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Several pH-dependent processes and reactions take place in the human body; hence, the pH of body fluids is the best
indicator of disturbed health conditions. However, accurate and real-time diagnosis of the pH of body fluids is complicated
because of limited commercially available pH sensors. Hence, we aimed to prepare a flexible, transparent, disposable, user-
friendly, and economic strip-based solid-state pH sensor using palladium nanoparticles (PdNPs)/N-doped carbon (NC)
composite material. The PANPs/NC composite material was synthesized using wool keratin (WK) as a precursor. The in-
situ prepared PANPs played a key role in the controlled switching of protein structure to the N-doped carbon skeleton with
7m—7 arrangement at the mesoscale level, which mimics the A—B type polymeric structure, and hence, is highly susceptible
to HT ions. The optimized carbonization condition in the presence of PANPs showed that the material obtained using a
modified Ag/AgCl reference electrode had the highest pH sensitivity with excellent stability and durability. The optimized
pH sensor showed high specificity and selectivity with a sensitivity of 55 mV/pH unit and a relative standard deviation of
0.79%. This study is the first to synthesize PANPs using WK as a stabilizing and reducing agent. The applicability of the
sensor was investigated for biological samples, namely, saliva and gastric juices. The proposed protocol and material have
implications in solid-state chemistry, where biological material will be the best choice for the synthesis of materials with

anticipated performance.

Keywords: palladium nanoparticle, electrochemical sensor, solid-state pH sensor, flexible strip sensor
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1. Introduction

Accurate and early diagnosis of any disease plays a cru-
cial role in the quick and complete recovery of patients. In the
human body, several pH-dependent processes and reactions
take place; hence, the pH of body fluids is the best indicator of
the disturbed health condition.!!! For example, frequent check-
ing of the pH level of sweat from the skin helps understand the
pathogenesis of skin diseases, including atopic dermatitis and
acne vulgaris.”>#! The alkaline pH value in the range of 7 to
8.5 of wound skin indicates the deterioration of the wound,
which helps medical surgeons to decide or change medication
regimen. >) However, accurate and real-time diagnosis of the
pH of body fluids is complicated because of limited commer-
cially available pH sensors.

The quantity of biological samples, especially sweat,
saliva, serum, and tears, is considerably low, and therefore,
conventional pH sensors such as glass electrodes are inopera-
ble in the case of biological fluids. Hence, an electrochemical
solid-state strip-based pH sensor would be the best choice.®!
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Electrochemical pH sensors work on the principle of deproto-
nation of H' ions present on the surface of working electrode
material in the presence of reference electrode Ag/AgCl.l”!
The deprotonation of HT ions is recorded as a change in open
circuit potential value, which is equivalent to the concentration
of H' ions.

Materials having the long-chain conjugated 7—m system
with heteroatom exhibit high affinity toward H" ions; hence,
A-B type polymeric materials would be the best choice. ! Re-
cently, several materials such as polyaniline (PANI), polypyr-
role modified PANI, graphene, AuNPs/activated carbon, and
metal oxides have been used in pH sensors.[>*7°] Although
PANI is exclusive because of the A-B type conjugated struc-
ture, it losses conductivity in solutions of pH > 7; hence, PANI
is not suitable for high pH solutions and long-term usage. %!

This study aimed to prepare a strip-based solid-state pH
sensor using PANPs/NC composite material. We successfully
prepared PANPs for the first time using wool keratin (WK) as a
stabilizing and reducing agent. The PANPs/NC-500-modified
sensor exhibited the highest pH sensitivity with excellent sta-
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bility and durability. Therefore, the study findings have strong
implications in solid-state chemistry as the developed sensor
can be used for biological samples, including saliva and gas-
tric juices.

