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Abstract

In this study, gold nanoparticles and thermochromic composite films mod-
ified screen-printed carbon electrodes (TM-AuNPsSPCEs) were developed as
a platform for the simultaneous detection of protein and temperature. The
TM-AuNPs composited film had better sensitivity resulting from the gold
nanoparticles amplification effect. A phase transition model analysis of TM-
AuNPs films found that the TM-AuNPs films had three-phase transition in-
tervals (<45°C, 45°C to 80°C and >80°C) which accommodated the tempera-
ture requirements for protein denaturation. When used to detect different
concentrations of haemoglobin (Hb) solution, the TM-AuNPs modified
SPCEs had a better sensitivity in detecting the different concentrations in
comparison to TM and AuNP modified SPCEs which showed no clear sensi-
tivity towards the different Hb concentrations. The dual detection and excel-
lent sensitivity show a good application prospect for the study of the
TM-AuNPs composite film.

Keywords

Screen-Printed Carbon Electrodes, Gold Nanoparticles, Thermochromic
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1. Introduction

Gold nanoparticles (AuNPs) have been widely applied in diagnostics, therapy,
prophylaxis, and hygiene since the discovery of immunogold labelling by Faulk
and Taylor in the 1970s [1]. AuNPs have also been used in the development of
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protein biosensors [2] [3] [4]. Proteins exist in all organisms and are very im-
portant biological macromolecules. It is the executor of biological functions and
plays a variety of physiological functions such as biocatalysis, material transport,
movement, defense, regulation, memory, and recognition [5] [6] [7]. A very
important condition for protein to realize these functions is to keep the envi-
ronment at a certain temperature. With a change in temperature, some functions
cannot be achieved because of changes in protein content and structure. In the
last two decades, the research on the effect of temperature on protein mainly fo-
cused on thermal modification [8], denaturation, and stability [9] [10]. Heat
treatment can make changes in the physical and chemical properties of proteins.
The size, morphology, and interface of the heat-induced aggregate directly affect
the functional properties of the gel, solubility, foaming, and emulsifying proper-
ties of the protein, thus affecting the quality of the protein-rich food and pro-
tein-based biopharmaceutics. For instance, Narhi ef al [11] found that increas-
ing protein concentration increased the rate of protein aggregation during ther-
mal treatment. This effect shows that the quantitative analysis of factors affecting
protein aggregation such as detecting protein concentration at different temper-
atures and time is very important. In these studies, the protein content at differ-
ent temperatures was detected by collecting the samples containing protein
heated at different temperatures and time and then detecting the protein content
of the processed samples using an optical instrument [12] [13]. The simultane-
ous and real-time detection of protein content under temperature changes has
seldom been researched, due to the restriction of some key technical issues.
Thereby, making it is difficult to detect the effect of temperature and time on
protein content in real-time.

In this study, the surface of screen-printed electrodes was modified with gold
nanoparticles and thermochromic composite film for the sensing of protein and
temperature in real-time. SPCEs have been widely employed to develop electro-
chemical sensing platforms [12]. SPEs are less costly to produce and so can be
made disposable, which is desirable when testing biological samples to help pre-
vent surface fouling complications [13]. Disposable biosensors, made from
screen-printed electrodes [14] [15] have led to novel prospects in detection and
quantization. The SPCE surface can be modified easily to fit multiple purposes
in relation to different analytes to achieve an assortment of improvements
[16]. Gold nanoparticles (AuNPs) and thermochromic materials have both at-
tracted considerable attention owing to their wide applications [17] [18] [19].
AuNPs when modified on SPEs provide them with a signal amplification
property that can be applied in biosensing [20]. Thermochromic materials
usually change color with a change in temperature [21]. These compounds are
increasingly becoming hotspots for their many applications which include tem-
perature-indicating devices, smart dyes, temperature-sensitive light filters, opti-
cal switching as well as imaging systems [22] [23].

In this work, TM-AuNPs composite film was first prepared by a simple me-
thod. The characterization of the TM-AuNPs modified electrode was performed
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using emission scanning electron microscopy (SEM), ultraviolet visible spec-
trum, and electrochemical cyclic voltammetry (CV). Owing to gold nanopar-
ticles amplification effect between TM and SPCEs, enhanced voltammetric peaks
at the TM-AuNPsSPCEs. Moreover, the proposed electrode was applied for the

simultaneous determination of protein and temperature.

2. Experimental

2.1. Chemicals and Reagents

Bovine haemoglobin (BHb) solutions were acquired from Bio-cell Biotech. Co.
Ltd. (Zhengzhou, China). Tetrachloroauric acid (HAuCl,-4H,0) and trisodium
citrate dihydrate (Na,C,H;0,-2H,0) were obtained from Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China). All other reagents were obtained from the
First Reagent Factory (Shanghai, China).

