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Abstract

The traditional method of monitoring the oxidation and reduction of biomedical materials usually relies on electro-
chemical (EC) measurement techniques. Here, we demonstrate a surface plasmon resonance (SPR) method to monitor
the oxidation process. Using levodopa L-dopa as the target analyte, a nanohole sensing plate is embedded in the EC
electrode to enhance the oxidation signal and generate SPR. Cyclic voltammetry (CV) measurement was first conducted
to understand the baseline of EC response of L-Dopa. Then, the redox reactions were simultaneously monitored through
SPR measurements during the CV voltage scan. The results showed that the limit of detection using traditional CV reached
1.47 uM while using EC-SPR, the limit of detection improved to 1.23 uM. Most importantly, we found a strong correlation
between CV current profiles and the SPR reflection spectra. Our results facilitate detecting electrochemical reactions
using an optical probing method.
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1 Introduction

Cyclic voltammetry (CV) is one of the electrochemical (EC) measurement techniques to study the redox properties in
electroanalytical chemistry [1-3]. It involves applying a voltage from low to high and then back to low and analyzing the
current response of the target analyte. As the voltage changes, redox reactions occur at the electrode surface, leading to
the generation or consumption of electrons, which are detected as changes in current [4]. The resulting electrochemical
profile reveals characteristic peaks corresponding to the analyte’s oxidation and reduction processes. CV can be used to
monitor the status of redox reactions and extract the concentrations. The similarity between EC and biological processes
makes CV one of the most versatile methods for biosensing. It is now widely employed to analyze the kinetic, analytical,
thermodynamic, and EC behaviors of various biomedical materials [5, 6] and to probe diseases such as diabetes mellitus
[7, 8] and glycogen storage disease [9].

Aside from detection using the EC method, surface plasmon resonance (SPR), an optical approach, is a non-intrusive
sensing method with extremely high sensitivity. SPR biosensing can be achieved through various types of setups, such as
grating [10], Otto [11], and Kretschmann [12] configurations. It is highly sensitive to the dielectric constant of metal and
medium at the interface so that it can be used for biomedical sensing, refractive index sensing, and pH sensing [13-15].
EC-SPR combines the advantages of EC and SPR sensing, which typically involves using light incident on a prism and
measuring the intensity of reflection at different angles [16, 17]. When SPR occurs, an absorption peak is generated at a
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specific angle. Moreover, when there is an EC reaction, the angle of the absorption peak shifts. Changes in biomaterials
on the metal surface can be monitored from the angle shift [18, 19].

We previously demonstrated a nanohole-array SPR sensor integrated with AC electrokinetic (ACEK) electrodes to
characterize the sensing properties of C-reactive protein (CRP) [20]. SPR peaks were found to be dependent on the ACEK
voltage and frequency. The results implied that optical signals could represent the status of redox reactions (which are
voltage-dependent). In this work, we propose an SPR method to monitor the oxidation process during CV voltage scan,
using Levodopa (L-dopa) as the target analyte. L-dopa is a precursor of dopamine. It can cross the blood-brain barrier
to increase dopamine neurotransmission and has been considered an important treatment for Parkinson'’s disease for
over half a century [21]. Among various methods [22-27], EC measurement studies the electron transfer process of the
L-dopa and is widely employed for clinical detection [28].

In this work, a nanohole sensing plate is embedded in the EC-SPR sensor to enhance the oxidation signal and gener-
ate SPR. CV measurement was first conducted to understand the baseline of EC response of L-Dopa. The redox reactions
were then simultaneously monitored through the CV and SPR measurements. The limit of detection (LOD) is compared
between CV and SPR methods. We found a strong correlation between CV current profiles and the SPR intensity variations.

2 Fabrication and measurement
2.1 Nanohole sensor structure

Similar to the typical alternating-current-electrokinetics (ACEK) biosensor, three electrodes, reference electrode (RE),
working electrode (WE), and counter electrode (CE), with the metal stack of Ti/Au (10/150 nm), were deposited on the
glass substrate (see Fig. 1a). The concentric rings encircling WE are the electrokinetic flow generator, adeptly collecting
target analyte. The Nanohole array, defined by electron-beam lithography, is distributed in the center of WE so that SPR
can be effectively generated. The diameter of the nanohole is 250 nm with a period of 750 nm.

