrochemical measurements using
microelectrodes

Unless otherwise stated, oxidation currents of the redox
indicator couple ferro/ferricyanide (60 mM) at the S-layer
coated platinum or gold band electrodes were monitored with
an adjusted flow velocity of 1.7 mm s~ ' using chronoampero-
metry by setting the working electrode (WE) at +0.45 V versus
the internal reference (REF) and counter electrodes (CE). Both
electrode materials (Pt and Au) showed comparable FCN
oxidation currents at +0.45 V using the current electrode
configuration. The resulting oxidation currents are an indica-
tion of glucose concentration.

A written consent form was obtained from the human
subject that provided the blood samples for this study. All
experiments involving whole blood analysis were performed in
compliance with the relevant laws and institutional guidelines
of the AIT Austrian Institute of Technology, GmbH.

Results and discussion

Surface protein (S-layer) coating analysis

The purpose of the developed microfluidic platform is the
long-term, continuous and interference-free monitoring of
blood glucose concentrations using enzyme-based bioelectro-
chemistry. A prerequisite to conducting electrochemical
measurements of whole blood in microfluidic devices is the
integration of a uniform antifouling coating to prevent
unwanted interactions (e.g. biofouling) at the various micro-
chip surfaces. Although a variety of different antifouling
strategies for microfluidic devices have been proposed in
recent years, technological limitations have hindered their
broader application.”*™ For instance, the combination of
antifouling layers with microfluidic technologies containing
embedded electroanalytical microsensors requires the com-
plete (e.g. pin-hole free) modification of different microchip
surfaces such as glass (bottom substrate), metals (electrodes)
and polymers (microfluidics) while simultaneously recording
electrochemical signals of the fully covered electrode surface.
In this case only the S-layer technology is capable of forming a
well-defined protein monolayer that features precise pores and
allows for sufficient electron-transfer to take place between the
soluble redox-mediator and the working electrode.

In this study the S-layer proteins SbsB and SbpA were
employed as novel antifouling layers to cover the microfluidic
channel network consisting of glass (bottom) and PDMS (walls
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and top) as well as the metal electrodes. The S-layer protein
layer was characterized using atomic force microscopy (AFM),
cyclic voltammetry (CV), fluorescent imaging and surface
plasmon resonance spectroscopy (SPR). AFM images taken
after recrystallization confirmed the formation of a well-
defined protein monolayer that features a lattice structure on
glass, platinum or gold and PDMS surfaces (see suppl.
information, Fig. 2 and 3af). Next, the ability to conduct
electrochemical measurements in the presence of S-layer
coated working electrodes was investigated using commer-
cially available disk-electrodes (1 mm dia.) and electrochemi-
cal set-up (BAS). Results of this study demonstrated that the
large number of well-defined pores of the S-layer coating allow
for efficient FCN diffusion to the electrode surface (see suppl.
information, Fig. 3bf). To further confirm S-layer formation
within the microchannels, fluorescence imaging was used to
assess the protein SbpA coating by means of immunolabelling
using the anti SbpA_IgG and anti IgG_TRITC affinity complex.
Obtained fluorescence images (see suppl. information,
Fig. 4cf) of the microfluidic channel network taken at
increasing focal points indicated the formation of recrystal-
lized S-layers along the glass bottom, PDMS side and top walls.
Additional surface plasmon resonance spectroscopy (SPR)
measurements were conducted to characterize S-layer adsorp-
tion processes and their stability under constant flow condi-
tions. Results shown in Fig. 2 (see also suppl. information,
Fig. 4f) demonstrate the formation of protein monolayers of
approx. 9 nm (SbpA) and 4 nm (SbsB) in thickness *>*°® within
60 min under flow conditions.***”

Furthermore, the protein monolayers remained stable over a
period of 400 min following exposure to human plasma, whole
blood and 60 mg mL~' HSA. In a subsequent comparative
analysis, those three electrode fouling solutions were tested
against six modified gold surfaces carrying native or stabilized
(e.g. GA, BS® and DMP cross-linker) SbpA and SbsB S-layers, as
well as thiol-PEG and BSA antifouling layers. Antifouling
characteristics are listed in Table 1 where obtained surface
mass density of adsorbed molecules (ng mm™?) after 90 min
incubation with human plasma, 30 mg mL ™' HSA and whole
blood samples were calculated from SPR data. SPR results
show that S-layer SbpA exhibits superior antifouling properties
over PEG, BSA and SbsB modified gold surfaces. Although it is
not entirely clear which specific SbpA property (e.g. surface
charge, pore size or composition) is responsible for the 90%
decrease in surface adsorption (0.46 ng mm™ ) compared with
bare gold surfaces (4.44 ng mm™?) using whole blood, it is
known that SbpA acts as an efficient diffusion barrier for
molecules larger than 4 nm.**

