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Chapter 3



Chapter 3. GSH to Alleviate Mutual Interference
for HMIs Detection

Figure 3.1 Table of Content: For the Cd sensitivity was drastically decreased by the mutual
interference of Pb?* and Cu?* in Chapter 2, a new graphene derivative—GSH in which thiol
moieties are covalently functionalized on the graphene surface, was employed to modify the
WE surface of the SPCE. The GSH-modified SPCE (GSH-SPCE) possessed an enhanced Cd?**
sensitivity compared to the bare SPCE, whereas the sensitivity of Pb?* and Cu?* was not
influenced.
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As discussed in Chapter 1.3, ASV, one of the foremost HMIs sensing techniques, is hindered
by the mutual interference issue. In Chapter 2, this issue was intuitively observed that the
sensitivity to Cd?* (one of the most toxic heavy metals) was diminished by the other HMIs i.e.,
Pb?* and Cu?*. Additional metallic particles are frequently required to be embedded in the WE
surface of the SPCE to alleviate the effect. However, this approach faces unsustainability with
recycling issues. In this study, a metal-free cysteamine covalently functionalized graphene
(GSH), was employed to selectively enhance a 6-fold boost in the Cd?* sensitivity of SPCE,
while the sensitivity to Pb?* and Cu?* was not influenced in simultaneous detection. The
selective enhancement was attributed to grafted thiols on GSH, which have a good affinity to
Cd?* based on Pearson’s hard and soft acid and base principle. Moreover, GSH-SPCE featured
high reusable times (23 times) due to the covalent functionalization of thiols, surpassing the
state-of-art SPCEs modified by non-covalently functionalized graphene derivatives. Finally,
GSH-SPCE was validated in tap water.

The main body of this study is organized with the strand of comparing the sensing
performance between GSH-SPCEs and bare SPCEs in simultaneous multi-HMls detection, with
other less-correlated results demonstrated in the followed supporting information briefly.

3.1 Introduction

Heavy metal (HM) pollutants, one of the most released contaminants, influence the critical
access to clean water for human health due to their tendency of bioaccumulation,
biomagnification as well as environmental persistence.? On the Environmental Quality
Standards Directive List, As, Cd, Cr, Cu, Fe, Ni, Pb, Hg, and Zn are underlined as key substances
for evaluating water quality.> As mentioned in Chapter 1.3, although some HM elements are
necessary for human health (e.g. Cu), the ingestion of these HMs at a high concentration can
be harmful,*> while other HMs, such as Cd and Pb, are toxic and harmful to the ecosystem
even at the ppb range, and bioaccumulate in the human body via the foods we eat.> Thus, the
analysis of HMIs within primary food sources (e.g. tap water) is important. Owing to simplicity
and low cost, electrochemical techniques are ideal for HMIs analysis. Amongst them, square-
wave anodic stripping voltammetry (SWASV) is appealing, for its sensing performance is less
influenced by dissolved oxygen in real samples.®”’

In the SWASV technique, carbon-based electrodes have gradually replaced hanging mercury
drop electrodes (HMDE) due to the toxicity of Hg.®2 However, in comparison to HMDEs, bare
carbon electrodes suffer from mutual interference due to the lack of an effective working
surface (e.g. metal films or functional groups), which induces ion competition and the
formation of intermetallic compounds.®~2% As shown in Chapter 1.3, mutual interference often
results in unexpected outcomes, including the drastic decrease of sensing signal, peak shifting,
peak splitting, and peaks overlapping.!! In particular, the sensitivity to Cd?* is decreased by
the presence of Pb?* or Pb?* and Cu?* using SPCE,'>'3 GCE,** and BDD.®> Mutual interference
renders the detection of Cd?* ions, co-existing with these HMIs, incredibly challenging. If using
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SPCEs, addressing this issue is more daunting, due to the rough and non-uniform surface of
the SPCE limited by its fabrication, compared to the other carbon electrodes such as the GCE
and BDD. A typical strategy is to pre-deposit metal thin films or to embed nanoparticles (e.g.,
Hg and Bi) onto the WE to mimic the HMDE. %1¢ However, the involved metals render the
technique unsustainable with recycling and toxicity issues. Besides, cycling reusability is a
second issue. When HMIs deposit on the surface of the metallic electrode surface, the alloy
of these two metals could form; during stripping, the alloy is then released into the solution,
which causes the loss of the sensing material. Few reusable times (~10 times) of these
electrodes have been found, which is limited considering their potential application of in-situ

measurement in a sensing network.*’-19

Fortunately, instead of metallic additives, bio- and carbon-based materials richin N, S and O
seem to address the issue due to good affinities toward specific HMIs with the independence
of metals. For example, Pérez-Rafols et al. reported glutathione functionalized SPCE by
electrografting, which showed better Cd?* sensitivity with the presence of Pb?* ions in
simultaneous detection. However, electrografting required complicated procedures to
modify the surface of SPCEs, which limited mass production.?° Choi et al. applied graphene
oxide (GO) doped by diaminoterthiophene (as a carrier of amines) to modify SPCE. The
functionalized graphene enhanced the sensitivity of Cd?* in simultaneous detection of Cd?*,
Hg?*, Cu?* and Pb?*.2! However, poor reusability and stability were found, which may perhaps
stem from the non-covalent functionalization. Thus, robust bio-functionalized nanomaterials
offering high reusability and ease of fabrication are highly sought.

As shown in Chapter 1.2.3, graphene as a 2DNM seems a good candidate for bio-
functionalization due to its large basal surface.?? The functionalization of graphene is primarily
divided into non-covalent and covalent functionalization.?®> Non-covalent functionalization
takes advantage of the m-interaction between graphene and functionalization reagents, while
covalent functionalization creates more robust chemical bonds between the two. Covalent
moieties are extremely stable on the graphene surface, which would facilitate better
reusability for SPCEs.?* Accordingly, covalently bio-functionalized graphene derivatives seem
promising to address both mutual interference and reusability issues. Nevertheless, the
commonly used precursors, graphene oxide (GO) and reduced graphene oxide (rGO), pose
the challenge of homogeneous and manageable functionalization due to the non-uniform
distribution of oxidized groups.2*2°

As such, a new methodology of covalently functionalized graphene has been investigated with
fluorographene (FG) as the precursor, in which the distribution of fluorine is highly uniform.?’
The nucleophilic substitution reaction on FG is accompanied by defluorination, enabling a
facile pathway for controllable graphene chemistry.?® For example, a graphene derivative
named graphene acid (graphene functionalized with carboxylic groups, GA) was prepared via
the mild hydrolysis of cyanographene which was synthesized from the FG and afforded a
practically fluorine-free graphene derivative with covalently bonded nitrile groups.?® Carboxy!
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groups on the GA then behaved as versatile anchoring sites to conjugate with many
biomolecules via the peptide bond. These derivatives have been utilized in many interesting
applications, like energy storage,®® sensing,! and catalysis.?? Even more excitingly, organic
amines, who commonly appear in bio-materials, are known to be good nucleophiles,?® and
they can react with the FG, affording materials with molecules grafted on the graphene
backbone directly via the covalent bond of the amino group with the graphene surface. This
opens the way to the facile and flexible functionalization of graphene with various
biomolecules.

This study is the first report to use the covalent functionalization strategy to synthesize a
cysteamine functionalized graphene (GSH), which was then modified on the SPCE, aiming for
solving the mutual interference issue. The role of GSH in HMIs’ sensing performance was
investigated by the FSS described in Chapter 2 for in-situ and automatic measurements based
on SWASV (Figure 3.2a,b). Compared to the bare SPCEs, the GSH-modified SPCE (GSH-SPCE)
achieved a selective enhancement of the Cd?* sensitivity. The benchmarking of GSH against
the graphene derivatives functionalized with other groups verified its superior sensitivity to
Cd?* by leveraging the binding proclivity of thiol residues on GSH toward the softer Cd?* based
on Pearson’s hard and soft acid and base principle (HSAB, in Figure. 3.2c). Moreover,
continuous measurements were tested by GSH-SPCE with expectations of better reusability
due to the covalent functionalization. Lastly, GSH-SPCE was used to challenge the real sample
of tap water.
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Figure 3.2 Schematic illustration of sensing system: (a) the FSS used for in-situ HM detection,
allowing the sample and supporting electrolyte to mix automatically and to flow through the
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surface of SPCE in the deposition step with the stopped flow in the stripping step during
SWAVS, (b) the main two steps of SWASV including deposition, and stripping steps, and (c)
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GSH for Cd?* sensing enhancement compared with bare SPCE by the functionalized
cysteamine moieties and graphene-like 2D structure.

3.2 Experimental Section

3.2.1 Reagents and Equipment

The SPCEs were fabricated as the same protocol in Chapter 2. Briefly, Ag/AgCl ink was Loctite
EDAG AV458, Henkel, carbon paste was C2030519P4 CARBON SENSOR PASTE (267508), Sun
Chemical, Agink was C2180423D2 SILVER PASTE 349288, Sun Chemical, and insulating ink was
D2070423P5 DIELECT PASTE GREY, Sun chemical. Deionized water (18.2 MQ-cm at 25 °C, Milli-
Q) was used throughout all the experiments. 37% Hydrochloric acid was 320331-2.5L from
Sigma. Standard HM solutions (Cd?*, Cu?*, and Pb?* 1000ppm, Sigma) were all AAS grade. GO
aqueous solution (N002-PS-1.0) was acquired from Angstron Materials, Dayton, OH, USA.

The concentration of various graphene derivatives’ supernatants was estimated by UV-VIS
spectrophotometry (UV-1900, Shimadzu). The morphology of the material was characterized
by SEM analysis with Hitachi SU6600 instrument with an accelerating voltage of 5 kV, and
TEM analysis with a JEM 2010 TEM instrument (Jeol, Japan). The FTIR characterization was
operated on an iS5 FTIR spectrometer (Thermo Nicolet), equipped with a Smart Orbit ATR
accessory with ZnSe crystal. The material was characterized by XPS technique (PHI VersaProbe
Il (physical electronics) spectrometer using an Al Ka source (15 kV, 50 W), the MultiPak
(Ulvac-PHI, Inc.). Software package was used to evaluate the obtained data. Raman analysis
was operated on a DXR Raman microscope using the 633 nm excitation line of a diode laser.
The spiked tap water was analyzed in a 7500ce inductively coupled plasma mass spectrometry
(ICP-MS) instrument (Agilent).

3.2.2 Synthesis of GSH

2 g of graphite fluoride (61< at. % F, polymer, Sigma-Aldrich) was dispersed in 120 ml of DMF
(for peptide synthesis, Merck) in a round-bottom flask (250 mL) and stirred at room
temperature using a magnetic stirring bar for 72 h. Then, the dispersion was sonicated in an
ultrasonication bath for 4 h with the temperature kept below 60°C and was left stirring for
another 24 h at room temperature. In the last step, 10.2 g K,CO3 (Penta) and finally 5 g
cysteamine (Sigma-Aldrich) were added to the dispersion with stirring and heating at 130°C
in an oil bath for 24 h in the hood, equipped with a condenser for reflux.

When cooling down to room temperature, the product was centrifuged and washed with DMF
(2x), hot DMF (1x), acetone (2x), hot acetone (1x), ethanol (3x), distilled water (2x) and hot
distilled water (1x) by centrifugation (20000 rcf/10min) and subsequent addition of fresh
solvent to the solid product that was then redispersed under sonication.

