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Molecularly Imprinted Polymer Grafted Porous Au-Paper
Electrode for an Microfluidic Electro-Analytical Origami

Device

Lei Ge, Shoumei Wang, Jinghua Yu,* Niangiang Li, Shenguang Ge, and Mei Yan

Molecular imprinting technique is introduced into microfluidic paper-based
analytical devices (|1-PADs) through electropolymerization of molecular wax,|
imprinted polymer (MIP) in a novel Au nanoparticle (AuNP) modified paper
working electrode (Au-PWE). This is fabricated through the growth of a

AuNP layer on the surfaces of cellulose fibers in the PWE. Due to the porous
morphology of paper as well as the high specific surface area and conduc-
tivity of the resulting AuNP layer on the cellulose fibers, the effective surface
area and the sensitivity of the Au-PWE is enhanced remarkably. Based on this
novel MIP-Au-PWE and the principle of origami, a microfluidic MIP-based
electro-analytical origami device (L-MEOD), comprised of one auxiliary pad
surrounded by four sample tabs, is developed for the detection of D-glutamic
acid in a linear range from 1.2 nM to 125.0 nM with a low detection limit of
0.2 nM. The selectivity, reproducibility, and stability of this L.-MEOD are inves-
tigated. This u-MEOD would provide a new platform for high-throughput,
sensitive, specific, and multiplex assay as well as point-of-care diagnosis in
public health, environmental monitoring, and the developing world.

1. Introduction

The last five years have witnessed fast progress in the field of
microfluidic paper-based analytical devices (U-PADs),2 which
represent new and outstanding approaches to simple, portable,
disposable, and inexpensive devices for molecular analysis and
monitoring health. Paper is a porous cellulose fiber web with
large surface area, and the porous nature not only fulfills the
primary tasks such as diagnostic tests using body fluids and
fluid transport, but also makes it possible to pattern hydrophilic
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channels separated by hydrophobic
walls of photoresist/polymer,>” inks,®*]
10-121 or Dby plasma treatment,*?!
laser treatment!' and cutting method.*”!
In addition, these u-PADs can be well
applied not only in point-of-care testing
but also in field analysis in remote loca-
tions with limited facilities.'® Inspired by
this simple technique, many groups have
paid great efforts to the development of
u-PADs, including fabrication methods
for w-PADs,7"'9 functionalizations for
U-PADs,2-2] and analytical methods(26-31
on W-PADs. The success of u-PADs arises
from three main factors: low cost, ease of
operation, and ability to function without
any external pumps. We have also pro-
posed several analytical methods on
U-PADs for the detection of small mol-
ecules?®! and proteins.132-3°]

However, although the current paper-
based analytical methods on u-PADs
showed remarkable sensitivity and selectivity, many of them
reported to date have relied almost exclusively on the use of
sophisticated biological receptors, such as enzymes, 1?83 anti-
bodies,?3738] or DNA,B** as biochemical recognition ele-
ments. Due to their biological derivation, these bio-molecules
may suffer from limitations when used in diagnostic applica-
tions, for example, denaturation, possible instability during
manufacture and transportation. Molecular imprinting tech-
nique is a well-known and widely used tool to produce syn-
thetic bio-mimetic receptors for target molecules.*?] The target
molecule, or a derivative thereof, acts as a template around
which interacting and cross-linking monomers are arranged
and polymerized to form a cast-like shell. After removal of the
template, binding cavities that are complementary in shape,
size, and position of chemical functionalities with respect to
the template appear, and the resulting material can specifically
recognize and bind its target. In comparison with natural bio-
recognition materials like antibodies, molecularly imprinted
polymers (MIPs) offer advantages like superior physical and
chemical stability, specific recognition, ease of mass prepara-
tion, and easy availability and thus have found applications in
wide areas including separation, sensors, and catalysis.[*’]

