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Abstract

One of the most critical problems of point-of-cdesting is how to reduce the
interference of background, especially under resiimited conditions when sample
pretreatment is not available. In this work we mépo potentiometric method for
point-of-care testing with minimum background. Theethod is based on the
principles of a concentration cell which is a typé galvanic cells. It is an
electrochemical cell having two carbon electroddee potential of each electrode is
determined by ratio of a redox couple (i.e. Fe(¢N) on the electrode surface. On
one electrode, the adsorbed enzyme catalyzes ildatimn of analyte by Fe(Ch
which produces Fe(Chf). The shift of the potential was because of thdyamas
well as the background. In the other channel, myme was present so that the shift
of the potential, if any, is owing to the backgrdurBy measuring the potential
difference between the two electrodes (i.e. voltaigthe concentration cell), analyte
can be quantitatively determined with most of tleKground eliminated. As the
proof-of-concept analyte, blood glucose is quatinidy detected using a
voltammeter with acceptable selectivity and accuréloble metal electrodes that are
indispensable for conventional electrochemical isgnare not required. All these
features simplify the fabrication procedure anducedthe cost for the detection.

Therefore, we believe it is promising for electrestical point-of-care testing.



1. Introduction

Chemical analysis have been widely used in varitielsds such as clinical
diagnostics, environmental monitoring and food saf&-4]. Among all kinds
of method, electrochemical method can directly dfan the analyte
concentration to electrical signal [5-8]. So theg asually simple, inexpensive,
sensitive and intrinsically quantitative, which kalveen successfully used for
all kinds of applications such as point-of-caretitgs (POCT) [9-12].For
example, electrochemical sensors of glucose hawn leutinely used by
diabetes patients for self-monitoring of blood glse, and the market of
glucose sensors have already accounted for 80% afeanical sensor market.
For conventional electrochemical detection, a raafjeletection methods,
such as amperometric, coulometric, potentiometiity impedance methods,
have been developed [13-17]. Other than the pateetiric methods, almost all
of these methods involve simultaneous measuremgddoth potential and
current, so that a three-electrode system is useddtress the problem of
uncompensated ohmic drop. The three-electrode mysteludes a working
electrode (WE), on which an electrochemical reactekes place, a reference
electrode (RE), which is used to measure the patesndd a counter electrode
(CE), which supplies the current required for eledtemical reaction at the
WE [18]. The three electrodes are usually maddftdrdnt electrode materials,

including noble metals such as Ag and Pt whichratatively expensive for



disposable test strips. Potentiometric methods db require the counter
electrode but their application is often limiteds&lective detection of ions.

For tests of samples with complex matrix such asdblor serum, the sample
matrix effect may lead to uncertainty of the testults. The selectivity and
accuracy of detection is usually improved by th#ofwing approaches: (1)
modifying the surface of the working electrode wparmiselective membrane
to exclude the interferences, (2) immobilizing rgaibion reagents (e.g.
enzyme or antibody) to selectively response totdéinget, and (3) introducing
certain electrocatalysts of the analyte to redineedverpotential to avoid the
other redox reactions of the interferents. Howewire fabrication and
modification of the electrode are trivial and manvalve expensive reagents
and materials [19-21]. The modification layer oe #lectrode is fragile which
affects the robustness of the test. The immobilimmbhents on the electrode
may also hinder the electron transfer on the aldetrwhich decreases the
detection signal. Furthermore, conventional elettemnical analysis involves
sophisticated electrochemical instrumentation whicdly not be suitable for
POCT.

Here we report a new sensing platform that is basethe principles of a
concentration cell for POCT. A concentration ceadl a type of galvanic
cells that has two equivalent half-cells of the sartonmposition differing only
in concentrations. It has been used for oxygenisgn®r automobile. As

shown inScheme 1, the glucose test strip had three layers. Theobotayer
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was a transparency film having two screen-printatben electrodes. The
middle layer was a double-sided adhesive tape rpatieusing a laser cutter.
The top layer was a hydrophilic PET film. After astbly of the three layers, a
capillary channel was created for spontaneous sampbduction. The volume
of sample introduced into the channel was deterthimg the volume of the
capillary channel which eliminated the requiremehta pipette and ensured
reproducible sampling.
2. Experimental Section

2.1. Chemicals and Materials

All the chemical reagents used were of AR leveludBke oxidase (GOx) from
aspergillus niger was purchased from Sigma, canexlyyl cellulose sodium (CMC)
was purchased from Aladdin,ske(CN)], concentrated phosphate buffered saline
(PBS, pH 7.4) were purchased from Sigma-Aldrichndative carbon ink was
obtained from Creative Materials, Inc. (Tyngsbod$A). Transparency film (No.
2190) was obtained from Minnesota Mining and Mantufang Company (Minnesota
USA). Double faced adhesive tape was purchased fBoken Chemical &
Engineering Co.,Ltd (Tokyo, Japan). Laser cuttingchine from Huatai Laser
Engraving Co., LTD (Shenzhen, China) was used fevia# fabrication. The
electrochemical detection was used with CHI1242&ctebchemical workstation.
Double-distilled water purified by Milli-Q system ag used throughout the
experiments. All reagents were used as receivdtbwitfurther purification.