For the decomposition of possible unwanted disulfide bonding in the final product structure,
the whole amount of the synthesized material was mixed with 420 uL of 2-mercaptoethanol
(Carl Roth; ~2x molar ratio of -SH groups considered as 20 % F.D.), being shaked for 30 minutes,
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and then the material was additionally washed with ethanol (1x), acidified distilled water (2x)
and distilled water (1x) using centrifugation (20000 rcf/10min). The purification procedure of
the synthesized product was finalized by placing the product into a dialysis membrane (cut-
off 14kDa), which was in 5 L of distilled water. The water was changed every day until the
dispersion (containing the GSH) reached the conductivity <100 uS/cm (provided by the
conductivity standard solution, 100 uS/cm, NaCl, 50 mL).

3.2.3 Preparation of GSH-SPCEs

SPCEs were fabricated using a layer-by-layer strategy: the silver ink, silver/silver chloride paste,
carbon paste, and dielectric paste were printed with their corresponding patterns on the PET
substrate. More information has been reported in our previous study and Chapter 2.34

For better quality control, all SPCEs were cleaned in 0.05 M HCl and deionized water, and then
were pre-tested by SWASV. Based on the obtained stripping curves (Charge vs Potential), the
SPCEs were selected within the charge range of 2-4 mC. Additional cyclic voltammetry (10
scans) was performed by the selected SPCEs in 0.05 M HClI for further cleaning.

The suspension of graphene derivatives (GSH, GA, and GO, 1 mg ml) was sonicated in a bath
for 30 min at room temperature. Then, the suspension was centrifuged at 9000 rpm for 1 min.
5 uL of GSH supernatant (~0.016 mg ml!) was pipetted onto the working electrode and dried
in the oven at 37°C. Depending on the final modified volume (10 pL, 15 pL, and 20 ulL), the
drop-casting procedure was repeated several times in a 5 pL increment. Other graphene
derivatives’ (GA and GO) supernatants were drop casted on the SPCE with the same method
except for adjusting their concentrations to be equal to that of the GSH supernatant. All the
concentrations of supernatants were estimated with UV-Vis by the Beer-Lambert law, where
the molar absorptivity is 3463 ml (mg m)*.3> GO-SPCE was reduced (to rGO-SPCE) in cyclic
voltammetry (CV, 10 scans) between -1.1 and 0 V, and then by chronopotentiometry at -1.1
V for 200s.

3.24 HMIs Detection by SPCEs

HM analysis was conducted in the FSS reported in Chapter 2 and our previous study for in-
situ and automatic measurement.3* Figure 2.3 explains the working principle of the sensing
system in detail. The parameters of stripping square waves remain the same as shown in Table
2.1: the frequency of square waves is 25 Hz with an amplitude of 30 mV and a potential step
of 6 mV (Estep). The equilibrium time was 20s.

3.2.5 Data Analysis

The integral area under each peak (A) was used as the sensing signal instead of the peak
current due to the peak splitting issue of the Pb?* oxidative peak. A was calculated by the
software PStrace 5.8 (PalmSens). LOD was estimated based on the International Conference
on Harmonization's Q2 Validation of Analytical Procedures.?°

LOD=3a/S
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where o and S are the intercept standard error and slope of the calibration line, respectively,
obtained by Origin 2018. Sensitivity (S) was defined as the calibration slope. Repeatability was
defined as the relative standard deviation (RSD) of the sensing signals from continuous
measurements. The reproducibility is the RSD of the sensitivities collected from different
SPCEs. The t-test used was 2-tailed Student's t-test with heteroscedasticity conducted in
Microsoft Excel. Recovery was calculated by the tested concentration divided by the spiked
concentration.3®

3.3 Results and Discussion

3.2.6 Synthesis and Characterizations of GSH

GSH was synthesized through the substitution of fluorine on the FG by the amino groups (-
NH;) on cysteamine (Figure 3.3a), where the defluorination and functionalization occurred
simultaneously due to the nucleophilic substitution ability of fluorine to nucleophiles.?’” To
secure the deprotonation of the amino groups (thus their maximum nucleophilicity),
potassium carbonate (K,COs3) was used as a base to scavenge protons from the system, which
also prevented the formation of the by-product hydrogen fluoride (HF) during synthesis.
Additionally, K2COs boosted the surface area of the resulting material thanks to the release of
carbon dioxide (CO2) during the reaction. 38

The SEM and TEM images in Figure 3.3b-d) demonstrate the typical 2D sheet of functionalized
graphene with a wrinkled morphology.

FTIR results show that GSH was a fluorine-free graphene-based material, due to the absence
of a sharp feature at 1200 cm™ originating from C-F bond vibration, which was clearly
apparent in the pristine graphite fluoride (GF, in Figure 3.3 e). The development of sp? regions
was evident from the strong C=C band at 1570 cm™. The broad feature in the region between
1300 and 1050 cm™ was common for many graphene-based materials, representing a large
group of vibration modes. Most of the features represent graphene in-plane C-C bond
stretching,?® while C-S bonding can be found, according to the previous results, between 1150
and 1180 cm™.394° The shoulder at 1450 cm™ was assigned to C-H bending which was the only
proof of the presence of C-H bonds since the C-H stretching band at 2900 cm™ was barely
observable.3® The shoulder at 1025 cm™ may be assigned to the C-N bond vibration of the
aliphatic amines.*! Although this feature might also represent the oxygen contamination,
specifically the C-O alkoxy bond, the band aside at lower wavenumber seems to be assigned
more in favor of the C-N bond rather than the C-O bond whose band should be at higher
wavenumbers.*2
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Figure 3.3 Characterizations of GSH. (a) Schematic illustration of GSH synthesis. (b) The
scanning electron microscopy (SEM), (c) transmission electron microscopy (TEM), and (d)
magnified TEM images of the GSH sheet. (e) Fourier-transform infrared spectroscopy (FTIR)
spectra of GSH and graphite fluoride (GF). (f) X-ray photoelectron spectroscopy (XPS) survey
spectrum and element composition analysis. High resolution XPS spectra for (g) C 1s, and (h)
S 2p.

The elemental composition of GSH in XPS (Figure 3.3f) further verifies that the GSH was nearly
fluorine-free (1.2 at. %), containing C, N, and S atoms, which complies with the results of FTIR.
The minimal oxygen content could originate from either DMF molecules reacting with the GF
during functionalization,?® or adventitious contamination from the environment. The
functionalization degree (F.D.) was estimated to be 3.5% based on the S/C ratio as reported
elsewhere.?® In the C 1s region of the XPS spectrum (Figure 3.3g), carbon atoms were found
mainly in the sp? hybridization state, further proving the graphene-like structure of the GSH
observed from the FTIR results, while other components found at higher binding energy
corresponded to the sp3-hybridized carbon, mostly from the alkyl chains of the cysteamine
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functionalities, and the carbon bonded to sulfur, nitrogen, oxygen and residual fluorine atoms
with primarily overlapping binding energy values.

The deconvolution of the S 2p envelope shows that sulfur atoms were mostly bonded to
carbon atoms due to the component at 163.9 eV for S 2p3;;, which further proves the
successful functionalization of the material. However, part of the sulfur atoms was found to
be bonded to oxygen atoms, evident from the presence of additional components at a higher
binding energy value (Figure 3.3h).#3

The Raman spectrum of GSH (Figure S3.1) exhibited a broad D band and rather high Ip /I ratio
(1.26), denoting that the material contained a high number of defects within the graphene
backbone. It should stem mainly from the sp® carbons signifying the formation of the bond
between the cysteamine functionality and the graphene sheet, thus reflecting a high F.D. of
the prepared material. Moreover, the sharp G-band shows that the material had a developed
network of sp? carbon signifying a high degree of reductive defluorination, which also accords
with the C 1s spectrum in XPS that carbon sp? hybridized atoms constituted a dominant
fraction (Figure 3.3g).

Overall, the characterization results of the GSH conclude that the reaction of FG with
cysteamine afforded graphene-like material functionalized with thiol functionalities. This is
thanks to the covalent bond of the cysteamine molecules to the graphene surface via the
amino groups.

3.2.7 Sensing Performance of GSH-SPCE Compared to Bare SPCE

3.27.1 Optimization and Sensing Performance in Individual HM Standard Solutions
The GSH-SPCE was prepared by drop casting, in which the GSH supernatant (~0.016 mg ml*?
estimated by UV-Vis) was pipetted on the WE of the SPCE. After the supernatant completely
evaporated, the procedure was repeated once to achieve a better modification.

All the following experiments were operated under the optimized situation, i.e., HCI as
supporting electrolyte of 0.05 M, the pipetted GSH supernatant volume of 10 uL, and
deposition potential of -1.0 V with a flow rate of 3 ml-min! and flow time of 200s. The
optimization results are discussed and shown in Figure S3.2-53.4 and Table S3.1.

A comparison study between GSH-SPCE and bare SPCE was operated in the individual solution
of Cd?*, Pb?* and Cu?* first. When tested in the individual HM solutions (Figure S3.5), the GSH-
SPCE clearly showed higher sensing signals at each concentration for all the HMIs compared
to the bare SPCE, which complies with the fact that GSH offers faster charge transfer rates
with lower charge transfer resistance, as shown in the cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS, Figure S3.6, and Table S3.2).

3.2.7.2 Detection of Cd?* Under the Interference of Pb?* and Cu?*
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Cd?** is the most difficult HMIs to detect in the simultaneous detection of Cd?*, Pb?* and Cu?*
ions due to its diminished sensitivity in the presence of the other two as found in the previous
Chapter (Figure 2.9 in Chapter 2). It could be attributed to two factors: 1) as discussed in
Chapter 1.4, Cd?* ions requiring a more negative potential during deposition tend to deposit
on the metallic surface of Pb and Cu with less depositing potential, rather than on the carbon
electrode, which may induce the signal loss and formation of intermetallic compounds (e.g.,
Cd-Pb, Cd-Cu, and Cd-Pb-Cu),* and 2) the ions’ competition during deposition as reported
elsewhere. 114> Hence, first we investigated the influence of Cu?* and Pb?* separately on the
Cd?* sensing signals.

The GSH-SPCE and bare SPCE were tested in 80 ppb Cd?* with different concentrations of Cu?*
or Pb?* ranging from 0 to 160 ppb. Figure 3.4a demonstrates that Cd?* signals of the GSH-SPCE
fluctuated slightly with varying concentrations of Cu?*, which indicates that the Cd-Cu alloy
doesn’t strongly influence Cd?* signals. Regarding the evaluation of Pb?* interference in Figure
3.4b, the GSH-SPCE was able to detect Cd?** while bare SPCE only showed unmeasurable
signals, denoting that the GSH alleviated the Pb?* interference on Cd?* significantly and
allowed for simultaneous detection of both, which was incredibly difficult for the bare SPCE.
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Figure 3.4 The sensing performance of GSH-SPCE and bare SPCE to Cd?* under mutual
interference of Pb?* and Cu?*. The peak areas of 80 ppb Cd?* by GSH-SPCE and bare SPCE with
(a) various concentrations of Cu?* and (b) Pb?* respectively. (c) The calibration curves of Cd?*
in GSH-SPCEs and bare SPCEs with Pb?* as interfering ions of 10 ppb and 80 ppb. The
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voltammograms of (d) bare SPCE and (e) GSH-SPCE detect various concentrations of Cd?
(from 0 (black) to 160 ppb (yellow)) simultaneously with 80 ppb Pb?* (f) The peak B maxima
of GSH-SPCE (red rectangle) and bare SPCE (black rectangle) with the varying concentration
of Cd?*. The calibrations of bare and GSH-SPCEs toward (g) Cd?* under the interference of 80
ppb Pb?* and Cu?*, (h) Pb?* under the interference of 80 ppb Cd?* and Cu?*, and (i) Cu?* under
the interference of 80 ppb Cd?* and Pb?".