For practical clinical application, now tremendous efforts
have been focused on developing low-cost and portable
methods. Electrochemical methods,* which distinguish them-
selves by convenient miniaturization and integration, easy
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signal quantification, simple instrumentation, and low cost of
the entire assay, can be ideal alternatives. In addition, electro-
chemical methods have, in recent years, received the major
share of the attention in development of analytical methods for
U-PADs.*5*11n our group, we have tried to improve the specifi-
city of electrochemical method on lab-on-paper devices through
development of electrochemical immunoassay on y-PADs for
the sensitive and specificity diagnosis of cancer markers (multi-
analyte immunoassay) at nanogram per milliliter concentrations
using novel u-PADs for signal transduction and acquisition.>3#8!
Therefore, in this work, a novel microfluidic electro-analytical
origami device (u-EOD) (Scheme 1) was designed to demon-
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Scheme 1. The schematic representation, size, and shape of this y-EOD.
A) One side of the u-EOD without the screen-printed electrodes; B) The reverse
side of (A) with the screen-printed electrodes; C) Picture of this y-EOD.
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Scheme 2. Schematic representation of the fabrication procedures for
this u-MEOD. A) bare PWE: (a) wax-penetrated paper, (b) screen-printed
carbon working electrode, (c) unprinted porous paper as paper sample
zone; B) Growth of a AuNP layer on the surfaces of cellulose fibers in bare
PWE; C) Electropolymerization of the MIP layer on the surfaces of AuNP
coated cellulose fibers in Au-PWE.

strate the development of molecular imprinting technique on
u-PADs. As shown in Scheme 1, this u-EOD, comprised of
one auxiliary pad surrounded by four sample tabs, was fabri-
cated through wax-printing. After folding at the predefined fold
line, the wax patterns around the screen-printed electrodes on
sample tab and auxiliary pad constituted reservoir of the paper
electrochemical cell. In addition, as shown in Scheme 1A,B,
the screen-printed carbon working electrode on the sample tab
together with the paper sample zone was denoted as “paper
working electrode (PWE)” below (Scheme 2A).

Briefly, in this work, an Au nanoparticle (AuNP) layer was
grown on the surfaces of cellulose fibers from AuNP seeds
in the paper sample zone of PWE to fabricate novel porous
Au-PWE on this g-EOD. Due to the high ratio of surface area
to weight (9.5 m?/g)*l and porous structure of paper as well as
the high conductivity of Au, the active surface area and the sen-
sitivity of this Au-PWE was much higher than that of a bare one
(unmodified PWE). Finally, a microfluidic MIP-based electro-
analytical origami device (u-MEOD) was fabricated through
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grafting a layer of MIP in this porous Au-PWE by electropolym-
erization. Glutamic acid is a main excitatory neurotransmitter
in the brain,”® and increase of extra-cellular glutamic acid is
believed to be partially responsible for brain damage resulting
from the central nervous and mental disorders.’!l Therefore,
D-glutamic acid was used as a model analyte to illustrate the
feasibility of this u-MEOD.

2. Results and Discussion

In this work, molecular imprinting technique was introduced
into the u-EOD through the electropolymerization of poly-o-
phenylenediamine (Po-PD) MIP in the paper sample zone of
PWE on sample tab (Scheme 2C) using cyclic voltammetry
(CV) in the presence of D-glutamic acid, which was used as a
model template. Prior to the electropolymerization, growth of a
AuNP layer from AuNP seeds on the surfaces of cellulose fibers
in the paper sample zone of PWE was implemented to fabricate
porous Au-PWE (Scheme 2B) with enhanced conductive and
enlarged effective surface area for the further grafting of MIP.

2.1. Characterization of Au-PWE

The transmission electron microscopy (TEM) image (Figure 1A)
of the as-prepared AuNP seeds solution revealed a highly mono-
dispersed AuNP seeds suspension with an average diameter of
~3.5 nm. As shown in Figure 1B, the porous bare paper sample
zone, possessed high ratio of surface area to weight (9.5 m?/g)*’l
with rough cellulose fibers, could offer an excellent adsorption
microenvironment for the AuNP seeds. It can be seen that there
was no apparent structural and surface difference between the
bare (Figure 1B) and the AuNP seeded (Figure 1C) cellulose fibers
in the paper sample zone of PWE due to the small particle size

Figure 1. A) TEM image of the as-prepared AuNP seeds solution; SEM
images of B) bare paper sample zone of PWE, C) AuNP seeded paper
sample zone of PWE; D) SEM image of AuNP seeds on the surface of
the cellulose fiber.
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Figure 2. A) XPS of (a) the AuNP seeded paper sample zone of PWE
and (b) bare paper sample zone of PWE; B) CVs of (a) bare PWE and
(b) porous Au-PWE under 20 successive scans. Scan rate: 50 mV-s™.