2. Materials and methods
2.1. Chemical reagents and apparatus

Wool fibers (WF) (Merino 64’s) were purchased from
Tongxiang Dushi Woolen Material Co., Ltd. Palladium chlo-
ride (PdCl,) was purchased from Sigma Aldrich; sodium bi-
carbonate and ethyl alcohol with the purity of > 99.5% were
purchased from Sinopharm Chemical Reagent. Citric acid
monohydrate, sodium dodecyl sulfate, urea, sodium hydrox-
ide, disodium hydrogen phosphate dodecahydrate, sodium
chloride, and sodium sulfide nonahydrate with the purity of
> 99 were purchased from Xilong Chemical Industry. Poly
(vinyl butyral) (PVB) (M.W. 90000-120000) was obtained
from Shanghai Macklin Biochemical Co. Ltd. 5% Nafion
PFSA polymer (Dispersion D520) was obtained from OU
Point Ltd. The water used in all experiments was ultra pure
(the resistivity > 18 MQ-cm™!). Except for wool, all chemi-
cals were used without any purification process.

2.2. Preparation of regenerated WK solution

The standard reduction protocol was followed for the ex-
traction of WK from raw WE.['?] Thereafter, 12.5 g of WF
was added in a 250-mL aqueous solution of urea, Na,S, and
SDS. The concentration of urea, Na;S, and SDS was 4 M,
0.1 M, and 0.02 M, respectively. The reaction mixture was
then stirred at 45 °C for 12 h and then filtered and dialyzed
against ultra-pure water (18 MQ) using a dialysis bag (Solar-
bio, molecular cut-off about 3500 Da) for 3 days with frequent
change of water. Next, the extracted WK was concentrated to
5 wt% by heating at 60 °C for 8 h and was then stored at 4 °C.

2.3. Preparation of PANPs/WK

In 5 mL of 10 mM aqueous solution of PdCl,, 5 mL of
WK solution was added with vigorous stirring. Next, 1| M
NaOH solution was added slowly to adjust the pH of the re-
action mixture between 10 and 12. The reaction mixture was
retained for 6 h at 90 °C till the pale yellow color of the sus-
pension turned dark brown.

2.4. Preparation of PANPs/WK composite sponges

The reaction mixture was freeze-dried and transformed
into a spongy form. In the actual production process, the
PANPs/WK water suspension (without dialysis) was stored in
the mold, frozen at —20 °C for one day until the suspension
was completely frozen, and then placed in a freeze dryer, the
temperature was set at —106 °C, and freeze-dried in vacuum
for two days. The water was completely removed to obtain a

three-dimensional (3D) porous composite sponge.

2.5. Preparation of PANPs/NC

The pyrolysis of the obtained solid mass was performed
stepwise to obtain the anticipated structure. Temperature pro-
gramming is the key factor in controlling the emission of
volatile gases. In a tube furnace under nitrogen atmosphere,
the solid mass of PANPs/WK was heated at 150 °C for 60 min,
then heated up to 350 °C (2 °C-min~!) for 60 min, and fi-
nally up to 700 °C at a rate of 2 °C-min~! to get the pol-
yaromatic N-doped porous carbon structure. The PANPs/NC
were washed multiple times with deionized water to clarify
salt residual content and dried overnight at 60 °C.

2.6. Characterization of PANPs/NC

An x-ray diffractometer (XRD, Bruker D8 AVANCE) was
used for the crystallographic phase identification. The surface
morphology, position of PANPs in the composite materials,
and lattices of PANPs were analyzed by transmission electron
microscopy (TEM) using JEM-2100F (JEOL, Japan). Raman
spectra were obtained using (HORIBA Lab RAM HR Evo-
lution) with a 532-nm excitation laser. The efficiency of the
fabricated pH sensor was confirmed and compared with the
commercial pH meter (Thermo Scientific).

2.7. Fabrication of the flexible strip sensor

The two-electrode electrochemical sensor consisting of
a working electrode and a reference electrode was prepared.
Figure 3 shows the complete protocol of the fabrication pro-
cess of the two-electrode pH sensor, in which the mask pattern
was initially designed and cut by laser-cutting technology and
attached to the polyethylene terephthalate film. The desired
conductive pattern was obtained by the magnetron sputtering
technique. Finally, the paper mask was peeled off to obtain a
flexible sensor substrate with double electrode patterning. The
two electrodes were designed in parallel, and the insulation
between the two electrodes of the sensor was ensured.

