Biosensors and Bioelectronics 144 (2019) 111637

Contents lists available at ScienceDirect

Biosensors and Bioelectronics

journal homepage: www.elsevier.com/locate/bios

Wearable biomolecule smartsensors based on one-step fabricated berlin
green printed arrays

Check for
updates

Junlin Ma, Yu Jiang, Liuxue Shen, Hongting Ma, Tongrui Sun, Fengjuan Lv, Almas Kiran,
Nan Zhu*

Zhang Dayu School of Chemistry, Dalian University of Technology, Dalian, Liaoning, 116024, China

ARTICLE INFO ABSTRACT

Keywords:

Berlin green

Hydrogen peroxide sensor
Glucose sensor

Wearable biomolecule sensor
Smartsensor

The wearable smart detection of body biomolecules and biomarkers is being of significance in the practical
fields. Hydrogen peroxide (H,O5) is a product of some enzyme-catalyzed biomolecular reactions. The detection
of HyO5 could reflect the concentration information of the enzyme reaction biomolecule substrate such as
glucose. A high-performance berlin green (BG) carbon ink for monitoring H,O, was prepared in this work. And
we have successfully developed the wearable smartsensors for detecting H,O, and glucose based on one-step
fabricated BG arrays by screen-printing technology. Comparing with other detection methods, these sensors are
wearable, movable, flexible and biocompatible for monitoring biomolecules. As a result, the sensors exhibited
good sensitivity, specificity, stability and reproductivity towards H,O, and glucose. Additionally, there also
received stable response after near one hundred times stretching and thousands of bending. Moreover, the
wearable sensors could be easily remotely controlled by a smart phone, when integrated with wireless into the
device. In prospective studies, the one-step fabricated wearable smartsensors is of great significance in devel-
oping a straightforward, highly-efficient and low-cost method for actual detection of biomolecules reflecting

body health status, and would potentially be applied in the artificial intelligence (AI) fields.

1. Introduction

In the past decades, wearable sensing devices have developed ra-
pidly in the fields of health (Gao et al., 2016; Honda et al., 2014; Wang
et al., 2013), medical care (Patel et al., 2012; Tai et al., 2018) and
motion (Dobkin and Dorsch, 2011; Jung et al., 2014). With the Internet
of Things (IoT) and Artificial Intelligence (AI) emerging, there presents
exciting opportunities for wearable sensors to apply into numerous
aspects of human daily life. Some researchers have combined bio-
sensors with intelligent products into practice. For instance, a simple
enzyme-based alcohol sensor has been fabricated through a Bluetooth
transmitter, receiving signals with a smartphone (Kim et al., 2016).

These enzyme-based biosensors can be used for detecting the cor-
responding substrates such as biomarkers including uric acid (Liao
et al., 2015), glucose (Bandodkar et al., 2015a), lactic acid (Kim et al.,
2014) and cholesterol (Ruecha et al., 2014), etc. The concentration
indexes could normally response the information of human health. For
example, the glucose detection in sweat or interstitial fluid can reflect
blood glucose levels, which has obtained great attention in diabetes
management (Kim et al, 2018; Lee et al., 2017). The biosensors
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provided continuous, non-invasive and real-time monitoring, with ex-
cellent selectivity and identification to prevent the interference of ir-
relevant substances (Garcia-Carmona et al., 2017). Generally, most
biosensors obtain the concentration information of substrates de-
pending on the quantification of hydrogen peroxide (H205), a kind of
side products resulting from most enzyme-catalyzed reactions. (Ricci
and Palleschi, 2005; Wilson and Hu, 2000; Zhu et al., 2013)." Fur-
thermore, H,0, is also of significance in clinical application, pharma-
ceutical, environmental areas, food manufacturing and diagnosis of
diseases (Chen et al., 2014; Li et al., 2016b; Zhang et al., 2009). Hence,
there plays an essential role in monitoring H,O, both in enzyme-based
biosensors or devices and practical fields. In this regard, electro-
chemical sensing of H,O, is a simple, prompt, sensitive, and cost-ef-
fective technology, comparing with conventional methods as fluores-
cence spectroscopy (Gomes et al., 2005), spectrophotometry (Nogueira
et al., 2005), chem-iluminescence (Hanaoka et al., 2001), etc.