of AuNP seeds (Figure 1D). In addition, the successful immo-
bilization of AuNP seeds on cellulose fibers was confirmed by
X-ray photoelectron spectroscopy (XPS) and the peaks observed
at 82.6 and 86.4 eV were ascribed to metallic gold (Figure 2A).
The growth process of the AuNP layer on the surfaces of cel-
lulose fibers was tracked by scanning electron microscopy
(SEM) characterization (Figure 3). As the growth time increased
(from 0 to 5 min), the AuNP seeds were rapidly enlarged by
incubating in the growth solution under the self-catalytic reduc-
tion mechanism of AuNP growth®? (Figure 3A,C,E). Finally, as
shown in Figure 3B,D,F, a continuous and dense AuNP con-
ducting layer with interconnected AuNPs on the cellulose fiber
surface in paper sample zone was observed, indicated that a
good coverage of AuNPs on the surfaces of the cellulose fibers
was obtained after 10 min of growth. Therefore, the conduc-
tivity of the paper sample zone with AuNP modification (1.15 X
10~ Q-cm, measurement details in Supporting Information)
was enhanced remarkably compared to that without AuNP mod-
ification (insulating (open loop)) under the same condition in
each case. In addition, as shown in Figure 3B, the AuNP modi-
fied paper sample zone still maintained good porous structure
after the growth process, which would benefit the further MIP
modification and analytical application.
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Figure 3. Enlarged AuNPs on the surfaces of cellulose fibers in paper sample zone of PWE at
different growth time under different magnification: A,C,E) After 5 min of growth; B,D,F) after

10 min of growth.

The electrochemical properties of the resulted porous Au-PWE
were investigated through CV toward 10.0 mm [Fe(CN)g]*/* solu-
tion containing 0.5 m KCl (Figure 2B). The bare PWE was also
characterized under the same conditions for comparison. As
shown in Figure 2B, the bare PWE exhibited one set of well
defined redox peaks toward [Fe(CN)¢J*/* (Curve a). For the
Au-PWE, there was a sharp increase of the peak current (Curve
b). The CV curves showed that the Au-PWE had a significant
higher peak current and larger CV area compared with the bare
one, indicating that the porous Au-PWE had a much larger effec-
tive surface area, which may be attributed to the high effective
surface area of the AuNP layer on cellulose fibers and the porous
morphology of paper. The Au-PWE was scanned successfully for
20 cycles toward [Fe(CN)g]*/* solution and no observable peak
current and position change was found (Curve b in Figure 2B).

2.2. Characterization of Electro-Polymerized MIP/NIP
in Au-PWE

Electropolymerization of Po-PD for the synthesis of MIP layer
was carried out by CV scanning toward acetate buffer solution

www.MatenaIsVnews.com

containing template (D-glutamic acid) and
monomer (0-PD) in Au-PWE at room tem-
perature. As shown in Figure 4, the distinct
and irreversible anodic peaks, obtained in
the first scan at =+0.7 V corresponding to
the oxidation of 0-PD, decreased considerably
with increasing numbers of consecutive scan
cycles, indicated that the polymers created an
insulating layer (Figure 5 and Scheme 2C) on
the surfaces of AuNP layer and covered the
AuNP layer to restraint the further oxidation
of the o-PD. Similarly, the non-imprinted
polymer (NIP) grafted Au-PWE was also pre-
pared under the same experimental condi-
tions in each case without adding D-glutamic
acid to the polymerization solution. In addi-
tion, as shown in Figure 4, there was no
remarkable difference between the CVs
related to the electropolymerization of NIP
without adding the template (Figure 4A) and
the CVs related to the electropolymerization
of MIP in the presence of the template (Figure 4B). It can be
deduced that the presence of the electro-inactive D-glutamic
acid in the paper electrochemical cell was not electrochemically
altered while the Po-PD was growing around it.

