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The analysis of reactant at different regions of the bioreaction interface is significant for the study on the in-
fluence of interface condition on bioreaction. In this study, we proposed a localized surface plasmon resonance
(LSPR) biosensing platform for local charge density monitoring and corresponding analytes detection based on

g;:;:aeczzgsi the bio-electron transfer modulation of plasmon resonance. Core-shell nanocomposites of polyaniline coated gold
Biosegnsor v nanoparticles were synthesized for the enhanced sensitivity of plasmon resonance to applied electric potential.

Tin-doped indium oxide (ITO) substrates modified with the nanocomposites were used as LSPR chip for optical
and electrochemical measurements simultaneously. The charge sensitivity of LSPR was verified with external
electric potential modulation theoretically and experimentally. Through layer-by-layer self-assembly immobili-
zation of glucose oxidase (GOD) on the LSPR chips, the charge transfer monitoring during the bioreaction of
glucose catalysis was further demonstrated based on the bio-electron transfer modulation of LSPR. By equivalent
circuit method, the charge density of the LSPR chip were detected with optical extinction peak shifts, and the
limit of detection was about 0.51 pC/cm?. This bio-electron transfer modulated LSPR provides a promising
approach for the detection of spatial charge densities and the evaluation of bioreaction substances at different

region of single chip.

1. Introduction

When light source with specific wavelength illuminated on plas-
monic nanoparticles, an electromagnetic field occurs that driving the
collective oscillations of nanoparticles’ free electrons into resonance,
which leads to strong extinction (absorption and scatterings) of photon
energy, resulting in localized surface plasmon resonance (LSPR) (Mayer
and Hafner, 2011; Nehl and Hafner, 2008; Xu and Geng, 2021). At the
wavelength corresponding to the resonant frequency, the optical
extinction peak of nanoparticles could be observed, which is related to
the refractive index of nanoparticle (Cortie and McDonagh, 2011). Due
to the ultrasensitivity to surrounding refractive index changes, LSPR is
often used for rapid, real-time, and label-free biochemical sensing
(Jackman et al., 2017; Loiseau et al., 2019). Therefore, based on the
mechanism of optical extinction peak shifts, LSPR sensors were sensitive
to target analytes which can combine to recognition materials

immobilized on nanoparticles and lead a change in refractive index.
To further improve the detection sensitivity, electrochemical
methods had been coupled with LSPR detections, which could provide
additional sensing information during the optical measurements (Li
et al., 2018; Zhang et al., 2015). Based on the electrochemical coupling,
external electric potentials modulated LSPR had been studied for the
detection of refractive index (Ran et al., 2018). During the detection,
noble metal nanoparticles modified tin-doped indium oxide (ITO)
transparent substrates were treated as LSPR chips for the simultaneous
electric potential applying and optical extinction measurement. In order
to improve the sensitivity, nanoparticles modified by conductive poly-
mers, such as polyaniline, polypyrrole, or polythiophene, are sometimes
used instead of pure nanoparticles (Jeon et al., 2016). Under the influ-
ence of electromagnetic fields generated by external applied potentials,
the free electrons distribution of metal nanoparticles was changed and
the refractive index was affected, which resulted in optical extinction
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peak shifts (Kitajima et al., 2021). Due to the sensitivity to electric po-
tentials and the ease of potential control implementation, this electric
potential modulated LSPR phenomenon could be used for the evaluation
of electron densities.

Substrates such as ion selective membranes or electrodes immobi-
lized with biosensitive materials often used as biochips for biosensing
applications. Enzyme electrodes, as the earliest biosensors, were fabri-
cated for specifically detection and functioned by combining the elec-
trochemical procedure with immobilized enzyme activity (Mano, 2019;
Updike and Hicks, 1967). During the detection period using enzyme
electrodes, electron transfers reflected on electric currents were
observed. Through the circuit formed by electrolyte and electrodes, in
the electrochemical detection, electron density of the electrode was
increased due to the electron transfers of enzymatic catalysis such as
glucose oxidase (GOD) catalyzing glucose oxidization (Freguia et al.,
2012; Zhong et al., 2018). Inspired by the electron enrichment of
enzymatic catalysis process, if this bio-electron transfer could be used
for the modulation of LSPR, charge densities at different region of the
reaction interface can be monitored based on the spot size of incident
light. Furthermore, the substances involved in the bioreaction can be
evaluated correspondingly with the charge density. The analysis of
reactant at different regions of the interface is significant for the study
on the influence of interface conditions on biological reaction.