A series of materials (e.g., redox proteins (Zhao et al., 2005),
polymers (Li et al., 2016a), transition metals (Guo et al., 2009), metal
oxides (Wei and Wang, 2008), etc.) have been employed to detect H,O5
by electrochemical sensors. Ideally, electroactive materials ought to
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perform a good catalytic activity at a relatively low potential. Prussian
blue (PB) has been extensively pursued exciting electrocatalytic sensing
behaviour of H,O, (Karyakin et al., 2000; Komkova et al., 2018; Nossol
and Zarbin, 2009) since Neff first reported its electrochemical proper-
ties in 1978 (Neff, 1978). Similarly, as a typical nanocrystal of PB
structure, berlin green (BG) with a formula of FeFe(CN)g (Shadike et al.,
2017) has been widely applied in energy storage (Wu et al., 2015; You
et al., 2014), as well as has potential significance in H,O, electro-
catalytic sensing. PB nanocrystals perform amperometric detection of
H,0, at the low potential of around —50 mV (vs Ag/AgCl), effectively
avoiding interference of biological molecules such as uric acid and as-
corbic acid (Ricci and Palleschi, 2005; Karyakin, 2015). However, PB
nanocrystals are normally modified on the electrodes by traditional
electrochemical processes such as drop coating (Bonacin et al., 2017),
electrodeposition (Lu et al., 2017), and inkjet printing (Cinti et al.,
2015), which are time-consuming, complicated or poor repeatable.
Regarding one-step prepared electrodes without further modification,
screen printing technology provides a promising pathway to develop an
efficient, low cost and easily manufactured sensing method. On the
other hand, as an important part of printed electronics, screen printed
electrochemical devices could also be combined with a flexible in-
tegrated electronic or wireless in various utility fields (Bandodkar et al.
2013, 2015b, 2016; Carrilho et al., 2009).

In the present study, we have synthesized highly electrocatalytic
berlin green nanoparticles (BGNPs) and one-step prepared BG carbon
ink (BGC ink) by grinding assemble. Based on the BGC ink, wearable
H,0, sensor and glucose sensor have been fabricated, utilizing poly-
ethylene glycol terephthalate (PET) and nitrile glove platforms via
screen printing technology. Moreover, electrocatalytic behaviors of
sensitivity, stability and reproductivity have been expressed in this
work. As wearable devices, the stretching and bending performance
have also been discussed here. What is more interesting, the wearable
sensors could easily be remotely controlled by a smartphone for real-
time detection of the corresponding analytes, when integrated with
wireless into the device. In a word, we have developed BGC-based
wearable smart H,0, and glucose sensors, which is promising in de-
tecting body biomolecules and potentially applied in the intelligent
fields.

2. Experimental section
2.1. Materials and reagents

Carbon ink ch-8 (mod2, Jujo printing supplies & technology),
commercially available polyethylene glycol terephthalate (PET), con-
ductive silver adhesive, wire, blue nitrile powder-free exam gloves
(Ammex) were used as received. Ag/AgCl ink was purchased from
Shanghai Baoyin Co., Ltd (BY-2000H, Shanghai, China), insulating ink
was supplied by shanghai Jin-Yi Screen Printing Equipment Co., Ltd
(Shanghai, China). Potassium hexacyanoferrate (III) (K3[Fe(CN)el,
>99%), ferric chloride (FeCl;=99%), hydrochloric acid (HCl), acetic
acid, potassium chloride (KCl=99%), sodium phosphate monobasic
dehydrate (NaH,PO4, =99%) and disodium hydrogen phosphate do-
decahydrate (Na,HPO4, =99%) were obtained from Damao chemical
reagent factory (Tianjin, China). Hydrogen peroxide (H,0,, 30%) from
Tjkermel (Tianjin, China) was used. Chitosan (CAS: 9012-76-4), bovine
serum albumin (BSA, CAS: 9048-46-8), D-(+)-glucose (=99.5%), and
glucose oxidase of Aspergillus niger (expressed as GOD or GOx, CAS:
9001-37-0) were purchased from Aladdin (Shanghai, China).