Although we successfully demonstrated that the redoxactive
compound FCN is capable of freely crossing the SbpA
diffusion barrier, a variety of electron transfer mediators were
tested to find the most suitable enzyme-mediator couple. Ideal
redox mediators are normally small soluble molecules capable
of accessing the active site of the respective redox-enzyme and
that can undergo fast reversible oxidation and reduction
reactions at the electrode surface. Another important char-
acteristic of redox mediators is long-term enzyme stability in
the presence of mediator excess (up to 100 fold). To test GOx
stability, a series of experiments were initially performed using
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Fig. 2 (A) S-layer formation dynamics and antifouling properties of crystalline
SbpA in the presence of human plasma and whole blood. (B) S-layer formation
dynamics and antifouling properties of crystalline SbsB coating in the presence
of 60 mg mL™" HSA.

the redox mediators hydroquinone, ferricyanide, 8-hydroxy-
quinoline, anthraquinone and menadione. Results employing
a commercial electrochemical set-up are listed in suppl.
information Table 1, ESIf, which show highest remaining
GOx activity at 96% after 24 h using 1 mM ferricyanide, while
the lowest GOx activity was set at 79% using 1 mM
anthraquinone. Additionally, unspecific redox reactions and
amperometric background currents of each GOx-mediator
couple were measured in the absence of glucose. Similar to
GOx activity results, ferricyanide showed the highest signal-to-
noise (S/N of 93 : 1 in the presence and absence of glucose)
ratio while anthraquinone and hydroquinone exhibited the
lowest S/N ratios at 80:1 and 2 :1, respectively. Further
analysis of enzyme kinetics in the presence of a fixed 200 mM
glucose concentration also showed highest amperometric
signals with increasing concentrations of 10-50-100 pg mL ™"
GOx when using 60 mM FCN (see suppl. information,
Table 2f). Consequently, the final enzyme-coupled bioelectro-
chemistry detection system employed 60 mM FCN to mediate
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Table 1 Comparative analysis of various antifouling layers using SPR following 90 min exposure to human plasma, 60 mg mL™" human serum albumin and human

blood

2

Antifouling layer Human plasma/ng mm

2 2

Human serum albumin/ng mm ™~ Human blood/ng mm ™

Plain Au surface 3.74
SbpA 0.18%
SbsB 2.46
SbpA-GA stabilized 0.18¢
SbpA-BS’stabilized 1.02¢
SbpA-DMP stabilized 0.75¢
PEG 0.76
BSA 1.92

“ Triplicate measurements exhibited a RSD of approx. 10%.

the electron transfer between the GOx active site and the
electrode surface.

Microreactor testing and optimization of microfluidic
electrochemical set up

The electrochemical measurement set-up was optimized using
a defined FCN solution in the presence of increasing flow
velocities and temperature profiles. Results shown in Fig. 3a
and 3b revealed highest oxidation currents at an applied
potential of +450 mV, a detection limit (DL) of approx. 100 pM
ferrocyanide and linear range (LR) between 500 pM to 50 mM
(calibration slope 8I/5c of 8.7 nA mM ™ "). Additional investiga-
tion of temperature and flow-dependent signal changes
revealed approx. 1.5 nA °C~" signal change (e.g. AI +16 nA
from room temperature to 37 °C) and a non-linear signal
increase of Al of 21 nA, 8 nA and 2 nA following flow increases
from 1.7 mm s~ ' to 16.7 mm s~ ' to 72.4 mm s~ ' and to 128.0
mm s~ " (see suppl. information Fig. 51). These results further
demonstrate the importance of controlling critical measure-
ment parameters, including temperature, flow velocities and
applied potentials during continuous extracorporeal blood
glucose detection. Another important aspect of performing
enzyme catalyzed reactions in microfluidic channels is the
optimization of resident time to allow sufficient interaction to
occur between the GOx, glucose and redox-mediator mixture.
As shown in Fig. 1, four microreactors (Vi 250 nL) 84 mm in
length and of serpentine shape were implemented to enable
the efficient mixing of glucose, GOx and redox-mediator. The
calculated fluid velocities inside the microreactors in the
presence of 0.35 uL min~" flow rate yielded an average fluid
velocity (iayg) Of 2000 pm s~ ' and a maximum fluid velocity
(Umax) Of 3000 pm s~ " in the center of the parabolic flow profile
(z = 15 pm). Mixing rates within the microreactors were
initially calculated based on previously described molecular
diffusion coefficients for GOx and ferricyanide of 4.5 x 10~
m” s ' and of 8 x 107'® m”> s, respectively.”” Additional
CFD simulations showed that the complete mixing of a 100 ng
mL ™" GOx solution with 60 mM ferricyanide can be achieved
within the first 28 mm (or one third of the microchannel) at
2000 pm s~ ' fluid flow (see suppl. information, Fig. 6). To
experimentally evaluate the performance of the serpentine
microreactor, on-chip glucose detection was compared with
results obtained using a commercially available ‘“Tee-micro-
mixer” (Upchurch Scientific, USA). In both cases enzymatic
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n.a. 4.44
0 0.46
1.34 n.a.
n.a. n.a.
n.a. n.a.
n.a. n.a.
0.41 n.a.
n.a. n.a.