In this paper, based on the bio-electron transfer modulation of LSPR,
a biosensing platform was constructed for local charge density moni-
toring and corresponding analytes detection. Firstly, the nano-
composites of conductive polyaniline coated gold nanoparticles were
synthesized for the enhancement of electric sensitivity, and the ITO
substrates modified with the nanocomposites were used as LSPR chips
for the electric potential modulation of plasmon resonance. Secondly, to
analyze the modulation mechanism theoretically, the influences of
electric potentials to optical extinction was quantitatively calculated by
finite-difference time-domain (FDTD) simulation. Finally, the bio-
reaction of GOD catalyzing glucose were used as demonstration for the
bio-electron transfer modulation of optical extinction. Through the
equivalent circuit method, the mechanism enabled the detection of
spatial charge density and the evaluation of bioreaction substances at
different region of single chip.

2. Materials and methods
2.1. Reagents and apparatus

Chloroauric acid (HAuCl,) was dissolved in deionized water with 1%
(w/v) for the synthesis of gold nanoparticles (AuNPs). Trisodium citrate
(Na3CgHs07) was dissolved in deionized water with volume ratio of 1%
(w/v) as reducing agent. Aniline, hydrochloric acid (HCI), sodium
dodecyl sulfate (SDS), and ammonium persulfate ((NH4)2S20g) were
prepared for the synthesis of polyaniline (PANI) coated AuNPs core-shell
nanocomposites (AuNPs@PANI). Dichloromethane, (3-aminopropyl)
triethoxysilane (ATPES), methanol, acetone, toluene, and ethanol were
prepared for cleaning and positively charging of ITO substrates. Chito-
san dissolved in acetic acid and GOD dissolved in 0.01 mol/L phosphate
buffer solution (PBS) were prepared for the substrates’ modification and
functionalization. Glucose was prepared in PBS as demonstration of bio-
electron transfer for subsequent experiments. All chemical agents were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

Electrochemical experiments were performed on the electrochemical
workstation (CHI660E, USA) while optical experiments were performed
on the optical detection system consisting of a high-power deuterium
tungsten composite light source (DH-MINI, Ocean Optics Inc., USA) and
a spectrophotometer receptor (USB2000 plus, Ocean Optics Inc., USA).
Ag/AgCl electrode was used as reference electrode, Carbon electrode
was used as counter electrode and the LSPR chip was treated as working
electrode during the detection. Scanning electron microscope (SEM,
Philips XL-30 ESEM) and transmission electron microscope (TEM, JEM-
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1010) were used for morphology characterization of the substrates and
nanoparticles. An ultrasonic washing machine (DS-060ST, China) was
used for the cleaning of substrates. A spray pen with a nozzle diameter of
0.2 mm (MoShen, China) was used for the modification of ITO substrates
with nanocomposites.

2.2. Synthesis of polyaniline coated gold nanoparticles

For the optical extinction detection and electrostatic adsorption
modification, negatively charged AuNPs was synthesized through the
adaption of sodium citrate reduction method (Boisselier and Astruc,
2009). The HAuCl, aqueous solution with 1% (w/v) (1 mL) added into
deionized water (100 mL) was treated as base solution. After the solu-
tion was stirred and brought to boil, sodium citrate solution with 1%
(w/v) (2 mL) was added. The solution was boiled under constant stirring
for 2 to 3 min until the color changes were observed. After 21 min, while
the solution has gradually turned purple, heating and stirring were
stopped. After the solution was cooled to room temperature, centrifu-
gation process was performed at 4 °C, 12,000 rpm for 15 min to remove
excess sodium citrate. The precipitate was then dispersed with 10 mL
deionized water and re-centrifuged at 4 °C, 6,000 rpm for 15 min to
purify the AuNPs. The precipitate was then dispersed with 2 mL
deionized water for further synthesizing.

To enhance the electrical and optical properties of AuNPs, ammo-
nium persulfate oxidative polymerization method was adapted to syn-
thesize PANI for the preparation of PANI coated AuNPs core-shell
nanocomposites (Xu et al., 2019). For the preparation of aniline-AuNPs
mixture, 40 mM SDS (0.25 mL) and the above synthesized AuNPs (0.5
mL) were added into 2 mM (1.5 mL) aniline solution. After complete
mixing, 2 mM ammonium persulfate (1.5 mL) prepared in 10 mM HCl
aqueous solution was added. After the solution was subjected to poly-
merization for 24 h, PANI was attached to the surface of AuNPs, forming
the core-shell nanocomposites. After the PANI residuals was removed
from the suspension solution using centrifugation, the precipitate was
dispersed with 1.5 mL 3.6 mM SDS solution for further purification by
repeated centrifugation. Then the purified core-shell nanocomposites of
AuNPs@PANI were obtained after the precipitate was dispersed with
0.5 mL deionized water.

