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A polypyrrole-mediated photothermal biosensor
with a temperature and pressure dual readout for
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Photothermal biosensors with advantages of speed and high sensitivity offer alternative and reliable solu-
tions for real-time clinical diagnosis, food safety testing and environmental monitoring. Although metallic
nanoparticles are usually used for photothermal biosensors, their poor photothermal stability and poten-
tial toxicity hinder clinical applications. Taking advantage of the low cytotoxicity and remarkable photo-
thermal effect under the low laser power of polypyrrole-based organic nanoparticles, we developed a
novel photothermal biosensor with a temperature and pressure dual readout. After the formation of
immunoassay sandwich structures, polypyrrole as the photothermal agent is synthesized in situ with
pyrrole, HCl and Fe®' released from magnetic Fe,Os particles modified with detection antibody. The
heterocyclic rings from polypyrrole enable photothermal performance in the NIR region. The resulting
increased heat and pressure in a sealed well are measured using a digital thermometer and a portable
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pressure meter, respectively. Taking C-reactive protein (CRP) as a model target, the proposed strategy
allowed sensitive, selective and accurate analysis of biomarkers, and showed performance comparable to
that of ELISA. Overall, the dual-mode photothermal biosensor holds great potential for simple and low-
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Introduction

Clinical diagnosis plays a vital role in helping physicians to
choose appropriate treatments for patients with a broad range
of diseases. Numerous immunoassays have been developed
for sensitive and reliable clinical diagnosis, including the tra-
ditional enzyme-linked immunoassay (ELISA)," surface-
enhanced Raman scattering,” chemiluminescence,’* electro-
chemistry’ and fluorescence assay.®” According to the report
regarding the POCT (point-of-care testing) criteria set forth by
the World Health Organization (WHO), the method should be
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cost photothermal sensing of biomarkers for point-of-care testing (POCT).

Affordable, Sensitive, Specific, User-friendly, Robust and rapid,
Equipment-free and Deliverable (ASSURED).® POCT can reduce
turnaround times in hospitals, leading to suitable early treat-
ment and enhancing healthcare workflow.® Moreover, POCT
can be performed in the local setting (home, office, or external
field site) at low cost. Regarding POCT applications, the critical
bottlenecks of these methods are considered to be the analyti-
cal readout methodology. The traditional readout methodology
requires spacious analytical equipment and a professionally
trained handler, limiting the further potential of widely com-
mercialized POCT applications. Therefore, effective and porta-
ble signal transduction systems have been developed, includ-
ing glucose meters,'° distance-based chips,'’ thermometers,'?
pressure meters'® and others.™

Thermometers have been widely used in daily life for temp-
erature measurement with the advantages of easy operation,
low cost and rapid use."”>™"” Recently, thermometers have also
been used for biomolecular detection by reading the tempera-
ture increase correlated with target concentration. For
example, Gao et al. reported that a hydrogel shrinks upon
sensing heavy metal ions, leading to capillary flow and release
of preloaded NaOH powder into water to increase the tempera-
ture.'® Ma et al used temperature changes caused by the
exothermic reaction between H,O and CaO for target detec-
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tion." With the photothermal effect, temperature-based
measurements can also be realized through light-to-heat
signal conversion under laser irradiation because of the loca-
lized surface plasmon resonance of nanoparticles.'*'”2°

The photothermal effect has great potential for POCT
because of its superior properties, including simple prepa-
ration, low cost, excellent biocompatibility and easy signal
readout.’>'%2°>* A variety of quantitative photothermal
immunoassays have been developed using a portable laser
pointer as the light source and a thermometer for the signal
read-out,">*>*> (Table S1t). However, temperature elevation-
based detection does not usually produce strong and stable
thermal signals. Therefore, it is necessary to explore new
photothermal probes and new concise signal readouts to
improve the performance and accuracy of photothermal
biosensors.