reaction rates are assessed using amperometric microelec-
trodes following the injection of a GOx (200 ug mL™ ") solution
through inlet A and a redox-mediator solution (120 mM
ferricyanide) containing 20 mM glucose through inlet B. While
similar reaction rates were obtained at 1.67 mm s~ ' flow
velocities, a significant decrease in amperometric current
signals was observed with fluid rates of 5.7 mm s~ (60%) and
16.7 mm s~ ' (52%) using the serpentine microreactor (see
suppl. information, Table 3, ESIf). These results indicate that
the mixing capacities of the microfluidic microreactor for
soluble GOx enzymes is strongly dependent on flow rates while
the commercial micromixer showed stable oxidization cur-
rents of approx. 30 nA up to a fluid rate of 5.7 mm s~ '. Final
optimization of microfluidic flow conditions involved the
repeated injection of 20 mM glucose into a constant stream of
enzyme-mediator solution containing 200 ug mL~ ' GOx and
120 mM FCN, respectively. Fig. 3c shows current-time traces
obtained at 1.67 mm s~ %, 5.7 mm s ', 11.3 mm s ' and 16.7
mm s~ * fluid flow velocities. Results demonstrate improved
enzymatic reaction rates with lower flow rates, exhibiting an
approximate 10 fold signal increase (e.g. 13 nA to 160 nA) when
reducing flow velocity from 16.7 mm s~ ' to 1.67 mm s~ . The
poor reproducibility of the individual peak values was likely
caused by pressure differences at the Y-intersection of inlet A
and B (see Fig. 1) when switching the syringe pumps.

In a first attempt to demonstrate the feasibility of the long-
term amperometric monitoring of glucose using SbpA-coated
microreactors, the enzyme-mediator mixture (150 pg mL ™'
GOx containing 60 mM FCN) was introduced in inlet A while
human plasma (courtesy of the AKH) was pumped through
inlet B into the microreactor at 1.67 mm s~ '. Fig. 4a shows
current-time traces obtained from two parallel operated
microreactors each containing glucose-spiked (1 mg mL™")
human plasma in the (i) presence and (ii) absence of the GOx-
containing mediator solutions (background measurement).
Although the observed amperometric signal decrease within
the first 80 min in the presence of 5 mM glucose-spiked
plasma samples cannot be easily explained, it may be
attributed to a loss of enzymatic activity of the freshly prepared
enzyme-mediator (GOx-FCN) solution. Additional experiments
(data not shown) revealed stable amperometric signals for over
5 h using a soluble GOx-mediator solution following an initial
adjustment period of approx. 60 min at room temperature. In
a subsequent comparative analysis (see Fig. 4b), amperometric
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Fig. 3 (A) Cyclic voltammetry (CV) of 60 mM FCN solution using band
microelectrodes in the absence of flow. (B) Concentration dependent ampero-
metric currents obtained after triplicate measurements using increasing
concentration of glucose in the presence of 60 mM FCN and 150 ug mL™"
soluble GOx. (C) Current-time traces (nA) obtained following subsequent
injections of 20 mM glucose into a 100 ug mL™" GOx/60 mM FCN solution at (a)

1.7mms ", ()57 mms ', 11.3mms " and (d) 16.7 mm s ' fluid flow

velocities.