2.2. Device fabrication



For the device fabrication, the two carbon eleasodvere screen-printed on a
hydrophilic treated A4-sized transparency film gsaonductive carbon ink. Next, the
laser engraved double faced adhesive was pastéoedoottom layer. Because each
test strip was fabricated using double faced asdlbetpe patterned using a laser
cutter, so the volume of the blood sample (1) needed to filled with the capillary
channel was determined by the hollow area on tHeeside tape. Then, 2.pL
K3[Fe(CN)] was added to the channel, after completely drgnthe temperature of
65 ‘C, 0.60uL GOx / CMC (200 U / mL) was added to the left élede and 0.6Q.L
CMC was added to the right electrode. Finally, hiydrophilic treated top layer was
attached with the middle layer. The resulting Adesl multilayer film could be cut to
140 glucose test strips. The GOx / CMC modifiedoarelectrode was connected to
the CHI electrochemical workstation as the workatectrode, and the CMC modified
carbon electrode was connected to the CHI eleotroctal workstation as the
reference electrode and counter electrode togetherworkstation was used to detect
the potential difference between the two carbonteddes.

2.3. Experimental procedures

To initiate the test, the sample was introducstt ithe hydrophilic channel by
capillary action. The GOx immobilized on the elede catalyzed the oxidation of
glucose and simultaneous reduction of Fe(@@Np Fe(CN)*. After 5 seconds, the
potential was measured using the electrochemicakstation. After 40 seconds, the
reaction was completed. All of the experiments esty discussed were carried out

at a room temperature of 2&8 unless specially indicated.
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In this work, glucose in human blood was analyzedh& proof-of-concept
target, so glucose oxidase (GOx) was absorbed enobrihe electrodes for
catalyzing the oxidation of glucose in the sampie Fe(CN)> that was
preloaded in the capillary channel. The catalysiaction led to conversion of
Fe(CN)}> to Fe(CN)* and thus potential shift of the electrode to niegat
direction. On the other electrode, no GOx was prese that the potential shift,
if any, was due to the effect of sample matrix. poeential difference between
the two electrodes was measured for quantitativeage determination [22].

3. Result and discussion

3.1. Optimization of reaction time

As shown inFigure 1, the potential first shifted rapidly to negativieedtion
owing to the reaction between the Fe(€Nand glucose, and then approached
a steady state at about 40 s after sample intrmaiucthe steady state indicated
that the reagents preloaded in the channel wasldet The reagents were in
large excess for the detection reaction, which akamst completed at 40 s. For
reproducible detection, a reaction time of 40 s vem®sen for further
experiments. With increasing concentration of gi#&can the sample, more
Fe(CN)> was converted to Fe(CH)so that more negative potential was
obtained. Note that for the blank, the potentiabsweed was about zero, and
didn’t change with time, which means most of theKkgsmound for the sample
matrix can be eliminated by this method.

3.2. Optimization of Fe(CN)s> and GOXx concentration
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Because the potential of the electrodes was godelne the ratio of
Fe(CN}> to Fe(CN)}*, so we studied the influence of the Fe(€N)
concentration in the preloaded reagent mixture tmn potential signal. We
fabricated a series of test strips preloaded with game reagent solution but
containing Fe(CNy" at different concentrations. After complete dryiogthe
reagent, these test strips were used to analyample containing glucose at 15
mM. As shown inFigure. 2a, the potential differenceAg) between the two
electrodes increased with increasing concentraifolRe(CN)>. However, we
found that beyond 500 mM the Fe(GR)may have solubility problem in blood
sample, and they may not be completely dissolvethguhe test which affect
the reproducibility of the detection. So for funthexperiments, 500 mM was
used as the optimal concentration of Fe(€N)

Similar to Fe(CNy*, the GOx should be in large excess so that a liridar
range for glucose analysis can be obtained. Theerdration of GOx instead
of glucose would determine the reaction rate ah lgiigicose concentration, and
the potential signal would not change with glucosencentration. We
investigated the concentration of GOx on the deiedignal. We fabricated a
series of test strips preloaded with the same rgag@ution but containing
GOx at different concentrations. After complete dryioigthe reagents, these
test strips were used to analyze a sample contpigincose at 15 mM. As
shown inFigure. 2b, the potential signal measured at 40 s increaséd w

increasing concentration of GOXx in the preloadeyeat. The potential signal
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reached a plateau at 200 U / mL. Since the stolckisp we obtained from the
supplier was 200 U / mL, so we chose the 200 U / asLthe optimal
concentration of GOXx for further experiments.

3.3. Sensitivity and selectivity
To evaluate the applicability of the method for PD@ human blood sample
with known glucose concentration (3.5 mM) was aledi Additional glucose
was added into the sample so that a series of sampth glucose at different
concentrations ranging from 3.5 mM to 15 mM was aol#d. The
concentrations of glucose in these samples werlyzathusing the test strip.
As shown in Figure.3a, the potential was linearly correlated to the
concentration of glucose in the sample from 3.5 mdv 15 mM. The
limit-of-detection, which was calculated as threeets the standard deviation of
the blank divided by the slope of the calibratiomve, was 1.3 mM.