Polypyrrole nanoparticles, as organic photothermal agents,
are conductive polymers of pyrrole.>® They have drawn atten-
tion towards biosensing and biomedical applications, owing to
their attractive properties of high conductivity, excellent energy
conversion  efficiency,  photothermal  stability, = and
biocompatibility.”” >° As excellent NIR photothermal probes,
polypyrrole nanoparticles have strong light-to-heat energy con-
version efficiency with high photothermal stability, due to
strong localized surface plasmon resonance absorption in the
NIR region.*® Moreover, polypyrrole does not exhibit photo-
thermal bleaching effects, unlike other photothermal agents
whose temperatures decrease under extended laser irradiation
even though the temperature consistently increases in the
initial stage. With these properties, polypyrrole has been
applied in photothermal therapy for tumor ablation®" as well
as biosensors.>**® Song et al. developed polypyrrole encapsu-
lating iron oxide nanoparticles that absorb the NIR light
energy resulting in heat to burn cancer in photothermal
therapy.®” Neither toxicity nor harm to cells was observed.**™*°
Vaitkuviene et al. confirmed that polypyrrole below
9.7 pg mL™" did not affect cell viability and proliferation and a
low concentration of polypyrrole is biocompatible.”' Major
developments of polypyrrole are employed in the therapy and
recently polypyrrole is applied to offer the solutions to medical
diagnostic problems. Polypyrrole has been applied in the
design of bioanalytical sensors, including catalytic biosensors
and electrochemical biosensors. Zhu et al. developed a poly-
pyrrole mediated photoelectrochemical immunoassay for the
biomarker in heart muscle cells.*> Yu et al. employed a poly-
pyrrole foam-based sensor in immunoassays.*® To the best of
our knowledge, although polypyrrole has become a prominent
photothermal agent, there is no report on polypyrrole-
mediated photothermal immunoassays using a temperature
readout with portable meters for target quantification.

Meanwhile, pressure is another parameter, which has
recently been used in sensitive and quantitative immunoassays
such as POCT.">*™* In general, pressure sensors have been
developed to measure the gas quantity produced by a gas-gen-
erating reaction.””>° According to the ideal gas approximation
(PV = nRT), the gas-generating reaction can induce a pressure
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change related to the change in n, the number of moles of the
gaseous reactant or product. Alternatively, if V and n are con-
stant, AP (the pressure change between the test system and a
control) is proportional to the AT (temperature change in
kelvins between the control and test). When exposed to light
in a specific wavelength range, nanoparticles with a photother-
mal effect can convert light to heat energy, and further
increase the pressure of a sealed system. Therefore, pressure
signals can be implemented into photothermal biosensors for
a dual readout as mutual references for improved accuracy.

Herein, we developed a simple POCT platform with a
thermal and pressure dual readout based on the photothermal
effect of polypyrrole. First, a typical sandwich-type immuno-
assay is performed by capturing the target molecule with an
immobilized capture antibody and detection antibody modi-
fied with magnetic beads. Then, Fe(ur) released from magnetic
beads can convert pyrrole into polypyrrole, which then acts as
an effective photothermal probe to transform NIR light into
heat through the photothermal effect. Finally, the induced
temperature and pressure variations are recorded using a
digital thermometer and a pressure meter for quantification,
respectively. To the best of our knowledge, this is the first
attempt to explore a temperature and pressure dual readout-
based photothermal immunoassay with polypyrrole as the
photothermal probe. The dual-mode photothermal biosensor
was applied for the detection of CRP (C-reactive protein),
which is one of the responsive protein biomarkers to predict
infection, inflammation and risk factors of cardiovascular dis-
eases. Overall, the photothermal platform with a dual readout
allows sensitive, selective and accurate analysis of protein bio-
markers, for a new POCT with the combined merits of temp-
erature and pressure-based strategies.

Experimental
Reagents and apparatus

CRP proteins, purified mouse monoclonal antibody and bioti-
nylated mouse antibody were obtained from R&D Systems
(Minneapolis, MN, USA). Pyrrole, streptavidin-conjugated mag-
netic beads (Dynabeads M-280, Life Technologies, USA) and
IgG (human CD45) were obtained from Life Technologies
(Frederick, MD, USA). Tween 20 was obtained from Sangon
Biotech (Shanghai, China). Tris-HCl was purchased from
Solarbio (Beijing, China). BSA (bovine serum albumin) was
purchased from BioFroxx (Einhausen, Germany). HRP-conju-
gated streptavidin was obtained from Thermo Scientific
(Carlsbad, New Mexico, USA). ELISA well strips were obtained
from BIOFIL (Beijing, China). The 808 nm portable laser with
an output power density of 3 W cm™ was purchased from
Guangzhou Yinbeixin Laser Co, LTD (Guangzhou, China).
Temperature variation was measured with a digital thermo-
meter (CIE 350P) from CE EMC, Taiwan. The pressure meter
was obtained from PASSTECH (Xiamen, China). The UV-vis
absorption spectra were recorded with a Spectra Max Id3
system (Molecular Devices, CA, USA). Centrifugation was per-

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2an00370h

Published on 27 April 2022. Downloaded on 11/5/2022 9:19:27 AM.