signals obtained after 120 min continuous flow of plasma and
whole blood were evaluated using a commercially available
glucose sensor (Accu-Check, Roche). While the calculated
glucose concentration of approx. 1.15 mM (14.7 nA) in plasma
corresponded well with values obtained using the commercial
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sensor, a significantly reduced sensor response was found
when using freshly drawn blood (3.5 nA or 0.26 mM glc) and 1
mg mL~" glucose-spiked whole blood (4.5 nA or 0.35 mM glc)
(see also suppl. information, Fig. 7, ESIf). These results
indicate a possible inactivation of the soluble GOx in the
presence of whole blood since additional mediator-blood
interference studies showed no measurable effects on FCN
detection (data not shown).

Immobilized glucose oxidase and blood testing

To minimize the effects of whole blood-enzyme interactions
and to improve amperometric signals, the GOx enzyme was
covalently linked to the S-layer coated microchannels. The
crystallized surface protein SbpA layer was found ideally suited
as an immobilization matrix for GOx due to its high number of
free carboxyl groups available to attach bioactive molecules
using well-known protein conjugation techniques. Four GOx
immobilization protocols were investigated and compared
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Table 2 Optimization of the GOx immobilization procedure at the SbpA-antifouling layers

Oxidation currents after 5 min reaction with 60 mM FCN

Cross-linking reagent NO glucose 10 mM glucose Al

EDC 3 nA 92 nA 89 nA
BS™EDC 3 nA 76 nA 73 nA
DMP-EDC 3 nA 98 nA 95 nA
GA-EDC 15 nA 93 nA 78 nA

using static chronoamperometric measurement conditions.
Here, four PDMS wells were placed over the three electrode set-
up of the biochip and SbpA was recrystallized and subse-
quently pre-treated with GA (well 1), BS® (well 2) and DMP (well
3), followed by EDC activation and covalent linking of GOx to
the SbpA. Additionally, GOx immobilization was carried out
using EDC without the pre-treatment procedure intended for
S-layer stabilization was investigated in the remaining PDMS
well (well 4). Table 2 lists the results for the four immobiliza-
tion protocols showing amperometric currents obtained after a
5 min reaction time following the addition of 10 mM glucose
and 60 mM FCN. Highest signal increases were found after the
initial DMP treatment and EDC-coupling of GOx onto the SbpA
monolayers. Fig. 5a shows current-time traces of blood
glucose measurements using the DMP-EDC-GOx functionali-
zation protocol. While whole blood backgrounds were
obtained in the absence of FCN mediator solution (bkg of
2.4 nA), the addition of 10 mM glucose increased ampero-
metric signals to 9.5 nA and subsequent injection of freshly
drawn whole human blood samples decreased the current to
6.6 nA corresponding to approx. 4.0 mM blood glucose.
Although the resulting amperometric signals are in the low nA
range, the obtained differences in current-time traces between
blood background, 10 mM glucose solution and freshly drawn
blood indicate that it is indeed feasible to monitor physiolo-
gical blood glucose levels (see Fig. 5b). The final proof-of-
concept was performed using freshly drawn human blood. An
important feature of the lab-on-a-chip is the integration of four
microreactors to simultaneously monitor blood glucose, blood
background, pure glucose and FCN, thus allowing for
integrated autocalibration and sensor drift corrections.
However, prior to conducting whole blood analysis, equivalent
mixing performance and sensor to sensor variations were
determined for each of the four microreactors. Results shown
in Fig. 6a indicate a 5% signal variation after 50 min (85 + 4
nA) between the four microreactors following the mixing of a
50 mM glucose with a 120 mM FCN solution containing 300 pg
mL~" soluble GOx. To conduct whole blood analysis, freshly
drawn human blood, glucose, FCN and buffer solutions were
connected via external tubing and valves to the syringe pump
according to the following configuration (see also Fig. 1):

Microreactor 1: inlet 1A: blood & inlet 1B: 120 mM FCN —
blood glucose.

Microreactor 2:
background.

Microreactor 3: inlet 3A: 20 mM glc & inlet 3B: 120 mM FCN
— calibration.

inlet 2A: blood & inlet 2B: buffer —

This journal is © The Royal Society of Chemistry 2013

Microreactor 4: inlet 4A: buffer & inlet 4B: 120 mM FCN —
drift correction.