Human blood contains various electrochemically v&cttcompounds (e.qg.
ascorbic acid, lactic acid and uric acid) that ocseuse interference to
electrochemical sensing. So the selectivity of tiethod was evaluated. Four
samples containing glucose at 5 mM was preparedeeliof them also
contained ascorbic acid (AA) at 2.0 mM, lactic afid\) at 30 mM and uric
acid (UA) at 1.0 mM, respectively. As shownkigure. 3b, these three major
interfering substances in human blood for electentical sensing didn’'t cause
significant change of the potential signal. Thetige deviation for the signal

was within 4.3 %, so the selectivity of the methwas acceptable.
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3.4. This method compared with standard method

The test results obtained using this method fordmiiood glucose analysis
were also compared with that obtained using a stahchethod in a hospital.
The standard method was based on a colorimetrichadetwhich is
automatically carried out by a biochemical analyf28]. In this hospital,
Beckman Kurt AU68 automated biochemical analyzes wsed as the standard
method for determination of blood glucose, andtdst results were compared
with the test results obtained using our method.sAswn inFigure 4, the
results by our methods were in agreement withdbgdined using the standard
method. The maximum relative variation was 10%, clvhdemonstrated the
accuracy of the method for POCT.

4. Conclusion

In conclusion, we have reported a potentiometrichod based on the
principles of concentration cell for POCT of huntdood glucose. The method
can eliminate the background because of samplexmatrich can affect the
accuracy for POCT under resource-limited conditidbsonly relies on two
screen-printed carbon electrodes for quantitatieteation with acceptable
selectivity and accuracy, which dramatically sirfipd the fabrication
procedure and reduces the cost. It can also beindbd future for analysis of
targets other than glucose. So, we believe itpsomising sensing platform for

POCT.
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Figure 1. Open circuit potential measured as a functionroétfor testing of 0.010
M PBS (pH 7.4) samples containing glucose at difierconcentrations. The
concentration of glucose in the sample is indicafidue test strips were preloaded
with 2.5 pL of 0.010 M PBS solution (pH 7.4) comiag 500 mM Fe(CNy™ as well
as 0.60uL GOx/carboxymethylcellulose (CMC) (200 U / mL) one electrode and
0.60 uL CMC on the other electrode, respectively. Thelgaded reagents were
allowed to completely dry. The potential in thigure was monitored in real time by

an electrochemical instrument.
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Figure 2. a) Potential difference between two carbon eleesomeasured as a
function of the concentration of Fe(GRI) The test strips were preloaded with
2.5 uL of 0.010 M PBS solution (pH 7.4) contain@0 uL GOx/CMC (200
U/ mL) on one electrode and 0.6 CMC on the other electrode as well as
Fe(CN)* at different concentrations. The reagents we@aitl to completely
dry before use. A sample containing glucose at Mbwas analyzed using the
test strips. The error bars represent standardhtienifor three replicated tests.
b) Potential difference between two carbon ele@sotheasured as a function
of the concentration of preloaded GOx. The tegpstwvere preloaded with 2.5
pnL of 0.010 M PBS solution (pH 7.4) containing 0,80GOx/CMC ( 200 U /

mL ) on one electrode and 0.6 CMC on the other electrode as well as
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Fe(CN)* at different concentrations. The reagents we@aitl to completely
dry before use. A sample containing glucose at Mbwas analyzed using the

test strips. The error bars represent standardtiewifor three replicated tests.
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Figure 3. a) Potential difference between two carbon elelesomeasured as a
function of the concentration of glucose in a bl@asnple. The error bar represents
standard deviation for three replicated tests. bjeitial difference between two
carbon electrodes measured for testing of four $ssmp evaluate the selectivity of
the method. All of the samples contained glucos& ahM. Three samples also
contained ascorbic acid (AA) at 2.0 mM, lactic dcid) at 30 mM and uric acid(UA)

at 1.0 mM, respectively. The error bars represeanhdard deviation for three

replicated tests.

19



16 —

12

Calucose by our method

4 8 12 16
Calucose DY standard method

Figure 4. This test results obtained by the proposethod compared with that

obtained by the standard method in a hospital.

20



Graphical Abstract

a Carbon electrode II C
PET film — O O @
ul)ouble side tape a
———Siphon groove
~PET film
b  ampe d narreana half cell B
: . Fe(CN)" ‘Fc((‘.\').’
Fe(CN)¢ Fe(CN)¢
l ‘ “~ o)o: /‘glu \04 lu
SO0-RZ
: v lu acid W lu acid
— reacting e Bluadd ©piea B -

- _RT [Fe(eN)3™], [Fe(cN)Z],
AE=E\=Ep= TFln ([re(cn);].[re(cm:-],)

21



Highlights

1. A potentiometric sensing method was developed based on the principles of a
concentration cell for bioanalysis.

2. The method can eliminate the background interference from sample matrix which
improves accuracy for point-of-care testing.

3. Theéectrochemical sensor is based two identical screen printed carbon electrode,

which is ssmpler and more cost-effective than conventional glucose test strip.