2.2. Synthesis of BGNPs

The BGNPs were prepared by using [Fe(CN)¢]> and Fe®** as iron-
source. In brief, 50 mM FeCl; solution (20 mL) containing 0.1 M KCl
was mixed with concentrated HCI (1 mL). Subsequently, 50 mM Kj3[Fe
(CN)e] (20 mL) was dropwisely added into the mixed solution under
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vigorous stirring at room temperature for 40 h. Then BGNPs were col-
lected by centrifugation, and further washed by deionized water and
alcohol for several times. Finally, BGNPs were dried overnight.

2.3. Preparation of the BGC ink

Typically, 20 mg BGNPs was dispersed into 120 pL deionized water
in a mortar. Thereafter, 3 g carbon ink was added into the mixture by
adequately grinding. It should be pointed out that the amount of each
material could be freely adjusted when the proportion was fixed.

2.4. Fabrication of PET-based H,0, sensor

The electrodes of sensor were fabricated using a commercial manual
screen printer. These sensor patterns include working electrode (WE),
reference electrode (RE) and counter electrode (CE), were designed in
the AutoCAD software and processed into stainless steel stencils. Here,
pure carbon ink or BGC ink was used to prepare WE and CE, Ag/AgCl
ink was used to prepare RE. The attached impurity of PET substrate
should be removed with acetone in an ultrasonic bath for 30 min.
Subsequently, Ag/AgCl ink and BGC ink were printed in sequence to
complete electrochemical sensors. In this process, layers of Ag/AgCl ink
were cured at 80 °C for 30 min and BGC ink were cured at 120 °C for
5min. Afterwards, manufacturing insulating layer by printing in-
sulating ink as an insulation to confining the exact size of electrode
array, and cured at 120 °C for 2 h. Finally, the sensor array was stuck to
the wire with the help of conductive silver for further electrochemical
detecting.

2.5. Fabrication of PET-based glucose sensor

The glucose sensor was fabricated by functionalizing PET-based
working electrode with GOD. The GOD solution was prepared as fol-
lows. Firstly, 35 mg GOD was dispersed in 1 mL PBS containing 10 mg
BSA stabilizer. Secondly, 1wt % of chitosan and 2 v% of acetic acid
were dissolve in PBS. Finally, they were mixed in a 1:1 v/v ratio.
Subsequently, a 4 uL droplet of this solution was casted on the working
electrode and dried under ambient conditions. Afterwards, glucose
sensor was stored at 4 °C.

2.6. Fabrication of wearable glove-based H,0, and glucose sensors

The fabrication process of glove-based H,O, sensors was similar to
PET-based sensor. Firstly, PET was replaced by nitrile glove. Secondly,
screen printing of the sensor arrays. Thirdly, the insulating ink was used
for integrating insulating layer. At the same time, the 3D printed finger
molds were put into the glove to ensure smoothness of glove surface.
The fabrication process of glove-based glucose sensors was the same as
PET-based sensors.

2.7. Characterization analysis

The powder X-ray diffraction (XRD) measurements were on a
Rigaku D/MAX-2400 diffractometer. UV-vis measurements were car-
ried out using a Cary Series UV-vis Spectrophotometer. Scanning
electron microscope images (SEM) and elemental mappings were
measured on a Nova Nanosem 450 field emission scanning electron
microscope (FE-SEM) at 3kV to investigate the morphology of working
electrode surface. Transmission electron microscopy(TEM) was per-
formed using a Philips Tecnai G2F20.

2.8. Electrochemical measurements and mechanical performance studies
All electrochemical measurements were carried out at room tem-

perature by using CHI 660D electrochemical workstation. All of elec-
trochemical measurements used 0.05M PBS (pH7.4) containing 0.1 M
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Fig. 1. Preparation of BGNPs and experimental procedure. (a) Nucleation diagram of preparing BGNPs. (b) Schematic illustration of the detailed experimental
process. (¢) Comparison of CVs of carbon ink (black curve) and BGC ink (red curve), scan rate 50 mV s — 1. Electrolyte: 0.05 M phosphate buffer (pH 7.4) containing
0.1 M KCl used in all the electrochemical measurements. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

KCl. In addition, Emstat blue, a PalmSens connected with a smart phone
via Bluetooth, was used to collect wireless data. Employing ampero-
metric curves measurements to study the effect of stretching and
bending performance on the printed nitrile gloves.