The CVs of the MIP-Au-PWE were recorded toward a
10.0 mwm [Fe(CN)g]>/* solution containing 0.5 m KCI. Figure 6A
showed the relation between the peak current and the surface
condition of the cellulose fibers in the MIP-Au-PWE. Due to the
resulted insulating MIP layer which covered the surfaces of the
AuNP layer, the oxidation-reduction peaks changed from curve-
a to curve-b accompanied by a remarkable decrease in the peak
current and an increase in the peak-to-peak separation between
the cathodic and anodic waves. This fact demonstrated that the
electron transfer kinetics of [Fe(CN)4]*/*~ was obstructed. How-
ever, the oxidation-reduction currents were still observable in
the CV (curve-b) probably due to the pinholes or defects in the
MIP layer.’¥] Thus, in order to lower the leakage of the MIP
layer and cover the surfaces of Au-PWE as completely as pos-
sible to leave only biding cavities, a long chain 1-dodecanethiol
was employed to fill the pinholes or defects in the MIP layer
(Curve c). After the template was removed, an obvious oxida-
tion-reduction peak was observed again (Curve d), indicated
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Figure 4. CVs for electropolymerization of 10 um o-PD A) without or B) with 6 um D-glutamic acid in Au-PWE in a potential range between 0 V and

1.0 V. Scan rate: 50 mV-s™'.
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Figure 5. SEM images of the electro-polymerized MIP on the AuNP
coated cellulose fibers in the paper sample zone of Au-PWE under dif-
ferent magnification.

that the more available access for [Fe(CN)¢]*”/+ through the
MIP layer. It can be ascribed that after the removal of tem-
plate, the electronic transmission of [Fe(CN)¢*/*" through
the resulted binding cavities to the surfaces of the AuNP layer
became more easily. The decrease in the peak current from
Curve d and Curve e was attributed to the obstruction of access
to [Fe(CN)¢]*/* through the MIP layer after D-glutamic acid
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Figure 6. CVs of the A) MIP- and B) NIP-Au-PWE with different surface

condition of the cellulose fibers: (a) Au-PWE; (b) MIP/NIP-Au-PWE;

(c) MIP-Au-PWE treated with 1-dodecanethiol; (d) MIP/NIP-Au-PWE after
template removal; (e) MIP-Au-PWE after rebinding.
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rebinding. This may be explained by the molecular recognition
between D-glutamic acid and the binding cavities in MIP layer,
which blocked the electron transfer of the [Fe(CN)g]*”/*+~ redox
reaction to the Au-PWE. These results confirmed that the tem-
plate has been embedded in the MIP.

In contrast, for the NIP-Au-PWE (Figure 6B), the oxidation-
reduction current decreased dramatically from Curve a to Curve
b due to that an insulating NIP layer was electro-polymerized
and covered the surfaces of the AuNP layer. The change in oxi-
dation-reduction current was negligible (Curves b—d) after the
template removal step because no cavities with binding sites
were obtained in the absence of D-glutamic acid. This indicated
that the NIP-Au-PWE was non-selective and failed to recognize
D-glutamic acid.

Electrochemical impedance spectroscopy (EIS) of the
resulting MIP-Au-PWE could also give detail information about
the modification process. EIS was carried out in a background
solution of 5 mwu [Fe(CN)]*/# at a bias potential of 170 mV (vs
Ag/AgCl). The frequency range was 100 MHz to 10 KHz. In
EIS, the diameter of the semicircle at higher frequencies cor-
responds to the electron-transfer resistance (R.); a change in
the value of R, was associated with the blocking behavior of
the modification processes in the PWE, and was reflected in the
EIS as a change in the diameter of the semicircle at high fre-
quencies. Herein, the electron-transfer of [Fe(CN)]*/+ onto the
surfaces of Au-PWE was blocked by the formation of MIP layer,
which resulted in an increase in R, Figure 7 showed the EIS
(presented in the form of the Nyquist plot) of different surface
conditions of the cellulose fibers in the PWE. The EIS of bare
PWE revealed a relatively small semicircle domain (Curve a).
After the growth of an AuNP layer, the EIS exhibited an obvious
decrease in R, (Curve b). Remarkable increase in the R, value
was observed after the electropolymerization of an insulating
MIP (Curve c) layer on the surfaces of AuNP coated cellulose
fibers in the Au-PWE, indicating that the compact MIP layer
with low conductivity acted as a definite kinetic barrier for the
charge transfer. After being treated with 1-dodecanethiol, the
electron-transfer kinetics of the redox probe was slow down fur-
ther (Curve d). The decrease of R, from Curve d to Curve e
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Figure 7. EIS of the PWE with different surface condition in 10.0 mM
[Fe(CN)g]>/* solution containing 0.5 M KCl: (a) bare PWE; (b) Au-PWE;