2.2. Sample Preparation

2.2.1. Gold Nanoparticle Synthesis

The synthesis of gold nanoparticles was carried out according to the chemical
reduction method using sodium citrate as a reducing agent [24]. Gold precursor
(chloroauric acid (Au*, HAuCl,)) was reduced to neutral gold (Au®) using so-
dium citrate. Briefly, 100 mL of 0.01% (w/v) chloroauric acid aqueous solution
was brought to boil with good stirring. 2 mL of 1% trisodium citrate solution
was then added rapidly with continuous stirring. The color changed from yel-
low-orange to red wine. The solution was boiled for about 15 min after the color
change and then cooled and stored at 4°C for future use. Sodium citrate deox-
idized the Au ions to Au atoms which aggregated into nanoscale AuNPs while
the citrate ions combined with the surface of nanogold particles as ligands. The
anions covered the surface which prevented collision among particles and made

it less prone to aggregation (Zhang et al, 2009).

2.2.2. Thermochromic Material Preparation

Four percent (4%) PV A solution was prepared from 2 g PVA and 50 ml distilled
water. This solution was heated at 85°C with constant stirring for about an hour
until the PV A was totally dissolved and allowed to cool at room temperature. 0.4
g of boric acid and 0.2 g of NaOH (ratio of 2:1) were dissolved with 10 ml dis-
tilled water to prepare the borate buffer. Also, 0.001 g of cresol red as a color in-
dicator was dissolved in 1 ml ethanol and 5 ml distilled water. The boric acid
buffer solution earlier prepared, together with 0.03 g MgCl,, was added with
constant stirring. Finally, the “new” solution was slowly added to the cooled
PVA solution earlier prepared and stirred continuously to form the thermoch-

romic material.

2.3. SPCE Modification

2.3.1. AuNPs-Modified SPCE
Screen-printed carbon electrodes were purchased from DropSens-Llanera (As-
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turias, Spain). The bare SPCE comprised of a 3 mm diameter working electrode,
a carbon counter electrode and a silver pseudo reference electrode. The working
electrode surface of SPCE was modified with AuNPs, using electrochemical de-
position method. The surface of the SPCE was washed with ultrapure water
prior to deposition. The working electrode was then activated in phos-
phate-buffered saline (PBS) (pH = 6.8) for 45 s (at 2 V) at room temperature us-
ing the current-time method to further clean the electrodes. It was then put in
the nanogold solution and connected to the electrochemical workstation via its
interface. The electrodeposition was run for 2 hours with +1.5 V deposition po-

tential. The electrode was washed with ultrapure water after the deposition.

2.3.2. Preparation of TM-AuNPs Modified SPCE

The thermochromic material (TM) was incubated on the AuNPs-modified
working electrode of SPCE to make a highly sensitive electrochemical sensor for
soluble protein detection. The thermochromic material was immobilized onto
the working electrode and allowed to stand for 24 hours at room temperature.
From experience after repeated experiments, incubating the thermochromic

material for 24 hours formed a uniform film on the electrode.

2.3.3. SEM Characterization and Electrochemical Measurement

The morphology of the as-prepared AuNPs and TM-AuNPs films was characte-
rized using scanning electron microscopy (SEM, HITACHI S-4800). All electro-
chemical measurements were carried out with an electrochemical workstation
(CHI 660 D, U.S.A). The electrochemical measurements were performed in the
electrolyte solution of 2.5 mM K,[Fe (CN)4] + 2.5 mM K;[Fe (CN),] with either
constant or varying concentrations of Hb at either constant or varying tempera-
tures using four different working electrodes; unmodified-SPCEs (bare), AuNPs-
SPCE, TM-SPCEs and TM-AuNPs-SPCEs.

3. Results and Discussion

3.1. Design Strategy of the Dual Protein and Temperature
Biosensor

The fabrication procedure of temperature and Hb protein biosensing alternative
dual platforms was shown in Figure 1. A thin layer of AuNPs with negative
charge was electrodeposited on the surface of SPCE substrate and a thin TM film
with positive charge was immobilized on the surface of AuNPs via electrostatic
interaction Figure 1(a). Electrochemical techniques were used to investigate the
response of AuNPs-SPCEs and TM-SPCEs and TM-AuNPs SPCEs by the mea-
surement current before and after under different temperature and Hb solutions
with different concentrations Figure 1(b). Since AuNPs nanoparticle with high-
er specific surface area could be bound with many positive charges in TM films,
this improved the combination of positive charge TM film with negative Hb. As
a result, there was significant amplification in the response signal in contrast to
when there was no AuNPs on the surface of TM-SPCE:s.
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Figure 1. Functionalization modified SPCE for dual protein and temperature detection
(a). Interaction between AuNPs and thermochromic material (b).