Analyst

formed with a Centrifuge-5418 system from Eppendorf
(Hamburg, Germany).

Photothermal immunoassay

To monitor the photothermal immunoassay, 4 pg mL™'
capture antibody was immobilized in an ELISA well. Different
concentrations of the target were dispersed in tubes. Detection
antibody-modified magnetic beads (100 pL) and 50 pL of
samples were added and incubated at 37 °C for 60 min and
gently washed 3 times with washing buffer. An 808 nm laser was
used to irradiate each sample with a power density of 0.2 W
em™?, and temperature and pressure changes were measured and
recorded using a digital thermometer and a pressure meter,
respectively (Fig. S11), during the laser irradiation. To study the
specificity of the polypyrrole mediated photothermal immuno-
assay, BSA, IgG, Myoglobin (MYO), and Micro-albumin uria
(mALB) were measured as control proteins.

Clinical assay with the photothermal immunoassay

To validate the photothermal immunoassay in real samples,
human serum samples (5-fold diluted with PBS) spiked with
different concentrations of CRP were tested with temperature
and pressure changes. Human blood was obtained from
Xiamen University Hospital (Xiamen, China) under the
approval of the Human Research Ethics Committee (project
number: KYX-2018-006). Before use, each blood sample was
centrifugated at 2000 rpm for 3 min to remove the precipitate,
red blood cells.

Results and discussion
Working principle

The schematic illustration of the working principle is depicted
in Fig. 1. The capture antibody is immobilized on a 96-well
plate. The biotinylated detection antibody is conjugated to
streptavidin magnetic beads through a streptavidin-biotin
system via streptavidin bridges.”* With the addition of a CRP
target, the target is captured by the immobilized antibody and

Capture Detection ’ - Thermometer
Antibody > CRP Target x Antibody - Fe;0, g i
'808nm Laser  Gas pressure meter

fiy =

’09 b3 44
vyy ™ ey "=

Fig. 1 Schematic illustration of a temperature and pressure-based
photothermal biosensor for the detection of CRP with a digital thermo-
meter and a gas pressure meter, respectively.
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a sandwiched immunoassay structure is formed by further
conjugation with detection antibody-modified magnetic
beads. Upon adding the pyrrole substrate, the photothermal
probe of polypyrrole is synthesized through pyrrole polymeriz-
ation with ferric oxide released from the magnetic beads in
acidic aqueous solutions. The dark black polypyrrole suspen-
sion can be recognized with the naked eye during the polymer-
ization process. Upon irradiation with an 808 nm NIR laser,
polypyrrole converts the light excitation energy into thermal
energy, resulting in a simultaneous increase in both tempera-
ture and pressure in the sealed well, which can be read by a
portable thermometer and pressure meter, respectively. With
an increase in the concentration of the target protein, more
detection antibody-modified magnetic beads are captured.
Consequently, more pyrrole polymerization occurs, and thus
the temperature and pressure increases are quantitatively pro-
portional to the target concentration.

Feasibility of polypyrrole photothermal performance

The feasibility of the polypyrrole mediated photothermal effect
was monitored by adding different components to the photo-
thermal system, and the results are shown in Fig. 2. Pyrrole
polymerization is conducted with ferric iron as the oxidizing
agent and catalyst. To verify that the photothermal agent poly-
pyrrole was generated from pyrrole, Fe’” and HCI, different
combinations of each component, including H,O, pyrrole,
HCI, pyrrole + HCI, Fe*" + HCI, Fe*" + pyrrole, Fe®>" and polypyr-
role (HCI + Fe** + pyrrole) were investigated in polymerizations
with the same concentrations of 1 M HCl, 0.4 M pyrrole and
3 mM Fe®". Fig. 2A shows the corresponding UV-Vis spectra for
each combination. The black polypyrrole was observed with a
wide absorption band from 600 to 900 nm, which was similar
to that of the previous report at 400-900 nm,>* indicating the
successful polymerization of pyrrole to polypyrrole. No black
color or apparent NIR absorption band was observed for other
incomplete component combinations. The strong light absorp-
tion band from the charge transfer complex in the NIR region
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Fig. 2 Feasibility test of the polypyrrole-mediated photothermal bio-
sensor. (A) UV-vis absorption spectra of different components in pyrrole
polymerization. Data were captured on the surfaces of each suspension
in an ELISA well; (B) temperature and pressure changes of different com-
ponents after NIR laser irradiation for 5 min with a power density of 0.2
W cm™2. The error bars mean standard deviations from three parallel
experiments.
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confirmed the possibility of polypyrrole-mediated photother-
mal performance.