Furthermore, to investigate whether the Cd?* sensitivity is influenced by the Pb?*
concentration, the GSH-SPCE and bare SPCE were used to detect various concentrations of
Cd?* in two scenarios with the presence of 10 ppb and 80 ppb Pb?*. The GSH increased the
sensitivity of the bare SPCE to Cd?* in both scenarios in Figure 3.4c; however, it is noteworthy
that the GSH was limited to fully resist mutual interference, for the sensitivity of the GSH-
SPCE to Cd?* also decreased at the higher concentration of Pb?*,

In the corresponding voltammogrames, intriguingly, the Pb striping peak splits into two peaks:
peak A centered at -0.56 V which is commonly identified as the Pb peak, and peak B at -0.49
V (Figure 3.4d,e). However, the splitting phenomenon is unobservable in the voltammograms
detecting only 80 ppb Pb?* with both the GSH-SPCE and bare SPCE (Figure S3.7). It suggests
that peak B is impossible to stem from the interaction of Pb-carbon, Pb-GSH, or Pb-Pb,*¢ and
the most possibility is therefore caused by the Pb-Cd interaction.

Based on the idea that peak B acts as an indicator to evaluate the interaction of Pb-Cd, the
maximum current of peak B was plotted with the corresponding Cd?* concentration in Figure
3.4f (red rectangle for GSH-SPCE, black rectangle for bare SPCE). The much lower values were
obtained by the GSH-SPCE compared to the bare SPCE. It proves that GSH assists the bare
SPCE to reduce the negative effect from the Pb-Cd interaction.

After investigating the enhancement of Cd?* sensitivity by GSH with the interference of Pb?*
or Cu?* separately, then the question was aroused whether GSH can alleviate mutual
interference amongst the 3 HMIs (i.e., Cd?*, Pb?*, and Cu?*). Hence, a comparative experiment
between GSH-SPCE and bare SPCE was conducted in the mixed solutions containing these 3
HMIs with only one HM varying its concentration and the other two remaining at 80 ppb. In
Figure 3.4(g-i), with the interference of Pb?* and Cu?*, the GSH-SPCE significantly increased
the Cd?* sensitivity and linearity, compared to the bare SPCE, which on the other hand showed
a negligible sensitivity (summarized in Table $S3.3). However, regarding the sensitivity of Pb?*
and Cu?*, both were minimally influenced by the GSH (Figure 3.4(h, i)).

3.2.7.3 Simultaneous Detection toward Cd?*, Pb?*, and Cu?*

To further understand the simultaneous sensing performances, the GSH-SPCE was examined
in the mixed solution containing multi-HMls of Cd?*, Pb?*, and Cu?* with a fixed ratio of 1:1:1
(Figure 3.5). As a comparison, the bare SPCE was tested under the same condition. The
sensitivity of the GSH-SPCE to Cd?* showed a 6-fold enhancement compared to the bare SPCE;
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however, the sensitivity of Pb?* and Cu?* was only slightly increased by 1.5 times (Table S3.3).
Besides, the bare SPCE had poor linearity to Cd?* (R>=0.84) due to the influence from Pb?* and
Cu?*, while GSH-SPCE was comparatively much better (R?=0.99). Moreover, a lower LOD of
Cd?* (15 ppb) was achieved by the GSH-SPCE than that of the bare SPCE (84 ppb). Regarding
Cu?* and Pb?*, the LOD only showed slight improvement by GSH (Table $S3.4). All the stripping
peaks (Figure 3.5d) were well separated. Amongst them, the peaks at -0.86 V and -0.2 V can
be referred to as Cd and Cu respectively, and the peaks around -0.5 V can be identified as Pb.
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Figure 3.5 The sensing performance of GSH-SPCE and bare SPCE in simultaneous detection of
Cd?*, Pb?* and Cu?*. Simultaneous detection in the mixed solution of Cd?*, Pb?* and Cu?* with
a fixed ratio of 1:1:1. The calibration curves of GSH-SPCE and bare SPCE in (a) Cd?*, (b) Pb?*,
and (c) Cu?*. (d)The voltammograms of GSH-SPCE from blank to 200 ppb of Cd?*, Pb?* and Cu?*
(from black to brown).

3.2.74 Reusability and Reproducibility

Since the thiol moieties were covalently functionalized, which is believed to be more stable
and robust than non-covalent functionalization,?® the GSH-SPCE would have better stability
than the electrodes modified with non-covalently functionalized graphene. Hence, GSH-SPCE
was subjected to continuous measurements in the mixed solution of Cd?*, Pb?* and Cu?* ions
(with ratio of 1:1:1 at 80 ppb). The repeatability was recorded as 35.7%, 3.7%, and 2.9% for
Cd?*, Pb?* and Cu?*, respectively. It should be noticed that the relatively high repeatability
toward Cd?* resulted from the highest signals from the first two measurements (Figure $3.8a),
which is also typical for the bare SPCE (Figure S3.8b). It may be attributed to the higher
availability of active sites on unused SPCE for Cd?*. Evacuating the first two abnormal results,
the GSH-SPCE can be reused for 23 cycling times (RSD<20%). The number of usable cycles
surpasses other reported studies of non-covalently functionalized graphene sensors.?*#7 It is
even better than part of bismuth-based SPCEs (6-12 times).181°
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The reproducibility is pivotal for mass production, hence, five GSH-SPCEs and five bare SPCEs
were tested in the mixed solution of Cd?*, Pb?*, and Cu?* with the ratio of 1:1:1. All the
sensitivities data are shown in Table S3.5. The reproducibility of GSH-SPCE was 17.5%, 5.1%,
and 10.9% to Cd?*, Pb?*, and Cu?* respectively.

3.2.7.5 Statical Analysis of GSH Enhancing Cd?* Sensitivity in Simultaneous Detection
and the Comparison with Other Graphene Derivatives

To further prove the enhancement of sensitivity by the GSH statistically, Student’s t-tests
were used to analyze all the sensitivity data obtained in the reproducibility study between
Group GSH and Group bare (Figure 3.6a-c). GSH is proved to enhance the sensitivity of bare
SPCEs toward Cd?* statistically, with the returned p-value (p=0.0005) below the threshold of
a highly significant level (Figure 3.6a).2! Intriguingly, the sensitivity of Pb?* and Cu?* did not
show a significant difference. This finding corroborates the high specific affinity of GSH to Cd?*
amongst the three HMls.
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Figure 3.6 Reproducibility study and mechanism discussion. The sensitivity to (a) Cd?*, (b) Pb?*,
and (c) Cu?* of different GSH-SPCEs and different bare SPCEs in reproducibility study. (d) The
calibration curves of Cd?* in simultaneous detection using the GSH-SPCE with comparison to
other graphene derivatives modified SPCEs.

To understand whether the selective enhancement originates from the thiol moieties or
graphene sheets, we modified SPCEs with other graphene derivatives as references, i.e., GA
and rGO, with carboxyl groups (-COOH) and other oxygen groups, respectively. GA has been
characterized in the previous study.?®3° GO (Angstron Materials, USA) was electrochemically
reduced in situ on a SPCE after drop casting.*® However, due to the different hydrophilicity of
these graphene derivatives, the supernatants of GA and GO were diluted to secure similar
concentrations with the GSH supernatant by UV-Vis via Beer-Lambert law (Figure S3.9, ~0.01
mg ml?). Then, GA and GO followed the same drop casting procedure with GSH to modify
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SPCEs. Finally, only GO (on the SPCE) was in situ reduced via CV and chronometry before being
tested in solutions containing HMls.

The GSH-SPCE showed the best sensitivity toward Cd?* compared to the tests of GA and rGO
(after in-situ electroreduction) modified SPCEs in the same simultaneous detection toward
Cd?*, Pb?*, and Cu?* ions (Figure 3.6d). It indicates the bound thiol moieties, instead of
graphene sheets, are reasonable for the high binding affinity of GSH toward Cd?*, and thus
alleviating the interference from Pb?* and Cu?*.

According to Pearson’s hard and soft acid and base (HSAB) theory, this phenomenon can be
explained that soft bases (e.g., RSH) have a stronger affinity for soft acids (e.g., Cd?*) rather
than hard bases (e.g., RCOOH).*° Vice versa, Cd?* as a soft acid presents a better affinity to
soft bases, like thiols, compared to Pb?* and Cu?* which act as intermediate acids (summarized
in Table 3.1).°° Therefore, the free thiol groups in GSH provide potent coordination sites for
Cd?*, increasing the concentration of Cd?* on the electrode surface even under the
interference of Pb?* and Cu?*.

Table 3.1 Typical hard and soft acids and bases examples >°

Hard acids H*, Na*, K*, Mg?*, Ca®*
Hard bases RNH,, ROH, RCOOH

Soft acids Cd?*, Hg?*, Pt?*, Pd?*

Soft bases RS, RSH, RS
Intermediate acids Pb%*, Cu?*, Zn?*, Fe?*, Ni%*
Intermediate bases CsHsNH2

Moreover, the defects in the GSH nanosheets structures (as can be seen in the relatively high
In/l in Figure S2) could provide active binding sites for HMIs on graphene backbones, which
induce less competition and renders the deposition of Cd?* more feasibly on the surface of
the electrode.®?

3.2.8 Interference Study of GSH-SPCE and Its Validation in Real Sample

To mimic the real sample, the interference of other ions (i.e., Na*, K*, Ca%*, Mg?*, Ni?*, Zn?*,
As*, Hg?* with the 5-fold concentration of Cd?*, Pb?*, and Cu?*) was studied using the GSH-
SPCE. The responses of Cd?*, Pb?*, and Cu?* decreased to 74%, 97%, and 89%, respectively,
compared with those without interference. The signal loss of Cd?* could be caused by Hg?*,
which is also a soft acid competing for the thiol active sites. (Figure $3.10)

GSH-SPCE was then validated in tap water with spiked HMs (Cd:Pb: Cu=1:1:1) from 10 ppb to
200 ppb (Figure S3.11) The obtained sensitivity values of Cd?*, Pb?*, and Cu?* in tap water
were similar to the ones in standard solutions (Table S3.3). Afterward, a recovery/accuracy
test was conducted by the GSH-SPCE in a spiked solution of 90 ppb of Cd?*, Pb?*, and Cu?* with
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the same tap water. All the recoveries were approximately 80% (shown in Table S3.6),
whereby the data from the gold standard method (ICP-MS) were shown as reference.

3.2.9 Comparison with Other Studies

Lastly, the GSH-SPCE was compared with the presented studies shown in Table 3.7. Although
the LOD of the GSH-SPCE (15 ppb, 11 ppb, and 6 ppb for Cd?*, Pb?*, and Cu?*, respectively) is
not as low as some sub-ppb level LOD obtained by GCEs, or by the bismuth-based SPCEs, there
are several advantages of the GSH-SPCE.