(c) MIP-Au-PWE; (d) MIP-Au-PWE treated with 1-dodecanethiol; (€) MIP-
Au-PWE after template removal; (f) MIP-Au-PWE after rebinding.

wileyonlinelibrary.com 3119

dadvd T1TInd



-
™
s
[
-l
wd
=
™

3120 wileyonlinelibrary.com

www.afm-journal.de

e \)i\i‘9§

www.MaterialsViews.com

40
224
39+ A i B
20 4
38 - L
37 18
<:ta <
= 361 = 164
NQ‘ o
— 3541 :14_
34
12
—i—i—#
33 ——
——1 o]
32 T T T T T T T T T T T T
100 150 200 250 300 350 0 2 4 6 8 10 12 14 16 18

Absorption time /s

Absorption time /min

Figure 8. Effects of absorption time in A) MIP-Au-PWE and B) on MIP modified traditional flat Au electrode at 50 nm D-glutamic acid concentration.

could be attributed to the removal of template (D-glutamic acid)
from the MIP layer and thus the unoccupied binding cavities
in the MIP layer were available for the hexacyanoferrate redox
probe to diffuse through. The increased R.; from curve-e to
"Curve f signified that D-glutamic acid was rebounded to the
MIP layer. This verified that the MIP layer had good capa-
bility to distinguish the target molecule. These results were
accordant with CV assays as described in detail above. In addi-
tion, obvious hysteresis was observed in Figure 7 during the
rebinding process, indicated that the as-prepared yu-MEOD was
not suitable for regeneration in its present form.

2.3. Choice of Absorption Time

The absorption time is an important parameter for the improve-
ment of assay efficiency on u-MEOD, which is usually con-
trolled by the mass transport of template molecular and the
kinetics of the rebinding on MIP layer. A fast assay is highly
desired for lab-on-paper device in the field application. In this
work, the absorption process was performed on-line at room
temperature. As shown in Figure 8A, the electrochemical sig-
nals for 50.0 nmM D-glutamic acid decreased quickly with the
increasing of absorption time and then leveled off, indicated the
equilibrium rebinding between the MIP and template. Hence,
considering the optimal analytical performance and develop-
ment of this method to high sample throughput, the absorption
time of 240 s was selected in the further study. The absorption
process in this MIP-Au-PWE needed shorter time compared
with 10 min at room temperature on traditional MIP modified
flat Au working electrode (Figure 8B). This is mainly due to the
high surface-to-weight ratio, incompact porous structure and
the small volume of the MIP-Au-PWE (0.18-mm thickness and
6-mm diameter). Thus, the template molecule should diffuse
only short transport distances to reach the binding cavities.[?%]

2.4. Analytical Performance

The analytical performance of this u-MEOD was verified through
the detection of D-glutamic acid in standard solution at various
concentrations. Figure 9A showed the differential pulse vol-
tammetry (DPV) response of this i-MEOD from the oxidation

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9. A) DPV responses for D-glutamic acid of this u-MEOD; B) Cali-
bration curves for D-glutamic acid in (a) MIP-Au-PWE and (b) NIP-
Au-PWE.

peak current (|I,|) of hexacyanoferrate after the absorption of
D-glutamic acid. As seen in Figure 9A, with the increasing con-
centration of D-glutamic acid, the |I;| toward [Fe(CN)]*/* solu-
tion decreased over a wide concentration range of 1.2-125.0 nwm.
The plot of the || decrease versus D-glutamic acid concentra-
tion was shown in Figure 9B (Curve a). The linear regression

Adv. Funct. Mater. 2013, 23, 3115-3123
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equation was |I| (UA) = 52.06-0.38 [D-glutamic acid] (nm) with
a correlation coefficient of 0.9973. The limit of detection at a
signal-to-noise ratio of 3 for D-glutamic acid was 0.2 nm. In
the NIP-Au-PWE prepared through the electropolymerization
under the same experimental conditions without the addition
of template molecule, no peak current change was observed
(Figure 9B, Curve b). These results also indicated that the
DPV responses in the MIP-Au-PWE were resulted from the
entrapment of the template D-glutamic acid molecules into
the binding cavities in the imprinted polymer. In a further
control experiment, MIP was electro-polymerized in the bare
PWE under the same experimental conditions in each case.
Compared with the MIP-Au-PWE (Figure 10a), the |I| of the
MIP-PWE that lacked the AuNP layer decreased tardily with the
increasing of D-glutamic acid concentration and the |I| intensi-
ties were low (Figure 10b), indicated that the sensitivity of this
U-MEOD could be enhanced obviously through the AuNP mod-
ification in PWE.