3.2. The Thermochromic Mechanism from UV Spectra

The thermochromic material was synthetized by the addition of boric acid to
polyvinyl alcohol solution, which made the polyvinyl alcohol molecules cross
linked and consequently formed a viscous elastic sticky polymer. The color of
the thermochromic material changed with temperature due to the activity of
lone pair electrons in oxygen atoms combined with the unoccupied orbital in
boron atoms to form coordinate covalent bonds with cresol red molecule. This
reaction was affected by temperature. At room temperature, cresol red contains
a lactone ring structure and the color is jujube red. With an increase in temper-
ature (up to 60°C), the carbon-oxygen bond cleavage and the lactone ring is
broken, electron transfer reactions occur to form negatively charged oxygen ions
and positively charged carbon ions. The carbocations become stable by the
P-carbocation formation of m-conjugated structures through electron transfer,
molecular re-arrangement and conjugated double bond transfixion and also the
negative oxygen ions become sulfonic acid group anions. As these two ions can
exist stably at high temperatures, the cresol red turns from lactone to quinone
and the color changes to coffee brown. UV spectra (Figure 2) were used to detect
its color change at different temperatures. The maximum absorption occurred in
the range of 350 - 700 nm as a result of a better solubility of the cresol red at
55°C than at the other temperatures. Furthermore, a blue shift of 12 nm from
367 nm to 355 nm at 55°C can be found indicating the generation of electron

transfer. The carbocations became stable by the P-carbocation formation of
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Figure 2. UV spectra of thermochromic material at different
temperature (a) cresol red discoloration effect (b).

n-conjugated structures through electron transfer, molecular re-arrangement
and conjugated double bond transfixion and also the negative oxygen ions be-
coming sulfonic acid group anions. As these two ions exist stably at a high tem-
perature, the cresol red changes from lactone to quinone and the color subse-
quently changed to coffee brown. With a temperature decrease, the quinone
pi-conjugated structure becomes unstable, causing the conjugated double bond
to fracture and a molecular re-arrangement leading to a relatively stable lactone
structure being formed leading to a closed loop. The lactone structure and the
quinone structures of cresol red are isomers to each other. In the whole reaction,
the electron is given and received reversibly along with the change in tempera-
ture. The cresol red, therefore, exhibited reversible thermochromism [21]. Its

thermochromic reaction is as shown in Figure 2(a) inset and Figure 2(b).

3.3. The Effect of Heating on Morphology of TM-AuNPs and TM

As may be observed, the morphology of the thermosensitive as-deposited
(Figure 3(a)) and heat treated at 60°C (Figure 3(b)) showed a more regular
TM-AuNPs deposition with better dispersion. The TM surface showed an
amorphous surface (Figure 3(c)) at room temperature, but a uniform granular
distribution of TM was observed on the surface after heat treatment (Figure

3(d)).
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Figure 3. SEM images of the TM-AuNPsat room temperature (a), heat-treated at 60°C
(b), TM at room temperature (c) and heat-treated TMat 60°C (d).

3.4. Cyclic Voltametric Response of AuNPs, TM and TM-AuNPs
Modified SPCE

The cyclic voltametric electrochemical measurements of the AuNPs, TM, and
TM-AuNPs modified SPCE at different temperatures were performed in an
electrolyte solution of 2.5 mM K,[Fe (CN),] + 2.5 mM K;[Fe(CN);]. The charac-
teristics of the bare SPCE, AuNPs and TM-AuNPs modified surfaces are shown
in Figures 4(a)-(c). A lesser current response with no distinct paired peaks is
seen in the bare electrode (Figure 4(a)). The lack of distinct paired peaks indi-
cated that the bare electrode had a resistive surface that was not sensitive to
temperature. When the SPCE surface was modified with the TM, the peak cur-
rent response was almost twice that of the bare electrode at the same tempera-
ture range indicating that the TM was more sensitive to temperature than the
bare surface (Figure 4(c)). On the other hand, the TM-AuNPs modified SPCE,
showed a peak current response more than three times that of the bare elec-
trodes (Figure 5). Again, in comparison to the bare electrode, the biological sen-
sitivity of the AuNP-modified SPCE was greatly improved (the peak current in-
creased to almost six times that of the bare electrode) and had noticeable redox
peaks [25]. The AuNPs, acted as a single amplifying quantum dot and resulted in
improved biological sensitivity by amplifying the current (Figure 4(b)).