2.7.1. Preparation of ink for the pH-sensing working
electrode material

A series of pH-sensing working electrode inks were
prepared using carbonized composite materials, namely,
PANPs/NC-400, PdNPs/NC-500, PdNPs/NC-600, and
PANPs/NC-700. Briefly, 5 mg of accurately weighted car-
bonized composite material was dispersed in 1 mL of the
aqueous solution containing 10% Nafion binder. The solution
was subjected to ultrasound treatment for 10 min to acquire a
uniformly dispersed solution.

PVB solution was obtained by melting PVB into
methanol at a concentration of 76 mg/mL. Fine KCl pow-
der with a diameter of about 50-200 pwm was obtained from
KCl particles using ball milling for 0.5 h. A total of 3.5 g of
KCl powder was mixed with 3 mL of PVB solution to form
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PVB/KCI suspension. The solution was subjected to ultra-
sound treatment for 10 min to get a uniformly dispersed so-
lution of PVB above KCI solution.

2.7.2. Development of working electrode and reference
electrode

The working electrode was prepared by the drop-casting
technique, in which 10 pL of water-based suspension was cast
in the working area and dried for 10 min in a vacuum at 60 °C.

The reference electrode was prepared by screen printing
of the Ag/AgCl layer and a polymer layer. Here, 3 pL of sil-
ver nanowires solution was dropped on the reference electrode
area and allowed to dry in an oven for about 2 min. There-
after, 10 pL of FeCls solution (concentration of 0.05 m/L)
was added and allowed to chlorinate Ag for 5 s. After chlori-
nation, FeClz was removed by quick immersion of the sensor
in pure water to obtain the Ag/AgCl layer. Next, the layer of
PVB/KCI suspension on the reference electrode was prepared
by the screen printing method, and the sensor was transferred
to an oven (60 °C) for drying for 10 min.

3. Results and discussion

Figure 1 presents the scheme for the in-situ synthesis of
PdNPs-doped mesoporous carbon composites using WK. A
total of 5 mL of 10 mM PdCl, aqueous solution was added
in 5 mL of WK solution (2.5 wt%), and the reaction mix-
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ture was adjusted to the pH of 1-12 under strong agitation.
The solution was stored at 75 °C for 12 h to form a complex
solution of PANPs and WK (PdNPs/WK). At the molecular
level, WK has some remarkable structural aspects, which can
be manipulated to get the desired performance. The first as-
pect is WK molecules composed of up to 40% proteins (amino
acids) that can be transferred to N-doped aromatic carbon by
heat treatment.!'”] The second aspect is WK disulfide cross-
linkage, which is extremely beneficial for stabilizing the struc-
ture of wool fibers.!'>!'4l Some disulfide bonds break during
the formation of the WK solution. Each broken disulfide bond
is divided into two sulfhydryl groups (—SH), which are unsta-
ble and active and can be used as a reducing agent.!'>! These
unstable sulthydryl groups can reduce Pd ions to atomic Pd
and are embedded or adsorbed on the lamellar space or the
surface of regenerated WK through strong interactions with
amino groups''®! and are firmly fixed in the unique precur-
sor framework (Fig. 1). The prepared PANPs/WK compos-
ite mixtures were converted to spongy solid masses using the
freeze-drying technique. The prepared solid mass was car-
bonized in a nitrogen atmosphere at different carbonization
temperatures (400-700 °C) to obtain the ordered porous car-
bon structure. The obtained PANPs-doped carbon composites
were named as PANPs/NC-400, PANPs/NC-500, PANPs/NC-
600, and PANPs/NC-700.
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Fig. 1. Schematic illustration of the molecular structure of wool keratin as a multifunctional biological protein material for in-sifu preparation
and engineering of PANPs/NC composite materials and synthesis of PANPs/NC using the controlled preparation protocol.