2.3. LSPR chips for optical and electrochemical detection

To enable the potentials’ applying and recording while the optical
extinction detection, ITO substrates were fabricated by physical vapor
deposition (PVD) as electrodes (Helmersson et al., 2006). The carbon
counter electrode and the Ag/AgCl reference electrode were modified on
the ITO layer by screen printing to unify the differences between elec-
trodes. After cleaned via ultrasonic washing, the electrodes were dried
and immersed in 2% (v/v) volume ratio of APTES in toluene at 75 °C for
30 min to provide positive charges to their surface. The charged elec-
trodes were then washed to remove excessive organic solvent and
heated at 110 °C for 15 min to stabilize the charges. Afterwards, the
core-shell nanocomposites were sprayed to the surface of the positively
charged electrodes with an injection pressure of 18 psi and a spraying
distance of 6 cm to ensure the consistency. Through electrostatic
adsorption, the electrodes were modified with the nanocomposites and
treated as LSPR chips for optical extinction study. To enhance the con-
ductivity of PANI, the LSPR chips were immersed in 0.2 mol/L HCI so-
lution for 1 h for the protonation of PANI coated on AuNPs.

For the study of bio-electron transfer of enzymatic catalysis, the LSPR
chips were functionally modified with GOD via drop casting. The chi-
tosan solution was prepared in acetic acid at 0.5% (w/v). The GOD so-
lution was prepared with 8 mg/mL in 0.01 mol/L PBS. Afterwards, the
GOD solution was mixed with the chitosan solution at a volume ratio of
1:1 for the steady immobilization of GOD. After the nanocomposites of
AuNPs coated with PANI layers were sprayed to the surface of ITO
substrates, 10 pL chitosan-GOD solution was immobilized on the LSPR
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chips via chitosan adsorption. Thereby, the LSPR chips were prepared
for optical and electrochemical measurements.

2.4. Modulation of LSPR with applied potentials

FDTD simulation on the nanocomposites was performed to clarify
the mechanism of potential modulated LSPR. The electromagnetic field
distribution and the optical extinction spectra of the nanocomposites
were calculated and analyzed as a theoretical guide for the effects of
electric potential on LSPR. A spherical structure was constructed as
model of the nanocomposite which was illuminated by a plane wave
source with an electric field amplitude of 1 V/m. Based on the rela-
tionship between refractive indices and electric potentials (Nishi et al.,
2015), the refractive indices of AuNPs and PANI with different applied
potentials were calculated for the quantitative simulation of potential
modulated plasmon resonance.

The electric sensitivity experiments with LSPR chips were performed
to explore the modulation of optical extinction via applied electric po-
tentials. The chips were plugged into a quartz cuvette which was fixed in
a 3D printing structure on optical platform for the optical extinction
spectra recording whilst electric potentials were applied. Optical
extinction spectra in visible light were recorded by a spectrophotometer
with 0.38 nm optical path. Electric potentials applied on LSPR chips
were provided by electrochemical workstation. During the detections,
the applied potential range was set at 0 V to 0.6 V with an interval of 0.2
V. Electrolyte in the quartz cuvette was 0.01 mol/L PBS. All the mea-
surements were performed under the same conditions.

2.5. Charge density monitoring with bio-electron transfer modulated
LSPR

The bioreaction of GOD catalyzing glucose was utilized for the study
of bio-electron transfer modulation on LSPR. Based on the GOD immo-
bilized LSPR chip, the optical extinction peak shift was measured with
glucose concentration of 50 mmol/L. To ensure the extinction peak shift
was caused by the bio-electron transfer of the enzymatic catalysis re-
action, LSPR chip without the immobilization of GOD was tested at the
same condition as comparison. Afterwards, the extinction peak shifts of
GOD immobilized LSPR chip were measured with glucose concentration
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ranged from 10 mmol/L to 50 mmol/L to explorer their linearity. To
calculate the charge density of the LSPR chip, open circuit potentials of
the chip were detected at different glucose concentrations, and the
equivalent circuit method was used to obtain the equivalent capacitance
of the layered structure based on the electrochemical impedance spec-
troscopy of GOD immobilized LSPR chip. Additionally, LSPR chip with
multiple regions were prepared by mask method for the simulation of
different charge densities at one chip. Through the detection of these
regions, spatial charge densities were calculated and the corresponding
analytes were evaluated.

3. Results and discussion
3.1. Principle of charge density detection

In LSPR, the optical extinction peak shift represents the change of
refractive index of the plasmon nanostructure. Changes in shape, size,
and status of the material cause the varies of refractive index. While the
plasmon nanostructure was under the illumination of excitation light,
surface electrons of the nanostructure are active. With the stimulus of
external applied electric potential, the distribution of the electrons will
change and lead the shifts of optical extinction peak. As illustrated in
Fig. 1A, the synthesized gold nanocomposites were modified onto the
ITO substrates forming LSPR chips for the electric potential modulation
on plasmon resonance illustrating the charge sensitivity.