Table 3.7 Comparison with other studies.

Functional Electro cd cd Pb Pb Cu Cu Metal - Dete
materials des Sensitivi LOD Sensi LOD Sensi LOD free ction REF
ty (ppb) tivity (ppb) tivity (ppb) type
Glutathione SPCE 0.63 3.20 3.02 3.00 - - yes Individ 20
(AV/ppb) (AV/p ual
pb)
DTT/GO/Nafio SPCE - 8.00 - 2.20 - 0.50 yes Simult 21
n ppb aneou
s
Cysteine- SPCE - - 0.011 0.070 - - yes Individ 47
GO/Ppy (HA/p ual
pb)
Graphene Laser- - - - 15.00 - - yes Individ 52
scribed ual
Pl
MoS,/rGO GCE - - 4291 1.04 - - yes Individ 53
(HA/u ual
M)
Poly (L- GCE 7.29 1.68 - - 8.95 1.52 yes Simult 54
glutamic (LA/uM) (LA/ aneou
acid)/GO M) s
Thiol-CNTs GCE 0.53 0.40 0.36 0.30 - - yes Simult 55
(HA/ppb) (HA/p aneou
pb) s
Graphene/pol  SPCE 1.23 4.43 0.73 3.30 - - No, Simult 56
yaniline/polys (LA/ppb) (LA/p 900 ppb aneou
tyrene pb) of Biz* S
rGO/L- SPCE 0.65 0.10 0.50 0.080 - - No, Simult 57
Cysteine (LA/ppb) (LA/p 2000 aneou
pb) ppb of s
Bi2+
GSH SPCE 0.0017 15.28 0.036 10.62 0.027 6.37 yes Simul  This
(HAV (LAV (HAV taneo study
/ppb) /ppb) /ppb) us
GSH SPCE 0.032 3.36 0.021 3.49 0.021 3.61 yes Indivi  This
(LAV (LAV (LAV dual study
/ppb) /ppb) /ppb)
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First, the metal-free GSH-SPCE is considerably more sustainable and economical to alleviate
mutual interference with more reusable cycles compared to the most used bismuth-based
SPCEs. Especially, the material used for the synthesis of GSH, namely, graphite fluoride (GF)
is a cheap industrial solid lubricant. The synthesis of GSH is in a mass-productive way owing
to wet-chemical synthesis, which is suitable to modify the largely manufactured SPCEs.

Moreover, the covalent bond (between amino groups in cysteamine and carbon atoms on the
graphene surface) provides GSH extremely high stability in acidic solutions during testing.
These moieties on the graphene surface were able to withstand large negative potential
without degradation. Reusable times (23 times) in continuous measurement is highlighted for
it surpasses other studies using non-covalently functionalized graphene?**’ and part of
bismuth modified SPCEs (6-12 times).1819

Additionally, our testing system can perform in-situ and automatic measurements with the
assistance of the FSS reported in Chapter 1, allowing a scenario of monitoring drinking water
guality at home. In the future, the SPCEs modified with various moieties can be achieved via
our approach utilizing the covalent interaction between the amines of versatile molecules and
GF. It can be highly useful to design new graphene derivatives with specific moieties according
to their specific high binding affinity to certain HM pollutants under mutual interference.

3.4 Conclusion

A sustainable approach to alleviating mutual interference was presented using a novel
graphene derivative that was covalently functionalized with cysteamine molecules (free thiol
groups). GSH proved to boost the diminished sensitivity of the bare SPCE to Cd?* from other
target HM ions. In comparison to other graphene derivatives (GA, and rGO), GSH
demonstrates the best Cd?* sensitivity, denoting that the free thiol groups are reasonable for
the good affinity toward Cd?*. This phenomenon matches the HSAB theory. In multi-HMs
detection, GSH-SPCE can detect Cd?*, Pb?*, and Cu?* up to 15 ppb, 11 ppb, and 6 ppb,
respectively. The high reusable times (23 times) owing to the covalent functionalization mode,
outperformed the state-of-the-art SPCEs based on non-covalent functionalization routes.
Importantly, GSH-SPCE offers a metal-free and cost-effective platform with the compatibility
of mass production. The versatile functionalization with other chemical groups can be
designed to construct selective electrodes, targeting different analytes in the future.
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Optimization of GSH-SPCE Testing Conditions

The type of supporting electrolyte and its concentration, flow rate, flow time, and deposition
time were optimized. Each of them and the amount of GSH added to the devices have been
optimized with a one-variable at a time approach.
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Figure S3.2 Optimization of different supporting electrolytes and concentrations (a) The
GSH-SPCE voltammogram of 80 ppb Cd in the different supporting electrolytes of 0.05 M HCl,
0.05 M HNO3 and 0.025 M H,S04. (b) GSH-SPCE were tested in 80 ppb Cd?*, Pb?* and Cu?* with
various concentrations of HCI (0.01, 0.05, 0.1, 0.15 and 0.2 M). 0.05 M HCI was selected for
the best performance.
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Figure S3.3 Optimization of different volume of GSH supernatant drop-casted on SPCEs and
deposition potential. GSH-SPCE with different GSH volumes were tested in various
concentrations of Cd?*, Pb?* and Cu?* (1:1:1) in 0.05 M HCI. The tested signals with varied HM
concentrations of (a) Cd?*, (b) Pb?* and (c) Cu?*. The sensitivities/slopes of Cd from 0 to 20 pL
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were 0.0003, 0.0013, 0.0017, 0.0011, and 0.0012 pAV-ppb?, respectively. The sensitivities of
Pb from 0 to 20 pL were 0.024, 0.035, 0.036, 0.033, and 0.0381 pAV-ppb?, respectively. The
sensitivities of Cu from 0 to 20 uL were 0.018, 0.028, 0.029, 0.028, and 0.033 pAV-ppb?,
respectively. 10 uL was selected for the best Cd signals. (d) The calibration curve of Cd in a
mixed solution of Cd?*, Pb?*, and Cu?* (remaining a fixed ratio of 1:1:1) with different
deposition potentials (-1 V and -1.1 V). -0.9 V has been tested as depositing potential but is
not drawn in the plots, for there are no observable Cd signals.

Table S3.1 The detailed data in optimization of different deposition potentials. Detailed
sensitivity and R-square of Cd?*, Pb?*, and Cu?* in the calibration during different deposition
potentials of -1 V and -1.1 V. 1.0 V was selected for better slope and linearity. -0.9 V was
imposed on the working electrode as deposition potential, too. However, no Cd signal was
observed, and thus -0.9 V was discarded.
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Figure S3.4. Optimization of flow time and flow rate. The GSH-SPCE signal diagram of (a) Cd,
(b) Pb, and (c) Cu in the mixed 80ppb Cd?*, 80ppb Pb?* and 80ppb Cu?* solution with different
flow rate. 3 mL min'! was selected for Pb and Cu signals not increasing much with a higher
flow rate. The GSH-SPCE signal diagram of (d) Cd?*, (e) Pb?*, and (f) Cu?* in the mixed 80ppb
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Cd?*, 80ppb Pb?* and 80ppb Cu?* solution with different flow time (deposition time). 200s was
selected for a mediate sensing signal with rapid sensing time.

Calibrations of Cd**, Pb** And Cu?* in Their Individual Solutions
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Figure $3.5 The individual HMIs detection. The calibration curves to (a) Cd?*, (b) Pb?* and (c)
Cu?* of GSH-SPCE (red) and bare SPCE (black). (d) The detailed sensitivity and LOD in bare SPCE
and GSH-SPCE.
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CV and EIS Characterizations of GSH-SPCE and Bare SPCE

The GSH-SPCE and bare SPCE were used to perform CV and EIS with a standard potentiostat
(PGSTAT12, Autolab) in 10 mM Ferro/Ferricyanide in 0.1 M KCI. The SPCEs were tested by EIS
with the applied potential of E°. The measurements were performed in the 1 Hz-10 kHz
frequency range, 10 points per decade. EIS data were fit with the Randle equivalent circuit
using Zview 2°® software (Scribner and Associates).
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Figure S3.6 Cyclic voltammetry and electrochemical impedance spectroscopy of Bare and
GSH-SPCE. (a) Cyclic voltammetry (CV) of GSH-SPCE and bare SPCE in 0.01 M [Fe(CN)s]*/3" in
0.1 M KCl at the scan rate of 50 mV/s. Cyclic voltammetry of (b) GSH-SPCE and (c) bare SPCE
in 0.01 M [Fe(CN)s]*73~ in 0.1 M KCI at varied scan rate of 10, 30, 50, 70, and 100 mV/s. The
regression line of the peak current (A) and the square root of the scan rate ((mV/s)Y/?) of (d)
GSH-SPCE (Anodic: y=1.6x10"°x+1.7x10° R?=0.999; Cathodic: y=-1.7x10"°x-1.1x10°® R2=0.992),
and (e) bare SPCE (Anodic: y=1.3x10°%x +2.2x10° R?=0.981; Cathodic: Y=-1.2x10°x-2.1x10°
R?=0.929). It can be ascribed to a diffusion-dominated quasi-reversible process. The
electroactive area of GSH-SPCE, calculated by the Randles-Sevcik equation, was found to be
1.34 times larger than the one of bare SPCE. (f) The EIS data (dots) and fitting (lines) of the
GSH-SPCE and bare SPCE in 0.01 M [Fe(CN)s]*73~in 0.1 M KCI. The detailed fitting results are
shown in Table S3.2, in which GSH-SPCE has a larger double-layer capacitance (Cdl) and much
smaller charge transfer resistance (Rct).

Table S3.2 The detailed fitting results in electrochemical impedance spectroscopy

Chi-Sqr S;::' Rs(+) Rs(Error%) Cdl-T(+) Cdl-T(Error%)  Rect(+)
Bare  0.00015 0.017 288.60 0.29 1.1E-06 1.79 4255.00
GSH  S.I11E-05  0.0059 245.50 0.17 1.52E-05 3.15 809.90
R“ﬁ,'j; T WR@) R(Ex‘-l"o-r%) W) 'r(r:r‘:;r%) WEC) l’(l'l:l"o-r“/o)
Bk 0.59 9458.00 12.64 12.86 19.60 0.59 2.26
GSH 2.07 10590.00 6.70 16.20 13.02 0.46 0.81
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Figure S3.7 The absence of peak B in individual detection of 80 ppb Pb?. The
voltammograms of bare SPCE and GSH-SPCE tested in the individual 80 ppb Pb?* solution. The
stripping curves with different colors were obtained in three continuous measurements by

the single electrode (n=3). The yellow background highlighted the absence of peak B in Figure
2(d-e) in the manuscript.
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Table $3.3 The summary of the obtained sensitivity (calibration slope), Y-intercept and R?
in all comparative experiments in this study.