Fig. 6b shows stable current-time traces in the presence of
blood (MR1 at 25 nA), buffer (MR2 at 6 nA), FCN (MR4 at 9 nA)
and 10 mM glucose (MR3 at 30 nA) solutions measured over a
period of 130 min at 37 °C. The amperometric signal
differences between blood background, blood sample and
glucose calibration puts glucose concentration at an estimated
6.4 mM in the freshly drawn blood sample. These results
demonstrate the ability of integrated S-layer coating to act as
an efficient antifouling layer, effective immobilization matrix
for enzyme coupled bioelectrochemistry and precise molecular

A) ————r——— 17

12 b

sk 10mM gle 7

current [ / nA

blood bkg

] 1c 26 30 40
time / min

glugonolactone

Pt electrodéL

Fig. 5 (A) Amperometric-time traces using S-layer immobilized GOx following
the subsequent injections of whole blood in the absence of FCN mediator
solution (0 to 18 min), 10 mM glucose (19 to 29 min), and freshly drawn whole
human blood samples (30 to 42 min). (B) Schematic drawing of the sensor
layout containing S-layer and immobilized GOx-enzyme. Enzyme immobilization
is achieved by EDC-coupling of GOx onto the SbpA monolayers following an
initial DMP treatment to stabilize the S-layer.
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120 mM FCN mediator solution (MR4).

sieve allowing only access of small soluble compounds such as
the electroactive FCN to the electrode surface.

Conclusions

We have developed a lab-on-a-chip to detect glucose concentra-
tions in whole human blood to advance existing extracorporeal
blood purification methods. It is envisioned that the lab-on-a-chip
could be used in a feedback loop to assess the natural variations
in blood glucose levels during hemodialysis and thus lessen
patient discomfort by allowing the individual adjustment of
glucose. The proposed lab-on-a-chip combines nanobiotechnol-
ogy with microchip technology by using the bacterial cell wall
protein SbpA as a uniform surface coating that functions as an
efficient antifouling layer and immobilization matrix for enzymes.
SbpA protein monolayer stability, surface coverage and improved
antifouling properties over conventional antifouling strategies
such as PEG and BSA were demonstrated using surface plasmon

1788 | Lab Chip, 2013, 13, 1780-1789

resonance spectroscopy. Measurements conducted under various
flow conditions revealed that the SbpA (from Lysinibacillus
sphaericus CCM 2177) functions as an efficient antifouling layer
for whole blood samples. The observed outstanding antifouling
characteristics of SbpA in the presence of high-protein solutions
(70 mg mL™ " HSA), plasma and whole blood samples is explained
by the inherently neutral surface charge of the protein. AFM
images and immunofluorescent labeling methods confirmed the
ability of SbpA proteins to readily recrystallize onto various
microchip surfaces including glass, metals and polymers with
sufficient stability. Furthermore, the straightforward recrystalliza-
tion procedure leading to the formation of homogenous
monolayers makes S-layers an ideal surface coating method for
microfluidic applications. Another advantage of integrating a
SbpA layer into microfluidic channels containing embedded
electroanalytical sensors is that it makes the transport of small
soluble redox molecules through the large number of pores (4 nm
dia.) to the electrode surface possible. Cyclic voltammetry
measurements also confirmed the ability of SbpA-coated micro-
electrodes to measure electrochemical oxidation and reduction
reactions in the presence of FCN.

The SbpA-coating was integrated into a four channel
configuration, each containing an embedded amperometric
microsensor located after each microreactor, to continuously
detect glucose concentrations, background contributions,
sensor drifts and interferences. While microchip technology
allows precise control over microreactor geometry, temperature
profiles, and flow velocities for optimized enzyme-glucose-
mediator interaction kinetics, the SbpA-coated electrodes
provide stable and reproducible amperometric signals over
long periods of time. The developed microfluidic device
provided stable, reliable and accurate detection of glucose in
human plasma, but measurements performed using freshly
drawn blood indicated an inactivation of soluble GOx. The GOx
enzyme was therefore covalently linked to the SbpA-coated
microchannels to improve amperometric signals. A final proof-
of-concept showed that continuous whole blood glucose
measurements, autocalibration, background subtractions and
drift corrections can be simultaneously performed using GOx
immobilized SbpA-based antifouling layers. Although the
continuous monitoring of blood glucose variations in combina-
tion with extracorporeal blood purification was not performed,
obtained results demonstrate that it would be possible to
integrate the microchip-based feedback loop into a hemodia-
lysis system. The ability to conduct drift-free and reliable
electrical measurements using whole human blood samples
has the potential to significantly advance blood analysis.
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