3.1. Modification of microstructure

In pyrolysis, the surface morphology of materials depends

on the percentage emission of the volatile matter.'®! Nobel

metal nanoparticles play a catalytic role in the emission of
such volatile components. Here, the in-situ prepared PANPs
of the composite mass catalyzed and accelerated the emission

of carbon and nitrogen oxides; thus, resulting in the highly
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porous and aromatized carbon structure. ']

The surface morphology of PANPs was investigated by
high-resolution TEM (HR-TEM) analysis. Figures 2(a) and
2(b) present the HR-TEM images of the PANPs/WK com-
posite mass, showing well-dispersed PdNPs in the spongy
WK. Figure 2(c) presents the HR-TEM image, showing well-
dispersed PANPs with the lattice pattern of PANPs (0.21 nm).
Figure 2(d) presents energy dispersive spectroscopy analy-
sis that confirms the presence of PANPs. Figures 2(e)-2(h)
shows mapping analysis results, indicating the presence of ni-
trogen and PANPs in the composite material. The XRD images
confirmed the crystallinity of the composite (Fig. 2(i)). The
diffraction peak of the PANPs/NC composite at 26 = 40 repre-
sents the graphite plane (110), whereas three strong diffraction
peaks at (200) and (220) indicate the presence of PANPs. The
diffraction peaks of the synthesized PANPs are located at the
same angle as the diffraction patterns of bulk Pd from the Joint
Committee on Powder Diffraction Standards (JCPDS: 65—

2870), confirming the formation of Pd nanoparticles in the
composite. Raman spectra of the composite PANPs/NC con-
firmed the domain structure and structural assembly of the
synthesized composite (Fig. 2(j)). All spectra showed two sig-
nificant bands: the D-band is usually attributed to the disor-
dered surface morphology, and the G-band is attributed to C—C
symmetric stretching. We observed two bands, at 1363 cm™!
and 1601 cm~!, which were used to characterize the Ra-
man spectra and can be attributed to the D and G bands of
PdNPs/NC nanocomposites. The obtained results showed two
remarkable observations: first, with the increasing tempera-
ture, the strength of the G-band increases, showing increased
sp2 carbon content. Second, from 400 °C to 700 °C, with the
increase in temperature, the Ip/Ig ratio increases up to 1.02
and then decreases to 0.97. This result indicates that the sur-
face area increased due to the emission of gases with increas-

ing temperature, and at high temperature, the surface area de-

creased due to the sintering effect.

[WlIspectra from area #1
spectrum
£ 0.8
o
2
= 0.6
2
5 0.4
=
0.2
Pd-L
0.0% 5 10 15 g
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Fig. 2. Effect of the carbonization temperature on the carbon skeleton and morphology of PANPs. (a)—(c) PANPs/NC transmission electron
microscopy (TEM) and high-resolution TEM image; (d) the energy dispersive spectroscopy diagram of PANPs/NC; (e)-(h) element mapping;
(i) corresponding x-ray diffraction pattern; (j) corresponding Raman spectra.
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3.2. The A-B type composite pH sensor dopant signifies the B section, and their combination reveals

) ) ) the unique 7-type conjugate structure. The prepared compos-
The carbonized PANPs/NC materials were used to fabri-

i ) ) ite mass functions as the A-B type solid-state pH-sensitive
cate the two-electrode flexible strip sensor for detecting the

0] e ' material such as functionalized PANI structure sensitive for
exact pH value of body fluids!®”! (Fig. 3). A series of four H* ions. The presence of PANPs in the vicinity of the ma-
different pH sensors were prepared by changing the working

electrode ink materials, namely, PANPs/NC-400, PANPs/NC-

500, PANPs/NC-600, and PANPs/NC-700. of a continuous cycle test of the sensor in phosphate buffer

In principle, the pyrolyzed nitrogen-containing carbon  (pH: 3 to 9) (Fig. 4(a)). The PANPs/NC-500-modified sensor
skeleton acts as the A-B type polymeric material, in which ~ demonstrated the highest sensitivity of 55 mV/pH with a rela-
the aromatized carbon part signifies the A section and N  tive standard deviation (RSD) of 0.79%.

terial enhances the performance of the material due to its ex-
traordinary affinity toward H™ ions. We studied the results

(b)
(a) Conducting path

PET flexible Preparation of Preparation of Preparation of
substrate conducting path reference electrode working electrode

L >
(c) A
PdNPs/NC
Working electrode % Silver conductive layer

Reference electrode PET

Fig. 3. The pH sensor. (a) Schematic illustration of two-electrode flexible strip-based sensor. (b) Fabrication process of the two-electrode pH
sensor. (c) Schematic illustration of the vertical cross-section of the working electrode.