HMs Various concentrations of Cd SPCEs Sensitivity Y intercept R?
(HAV/ppb)  (nAV)

Individual measurement GSH 0.032 -0.29 0.996
Bare 0.015 -0.19 0.990
With 80 ppb Pb GSH 0.0066 -0.077 0.995
Bare 0.00053 -0.010 0.971
Cd
With 80 ppb of Cu and Pb GSH 0.0038 -0:12 0.928
Bare - - -
Simultaneous GSH 0.0017 -0.024 0.991
measurement
Bare 0.00027 -0.0018 0.841
Various concentration of Pb SPCEs Sensitivity Y intercept R?
(nAV/ppb)
Individual measurement GSH 0.021 -0.023 0.998
Bare 0.0054 -0.10 0.959
With 80 ppb Cd GSH 0.022 -0.16 0.995
Bare 0.0056 -0.14 0.918
Pb
With 80 ppb Cd and Cu GSH 0.033 0.22 0.999
Bare 0.028 0.28 0.995
Simultaneous GSH 0.036 -0.27 0.994
Measurement
Bare 0.024 -0.36 0.982
Various concentrationof Cu  SPCEs Sensitivity Y intercept R2?
(rAV/ppb)
Individual measurement GSH 0.021 0.15 0.984
Bare 0.013 -0.026 0.999
With 80 ppb of Cd GSH 0.034 0.19 0.988
Bare 0.033 0.10 0.994
Cu
With 80 ppb of Pb and Cd GSH 0.032 -0.22 0.999
Bare 0.028 -0.16 0.999
Simultaneous GSH 0.029 -0.10 0.997
measurement
Bare 0.018 -0.19 0.992
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Table S3.4 The LODs of GSH-SPCE and bare SPCE towards Cd, Pb and Cu in the
simultaneous detection

Cd Pb Cu
Bare SPCE 84 ppb 18 ppb 12 ppb
GSH-SPCE 15 ppb 11 ppb 6 ppb
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Repeatability
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Figure S3.8 The data of sensing signals in repeatability study. The diagram of one GSH-SPCE
in a mixed solution of 80 ppb (a) Cd?*, (c) Pb?*, and (d) Cu?* with continuous 25 measurements

for 150 min. (b) The signal diagram of bare SPCE in a mixed solution of 80 ppb Cd?*, Pb?*, and
Cu?* with continuous measurements.
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Reproducibility

Table S3.5. The data of the sensitivity in reproducibility study and Student’s T-test. The
sensitivities of 5 GSH-SPCEs (group GSH) and 5 bare SPCEs (group Bare), were operated by
Student’s T-test to investigate the static difference between group GSH and group Bare.

Group Group Group Group Group Group
GSH bare GSH bare GSH bare
Cd Sensitivity Pb Sensitivity Cu Sensitivity
(LAV/ppb) (LAV/ppb) (LAV/ppb)
0.0012  0.0003 0.032 0.029 0.045 0.046
0.0014  0.0002 0.026 0.029 0.041 0.042
0.0018  0.0003 0.035 0.028 0.046 0.044
0.0011  0.0002 0.030 0.029 0.045 0.045

0.0014  0.0002 0.029 0.030 0.046 0.046
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Benchmarking of other graphene derivatives
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Figure S3.9 The estimated concentration of GSH, GA, and GO was characterized by UV-Vis.
The UV-Vis spectra of the obtained graphene supernatants i.e., (a) GSH, (b) GA, and (c) GO
after adapting the concentration with GSH by dilution. (d) The table of estimated
concentrations of graphene derivatives using UV-Vis by the Beer-Lamber equation, which has
been introduced in the subsection 2.3 of Preparation of GSH-SPCE in Experimental Section.
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Interference from other ions
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Figure S3.10 The detailed data in the interference study. The diagram of HM responses

without interference (only solution of 80 ppb Cd?*, 80 ppb Pb?*, and 80 ppb Cu?*) and with
the other interferents of 400 ppb of Na*, K*, Ca?*, Mg?*, Ni%*, Zn?*, As3*, Hg**
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Validation in tap water and accuracy study
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Figure S3.11 The sensing performance of GSH-SPCE in spiked tap water. The calibration of
(a) Cd?*, (b) Pb?, and (c) Cu?* by the GSH-SPCE in spiked tap water with different
concentrations of Cd?*, Pb?* and Cu?* (1:1:1). The calibration curve of Cd, Pb, and Cu is
and y=0.019x+0.25 R2?=0.974
respectively. (d)The voltammograms of spiked tap water by GSH-SPCE from Oppb to 200 ppb.

y=0.0017x-0.095 R?=0.936,

Table S3.6 The investigation of the accuracy of GSH-SPCE in spiked tap water. Recovery of
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SD
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5.03
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81.63 92
81.61 94
80.31 94
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Chapter 4



Chapter 4. All-Printed Wearable Sensor for Cu?*
Detection in Artificial Sweat

Wearable sensors are becoming pervasive in our society, but primarily based on physical
sensors, with just a few optical and electrochemical exceptions. Sweat, amongst other body
fluids, is easily and non-invasively accessible, and relatively poor of interfering species. The
biomarkers of interest in sweat range from ions and small molecules to whole organisms.
Heavy metals have been found to be indicators of several diseases and pathological
conditions. Cu?* ions in particular are correlated to Wilson’s disease and liver cirrhosis among
others. Nevertheless, the FSS used in Chapter 2 and Chapter 3 is not practical for wearable
sensors in healthcare. Herein, we propose a fully printed microfluidic sensor for Cu?* ions
detection in artificial sweat with an integrated wireless smartphone-based readout— a
flexible customized potentiostat. A module of reverse iontophoresis (Rl) was also integrated
into the miniaturized potentiostat, aiming for a controllable stimulating way of sweat
perspiration. The microfluidic sensor possessed an enclosed microchannel and microchamber
to manipulate the tested solution as laminar flow. The SPCE was assembled in the microfluidic
sensor to detect Cu?* ions by SWASV, showing a LOD of 396 ppb, a linear range up to 2500
ppb, and a sensitivity of 2.3 nA/ppb. Considering the sample volume and the sweat rate may
influence the accuracy of Cu?*, inkjet-printed Ag nanoelectrodes were also integrated into the
sensing system to detect sweat conductivity and volume. The light weightiness renders our
system to be applied to the skin easily.
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4.1 Introduction

Wearable sensors have been used commonly in our society and have withdrawn great
attention from the scientific community. The main applications of these devices are currently
healthcare and sport, with physical sensors based on gyroscopes and accelerometers and
optical sensors for the measurement of the heart rate.! Despite performing basic operations,
these wearable sensors have clearly shown the relevance of continuous wireless/remote
monitoring, big data analysis, and proper results visualization.

Besides physical wearable sensors, bio- or chemical wearable sensors mainly based on
electrochemical and optical platforms, have been used in the non-invasive monitoring of
biomarkers including metabolites, bacteria, and hormones.? A very impacting application is
the continuous glucose monitoring system, which measures the glucose concentration by
enzymatic sensing platforms under the skin (blood or interstitial fluid) in real-time for up to
10 days.? Lactate measuring devices are another example using a similar approach and
withdraw interest as well, mainly for sports applications.

The selection of samples to be analyzed influences the design and performance of bio- and
chemical wearable sensors. By definition, a wearable sensor targets non-invasive sampling;
thus, the typically addressed samples are interstitial fluid, tears, and sweat. The latter is
abundant and contains many biomarkers for pathologies and the general wellbeing of
humans, and it possesses simple composition which indicates less interference from the
sample matrix.> For these reasons, wearable sweat sensors have attracted relevant
attention.*¢-11

Despite this, sweat extraction in many wearable sweat sensors is inconvenient,'? which relies
on the passive approach. This approach required the subject to keep taking physical exercise
or staying in the condition at an increased temperature (e.g., sauna). For this reason, using
drugs or electrical currents (i.e., reverse iontophoresis, Rl) is emerging in wearable sweat
sensors as an active approach.’ However, in both cases, the amount of excreted sweat during
a unit of time (i.e.,, the sweat rate) would vary during sampling, which affects the
concentration of the targets in sweat.* It poses the risk of inaccuracy in the analysis, and thus,
normalization of the obtained concentration by sweat rate has been utilized to improve
precision and accuracy.’*"%® Hence, an integrated sweat volume/rate sensor is demanded in
a wearable sweat sensor. Besides being applied in the normalization, sweat rate itself offers
valuable information about health condition and thus has been measured by microfluidic
wearable devices.!”/18

In addition to these issues, sweat wearable sensors are mainly disposal devices with a short
duration, and the concept of continuous monitoring has rarely been met.’*?2 In the few
studies presenting continuous detection, the wearable sweat sensors only measured simple
characteristics of sweat e.g., pH or alkali metal ions.*®%3
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Apart from the mentioned characteristics, sweat conductivity is also a well-known target for
the diagnosis of cystic fibrosis (CF), serving as a substitute for the standard quantification of
the Na* and/or CI™ ions. CF is an inherited disorder, causing a failure of the innate airway
defense mechanism and damage to the digestive system and other organs. CF is frequently
accompanied by a high concentration of salts in sweat; the associated cut-off sweat
conductivity is over 90 mM for the CF diagnosis.?* Herein, sweat conductivity is expressed as
the conductivity measured by the same sensor in sodium chloride (NaCl) solution at the
specified concentration, and the value of the specified concentration is defined as sweat
conductivity, with the unit of mM.

Additionally, the HMIs present in sweat are interesting analytes, as they could reflect an
extensive intake of the HMIs (such as Cu?*, Zn?*, Cd?* and Pb?*) that discharge through sweat.?
Some reports claim that these ions would discharge more through sweat rather than urine or
blood.26=%® Amongst them, Cu?* ions, for example, are involved in many pathological
processes.?’ For instance, the imbalance of Cu?*/Zn?* ratio is suspected to be correlated to
coronary heart disease.®° The abnormal concentration of Cu?* ions is also correlated with
rheumatoid arthritis, 3! Wilson’s disease, 32 and liver cirrhosis.?33* Furthermore, Cu?* ions in
sweat are also related to physical exercise and heat stress.>>3’

However, few biosensors have targeted Cu?* and other HMIs in sweat as the format of
wearable sensors. In 2010, Souza et al. initiated to report the detection of Cu?* in sweat with
a gold microprobe (fabricated by photolithography) using SWASV. However, the presented
system was not truly wearable, due to the applied standard three-electrode electrochemical
setup.3® In 2021, Bagheri et al. proposed an electrochemical sensor based on gold
nanoparticles-decorated paper for the sensitive detection of Cu?* in human sweat and serum.
The applied materials were biocompatible and sustainable: a SPCE was printed on cellulose-
based paper on which wax was printed to create a hydrophilic fluidic channel. This device was
proved to be very effective for Cu?* determination for single use with the LOD of 3 ppb, linear
range up to 400 ppb and recovery between 93% and 101% in the spiked sweat. Despite these
very promising characteristics, this system is not fully integrated yet, and needs a miniaturized
potentiostat to perform wearable quantification.>® Additionally, in the case of abundant
sweating caused by emotion and/or temperature, a high and pathological amount of Cu?*
could be diluted in the high volume of sweat with underestimated results. The presented
HMIs sweat sensor ignored the normalization of the detected value with respect to the sweat
rate during the measurement.