Electron transfers are existed in bioreactions such as enzymatic
catalysis. By immobilizing the enzyme on the plasmon nanostructure,
the transferred electrons generated in the catalytic process will be
enriched on the surface of the nanostructure, which affects the distri-
bution of the surface electrons leading the refractive index changes of
the nanostructure. In the spectrum, it is the shift of optical extinction
peak. Taking GOD catalyzing glucose as demonstration, the GOD was
immobilized on the LSPR chip, and the layered structure was showed in
Fig. 1B. In the existence of molecular oxygen, aldehyde group of glucose
is oxidized to carboxyl of gluconic acid by GOD and the generated
electrons are directly transferred to the nanocomposite (Fig. 1C). Under
the effects of electromagnetic field caused by incident light and elec-
trons from enzymatic catalysis, the distribution of electrons on AuNP-
S@PANI was changed and caused the peak shifts of plasmon extinction.
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Fig. 1. The development of bio-electron transfers
based LSPR biosensing platform with the moni-
toring of charge density. (A) Fabrication process of
the LSPR chip. (B) The layered structure of LSPR
chip and the detection strategy. (C) Principle of the
charge density monitoring: electrons produced from
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Through the open circuit potentials and the equivalent circuit method,
the charge density can be calculated with glucose concentrations and the
optical extinction peak shifts. By detecting charge densities at different
regions of the LSPR chip, the detection of spatial charge density and the
evaluation of corresponding glucose concentration can be realized.

3.2. Polyaniline coated gold nanoparticles on LSPR chip

The synthesis of PANI coated AuNPs core-shell nanocomposites and
the modification of ITO substrates were verified by optical spectra and
morphological characterizations. The optical extinction spectra of pure
PANI, AuNPs, and AuNPs@PANI were measured for the difference
comparison between nanocomposites and bare nanoparticles (Fig. 2A).
The optical extinction peak of AuNPs@PANI nanocomposites at about
810 nm was almost the same as pure PANI solution. It means that the
optical properties of PANI were kept stable under the coating process.
However, because of the enlarged gap of the PANI coating layers, the
optical extinction peak of AuNPs from the nanocomposites had about 5
nm red shift compared to bare AuNPs. From the TEM image, the core-
shell nanostructure of PANI coated AuNPs was observed with a more
uniformed distribution (Fig. 2B) than bare AuNPs (inset of Fig. 2B). With
the scale of the images, we can get that the average thickness of the PANI
layer was about 20 nm to 25 nm, and the average diameter of AuNPs was
about 40 nm.

By spray coating, the nanocomposites of AuUNPs@PANI were modi-
fied on the surface of ITO substrates, and the two characteristic peaks
were observed on the optical spectrum (Fig. S1). After the immobiliza-
tion of GOD, the optical extinction intensity was enlarged for the GOD
increased the light blocking. From the electrochemical impedance
spectroscopy for each modification steps of the LSPR chip, the imped-
ance is decreased after the modification of nanocomposites and
increased after the immobilization of GOD indicating the successfully
modification of LSPR chip (Fig. 2C). As showed in Fig. 2D, the core-shell
nanostructures were observed on the LSPR chip through SEM, and the
distribution of the nanocomposites was relatively uniform compared to
bare AuNPs modified ITO substrates (Fig. S2). Therefore, the nano-
composites modified transparent ITO substrates were treated as LSPR
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chips for optical and electrochemical measurements simultaneously,
which could provide stable spectra during the detections. Furthermore,
the energy dispersive spectrometer (EDS) analysis showed the surface
elements of LSPR chip indicating the nanocomposites of AuNPs@PANI
were successfully modified (Fig. S3).

The PANI layer thickness, nanoparticle diameter, and distance be-
tween enzyme and PANI layer are factors that affecting the detection
sensitivity and the LSPR characteristics. Based on the theoretical
calculation with different thickness of PANI layers, the thickness of 20
nm-25 nm of the PANI layer was optimized and suitable in our situation
for the construction of LSPR chip, improving the stability and the sen-
sibility. Based on the theoretical calculation with different AuNPs di-
ameters, a relatively moderate nanoparticle size such as 40 nm was
optimized and chosen during the synthesis process. In addition, the
distance between enzyme and PANI is depended on the density of GOD
and chitosan. A smaller density of GOD leads a bigger distance between
enzyme and PANI layer. Compared to physical adsorption method for
the immobilization of enzyme on the PANI layer, the covalent binding
was more controllable and the distance can be further optimized, lead-
ing a improving in the detection sensitivity. However, suitable cross-
linker for covalent binding is needed for the immobilization, which is
hard to find. But the method of physical adsorption is easy-to-implement
and stable. That is why physical adsorption method was chosen for the
immobilization of GOD (Section 2 in supplementary material).