400 b oG otawg] %0
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Fig. 4. General performance and response of pH sensor: (a) sensitivity and repeatability of the pH sensor in the pH range of 3-9; (b) selectivity
(anti-interference) of PANPs/NC-500 modified pH sensor; (c) pH sensitivity comparative results of the carbonized composites; (d) stability of
the PANPs/NC-500-modified pH sensor in different conditions.

The composite material-modified sensors were further was recorded for the solutions of 5 mM Ca2+, 5 mM KT,
tested and applied for biochemical applications, in which the 5 mM Mg>*, and 5 mM Na™ at pH 6 and 7. No consider-
sensitivity, selectivity, stability, reproducibility of the sensor  able change was observed in the potential values except for
were examined. As the pH of body fluids usually fluctuates  pH 6 and pH 7 buffer solutions, which indicates the selectiv-
between 3.5 and 8,3/ the response of the prepared PANPs/NC- ity of the sensor toward HT ions only. The sensitivity of all
modified sensor was investigated at pH 3 to 9 (Fig. 4(a)). For materials is shown in Fig. 4(c), in which the PANPs/NC-500-

the detection of a biological sample, the selectivity, sensitivity, =~ modified sensor showed the highest sensitivity of 55 mV/pH.
and accuracy of the sensor are critical. Figure 4(b) presents  Figure 4(d) shows the stability of the PANPs/NC-500-modified
the selectivity analysis of the PANPs/NC-500 modified sen-  sensor, in which the sensor response was investigated for 9 h at

sor toward H' ions; herein, the performance of the sensor pH 2, 3,4, 5, 6, and 7. The obtained results showed excellent
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stability response with only 2.9 mV (the average) deviation in
the potential value even after 9 h consistent measurement; this
singular performance of the sensor is attributed to the stringent
surface morphology of PANPs/NC-500.

Table 1. Comparison among different electrochemical sensors proposed for
the determination of pH.

pH sensing material Sensitivity (mV/pH) RSD % Ref.
Graphene oxide 40 0.15% [17]
Poly (terthiophene benzoic 58.5+0.87 2.0% [18]
acid)/AuZn alloy oxide

PANI/carbon fiber 50.1 3.72% [2]
PANI/gold 62.5 1.0% [7]
PANPs/NC-500 55 0.79%  this work

The PANPs/NC-500-modified pH sensor was tested re-
peatedly for eight consecutive cycles, in which the response
of the sensor was examined for pH 2 to 7 buffer solutions
(Fig. 5(a)). In both ascending and descending cycles from
pH 2 to 7 and again to 2 with one-unit increments, the re-
sults revealed an average slope of 55 mV/decade with RSD
0.79%, which is better than other available solid-state pH sen-
sors (Table 1). To explore the linearity and sensitivity between
different pH sensors prepared in the same batch of materials,
we used a batch of materials to prepare three samples to ver-
ify the linearity of pH-potential of each sensor under the same
condition. The results are shown in Fig. 5(b). The linearity of