3. Results and discussion
3.1. Fabrication and characterization of BGNPs and BGC ink

The synthesis process of BGNPs, BGC ink preparation and the spe-
cific wireless wearable sensor manufacturing procedure were illustrated
Fig. 1a and b. Firstly, the synthesis of BGNPs mimics electrodeposition
(Ellis et al., 1981) and follows a slow reaction between FeCl; and K3[Fe
(CN)g] at room temperature (Fig. 1a and Experimental Section). In the
presence of HCI, FeFe(CN)¢ nanocrystals (BGNPs) were precipitated by
undecomposed Fe(CN)¢>~ associate with Fe** derived from Fe(CN)g>~
and FeCl; (Wu et al., 2016). The as-prepared BGNPs were composed of
cubic nanoparticles with a uniform size of about 150 nm from SEM and
TEM images (Fig. 2a and b). Moreover, the BGNPs were well dispersed
in deionized water, which exhibited green color with three absorption
peaks of around 300, 420 and 760 nm by UV-Vis spectroscopy (Figs.
Sla and b). The absorption peak of 300 and 420 nm are ligand-to-metal
charge transfer in the ferricyanide ion (Braterma.Ps, 1966; Robin,
1961). In addition, the absorption at 700 nm persisted due to the fact
that part of the ferrocyanide ion remained unoxidized (Itaya et al.,
1982; Wu et al., 2016). The X-ray diffraction (XRD) peaks of BGNPs
were indexed to a face-centered cubic lattice with a space group of
Fm3m (JCPDS no. 73-0687, Fig. 2c) (Shadike et al., 2017; Wu et al.,
2015), reflecting the structural regularity of BG from the strong and
sharp diffraction peaks.

Subsequently, BGC inks were obtained by above BGNPs and carbon

ink sufficiently grinding, so that BGNPs were uniformly dispersed into
carbon materials. Significantlly, it is critical to control the ratio of each
component. If BGNPs is excessive, the conductivity of the ink would be
so poor that slower the electron transfer of electrocatalysis; on the
contrary, poor electrocatalytic performance would be exhibited (The
optimal experiments were given in Table S1, Fig. S2 and Fig. S3). Al-
though there contained extremely low percentage of BGNPs in the
mixture, BGC ink still showed slight diffraction peaks of BGNPs from
XRD (Fig. 2d and Fig. S4). The BGC showed the planes of (200), (400)
and (420) in the magnified image of Fig. 2d, corresponding to 26 of
17.5, 35.4 and 39.8°, respectively. Comparing to pure carbon ink, there
also appeared clearly BGNPs in the BGC ink from SEM image (Fig. 2e
and f), indicating that BGNPs were finely incorporated into carbon ink.
Elemental mappings were further carried out to prove the results. Pure
carbon ink only contained the elements of C and O (Fig. S5a), while
both BGNPs and BGC ink contained the elements of C, O and Fe (Figs.
S5b and c¢). However, the element of N was not observed in BGC ink,
presumably due to the relatively low amount of BGNPs in the mixture.
The elemental mappings as well confirmed the successful preparation of
BGC ink as expected.

3.2. Electrochemical behaviors of H>0, and glucose sensors

As discussed in the introduction, BG is a kind of PB nanocrystals, so
BGC ink would exhibit considerable electrochemical performance as
PB. The crown patterned BGC electrodes have been fabricated on PET
substrate by screen printing. The electrochemical and sensing proper-
ties of the sensors were measured utilizing cyclic voltammetry (CV) and
amperometic i-t curves. As a result, a notable pair of typical redox peaks
was observed at around 0.16 V and 0.08 V during the electrochemical
process in the CV (Fig. 1c¢), representing the PB/PBred (prussian white,
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Fig. 2. Characterization of BGNPs and BGC ink. (a) SEM image and (b) TEM image of the BGNPs; (c) The XRD pattern of BGNPs; (d) The XRD patterns of BGNPs
(black curve), BGC ink (blue curve) and pure carbon ink (red curve); (¢) SEM image of pure carbon ink; (f) SEM image of BGC ink. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

PW) redox couple (Karyakin, 2015). Thus, BGC ink performed reliable
electrochemical behaviors. Meanwhile, the peak current of cathode and
anode increased linearly with the scan rates, indicating that the process
was diffusionless electrochemical reactions (Figs. S6a and b) (Zhu et al.,
2016). Hence, it is expected that this kind of sensor will perform well in
homogeneous solution.