In this work, we proposed an all-printed microfluidic sweat sensing system which is primarily
composed of: a) a laser-patterned bi-adhesive tape as the hollow part, b) inkjet-printed
electrodes (as the base of the fluidic channel) for the measurement of the sweat volume/rate
and RI, c) a SPCE (as the cover of the fluidic channel) for electrochemical determination of
Cu?*, and d) a flexible customized and miniaturized readout device including a potentiostat
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operating SWASV, a module operating Rl and a wireless communication module (Bluetooth)
for transmitting data to a smartphone. The structure of (a)-(c) is shown in Figure 4.1.The
whole system was flexible, lightweight, managed remotely, and applied directly on the skin
with a patterned bi-adhesive tape (Layer 1, Figure 4.1). As far as we know, this is the first fully
integrated system to detect Cu?* in sweat with compensating sensors (i.e., sweat conductivity
and volume nanosensors), and a miniaturized flexible potensiostat as the wearable format. It
may allow for the normalization of Cu?* concentrations in sweat on the base of the sweat rate,
and the flexible potentiostat could facilitate its practical use.
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Figure 4.1 (a) Scheme of the skin tissue vertical structure, (b) diagramillustrating the structure
of the assembled device and of its layers: layer 1 — patterned bi-adhesive tape (by laser cutting)
for skin adhesion and sweat collection; layer 2 — inkjet-printed electrophoresis electrodes and
connections (bottom), and SPCE for the Cu detection (top); layer 3 — patterned bi-adhesive
tape for the microchannel and microchamber and anisotropically conductive tape (blue
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square) for the electrical connection of the SPCE contacts with the layer 4 inkjet lines; layer 4
— inkjet-printed electrodes for the conductivity and volume measurements. (c) Cross-section
of the assembled device on the skin. Wax was used to avoid infiltrations in the porous PET
used for high-quality and sinter-free inkjet printing of the AgNPs layout (not indicated in the
cross-section for simplicity). On the right, (d) pictures of the system are divided into its parts,
(e) partially assembled, (f) fully assembled, and (g) applied on the forearm skin.

4.2 Experimental Section

4.2.1 Reagents and Apparatus

37% Hydrochloric acid (3203312.5 L), standard heavy metal solutions (Cu?*, Zn?*, Pb?*, Ni?*,
1000 ppm, AAS grade) were purchased from Sigma Aldrich. The potentiostat used for the Cu?*
calibration was a Palmsens EmStatBlue with the PStrace 5.8 software. A Metrohm Autolab
PGSTAT12 with a FRA2 module and NOVA software was used for the impedance-based
characterizations of the conductivity and the volume inkjet-printed sensors. The artificial
sweat used for the system validation was composed of 0.1 M NaCl, 0.1 wt% KCI, 0.1 wt% lactic
acid, 0.1 wt% urea in acetate buffer (0.1 M, pH=4.5) as reported elsewhere.*°

4.2.2 Device Setup

The device was composed of four layers shown in Figure 4.1b. Layer 1 was fabricated by a
piece of bi-adhesive tape with a specific excavated part by a laser printer (Rayjet 50™ CO;
laser) for collecting the excreted sweat by Rl electrodes. Layer 2 was made of a porous PET
substrate (from Mitsubishi Paper Mills limited™), with inkjet-printed Rl electrodes on the
bottom side, and SPCE for the detection of the Cu?* ions on the top side. Layer 3 was made of
bi-adhesive tape, with an evacuated pattern of a fluidic chamber and channel in series but
leaving the contacts of SPCE uncovered. Then, a patch of conductive anisotropic bi-adhesive
tape, in which conducting electricity only goes through the vertical direction and insulates
along the horizontal direction, covered the SPCE contacts. On Layer 4 (the last layer),
conductivity and volume nanosensors, and necessary conductive contacts (magenta color in
Figure 4.1b) were inkjet-printed on another porous PET substrate, to enclose the fluidic
chamber and channel. The inkjet-printed contacts were aligned with the ones of SPCE on the
second layer. At the end of the micro-channel, a hole was punched through Layer 4, allowing
the sample to exit and contact with a paper-based sponge for sample evaporation.

The two conductive contacts associated with Rl on Layer 2 and the seven conductive contacts
of all the sensors on Layer 4 were aligned as a 14 mm-width pad to fit within the connector
of the readout device.

4.2.3 Inkjet Printing and Passivation
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All the conductive contacts, conductivity and volume nanosensors were printed with AgNPs,
(from Mitsubishi Paper Mills Silver Nano™ AgNP ink (NBSIJ-MUO01)) on the porous PET
substrate from Mitsubishi Paper Mills (NB-TP-3GU100) by an EPSON XP15000 office printer,
in which the AgNP ink had been loaded in an empty cartridge (magenta) to replace the original
one. The porous PET substrate has a porous coating on a PET substrate, which drains the ink
forinstant drying, and the released chemical regents from the porous pad sinter nanoparticles
chemically. The working principle is introduced in the subsection of inkjet printing in Chapter
1.2.

For sensing the conductivity and volume of sweat in the micro-channel, two sets of electrodes
were printed. The first set was finger-like parallel electrodes with a width and gap of 400 um
which were perpendicular with respect to the orientation of the microchannel and crossed
the microchannel completely with a length of 2 mm. The second set of parallel electrodes
with a gap of 200 um was alongside the microchannel of 30 mm in length.

Afterward, inkjet-printed devices were kept for 72 h at room temperature in a closed Petri
dish in dark condition.?! Then, a layer of wax (black color, Xerox Phaser 8850) was printed in
the area over and around these nanosensors. After wax printing, the devices were kept at 95°C
for 20s to partially melt the wax. To achieve better penetration, the heating procedure was
repeated once for 5 min. Excessive wax on the surfaces of nanosensors was removed and
adsorbed by papers via passing the printed devices in a laminator embedded with two normal
office papers.*!

4.2.4 Patterning Bi-adhesive Tape and Assembling Microfluidic Devices

A sheet of Oriented Polypropylene (OPP) bi-adhesive tape in A4 size (Tosingraf, Italy) was
patterned by a laser printer in the cutting mode (Rayjet 50™ CO; laser; power: 6.9%, number
of passages: 4, speed: 100%) to excavate a microfluidic channel (Layer 3 in Figure 4.1) and
desired pattern on Layer 1 for sample collection. Similarly, a piece of 3M anisotropic
conductive film (ACF, conducting only through its thickness) was cut to cover the SPCE’s
conductive paths. It connected the SPCE’s contacts to inkjet-printed connectors on the porous
PET substrate.

Before assembly, the inkjet-printed layers and exposed wax surface were shortly treated (15s)
by atmospheric plasma to increase the hydrophilicity. Then, the devices were assembled as
shown in Figure 4.1b-d, with the inkjet-printed devices enclosing the microchannel as a cover.
As the last step, the whole microfluidic device was passed through in a laminator (Lamigator
IQ, Renz, Germany) between two sheets of office paper to homogeneously compress it to
avoid leakages.

4.2.5 SPCE Fabrication
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The SPCEs were fabricated using a DEK248 printer machine (DEK, Weymouth, UK) with the
same protocol as introduced in Chapters 2 and 3. The substrate was cleaned with deionized
water and ethanol, then dried with nitrogen and pre-heated at 110°C for 30 min to evaporate
solvents and prevent deformations in the following steps. The printing sequence on the
prepared PET substrate and the used inks are the following: (1) Ag paste (C2180423D2 SILVER
PASTE-349288, Sun Chemical) for conductive connections, (2) Ag/AgCl paste (Loctite EDAG
AV458, Henkel) for the reference electrode, (3) carbon paste (C2030519P4 CARBON SENSOR
PASTE-267508, Sun Chemical) for the working and counter electrodes, (4) and the insulating
layer (D2070423P5 DIELECT PASTE GREY, Sun chemical). Heating at 110°C for 30 min was
necessary to cure the inks in the oven after every printing step. The SPCE was placed on top
of Layer 2 as the base of the microfluidic channel and chamber.

4.2.6 Electrochemical Cu?* Detection by SWASV and EIS

To avoid the bubbles before measurements, the microfluidic device was firstly rinsed with
artificial sweat which was then purged away by a N, gas flow. Then, the microchannel and
chamber were filled again with artificial sweat that was staying for 10 min. Afterward, the
microfluidic device was emptied by the N, gas flow.

Artificial sweat containing Cu?* was filled in the microfluidic device and was measured by
SWASV, whose working principle has been introduced in Chapters 2 and 3: first, the target
ions are reduced on the working electrode surface, and then, the reduced metals are re-
oxidized to ions, showing varied potential and current as a voltammogram.

During the deposition step, a constant negative potential of -0.66 V was applied to the WE for
200s. During the stripping step, the potential was swept from -0.66 V to 0 V in a square-wave
pulse with a frequency of 25 Hz, an amplitude of 30 mV, and a potential step of 6 mV. Between
these two steps, an equilibrium time (20s) was applied, in which the flow should stop, and
the potential kept the same value as the deposition potential (-0.66 V).

For the EIS measurement by the inkjet-printed nanosensors, the device was connected to a
Metrohm AutolLab PGSTAT12 (FRA2) potentiostat, and operated the EIS in triplicate at 100
kHz, with 10 mV ACand 0 V DC.

4.3 Results and Discussion

4.3.1 Design of Printed Microfluidic Device

The printed microfluidic device was designed and fabricated with three integrated sensors: a
SPCE for Cu?* detection, a conductivity nanosensor (perpendicular with respect to the
microchannel) and a volume nanosensor parallel to the microfluidic channel (Figure 4.1c). The
SPCE operate SWASV for the Cu?* ions detection; the conductivity and volume nanosensor
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were composed of conductive AgNPs, and utilized their measured impedance as a function of
sweat conductivity and volume on the basis of Ohm’s law due to the applied high frequency.

During the measurement, the sampled sweat filled first in the SPCE chamber (HM micro-
chamber), then passing through the conductivity nanosensor, and finally initiated to cover
the volume nanosensor in the micro-channel (Figure 4.1c) with a dead volume of ~27 pul. When
the HM chamber was filled, the conductivity nanosensor can trigger a signal for the user to
start the Cu?* measurement. Since the volume nanosensor was able to measure the volume
of collected sweat in a specific period, the concentration of Cu?* ions could be normalized by
the sweat rate.

4.3.2 Characterization of Microchannel and HM Microchamber

Microchannel and HM microchamber were firstly investigated to verify if the hollow structure
was successfully created. The cross-section along the microchannel (Figure 4.2a) was
obtained by immersing the microfluidic device in liquid nitrogen, followed by using a razor
blade and hammer to achieve a net cut and preserve the device structure. The cross-section
of the volume sensor clearly showed that the microchannel was surrounded by Layer 2 (the
substrate of SPCE) on top and the inkjet-printed device at the bottom, with the bi-adhesive
tape blocking the lateral side. The microchannel was less than 100 um in thickness, in
accordance with the results of 3D profilometry (~99 um, Figure 4.2a inset), which offers the
capillary force. Additional profilometry measurement showed that the thickness of the inkjet-
printed volume nanosensor was approximately 600 nm, with the gap width of 150 um
approximately.

The HM microchamber was characterized by the same method. In Figure 4.2b, a stacked
structure composed of porous PET substrate (with printed wax), the microchamber, the SPCE,
and its PET substrate is depicted. The height of the microchamber was the same as the one
of the microchannel (99 um), which means that the bulged SPCE (compared with the bare
PET substrate) did not create any relevant deformation on the microchamber. The
morphology of the carbon paste electrode was also investigated (Figure 4.2c) showing the
expected carbon flakes and particle structures.*> The carbon layer is estimated to have a
thickness of 35 um approximately.
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Figure 4.2 Cross-section of the microchannel, profilometry of the gap between two printed
Ag electrodes (Inset left) and 3D profilometry of the open microchannel border (Inset right)
(a), the cross-section of the copper detection chamber (b), and SEM picture of the SPCE
working electrode (c).