3.3. Simulation of potential modulated LSPR

The simulation model was constructed by FDTD integrated devel-
opment environment (Gedney, 2011). In the center of this model, the
spherical structure represents an AuNP with a diameter of 40 nm, which
is covered by PANI layer with a thickness of 20 nm based on the TEM
images (Fig. S4). For bare AuNPs, the highest electromagnetic field in-
tensity is on the surface of AuNPs with a relative intensity value about
3.0 (Fig. S5A). Compared to the nanocomposites, the highest electro-
magnetic field intensity is on the interface of AuNPs and PANI layer with
a relative intensity value about 1.8 (Fig. 3A). The electromagnetic field
distribution of the nanocomposites is relatively more uniform than that

C 300 —
¢ Bare ITO

250}  * AuNPs@PANI-ITO

* GOD-AuNPs@PANI-ITO

SU8010 5.0kV 4.3mm x60.0k SE(UL) :

Fig. 2. The fabrication of LSPR chips. (A) The optical spectrum of AuNPS@PANI, AuNPs, and PANI (inset is aqueous solution of 1: PANI, 2: AuNPs@PANI, and 3:
AuNPs). (B) The TEM image of nanocomposites shows that the AuNPs are coated by PANI layers (inset is TEM image of bare AuNPs). (C) The electrochemical
impedance spectroscopy of each modification process. (D) The SEM image shows the morphological structure of the AuNPs@PANI modified LSPR chip.
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Fig. 3. Theoretical simulation of electric potential modulated LSPR based on AuNPs@PANI nanocomposites. (A) Electromagnetic field distribution of the nano-
composite indicates that the highest point of electromagnetic intensity is on the surface of AuNPs. (B) The quantitative simulation showed that the extinction peaks of
nanocomposites were red shifted along with the increasing of applied electric potentials (inset is the linearity of optical extinction peak shifts).

of bare AuNPs, which means that the distribution of surface charge
carriers is more susceptible to surrounding factors such as electric po-
tentials. The electromagnetic field of nanocomposite coated ITO sub-
strate was also calculated (Fig. S6), and the result illustrated that the
effects of ITO layer on the electric potential modulation of plasmon
resonance could be ignored. Quantitative calculations were performed
for the nanocomposites with applied electric potentials ranged from 0 V
to 0.5 V with an interval of 0.1 V, and the wavelengths of optical
extinction peaks were red shifted for 10.5 nm (Fig. 3B). As showed in the
inset of Fig. 3B, the peak shifts of the optical extinction were propor-
tional to the applied electric potentials. Compared to the quantitative
calculation for bare AuNPs (Fig. S5B), the response of nanocomposite to
electric potential is greater.

Through the theoretical calculation and analysis, by coating with the
conductive polymer, the nanocomposites exhibited excellent electric
potential sensitivity on optical extinction peak shifts. Based on the
Maxwell’s equations and Lagrangian theory, the energy of electromag-
netic field could be calculated by E = hc/A (E is energy, h is Planck
constant, c is Lightspeed and 1 is the wavelength of incident light), for
which the energy is inversely proportional to wavelength (Aviles and
Cervantes-Cota, 2017; Yee, 1966). Because of the enlarged gaps among
the nanocomposites after the coating with PANI, the interactions among
AuNPs were weakened which indicate the reduction in plasmon reso-
nant energy. Thus, from the spectra, the optical extinction peaks of
nanocomposites had a red shift compared with bare AuNPs which were
consistent with the previous characterization results in Fig. 2A.

3.4. Electric potentials modulated LSPR

The nanocomposites modified LSPR chips were used to investigate

the relationship between applied potentials and optical extinction peak
shifts experimentally. While applying electric potentials on the LSPR
chips, the optical extinction peaks were red shifted. As the applied po-
tentials increased from O V to 0.6 V, the extinction peaks shifted about
11.4 nm (Fig. 4A). The significant responding of extinction peak shifts to
electric potentials was calculated as 19.0 nm/V, indicating that small
changes in electric potentials can be reflected in the extinction peak
shifts (Fig. 4B). As comparison, the optical extinction peak of AuNPs
modified LSPR chip was red shifted about 3.4 nm with electric potentials
ranged from 0 V to 0.6 V (Fig. S7). The sensitivity of the extinction peak
shifts to electric potentials was about 5.7 nm/V, which is weaker than
that of the nanocomposites modified LSPR chip. Therefore, the plasmon
resonance of the nanocomposites was more sensitive to electric poten-
tials. Furthermore, the extinction peak changes of the nanocomposites
modified LSPR chips were recorded five times at O V and 0.6 V,
respectively (Fig. S8). The stable response showed good stability and
reversibility of the potential modulations.