In the presence of 10 mM H,0,, there exhibited well-defined elec-
trocatalytic reduction of H,O, starting at OV (vs. Ag/AgCl) by CV,
comparing with absence of H,O, (Fig. 3a). With the raising con-
centration of H,O,, the electrocatalytic current will increase pro-
portionally in CVs (Fig. S7a). Furthermore, regarding a low potential
for HyO, reduction of this sensor, amperometic curves were evaluated
over the concentration range of 1-10 mM H,O, at a fixed potential of
—0.05V (de Mattos et al., 2003; Ricci et al., 2003; Li et al., 2016b) in

the measurement (Fig. 3b). Then, this H,O, sensor expressed an ex-
cellent linear relationship with a sensitivity of 27.25 yAmM ™' cm ™2
and a detection limit of 0.65 uM (Fig. 3c). There achieved saturated in
the higher concentration of 20 mM, similar to an enzyme reaction
process (Fig. S7b) (Cinti et al., 2014). The performance of this one-step
BGC H,0, sensor was significantly better than the previous study of
insoluble PB nanoparticles modified on the electrode surface with a
piezoelectric inkjet printer (Hu et al., 2012). Interestingly, this BGC
H>0- sensor expressed a good stability for continuous 20 cycles testing
at 10 mM H,0,, with a low relative standard deviation (RSD) of 5.2%
(Fig. 3d). This could be attributed to an excellent combination between
BGNPs and carbon ink in a suitable ratio. In addition, there also illu-
strated a good reproductivity of sensitivity by different screen-printed
electrodes with a low RSD of 5.8% (Fig. S8). For practical application,
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concentration of glucose. Electrolyte: 0.05M phosphate buffer (pH 7.4) containing 0.1 M KCl. All i-t curves were carried out at —0.05V vs. Ag/AgCl. (For inter-
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some other interfering substances (i.e. ascorbic acid, uric acid, etc.)
would be usually simultaneously present in real samples, which might
also give interfering signals. So, the specificity of PET-based H,O,
sensor has been evaluated. As shown in Fig. S9a, there appeared barely
changed of H»0, sensor after adding 1 mM of uric acid (UA), dopamine
(DA) and ascorbic acid (AA), respectively. On contrary, the current
changed significantly of 1 mM H,O,.

Subsequently, BGC-based redox enzyme sensors have been fabri-
cated as a biosensing device. In this work, taking the most popular
natural substrate of glucose as an example for discussing the enzyme
electrocatalysis by this sensor. The entire BGC-based glucose catalytic
process can be expressed by Equations (1) and (2). Firstly, glucose
oxidase (GOD) oxidized glucose to form gluconic acid and H,0 in the
presence of oxygen. In the second step, generated H,O, was catalyzed
by PB4, derived from BG nanocrystal (Bandodkar et al., 2015a). As is
well known, the glucose information will be indirectly recorded by
measuring H,O, from the above equations.

Glucose + 02 % Gluconic acid + H202 (@]
PBred + H202 — PBox + OH— 2

As a result, the glucose sensors exhibited good electrochemical
sensing properties by amperometric i-t curves, corresponding to the
concentration of glucose from 0 to 2.1 mM (Fig. 3e). And they not only
showed an excellent linear relationship between current density and
glucose  concentration, but also with a sensitivity of
20.22 yAmM ! em ™2 and a detection limit of 11.6 uM (Fig. 3f), which
were superior to the similar literatures (Moscone et al., 2001;
O'Halloran et al., 2001). Surprisingly, this enzyme-based glucose sensor
had good specificity, which can avoid the influence of interfering sub-
stances in actual detection. It can be found from Fig. S9b that almost no
changes were observed after adding 1 mM of AA, UA, DA, D-alanine and
NaCl, respectively. However, significant change occurred of 1 mM
glucose. In addition, Thanks to the use of chitosan and bovine serum