The photothermal performance was further verified by a
thermometer or a pressure meter, where different conditions
with varied component combinations were tested for tempera-
ture or pressure changes under laser irradiation. When
exposed to 808 nm laser irradiation for 5 min with a power
density of 0.2 W cm™2, the temperature and pressure changes
were monitored (Fig. 2B). Polypyrrole sample solutions extra-
ordinarily showed increased temperature and pressure up to
33 °C and 16.5 kPa, respectively, which is attributed to
efficient light-to-heat conversion from the broad absorption
band in the NIR region.””

In contrast, other sample solutions had negligible tempera-
ture and pressure variations, indicating that the changes in
temperature and pressure were caused by polypyrrole due to
the photothermal effect under 808 nm irradiation. In addition,
polypyrrole showed excellent repeatable performance over 5
laser on/off cycles (Fig. S27).

The concentration-dependent effect of Fe*" in pyrrole
polymerization was tested (Fig. S31) and the metal selectivity con-
firmed that only Fe** could induce a strong polypyrrole-mediated
photothermal effect, while other metal ions commonly existing
in biological samples, including AP*, Na*, K, Zn**, and Mg*",
had no effect (Fig. S4t). Overall, polypyrrole can be applied as a
photothermal probe for light-to-heat conversion, and the photo-
thermal effect of polypyrrole can be read with not only thermo-
meters but also pressure meters for enhanced accuracy.
Theoretically, polypyrrole mediated photothermal biosensors can
be used for detecting different kinds of targets.

Quantification of CRP by a polypyrrole-mediated photothermal
effect

After optimizing the experimental conditions such as laser
power, irradiation time (Fig. S51) and the HCI concentration
(Fig. S61), CRP quantitative analysis was conducted by measur-
ing both temperature and pressure changes with a digital
thermometer and a portable pressure meter, respectively.
Monitoring CRP levels with suitable diagnostic accuracy is
critical for obtaining early treatment, for example, cardio-
vascular disease. As shown in Fig. 3A, the temperature gradu-
ally increased with an increase in the CRP concentration
ranging from 0.75 to 12 mg L™, where up to 30 °C temperature
variation was achieved. In contrast, negligible temperature
changes were observed for the control group. The calibration
plots in Fig. 3B show a linear relationship between the temp-
erature and CRP concentration in the range of 0.75 to 12 mg
L™" with a LOD (Limit of detection) of 0.45 mg L™" based on
the definition of the 3os/slope (¢ indicates the standard devi-
ation of blank samples). Meanwhile, the pressure also gradu-
ally increased upon increasing the CRP concentration as pre-
sented in Fig. 3C, and the pressure increase reached a value of
14.2 kPa at 12 mg L™' CRP. The calibration curve exhibited a
good linear correlation between pressure and CRP concen-
trations in the range of 0.75 to 12 mg L™' with a LOD of
0.31 mg L™ (Fig. 3D). According to the cardiovascular disease
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Fig. 3 Sensitivity of the polypyrrole-based photothermal immunoassay
for CRP detection. (A) Temperature changes by the thermometer
readout; (B) calibration plots of temperature variations; (C) pressure
changes by the pressure meter readout; (D) calibration plots of pressure
variations. Data were recorded under 808 nm laser irradiation with a
power density of 0.2 W cm™2 for 9 min. The error bars mean standard
deviations from three parallel experiments.

risk levels defined in the standards of the American College of
Cardiology,” CRP levels are interpreted to consider the
disease risk levels where CRP concentrations below 1 mg L™,
within 1 to 3 mg L™" and over 3 mg L™" indicate low, middle
and high risks, respectively. Therefore, this temperature and
pressure-based photothermal system can satisfy the require-
ment for disease diagnosis. Moreover, consistency between the
concentration-dependent pressure and temperature changes
indicates the accuracy of this platform. In addition, it is con-
venient and economical to employ simple and portable
thermometers and pressure meters for detection, while con-
ventional quantitative assays need sophisticated instruments.
In brief, this polypyrrole-mediated photothermal immuno-
assay with a temperature and pressure dual readout can be
used in healthcare diagnostics in resource limited regions.