Due to the sensitivity of PANI to applied potentials, the extinction
peak shifts of PANI coated AuNPs core-shell nanocomposites caused by
electric potentials were significantly enlarged. After the nanocomposites
were doped with protonic acid which decomposes into H" and counter
anions, the degree of polymerization, conjugation effect, delocalized
electrons of PANI molecular chain, and conductivity of PANI increased
(Lu et al., 2017). When AuNPs were coated with PANI, the surface
charge carriers of AuNPs were transferable to the PANI layer. Due to the
influence of external electromagnetic field, the p-electron (also called pi
electron) conjugated structure of PANI could occur a conjugation effect
(Cui et al., 2018; Lin et al., 2021). Therefore, with increasing applied
potentials, the density of free electrons and hot holes of AuNPs were
more likely to enlarge, resulting in the increase of refractive index of
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Fig. 4. The modulation of LSPR with electric potentials. (A) The optical extinction of AuNPs@PANI nanocomposite modified LSPR chips was modulated along with
the applied potentials. (B) Shifts of optical extinction peaks for nanocomposites modified LSPR chip were linearly increased along with the increasing of applied

potentials (inset is normalized enlarged view of the optical extinction peaks).



Z. Chen et al.

nanocomposites. Upon the increasing of refractive index, the optical
extinction peaks were red shifted (Nishi et al., 2015). Thus, the degree of
shifting of the optical extinction peaks increased along with applied
electric potentials and the shifts were enlarged after the coating of PANI.
These results were consistent with the theoretical calculations.

Theoretically, based on the relationship between extinction peak
wavelengths and refractive index, and the relationship between applied
potentials and refractive index (Mayer and Hafner, 2011; Ran et al.,
2018), the extinction peaks of noble metal nanocomposites at certain
applied potential can be determined. When electric potentials applied on
the nanocomposites were changed from P, to P, the wavelength of
extinction peak Jp at potential P can be calculated through 1p =
Apyy/1 + k(AP) (AP = P — Py is the difference of applied potentials, k is a
parameter only related to properties of the nanocomposites). On the
macro level, the properties of nanocomposites are constant, therefore
the extinction is changeable through AP. On the micro level, for the
potential modulated LSPR, the distribution of hot holes and free elec-
trons of the nanocomposites was susceptible to electromagnetic field
generated by the applied potentials, indicating that the plasmon reso-
nance can be modulated by applied potentials.

In noble metal, a plasmon is a collective oscillation of the free elec-
trons (Septlveda et al., 2009). These plasmon oscillations could be
treated as mechanical oscillations of the electron gas of a metal. The
changes of free electrons are reflected in dielectric constant (Mejia-Sa-
lazar and Oliveira, 2018; Shen et al., 2019). When an external electric
field was existed and applied on the nanocomposites, the free electrons
changed their original position with the electromagnetic field generated
by the applied voltages. That is, the free electron gas was displaced with
respect to the fixed ionic cores. As the optical extinction is sensitive to
the dielectric constant, the LSPR sensitivity is more related to the charge
density of the nanocomposites.

3.5. Bio-electron transfer modulated LSPR

The nanocomposites modified LSPR chips immobilized with GOD
were used for the modulation of LSPR via the bio-electron transfer of
enzymatic catalysis. As the reaction proceeds, electrons are enriched on
the chip and the open circuit potential is formed between electrodes. For
LSPR chip without the immobilization of GOD, on the condition of 50
mmol/L glucose solution, the optical extinction peak was red shifted 1.4
nm (Fig. 5A). This is mainly due to the increase of solution refractive
index caused by the increase of glucose concentration. Based on the GOD
immobilized LSPR chip, on the condition of 50 mmol/L glucose solution,
the extinction peak was shifted 4.1 nm (Fig. 5B), which was larger than
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the chip without GOD. The enlarged extinction peak shifts indicated that
besides the influence of refractive index, the bioreaction of enzymatic
catalysis also affected the extinction peak shifts. In this enzymatic
catalysis bioreaction, electron transfers were the main factor that
affected the optical extinction. Thus, in the presence of glucose, the
optical extinction of GOD immobilized LSPR chip was modulated by the
electron transfer of enzymatic catalyzing, where the optical extinction
peak was red shifted along with the glucose concentrations (Fig. 5C).
The normalized enlarged view of the optical extinction peaks of the GOD
immobilized LSPR chip with different glucose concentrations was
showed as inset in Fig. 5D. Their linearity was showed in Fig.5D, indi-
cating that the red shift of extinction peak was approximate proportional
to glucose concentration and can be used for glucose detection. Based on
the calibration curve, this bio-electron transfer modulated LSPR sensing
platform exhibits good reproducibility for the evaluation of glucose, and
the limit of detection of glucose was calculated at about 5.63 mmol/L. As
a proof of concept, with the pre-treatment process, this LSPR biosensing
platform is potential for the detection of real samples, such as blood
glucose or urine glucose, which is of great significance in the fields of
disease diagnosis and health management.