albumin (BSA) during the preparation, resulting into better adhesion of
enzyme to the sensor and better catalytic effects with the substrate.
Moreover, the results of relationship between current and glucose
concentration were in accordance with the Michaelis-Menten equation
(Fig. S10), and the apparent Michaelis-Menten constant (Ky;) was esti-
mated as 2.67 mM. The value of Ky; was lower than reported literatures
(Kimmel et al., 2012; Salimi et al., 2007), suggesting that BGC glucose
sensor had a high binding affinity to the substrate. Therefore, besides
glucose, this BGC sensor would also have the prospect to detect other
body biomolecules when modified other oxidases in the practical ap-
plication.

3.3. Wearable H>0, and glucose smartsensors

The wearable integrated BGC sensors have been fabricated on the
nitrile gloves by screen printing. Similarly, this wearable sensor also
exhibited typical redox peaks of PB nanocrystals, compared with pure
carbon ink (Fig. 4a). As expected, this wearable H,O, sensor displayed
excellent sensitivity towards the concentration from 1 to 10 mM until
saturated (Fig. 4b), similar to the properties of PET-based sensor. Par-
ticularly, due to the diffusion rates of different substrates, the sensitivity
of glove-based sensor was slightly lower than PET-based sensors (Jiang
et al., 2019). Furthermore, the stretching and bending performance of
wearable H,O, sensor have been studied in the practical use. The
stretching measurement was carried out by 10% stretching, remaining a
relatively stable response after 70 cycles (Fig. 4c). And after 1800
consecutive 90° bending cycles, this wearable sensor still demonstrated
good stability (Fig. 4d). The actual operated photos during stretching
and bending process were displayed in the inset of Fig. 4c and d, re-
spectively.

Thereafter, the wearable glucose sensor has been developed in
realizing highly flexible biosensor device. It also displayed a linear
dependence between current and glucose concentration by ampero-
metric detection (Fig. S1la), being consistent with the PET-based
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glucose sensor. Meanwhile, the apparent Michaelis-Menten constant
from the Michaelis-Menten equation was estimated as 2.65mM (Fig.
S11b), indicating a highly binding affinity to glucose by this wearable
glucose sensor. Based on H,O- and glucose detection, the wearable
sensor would have a potential application for other biological samples.

When the wearable sensor was integrated with wireless, electro-
chemical signals would also be easily obtained by a smart phone to
remotely control. Wearable smart H,O, sensor and glucose sensor have
been both acquired (Fig. 4e), and there displayed reliable sensitivity
and good linear relationship either H,O, (Fig. 4f) or glucose (Fig. S12).
In other words, the wearable smartsensors have provided a convenient
and simple technology for monitoring body biomolecules such as glu-
cose by a remotely precise detection.

4. Conclusions

In conclusion, we have successfully fabricated wearable H,0, and
glucose smartsensors based on one-step prepared BGC printed inks.
There received a simple, efficient and low-cost integrated sensor by
screen printing technology. Thanks to the successful preparation of BGC
inks, BGC-based H,0, sensors and glucose sensors exhibited good sta-
bility and reproductivity, as well as excellent sensitivity of with
27.25pAmM 'em™2  and  20.22pAmM " 'ecm™2  respectively.
Moreover, without pre-treatment or adding any polymers into inks, the
wearable glove-based sensors remained a relatively stable response
after 70 cycles by 10% stretching and after 1800 consecutive 90°
bending cycles. When the wearable sensors were integrated with
wireless devices, we could also remotely acquire similar results through
a smartphone for detecting H>O, and glucose. Therefore, this one-step
prepared wearable sensor would provide a simple and convenient
method to develop active materials combining into the inks, and offer
the opportunity to fabricate wearable wireless sensors for monitoring
H>0, and glucose. In prospective studies, the present work has the
promise to develop straightforward, highly-efficient and low-cost fab-
rication of wearable smartsensors for actual detection of biomolecules.
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