4.3.3 Sensing Performance of the Conductivity and Volume Nanosensors

The frequency for the impedance measurement by conductivity and volume nanosensors was
firstly optimized as 10 kHz to achieve a resistive response (instead of a capacitive response),
which demonstrates the closest phase value to zero in 95 mM NaCl solution with measurable
signal without noise compared to other frequencies.

The microfluidic device was then tested to define the sensing performance of the conductivity
nanosensor with a variety of NaCl solutions at different concentrations ranging from 5 to
156mM, which were corresponding to the conductivity from 0.60 to 17.03 mS/cm (on the
basis of the linear relationship presented elsewhere 43,
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The impedance of the conductivity nanosensor dropped from 100 kQ (empty channel) to 30
kQ when a NaCl solution (5 mM) reached the electrodes, showing its capacity as an electrical
trigger. Further, the staircase calibration of the conductivity nanosensor was operated and
the results are shown in Figure 4.3a. The impedance decreased as the NaCl concentration
increased. Figure 4.3a has been marked with different colors associated with the CF disease
cut-off sweat salts concentrations: green for the healthy condition, orange for the dangerous
concentration requiring further investigation, and red for pathologic condition (NaCl
concentration over 90 mM).2* The measured admittance (i.e., the reciprocal of impedance)
was perfectly proportional to the NaCl concentration (Admittance =2.95x10® [NaCl]+1.17x10°
>, R?=0.99) as shown in Figure 4.3b.
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Figure 4.3 (a) Staircase calibration of the conductivity nanosensor impedance with NaCl at a
frequency of 10 kHz. CF diagnosis relevant ranges marked with colors (green=healthy,
orange=suspicious, red=pathological), (b) the admittance calibration curve, (c) digital photos
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of the microchannel in correspondence to 1 ul colored aqueous drops at the nanosensor inlet,
(d) the impedance of the conductivity nanosensor and (e) the volume nanosensor at 10 kHz
in correspondence to artificial sweat introduced drop by drop, and (inset) the calibration of
the volume nanosensor by means of its admittance.

To examine the performance of the volume nanosensor, different volumes of artificial sweat
were introduced into the printed microfluidic device, which can be intuitively seen in Figure
4.3c. Meantime, the impedance of the conductivity nanosensor was recorded too, with a
minimal change with the varied volume, showing its resilience to the different amounts of the
tested solution (Figure 4.3d).

Interestingly, by the capillary force, the solution can be driven to move forward as a quasi-
rectangle shape, which may be attributed to the tested flow is a laminar flow (in Figure 4.3c).
Thus, the admittance of the volume nanosensor can be simplified as conductance at the such
high frequency of 10 kHz and almost conform to the ideal Ohm’s law.

Theoretically, the conductance should be proportional to the lateral-side area of the
conductive solid, in our case i.e., microchannel thickness (a constant) x liquid length, for the
volume nanosensor resides alongside the microchannel. The experimental results were
verified in Figure 4.3e (inset, Admittance=0.00169xVolume R?=0.99) that the admittance of
the volume nanosensor has a linear relationship with the injected volume. In this way, the
calibration in the artificial sweat between the obtained admittance of the volume nanosensor
(Avolume, S) and the volume (pL) was constructed due to the high R?.

Avolume = 0.00169%xVolume (Eg.4.1)

Despite this, it is necessary but inconvenient to construct the calibration between the volume
and admittance in every unknown solution. A normalization method could serve for different
solutions (normalization of admittance), which was achieved by mathematical calculation
based on the obtained results:

According to Ohm’s law, the conductance is only determined by the conductivity of the tested
solution and the geometry of the tested solution between two electrodes; the conductance
is proportionate with conductivity. Hence, the conductivity of the tested solution has been
involved in the conductance (or admittance at the high frequency in our case) of the
conductivity nanosensor, for it has a fixed geometry of two-finger electrode across the
microchannel. Accordingly, the conductance of the conductivity nanosensor can be applied in
constructing the linear relationship between the conductance of the volume nanosensor and
the collected volume shown in Eq. 4.2.

Avolume = k-Aconductivity' Volume (Eqg. 4.2)
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The volume nanosensor’s admittance (Avolume, S) is proportional to the volume by a constant
(k, uI't) and the conductivity nanosensor’s admittance (Aconductivity, S) (EQ. 4.2).

As such, in our study of using artificial sweat, k-Aconductivity is equivalent to 0.00169 S uL?, and
Aconductivity had been obtained in Figure 4.3d (~1800 Q). Therefore, a constant k can be
calculated which is equal to 3.042 ul. Therefore, the volume of sweat can be calculated from
the admittance measured by the two nanosensors as:

Volume = Avolume / (3-042><Aconductivity) (Eq 43)

The eq. 4.3 can be applicable in detection the solution with similar to the artificial sweat in
our study to obtained better accuracy with convenience.

Besides, the estimation of the filling time of the microfluidic device is discussed. The sweat
rate commonly ranges from 0.02 to 20 nL/min/gland.** In a sedentary state at room
temperature, the sweat rate is quite low (0.02-0.3 nL/min/gland), hence, sweat induction
methods (e.g., applying thermal stress, iontophoretic delivery of nerve stimulants, reverse
iontophoresis, and physical activities) are generally used.*

As an example, the average sweat rate of an adult after 30 min walking, without any
stimulation at room temperature is 15 nL/min/gland,*®%” and the gland density is from 51 to
111 glands/cm?,® hence, the average sweat rate ranges from 0.765 to 1.665 uL/min/cm?.
Considering that the collection area of our device is 1.8 cm?, the sweat volume is estimated
from 1.38 to 3.00 uL per minute. Therefore, in this specific case and without any stimulation,
the filling time for the SPCE chamber would be between 16 and 19 min, considering that the
dead volume is 27 pL. After the filling of the HM microchamber, the microchannel could be
filled up within 10 min.

Therefore, the active stimulation of sweat, e.g., by reverse iontophoresis is favorable and
expected to increase significatively the efficiency of sweat secretion. For this reason, the
active Rl module was integrated into a flexible mini-potentiostat which will be introduced in
the last section.

4.3.4 Sensing Performance of SPCEs in the Microfluidic Device

The SPCE in the printed microfluidic device was characterized with the [Fe(CN)s]*"/ [Fe(CN)g]?
redox probe, and then tested in artificial sweat to detect Cu?* ions with varied concentrations
using a commercial potentiostat.

Figure 4.4a shows the CV operated in 5 mM [Fe(CN)e]*~/ [Fe(CN)s]*~ in 0.1 M KCI solution.

Well-defined and quasi-reversible redox peaks were observed: the ratio between the anodic
peak current (5.66 HA) and the cathodic one (-5.47 pA) is almost the same. The oxidative and
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reductive peak potential is 0.28 V and -0.01 V, respectively, with a AE of 0.29 V, matching the
results of other SPCEs reported elsewhere.*°

Artificial sweat spiked with different concentrations of Cu?* ions in the range between 500-
2500 ppb was tested by the printed microfluidic device. The testing range was selected
referring to a previous study reporting a healthy range of 240-2400 ppb.>°
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Figure 4.4. (a) CV measurement of 5 mM [Fe(CN)s]*"/ [Fe(CN)s]*>~ in 0.1 M KCl solution by the
SPCE in the microchamber, (b) the calibration of Cu?* in artificial sweat by the SPCE in the
microchamber, (c) voltammograms from 0 to 2500 ppb Cu in artificial sweat by SPCE in the
microchamber, (the plots were stacked for better visualization of the variation of the peak
height with respect to each baseline.) (d) recovery test with 1500 ppb Cu, (e) the comparison
of the peak currents with and without interference from other ions, and (f) the peak currents
detecting 500 ppb Cu?* ions by the sensors fabricated in the same batch over time.
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The current peak height of Cu?* showed a good correlation with the varied concentrations
(1,b=0.0023%[Cu?*]-0.67, R?=0.95) as shown in Figure 4.4b. The estimated LOD and LOQ were
396 ppb and 1322 ppb, respectively. The LOD and LOQ were calculated as 3 and 10 times the
standard deviation of the intercept over the slope of the calibration curve respectively, as
reported in the International Conference on Harmonization's (ICH) Q2 Validation of Analytical
Procedures.”?

The corresponding voltammograms in Figure 4.4c showed a potential shift to positive
potentials with increasing concentrations. This effect could be ascribed to the different
deposition sites or surface morphology during the deposition of different amounts of Cu?*

ions.>%°3

Once the calibration was completed, a recovery test was performed to test accuracy. Artificial
sweat spiked with 1500 ppb Cu?* was tested to achieve the corresponding peak current value,
which was then substituted into the calibration equation. The calculated concentration is
~1675 ppb, with a recovery of 111.6% (Figure 4.4d). An interference test was performed to
investigate the device selectivity with the existence of other cations typically present in sweat
(i.e., 120 ppb Mg?*, 300 ppb Ni?*, 0.5 ppb Cd?*, 1300 ppb Zn?*, 8000 ppb Ca?*, 1600 ppb Fe3*).?°
With interference, the signal of 1400 ppb Cu?* was approximately 3.17 pA; compared to the
condition without interference (2.85 pA), the result proved the interference from other
cations in sweat can be considered negligible in our system (<10%, Figure 4.4e). The pH
dependence of the microfluidic device was studied as well (pH=4, 4.5, 6), with reference to
the pH range of healthy people,®* showing that the quantification of Cu?* was partially
affected by pH variations in this range with RSD=22%. Besides, our sensing system is for in-
situ sweat detection and the typical acidification for sample treatment is not practicable
anymore; considering the possibility of pathological situations that may induce severe pH
changes, the final Cu?* detection signal may be further influenced. Additional pH sensors can
be integrated into the presented sensing system to compensate for the effect in the future.

The shelf life and reproducibility of our system were investigated by fabricating a batch of
devices on Day 1. Artificial sweat containing 500 ppb Cu?* ions was used to test the printed
microfluidic devices every 2-4 days for a total duration of 23 days. The peak height fluctuated
around 1.91 pA with RSD= 27% (Figure 4.4f). However, after 23 days, due to the loss of
hydrophilicity from the plasma treatment over time, the testing solution was impossible to
enter the microfluidic device.

4.3.5 Wearable Potentiostat

A wearable potentiostat device instead of bulky benchtop equipment is more practical to be
worn on the human body. Hence, aiming for a smaller size, less weight and flexibility, we
designed and fabricated a potentiostat on a flexible PCB board integrating all the components
required for electrochemical measurements and a wireless data transmission module to
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communicate with a mobile phone. The system was built on a commercial electrochemical
chip (LMP91000 chip), in which an integrated potentiostat is able to perform both two- and
three-electrodes electrochemical measurements. The chip in our system was controlled by a
programmable microcontroller, which in turn connected to a low-power Bluetooth module
for wireless communication. To achieve a user-friendly interface, a customized application
based on the Android system was developed, in which electrochemical measurements such
as amperometry, CV, and square wave voltammetry can be operated with the parameters set
by users. Furthermore, the system was designed to integrate a reverse iontophoresis module
for active sweat sampling as proved in previous publications, allowing for stimulating the
perspiration when needed. >>=°7 The whole platform also has a very low power consumption,
which is supplied by a common 3V button battery.

A basic investigation of the flexible potentiostat was performed using artificial sweat
containing Cu?* ions. It was controlled by the smartphone wirelessly via Bluetooth. The set
parameters were almost the same as the ones used in previous sections (i.e., deposition time
200s, equilibrium time 20s, deposition potential —0.66 V, square-wave pulses with the
frequency of 25 Hz. However, due to the limited potential resolution of the chip, both the
amplitude and potential step of square waves were adjusted to 60 mV.