The analytical reliability and application potential of this
uU-MEOD was evaluated by assaying four spiked clinical serum
samples using the proposed method as well as the reference
values obtained by high performance liquid chromatography
(HPLC). If the levels of D-glutamic acid were over the cali-
bration ranges, serum samples could be appropriately diluted
with water prior to assay. The results gave the relative errors
less than 5.0%, showing an acceptable agreement between the
two methods (Table 1). Hence, the developed u-MEOD provided
a possible application for the detection of D-glutamic acid in
clinical diagnosis.

2.5. Specificity, Reproducibility, and Stability of This u-MEOD

To verify the specificity of the yu-EOD modified with MIP for
D-glutamic acid, experiments were performed by using some
structurally related interferences in human serum, such as
L-glutamic acid, D-tyrosine, D-phenylalanine, D-glutamine,
D-aspartic acid, D-serine, D-cysteine, D-leucine, D-lysine, and

Adv. Funct. Mater. 2013, 23,3115-3123
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Table 1. Assay results of real human serum by the proposed and refer-
ence method.

Sample D-glutamic acid concentration [nwm]
Proposed (-MEOD found®  Reference HPLC method found?
4S.D.) 4S.D.9
Sample-1 4.49+0.16 4.66+0.13
Sample-2 13.15+£0.27 13.98 £0.22
Sample-3 57.54+0.33 56.51+0.25
Sample-4 92.73 £0.56 94.36 £0.29

% Average of eleven measurements; b)Standard deviation.

ascorbic acid. The structures of the compounds tested and cor-
responding DPV peak current under different concentrations
of the interferences were shown in Supporting Information
Table S1. Almost no interference (<3.0%) was observed with
other amino acids and ascorbic acid, even at a high concentra-
tion of 1.0 uM. It is notable that L-glutamine showed apparent
DPV peak current decrease due to its analogous structure,
which could be easily embedded into the binding cavities acces-
sible for D-glutamic acid. This indicated that the binding cavi-
ties that can recognize the D-glutamic acid, created through
electropolymerization method, were based on the shape selec-
tion and orientation of functional groups. These results con-
firmed that the y-MEOD based on the artificial D-glutamic
acid receptor had a good selectivity for its recognition. As seen
from Supporting Information Table S1, the u-MEOD with
D-glutamic acid imprinted polymer showed very weak current
response to L-glutamic acid, indicated that the enantioselec-
tivity of this u-MEOD toward the template molecules was also
very excellent.

The reproducibility of this u-MEOD for D-glutamic acid was
investigated with inter-assay precision. The relative standard
deviation for the parallel detection of 0, 10.0, and 50.0 nm
D-glutamic acid with ten y-MEODs was 2.05%, 2.11%, and
1.93%, respectively. When the u-MEODs were stored and meas-
ured at intervals of three days, no obvious change was observed
after 10 weeks under ambient conditions. These results indi-
cated that this y-MEOD had better reproducibility, stability, and
precision during manufacture, storage or long-distance trans-
port to remote regions and developing countries compared with
previous antibody-based paper immunodevice.?348]

3. Conclusion

In this work, a novel lab-on-paper device, combining the high-
throughput and sensitivity of this y-EOD and the low-cost,
stability, and selectivity of molecular imprinting technique, is
developed here. The molecularly imprinted polymer of Po-PD
is successfully grafted in a novel porous Au-PWE as recogni-
tion element through the simple, convenient, and low-cost
electropolymerization method for chiral and sensitive discrimi-
nation of D-glutamic acid. It is the first molecularly imprinted
material prepared directly on u-PADs. This u-MEOD with short
absorption time, acceptable sensitivity, low detection limit, wide
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linear concentration range, good stability and reproducibility is
also the first MIP-based lab-on-paper device for point-of-care
testing. In addition, the proposed MIP-Au-PWE on u-MEOD
could not only be imprinted as artificial receptors for enanti-
oselective recognition of other amino acids, drugs, and pro-
teins, but also be readily integrated with other signal reporting
mechanism on U-PADs such as electrochemiluminescence and
photoelectrochemistry.