Selectivity is a critical factor for evaluating the photother-
mal biosensor platform. Hence, common disease biomarkers
such as Myoglobin (MYO), urine micro-albumin (mALB) and
IgG, as well as control protein BSA, were tested. As shown in
Fig. 4, negligible temperature and pressure changes in MYO,
mALB, IgG and BSA solutions were observed, while CRP
(12 mg L") showed a dramatic increase in temperature and
pressure, demonstrating the capability of this platform for the
selective detection of CRP.

Quantification of CRP in human serum

To verify the potential of the polypyrrole-mediated photother-
mal biosensor for clinical applications, CRP in human serum
was quantified. The serum sample was prepared by centrifu-

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Selectivity of CRP detection using a polypyrrole mediated
photothermal biosensor with temperature and pressure variations. The
concentrations of CRP, MYO, mALB, IgG and BSA were 12 mg L™, 70 ug
L™, 20 mg L™ 1gL?"and 50 pg L™, respectively. The error bars mean
standard deviations from three parallel experiments.

gation and was 5-fold pre-diluted using PBS, and then spiked
with CRP of different concentrations. Photothermal perform-
ance with a power of 0.2 W cm™ under 9 min laser irradiation
was tested with a thermometer and pressure meter. As shown
in Fig. 5A and B, the calibration curves of temperature and
pressure changes with different concentrations of CRP in
human serum dilution were established. A linear correlation
between temperature and CRP concentration ranging from
0.75-12 mg L™" was obtained, with R* = 0.981 and a LOD of
0.75 mg L™'. Meanwhile, a linear correlation between pressure
and CRP concentration was also achieved with R* = 0.987 and
a LOD of 0.41 mg L™". The LODs of temperature and pressure
responses in real samples were comparable to those obtained
in buffer, indicating that the polypyrrole mediated photother-
mal biosensor was hardly affected by the components in real
samples, thus holding potential for practical applications.
Furthermore, to validate the precision and credibility of the
polypyrrole-mediated photothermal biosensor, the analytical
result of CRP (0.75-12 mg L") spiked in human serum was com-
pared with that of the standard ELISA method (Fig. S77). As
shown in Fig. 6A and B, both temperature- and pressure-based
biosensors showed a good correlation with the ELISA method

35 20
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Fig. 5 Photothermal biosensing platform for CRP quantification in

human serum: (A) calibration plot of temperature variation; (B) cali-
bration plot of pressure variations.
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Fig. 6 (A) Validation of the temperature based photothermal biosensor
platform by comparing it with ELISA for CRP quantification; and (B) vali-
dation of the pressure based photothermal biosensor platform by com-
paring it with the ELISA method for CRP quantification.

with a correlation coefficient of 0.977 and 0.989, respectively. The
results indicate that the accuracy of the proposed photothermal
biosensor is comparable to that of the standard method for CRP
detection, demonstrating that the developed photothermal bio-
sensor gives sensitive and accurate analysis of biomarkers for
clinical diagnosis without additional equipment.

Conclusions

In conclusion, a polypyrrole-mediated photothermal immuno-
assay was developed with simultaneous temperature and
pressure signal transduction. This method takes the following
advantages of polypyrrole: (i) easy polymerization with pyrrole
and Fe’*, (ii) efficient light-to-heat conversion ensured by
strong absorption in the NIR region, (iii) high photothermal
stability with reproducibility over 5 times laser on/off
irradiation cycles. These characteristics confirm polypyrrole as
an excellent photothermal probe, in which temperature and
pressure increase are recorded using a simple thermometer
and pressure meter, respectively. The developed biosensor was
applied for the quantitative assay of CRP with high sensitivity,
selectivity and accuracy comparable with those of the standard
ELISA approach. Overall, this method provides a user-friendly
strategy for the detection of clinical associated biomarkers
with dual readouts that can be recorded simply using a
thermometer and pressure meter. Furthermore, it contributes
to a new research area of photothermal biosensors, promoting
the applications of photothermal agents and signal readers in
improved photothermal immunoassays such as POCT.
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