Besides, the sampling time of the flexible potentiostat influenced the sensing signal of Cu?*
ions. Initially, 10 ms was employed to sample the current, allowing for four sampling data in
one period. As the first several measurements involved the peak current in the result, and
thus induced inaccuracy where the Cu?* stripping peak was unobservable. Therefore, more
sampling spots with shorter interval was attempted with the sampling time of 3 ms—the best
resolution that the chip is able to achieve. The optimization of sampling time renders the Cu?*
stripping peak to be identified.

With these optimized parameters, the flexible potentiostat (in Figure 4.7a) was performed in
the artificial sweat spiked with different concentrations of Cu?* ions. First, the spiked solution
(7100 pL) was directly pipetted on the SPCE, by which SWASV was operated. The obtained
voltammograms (in Figure 4.7b) show an increasing peak at higher Cu?* concentration. Based
on their peak intensity at various concentration, a linear calibration was defined (inset,
1,=0.081%[Cu?"] + 23.78, R?=0.98). As a comparison, the spiked solution (~27 uL) was filled
into the microfluidic device, by which the detection of Cu?* (500 ppb, 1400 ppb, and 2500 ppb)
was operated with the obtained results shown in Figure 4.7c,d. Due to the spatial limitation
of the microfluidic device, the peak intensity of Cu?* is much lower than the one by the
dropping method. Despite this, the printed microfluidic device was still able to distinguish the
difference between low, medium, and high concentration levels (Figure 4.7d).

168



—

Sensor conector
300

Bluetooth module SRS :‘g_ 200
""" oy 250+ = >
: e £ 150 -
‘f_‘; 200 + f—‘l 100 e »
3 ¢ 5 e
. W 50 . A
S150rs o ° \
= € 0 1000 2000 )\
S 100 Cone.(ppb)  / \

pcontroller pins

A \ \ \
5 :v/' R\
50 : N 5\!
0 a2

-0.6 -04 -0.2 0.0 02

Power circuit
(board and rev. -~
Tontophoresis)

Battery holder Potential (V)
© (d)
—=— 500 ppb a5k H11gh
70+
*— 1400 pph ol i
< o0f —+—2500 pph <
2 sof =35t
5 ! A b 30
A |® |
S 301 / \ = 25t Medium
E 1 I
Aides |
or . A
1 N 15 Low
0} stp=t=tap4~ ==
1 1 1 1 l() | * | 1 'S
-0.6 -0.4 -0.2 0.0 0.2 500 1000 1500 2000 2500
Potential (V) Concentration (ppb)

Figure 4.7 (a) Picture of the flexible PCB board including a miniaturized potentiostat module
and scheme of the device (b) the measurement by the flexible PCB board to communicate
with a mobile phone with directly dropping artificial sweat on the SPCE, (c) the
voltammograms of the printed microfluidic device read by the flexible PCB board and transmit
to the mobile phone, and (d) the diagram of the corresponding peak height.

Finally, besides the flexible potentiostat being bendable, the doubt was aroused whether the
printed sensors can bear bending effect without the influence on the conductivity, to conform
the curvature of natural skin (Figure 4.8a). In particular to the inkjet-printed paths with thin
thickness, they are risky to detach from the surface of substrates compared to the SPCE. We
therefore measured the resistance variation of inkjet-printed lines in a cycle of being flat, bent,
and recovered. Only minimal variations of resistance were found in Figure 4.8b-d.
Furthermore, we checked the resilience of the microchannel structure by bending the device
10 times on a cylindrical surface (shown in Figure 4.8c) and adding a blue coloring to the
device inlet after repetitive bending. During the test, anything suspected to disturb the tested
flow was not observed.

Despite all these results, since our sensing system is driven by capillary force, severe bending
should be avoided from damage during operations. However, we would like to remark that
the positioning of our system should be performed in anatomical locus favoring the natural
movements of the subject and maximizing the comfort of use. Therefore, some parts of the
human body could be more suitable than other parts, such as the side of the back, the
proximal/distal parts of the arm (Figure 4.8a), and the lower back. All these loci are relatively
flat and naturally do not involve severe bending.
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Figure 4.8 (a) The microfluidic device was applied to the distal arm skin. (b) The resistance of
connecting the AgNP line without bending. (c) The resistance of connecting AgNP line bent on
a cylinder with a diameter of 95 mm. (d) The resistance measurement of the connecting path
on the flat substrate after bending.

4.3.6 Comparison with Other Studies

To further explore the importance and novelty of this work, other recent sweat sensors for

HMlIs detection have been listed in Table 4.1.

Table 4.1. Comparison with other heavy metal and conductivity sensors for sweat analysis

Targets LOD Sensitivity Calibration Electrode  Fabrication  Sweat REF
(ppb) range techniques volume

Na* - 56 15-120 Au Photolitho  Yes 18
(mV/decade) mM graphy

Cu?* 3 10.7 10-400 AuNPs Printing No 39
(nA/ppb) ppb modified  techniques

Carbon

Zn?*, cd?*, 4.1 (nA/ppb) 0-300 Au and Photolitho  No 58

Pb?*, Cu?*, ppb Bi with graphy

and Hg?* Nafion
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Cu?, Zn% 0.1 - 300-1500 Au Photolitho  No 59

ppb modified  graphy
TizCyTy
and
MWNTSs
n? - - 0-2000 Auon Shadow No 60
ppb glove mask
sputtering
Zn%* 50 23.8 100 -2000 Bismuth Electroplat No 61
(nA/ppb) ppb on ing on
Nafion printed
and Carbon
Carbon electrode
Conductivity - 13.9 (pF/ 0.000179- Cu Photolitho  Yes 62
(S-m?1) 1.04S-m™ graphy
Conductivity - 2.4 (S/mM 10-150 Au Photolitho  Yes 63
equiv. NaCl) mM graphy
(equiv.
NaCl)
Cu® 396 2.3 (nA/ppb)  500-2500 Carbon Screen Yes
ppb paste printing
This
Conductivity - 2.95-10° 5-165 mM AgNPs Inkjet Yes study
S/mM (equi. printing

NaCl)

Generally, the electrodes in the reported studies are composed of noble metal (e.g., Au)
fabricated with cleanroom facilities. The corresponding sensing systems lacks a microfluidic
system to monitor the sweat rate and volume and work on the basis of commercial bulky
potentiostat. In this study, simple printing techniques were harnessed to fabricate a
microfluidic device to detect Cu?* with measuring the conductivity and volume of sweat. The
printed microfluidic system was used in conjunction with a customized wearable PCB board
including a miniaturized potentiostat, the function of Rl and wireless communication module
with low-power consumption.

Despite the higher LOD of 396 ppb and lower sensitivity of 2.3 nA/ppb with respect to the
majority of the technologies in literature (Table 4.1), which can be attributed to the
heterogeneity nature of carbon paste surface, the clinically relevant concentrations of Cu in
sweat was achieved. *°
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4.4 Conclusion

In this study, an all-printed microfluidic device for the detection of Cu?* ions in artificial sweat
in a wearable format was reported. With the purpose of normalizing Cu?* concentration with
sweat rate, two inkjet-printed nanosensors in the two-finger configuration were integrated
in the microfluidic device to detect sweat conductivity and volume. Besides, a flexible PCB
board was employed as a miniaturized potentiostat to operate SWASV in the microfluidic
device, together with the function of Rl aiming for active sampling. The LOD of the microfluidic
device to detect Cu?* ions was 396 ppb with sensitivity of 2.3 nA/ppb. Although the
performance was not as good as the majority of the technologies reported in the literature,
the microfluidic device offered a clinically relevant sensing range of Cu?* in artificial sweat
(240-2400 ppb). Moreover, compared to the sensors fabricated by traditional techniques, our
all-printed wearable sensor brought its fabrication out of the cleanroom at low cost.
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Chapter 5



Chapter 5: Conclusion

The detailed conclusion of each chapter is mentioned at the end of the corresponding
presented work. In this part, according to the motivation and objectives in Chapter 1.4 and
the results in Chapter 2-4, the general conclusion, shortcomings, and future perspectives are
discussed in this chapter.

To fill the blank space of in-situ HMIs detection, which is difficult to be covered by
conventional methods, we demonstrate the electrochemical sensing systems by SWASV

technique to be used in environmental monitoring and healthcare in this thesis, featuring

simplicity, low cost, and integration.
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Firstly, a robust electrochemical HMIs sensing system was developed on the basis of the
fluidic system, which allowed for automatic sampling, mixing, and testing required by in-
situ measurement. The LODs of Cd?*, Pb?*, and Cu?* were at ppb level. More interestingly,
this fluidic sensing system was integrated into an autonomous boat to challenge the
shortage of the presented electrochemical platforms for the spatial risk assessment of
HMs in natural waters. The autonomous sensing boat was tested during a campaign, and
navigated under the programmable path automatically. This sensing boat also
distinguished the highest concentration of Pb?* in the effluent sample compared to other
normal sites in the stream. Despite this, the HM sensing boat cannot respond to
uncertainties perfectly in our study, for the in-situ measurement was disrupted by the
unexpected hydro morphology. Instead, in-field measurements were operated in our
case. To address this problem, the camera module would be integrated into the boat,
which may be trained to respond to various situations via computing vision in the future.

In addition, the SPCE applied in this electrochemical sensing system demonstrated a poor
sensing signal of Cd?* ions co-existing with Cu?* and Pb?* in the tested solution, which is
ascribed to the mutual interference problem. In Chapter 1.3, nanomaterials seem
appealing due to their large surface area and tunable surface chemistry. Hence, in this
work, an innovative graphene derivative with the covalently bound thiol moieties on its
surface (GSH) was utilized to modify SPCE for mitigating the mutual interference effect.
After modification, SPCE demonstrated statically significant enhancement of Cd?*
sensitivity compared to the bare SPCE; however, the sensitivity of Pb?* and Cu?* were
not influenced. This phenomenon could be ascribed to the better affinity offered by thiol
moieties to Cd?* rather than Pb?* and Cu?* based on HASB theory. Lastly, GSH-SPCE
obtained the LODs of Cd?*, Pb?*, and Cu?* at 15 ppb, 10ppb, and 6 ppb, respectively.
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To simplify this electrochemical sensing system and apply it as a wearable sensor to
monitor the HMlIs in sweat, this focuses on the design and fabrication of a microfluidic
sensing device that drove the artificial sweat by capillarity to replace the pump with light
weightiness. Unlike most reported wearable devices that were fabricated in a cleaning
room by photolithography, various printing techniques such as screen printing, inkjet
printing, and wax printing were used to fabricate an all-printed sensing device in a mass
produced way. Besides, the printed conductivity and volume nanosensors were
integrated into the system too, with the interest of compensating the inaccuracy when
the sweat rate is too fast or slow. Additionally, to be more compact, a flexible customized
mini-potentiostat was applied to replace the commercial bulky potentiostat and was
validated with the microfluidic sensing device. Even though many issues remained, such
as the real validation of sampling and testing on human subjects, the limitation of
deposition potential by the hardware, and accidental bubble issues, this work still
demonstrate great potential of combining diverse printing technologies to lower the cost
in wearable HM sensing devices for healthcare.
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