Meanwhile, the optical extinction peak shifts of LSPR chips without
the immobilization of GOD showed a slight red shift upon the increasing
of glucose concentrations (Fig. S9A). The extinction peak shifts were
caused by the refractive index changes of solution with the adding of
glucose. Fig. S9B showed the linearity of extinction peak shifts along
with the glucose concentrations. The reduced peak shifts compared to
the optical extinction peak shifts of GOD immobilized LSPR chip indi-
cated that the peak shifts of GOD immobilized LSPR chip were mainly
caused by the bio-electron transfer of the enzymatic catalysis reaction.
In certain ranges, as the concentrations of glucose increased from 10
mmol/L to 50 mmol/L, the electron transfers were strengthened,
resulting in the increase of open circuit potentials from 0.048 V to 0.311
V (Fig. 5E). The linearity was showed as blue line in Fig. 5F. Different
from the directly applied electric potentials, the enzymatic catalysis
induced electric potentials were generated from inner of the bio-
reactions. Without the need of extra devices, the electron transfers
captured by the LSPR chips were controllable through the intensity of
bioreactions.

On the other hand, 4 mg/mL, 8 mg/mL, and 16 mg/mL GOD solution
were prepared to evaluate the dependency between electron transfer
efficiency and GOD concentration in chitosan. The results showed that,
at low concentrations of GOD, the electron transfer efficiency was
increased along with the concentration of GOD, whereas at high con-
centration, the increasing rate of electron transfer efficiency was slow
down (section 3 in the supplementary material). Moreover, to evaluate

Fig. 5. Bio-electron transfer modulates the
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the selectivity of this biosensing platform, NaCl and sucrose solution
with a concentration of 50 mmol/mL were tested under the same con-
dition, and the LSPR chips with and without GOD were both utilized for
the tests to match the situation of glucose detection. The results showed
that the extinction peak shifts were sensitive to the substrate of glucose
and barely have response to the solution of NaCl and sucrose, meaning
the biosensing platform has selectivity with the enzymatic substrate of
glucose (section 4 in the supplementary material).

Corresponding to the enzymatic catalysis generated open circuit
potentials which were changeable according to the glucose concentra-
tion, excluding the influence of refractive index caused by solution
concentration changes, the red shifts of optical extinction still showed
linearity along with glucose concentrations (red line in Fig. 5F). The
shift of extinction peak was about 4.1 nm when the enzymatic catalysis
generated potential was 0.311 V. The increasing rate of optical extinc-
tion peak shifts with the enzymatic catalysis generated potential was
about 13.183 nm/V, and the increasing rate of the optical extinction
peak shifts with the glucose concentrations was about 82 nm/mol/L.
Therefore, small changes in bio-electron transfer of enzymatic catalysis
leads an obvious extinction peak shift, and the bio-electron transfer
modulation of LSPR is promising in the monitoring of electron transfers
and the detection of bioreaction substances.

3.6. Biosensing with charge density monitoring

Based on the layered structure and the electrochemical impedance
spectroscopy of LSPR chip immobilized with GOD, equivalent circuit
was modelled for the calculation of the electrochemical parameters.
Usually, Randle circuit can be used for the analysis of impedance spec-
trum with solution resistance (R;), charge transfer resistance (R¢t), open
Warburg impedance (W,), and constant phase element (CPE), as shown
in Fig. 6A. The Ry and W, represent the bulk properties of electrolyte
solution. The CPE and R both depend on the dielectric constant and
insulting features at the interface of electrode/electrolyte that were
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often affected by the property changes occurring at the electrode
interface. The protein of GOD immobilized on the surface of LSPR chip
and the PANI coated AuNPs nanocomposites both have resistance and
capacitance properties. Therefore, their electrical properties can be
treated as a resistance-capacitance parallel circuit on the chip surface.
Through the fitting of electrochemical impedance spectroscopy, pa-
rameters of the equivalent circuit were obtained. As showed in Fig. 6B,
the fitting curve was overlapped with the Nyquist plot, and the Bode plot
of phase and magnitude were both calculated indicating the resistance
and capacitance properties.