this sensor is extremely high, R? = 0.9976. Sensitivity is one
of the important criteria to determine whether the sensor is
excellent or bad. Here, we measured the sensitivity using mul-
tiple sensors (Fig. 5(c)), in which the sensitivity of all sensors
reached 55 +2 mV/pH. This is above the average sensitivity
for most miniature pH sensors, thus highlighting the superi-
ority of this sensor. To study the reproducibility of the ma-
terial synthesis protocol, four parallel sensors were prepared
using PANPs/NC-500 working electrode materials from four
different batches obtained by the same synthesis protocol. Fig-
ures 5(d) and 5(e) show the responses of all four group samples
for buffer solutions from pH 2 to 7 and then from pH 7 to 2
with an increase of pH 1, in which the linear trend in responses
of all four material samples with negligible variation in poten-
tial value was observed. Furthermore, the durability/stability
of the sensor was investigated. The PANPs/NC-500-modified
sensor was stored at room temperature for a week and used
for analysis. Figure 5(f) shows the daily response of the sen-
sor, in which the average sensitivity of the sensor was calcu-
lated, which demonstrated extra-high stability and more than
98% similarity with the pH sensor performance even after one
week. These results indicated that the prepared PANPs/NC-
500-modified pH sensors provide accurate and reliable analyt-
ical results.
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Fig. 5. General performance and response of pH sensors prepared in the same batch: (a) test pH = 2-7 step repeatability; (b) linear response of
materials from different groups; (c) sensitivity to pH response. General performance and response of pH sensors prepared in different batches:
(d) test pH = 2-7 step repeatability; (e) linear response of materials from different groups; (f) durability/stability study of the sensor; (g)
comparison of the prepared pH sensor and the commercial pH sensor, the linear curve of the prepared pH sensor; (h) fitting equation.
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Next, the practicability of the PANPs/NC-500-modified
sensor was investigated using two biological samples, namely,
gastric juice and saliva. To perform a real sample analysis,
we purchased artificial saliva and gastric juice samples from a
hospital. Here, the comparative judgment between the results
obtained by the sensor and the results obtained by commercial
pH sensors were correlated. Figures 5(g) and 5(h) show the
responses obtained by the PANPs/NC-500-modified pH sensor
and commercial pH sensor. The pH values of saliva and gastric
juice measured using the prepared pH sensor showed that the
maximum changes in gastric juice and saliva compared with
the commercial pH meter (0.72% and 2.09%, respectively),
which are relatively smaller than the normal pH range of body
fluids. The calculated standard calibration curve showed a lin-
ear response of R” = 0.997, which indicates the accuracy of
the prepared pH sensors. The major hurdle in the quantitative
detection of body fluids using this two-electrode pH sensor is
the accumulation of CI™ on the surface of the Ag/AgCl ref-
erence electrode. This problem has been overcome using the
PVB-based Ag/AgCl reference electrode, in which PVB coat-
ing with high CI~ content was prepared, which provided sta-
ble C1™. In principle, this modification in the reference elec-
trode allows the C1™ concentration to reach dynamic equilib-
rium and diminishes the effect arisen due to the concentration
change of C17. A flexible reference electrode was prepared
with high polymer-coated KCI powder. Its stability, sensitiv-
ity, and anti-interference performance were as good as that of
the saturated calomel electrode.

4. Summary

The study showed the in-situ preparation of the
PdANPs/NC composite material using WK as a precursor. The
in-situ prepared PdNPs played a key role in the controlled
switching of protein structure to the N-doped carbon skele-
ton with 7—m arrangement at the mesoscale level that mim-
ics A-B polymeric structure; hence, highly susceptible to H*
ions.*! The choice of WK is based on its singular molecu-
lar structure having tertiary amino acid sequence and disul-
fide cross-linkage, which not only helps in the preparation of
PdANPs but also acts as a precursor for activated N-doped aro-
matized carbon preparation.!'?! The in-situ synthesized PANPs
play an essential role in the carbonization process, in which
PdNPs showed a catalytic effect in pyrolysis and CO; emis-
sion to acquire aromatized carbon structure.!!'l WK was the
best precursor for the synthesis of the N-doped carbon skele-
ton with the 7—x arrangement, which mimics the A-B type
polymeric structure; hence, highly susceptible to H" ions. A
series of materials were prepared by temperature variation and

used for the fabrication of different strip-based solid-state pH
The PANPs/NC-500-modified sensor exhibited the
highest pH sensitivity with excellent stability and durability.

SENSsors.

The optimized pH sensor showed high specificity, selectivity,
and durability with the sensitivity of 55 mV/pH unit and the
RSD of 0.79%. The sensor was useful for biological samples,
namely, saliva and gastric juices.
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