A phase transition model of the TM and TM-AuNPs films (Figure 5) was set
up according to the ratio of reductive peak current of TM and TM-AuNPs films
to AuNPs respectively. It showed the TM and TM-AuNPs films had same phase

DOI: 10.4236/jbnb.2021.121002

13 Journal of Biomaterials and Nanobiotechnology


https://doi.org/10.4236/jbnb.2021.121002

D.A.Y. Agyapong et al.

bare SPCE AuNPs modified SPCE 35°C
—=-35°C 200 —=—35'
50 +40°G /

z 188

i 5

g 0 7 65°C &

S 5/ ©70°C 5

3 756 3 -100

© 50 —+80C
D 2001 §

04 02 00 02 04 06 08 04 02 00 02 04 06 08
Potential (V) Potential (V)

(a) (b)

150{ TM modified SPCE —®—35C

. 40°C

100 45°C
% e —¥—50C
= 50 55°C
€ 0 «—60"C
g 65°C
3 50 e 70°C
—*—75C

100 . s
150+ —e—85°C

04 02 00 02 04 06 08
Potential (V)
(c)
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Figure 5. Phase transition model of TM and TM-AuNPs.

transition intervals; at <45°C, 45°C to 80°C, and >80°C, which accommodated

the temperature requirements for protein denaturation [26] [27].

3.5. Fabrication of AuNP-TM Composite Film and
Protein Detection

The AuNP-TM modified SPCE was also used to detect 0.2 x 10 mmol/L he-
moglobin (Hb) solution and the CV is as shown in Figure 6. In comparison to
the TM modified electrode, the biological sensitivity of the AuNP modified
SPCE was greatly improved and had noticeable redox peaks [26]. The AuNPs,
acting as a single amplifying quantum dot, improved the biological sensitivity by
amplifying the current in AuNP-TM composite film. This shows that the AuNP-

TM composite film was successfully fabricated.
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Figure 6. Cyclic voltammetry curves of 0.2 x 10~ mmol/L Hb so-

lution of AuNPs modified SPCE (black), TM modified SPCE (red),
and AuNP-TM modified SPCE (blue).

3.6. TM-AuNPs Modified SPCE for the Detection of Proteins at
Different Temperatures

To investigate the thermosensitivity and viability of the TM-AuNPs modified
SPCE sensor, 2 x 107 M hemoglobin (Hb) solution at different temperatures
were studied using cyclic voltammetry. The variations in temperature were suc-
cessfully detected by the sensor, indicating the applicability of the TM-AuNPs
modified SPCE as a temperature sensor for proteins. The cyclic voltammetry
curve (Figure 7) of the TM-AuNPs modified electrode under different temper-
atures for testing Hb solution (2 x 10”7 M) showed that the current increased
with increasing temperature after 30°C, with the largest increase being observed

in the temperature range of between 50°C - 60°C.

3.7. TM-AuNPs Modified SPCE for the Detection of
Proteins at Different Concentrations

The TM-AuNPs modified sensor, was used to detect different concentrations of
Hb solution at a constant temperature of 60°C. The cyclic voltammetry curves
and the differential pulse voltammograms (DPV) of TM-AuNPs modified SPCE
(Figure 8) showed better sensitivity in detecting the different Hb concentrations.
Using the DPV technique, at peak position (potential at 0 V), it was observed
that a linear relationship existed between the peak current and the log of the
concentration in the range from —4 to —7 with R*> = 0.99745 and a linear fitting
equation (inset in Figure 8(b)). The peak current increased with increase in

concentration.

Ip = —60.398 +0.58 110g (Cin) (1)

where Ip denotes the peak current and Cy, is the concentration of haemoglobin.
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Figure 7. Cyclic voltammetry curves of AuNP-TM modified SPCE under different temperatures.
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Figure 8. Differential potential voltammograms of AuNPs-modified SPCE (a) and
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4. Conclusion

In summary, we have successfully developed a biological and thermosensitive
biosensor to simultaneously detect the behavior of proteins at different temper-
atures in real-time. In comparison to TM modified electrode, the TM-AuNPs
modified electrode had an improved sensitivity for the amplification effect of

AuNPs particles. A phase transition model analysis of TM-AuNPs films found
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that TM-AuNPs films had a phase transition interval at <45°C, 45°C to 80°C,
and >80°C, which accommodated the temperature requirements for protein de-
naturation. When used to detect different concentrations of Hb solution, the
TM-AuNPs modified SPCE had a better sensitivity in detecting the different
concentrations unlike the AuNPs and TM modified SPCEs which showed no
clear sensitivity towards the different Hb concentrations. The behavior of the
TM-AuNPs SPCE in tracking the changes in protein concentration and temper-

ature in real-time shows a good applied prospect for the study of proteins.
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