While the glucose was oxidized to gluconic acid, the electrons of the
enzymatic catalysis were transferred to the surface of LSPR chip. The
enrichment process of the bio-electron is equivalent to the charging of
capacitance causing the changing of electron distribution and the
increasing of charge density. Based on the detected open circuit poten-
tial, charge density of the LSPR chip was obtained with the definition of
equivalent capacitance. With the linearity relationship of glucose con-
centration and open circuit potentials, and the linearity relationship of
glucose concentration and extinction peak shifts, the relationship of
open circuit potentials of the GOD modified LSPR chip and the extinc-
tion peak shifts was obtained. Afterwards, the charge density of the GOD
modified LSPR chip was calculated along with the shifts of extinction
peaks (Fig. 6C). Based on the calibration curve, this bio-electron transfer
modulated LSPR sensing platform exhibits reproducibility for the
detection of charge density, and the limit of detection was calculated at
about 0.51 pC/cm?.

Furthermore, based on the LSPR chip with multiple regions, four
points were selected randomly and their charge densities were simulated
with glucose concentration of 0 mmol/L, 40 mmol/L, 45 mmol/L, and
50 mmol/L (Fig. 6D). Taking region 1 as reference point, based on the
bio-electron transfer modulated LSPR mechanism, the charge densities
of the other three regions are calculated as 13.4880 pC/cm?, 15.1896
uC/cm?, and 16.4658 pC/cm?, respectively. With the relationship of
charge density and extinction peak shifts of the LSPR chip, and the
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Fig. 6. Equivalent circuit fitting and charge density detection. (A) Equivalent circuit of the LSPR chip. (B) The Nyquist diagram and equivalent circuit fitting of the
LSPR chip (insets are Bode plots of the equivalent circuit). (C) The calculated charge density of the LSPR chip along with the optical extinction peak shifts. (D) The

detection of spatial charge density at different regions of the LSPR chip.
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relationship of glucose concentration and extinction peak shifts of the
LSPR chip, the corresponding glucose concentrations at these three re-
gions were calculated as 40.958 mmol/L, 46.125 mmol/L, and 50.000
mmol/L, respectively. The detection results are very similar to the actual
concentration of glucose, and the errors are within 2.5% indicating the
high accuracy of this bio-electron transfer modulated LSPR biosensing
platform. With the multiple region LSPR chip, this bio-electron transfer
modulated LSPR platform enabled the detection of spatial charge den-
sity and the evaluation of substances involved correspondingly.

In our study, bioreaction of enzymatic catalysis with electron
transfer was used for the simplified modulation process. Based on the
bio-electron transfer modulated LSPR, the application of LSPR bio-
sensing was expanded with the monitoring of spatial charge density.
Bio-electron transfer are existed in most of the life activities, such as, the
electron transfers of DNA crosslink, antigen-antibody reaction, bacterial
metabolism, and so on (Kelley et al., 1999; Mishra et al., 2019; Wu et al.,
2010). The extracellular electron transfer chain of bacterial metabolism
reactions is related to the metabolic equivalent level (METS) (Light
et al., 2018), through the bio-electron transfer modulated LSPR plat-
form, the reaction substance at specific position could be detected for
the accurately evaluation of bacterial metabolism. Furthermore, the
spatial resolution of cell metabolites is very important for the research of
life science (Pirbadian et al., 2020), based on the bio-electron transfer
modulated LSPR, the spatial detection of cell metabolites can be greatly
promoted. Since the mechanism of this bio-electron transfer modulation
is energy-free and has no influence on the chips and reaction systems,
this electricity of bioreactions modulated LSPR can also realize succes-
sive charge density monitoring and analytes evaluation for enzymatic
catalysis, metabolism, or other life activities.

4. Conclusion

In summary, we have studied the bio-electron transfer modulation of
LSPR, and constructed the LSPR biosensing platform with charge density
monitoring. With the coating of PANI on AuNPs, the sensitivity of op-
tical extinction to electric potentials was enhanced, which was consis-
tent with the theoretical calculation. Based on the GOD immobilized
LSPR chip, optical extinction of the nanocomposites was modulated by
the bio-electron transfers of GOD catalyzing glucose. Through the
electrochemical impedance spectroscopy equivalent circuit fitting,
charge density of the LSPR chip was obtained with optical extinction
peak shifts. With the multiple region LSPR chip, this bio-electron
transfer modulated LSPR provides a promising approach for the detec-
tion of spatial charge densities and the evaluation of bioreaction sub-
stances at different position of the chip/solution interface.
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