4. Experimental Section

Reagents and Materials: All reagents were of analytical-reagent grade
and directly used for the following experiments as supplied. Ultrapure
water obtained from a Millipore water purification system (>18.2 MQ,
Milli-Q, Millipore) was used in all assays and solutions. L-glutamic acid,
D-glutamic acid, L-glutamine, D-cysteine, D-leucine, D-serine, D-lysine,
D-tyrosine, D-phenylalaine, D-aspartic acid, o-phenylenediamine
(0-PD), and 1-dodecanethiol were purchased from Sigma-Aldrich.
Tetrachloroauric acid (HAuCly) as the precursor for the formation
of AuNP seeds was purchased from Shanghai Sangon Biological
Engineering Technology & Services Co. Potassium ferricyanide, NaBH,,
and sodium citrate were products from Shanghai Chemical Reagent Co.
Whatman chromatography paper #1 (58.0 cm x 68.0 cm) was obtained
from GE Healthcare Worldwide (Pudong Shanghai, China) and used
with further adjustment of size (A4 size).

Preparation of the u-EOD: The preparation of this yu-EOD was similarly
to our previous workl*¥l with large modifications and a detailed procedure
was described below. Wax was used as the paper hydrophobization
and insulation agent in this work to construct hydrophobic barrier on
paper. As shown in Scheme 1A, this origami device was comprised of
an auxiliary pad surrounded by four sample tabs with the same size
(15.0 mm x 15.0 mm). The shape of hydrophobic barrier on origami
device, which contained a paper auxiliary zone (8 mm in diameter) on
auxiliary pad and four paper sample zones (6 mm in diameter) on four
sample tabs respectively, was designed using Adobe illustrator CS4.
The entire origami device could be produced in bulk on an A4 paper
sheet by a commercially available solid-wax printer (Xerox Phaser
8560N color printer) (Supporting Information Figure ST). Owing to the
porous structure of paper, the melted wax can penetrate into the paper
network to decrease the hydrophilicity of paper remarkably (Supporting
Information Figure S2). After the curing process, the unprinted area
(paper auxiliary zone and paper sample zones) still maintained good
hydrophilicity, flexibility, and porous structure and will not affect the
further screen-printing of electrodes and modifications.['25]

Between the each tab and auxiliary pad, the unprinted line (1 mm
in width) was defined as fold line, which could ensure that the paper
sample zones on the four tabs were properly and exactly aligned to the
paper auxiliary zone on auxiliary pad after folding, due to the difference
of flexibility between the printed and unprinted area after baking.*l The
unprinted hydrophilic area (paper auxiliary zone and paper sample zones)
constituted the reservoir of the paper electrochemical cell (~40 puL) after
being folded at the predefined fold line. Then, the wax-penetrated paper
sheet was ready for screen-printing of electrodes on their corresponding
paper zones (Scheme 1B and Supporting Information Figure S3).
The electrode array consisted of a screen-printed Ag/AgCl reference
electrode and carbon counter electrode on the paper auxiliary zone
and four screen-printed carbon working electrodes (5 mm in diameter)
on the four paper sample zones respectively. After folding, the three
screen-printed electrodes (working electrode, reference electrode, and
counter electrode) will be connected once the paper electrochemical cell
was filled with solution. Finally, the paper sheet was cut into individual
origami device for further modifications (Scheme 1C).

Preparation of the u-MEOD: As shown in Scheme 2, the u-MEOD
was fabricated through electropolymerization of Po-PD MIP in the
paper sample zone of PWE on sample tabs (Scheme 2C) using CV in
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the presence of template. Prior to the electropolymerization, growth of
AuNP layer on the surfaces of cellulose fibers in the paper sample zone
of PWE was implemented to fabricate porous Au-PWE (Scheme 2B) with
enhanced conductivity and enlarged effective surface area for the further
grafting of MIP.

The suspension of AuNP seeds was prepared by using NaBH, as
reductant and stabilized with sodium citrate according to the literature.®l
Then, as-prepared AuNP seeds solution (60.0 uL) was divided into four
portions and dropped into the four bare PWEs (Scheme 2A), respectively.
Then the origami device was equilibrated at room temperature for 1 h to
optimize the surface immobilization of AuNP seeds on cellulose fibers.
After rinsing with water thoroughly according to the method in our
previous work% to remove loosely bound AuNP seeds, freshly prepared
growth aqueous solution (15 uL) of phosphate buffer (0.01 m, pH 7.0)
containing HAuCl, (1.2 x 1073 wm), cetyltrimethylammonium chloride (2 x
1073 m), and H,0, (7.2 x 1073 m) for seeds growth was applied into the
AuNP seeded PWEs, respectively, and incubated at room temperature for
10 min. During the growth process, the Au NP seeds acted as catalysts
for the reduction of AuCl,~ by H,0,, resulting in the enlargement of the
AuNP seeds.Z Subsequently, the resulting Au-PWE was washed with
water thoroughly. Thus a layer of interconnected AuNPs on cellulose
fibers with good conductivity were obtained (Scheme 2B), which were
dried at room temperature for 20 min.

The electropolymerization of MIP on AuNP coated cellulose fibers in
the Au-PWEs on the four sample tabs were performed sequentially as
below (Supporting Information Scheme S1A,B): First, the sample tab
was folded down below the auxiliary pad and clamped with a home-made
device-holder similar to our previous work,**l which was comprised of
two circuit boards (named Board-A and Board-B respectively below) with
conductive pads on them, to fix and connect this origami device to the
electrochemical workstation (Shanghai CH Instruments Co., China) as
shown in Supporting Information Scheme S1A. Second, a acetate buffer
solution (40 pL, 0.1 m, pH = 5.2, 25 °C) containing o-PD (10 pm) and
D-glutamic acid (6 um) were applied into the paper electrochemical
cell through the hole on Board-B followed by twenty cycles of CVs in a
potential range between 0 and 1.0 at a scan rate of 50 mV-s™' at room
temperature (Supporting Information Scheme S1B). Following the same
procedures described above, the other three MIP-Au-PWEs could be
also obtained. Finally, the paper auxiliary zone and the resulting MIP-
Au-PWEs were washed thoroughly by the acetate buffer solution to
remove the unreacted o-PD. After electropolymerization, the template
molecules entrapped in and adsorbed on the MIP layer were removed
by washing with 50 mm HCl and water alternately. As a result, the
U-MEOD with MIP layer that had stereo specific cavities for D-glutamic
acid was obtained. The SEM images of this u.-MEOD were recorded on
a JEOL JSM-5510 scanning electron microscope. TEM investigations
were performed using JEOL 4000 EX microscope. EIS was performed
on an IM6x electrochemical working station (Zahner Co., Germany).
Similarly, the NIP grafted Au-PWE was also prepared under the same
experimental conditions in each case without adding D-glutamic acid to
the polymerization solution.

Assay Procedure of this u-MEOD: The electrochemical assay
procedures on this L-MEOD were also shown in Supporting Information
Scheme S1, and detailed procedures were described below. In this work,
DPV was employed for the current measurements, which was relatively
sensitive compared to the conventional CV method. To carry out the
electrochemical detections, four spiked human serum samples (15.0 pL
respectively) containing different concentration of D-glutamic acid was
added into the four MIP-Au-PWEs, respectively, and allowed to absorbed
for 240 s at room temperature to reach the equilibrium binding,
followed by washing with water for preventing the nonspecific binding
and achieving the best possible signal-to-background ratio. Thereafter,
one sample tab was folded down below the auxiliary pad and clamped
into the device-holder mentioned above to make the i-MEOD stacked
closely (Supporting Information Scheme S1A). Ultimately, KCI solution
(40.0 uL, 0.5 m) containing [Fe(CN)¢]*”* (10.0 mm) was dropped into
the paper electrochemical cell through the hole on Board-B (Supporting
Information Scheme S1C) and then DPV measurements were performed
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at room temperature in a potential range between —0.1 and 0.5 V,
a modulation amplitude of 50 mV, a pulse width of 50 ms and a step
potential of 5 mV. Similarly, the other three samples could be detected
through repeating the same procedures mentioned above (Supporting
Information Scheme S1A,C).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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