Fig. 1 a Schematic diagram of (a)
the nanohole sensor, b meas-
urement setup for EC-SPR
experiment.

(b) Spectrometer
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2.2 Chemical and materials

3,4-Dihydroxy-L-phenylalanine (levodopa, L-dopa) was purchased from Sigma-Aldrich. It was diluted in a 0.1 M phosphate
buffer saline (PBS) solution (pH=7.4).

2.3 Measurement setup

The measurement setup is shown in Fig. 1b. White light was generated from a Xenon lamp (ASB-Xe-175). It was coupled
into the fiber and vertically incident on the nanohole array of the sensor. The reflection light collected by the fiber was
analyzed by the spectrometer (Ocean Optics, HR 4000). The potentiostat (SP-50) is employed for cyclic voltammetry
measurement. The measurement was conducted by supplying the voltage from the potentiostat to the nanohole sen-
sor. We recorded the optical reflection spectrum from the spectrometer and the electrical current response from the
potentiostat simultaneously after the voltage was applied.

2.4 Theory

We first analyze the SPR-spectral variation during the redox reaction based on the electron energy levels. The electron
flow from the analyte to the gold surface is correlated to the SPR spectrum. Considering a gold-solution interface (Fig. 2a)
with zero applied voltage (V. = 0)), though the electron energy level in the gold layer is higher than that (molecular
orbital) in solution, there is no electron flow because the molecular orbitals of the analyte are occupied. When the applied
voltage increases to the onset voltage (Vg pjeq = Vonser) (s€€ Fig. 2b), the analyte starts to oxidize. The oxidation current will
be generated once the applied voltage is larger than the onset voltage (V,pjeq > Vonser) (se€ Fig. 2¢) because electrons
will flow from the occupied molecular orbitals of the analyte to the gold surface. On the other hand, when the applied
voltage decreases back to a value below the oxidation voltage, the current is reduced because of the counter electron
flow from the gold surface to the vacant molecular orbitals of the analyte, as shown in Fig. 2d.

The EC voltage swing discussed above is employed for CV measurement in a typical EC biosensor. The charging and
discharging processes during the voltage swing also change the optical properties of the sensor. In Fig. 2e, when the
applied voltage exceeds the onset voltage, electrons flow into the gold surface, causing an increase in local charge
density. As a result, the refractive index and dielectric constant become higher [29], leading to an overall increase in
absorptance [30]. On the other hand, as shown in Fig. 2f, the discharge of carriers in the gold surface when the applied
voltage decreases below the onset leads to a lower absorptance. In this work, the onset voltage during the CV measure-
ment will be correlated to the SPR spectrum so that the dependence of optical absorptance with the redox reaction will
be employed for detecting L-dopa of various concentrations.

3 Results and discussion
3.1 CV measurement of L-dopa

The EC properties of L-dopa are first analyzed. The experiments were performed with a scan rate of 50 mV/sec and voltage
scan from -0.2 to 0.5 V. Figure 3a shows the CV characteristics of various L-dopa concentrations in PBS solution (pH=7.4).
The irreversible redox reaction in the CV profiles is mainly attributed to cyclization reaction of the L-dopa oxidation prod-
uct, levodopa-quinone, at the PBS pH of 7.4 [31, 32]. Generally, the reverse (cathodic) peak is less obvious at a lower scan
rate and in a higher pH buffer solution [31]. The magnitude of the current depends on the number of oxidized L-dopa
molecules and is correlated to the concentration. Taking the L-dopa with 300 uM in concentration for a close look (see
the inlet of Fig. 3a), when the applied voltage approachesV,,., (around 0.1V in the inlet), the L-dopa molecules start
to oxidize and release electrons, thus rapidly raising the current. As the voltage increases, all the L-dopa on the surface
of the metal electrode undergoes oxidation, causing the current to saturate. The magnitude of the current is limited by
the rate at which L-dopa diffuses from the upper layer of the solution. On the other hand, in the reverse scan, where the
voltage decreases from 0.5V, the oxidation rate, and thus the current, decreases.

The current-voltage (I-V) relationship near the oxidation onset voltage can be expressed in terms of V,,..,and V,
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Fig.2 Mechanism of SPR absorptance variations with the EC voltage swing. a Vs = 0 : There is no redox reaction and electron flow.
bV piied = Vonser: OXidation reaction occurs. €V eq > Vonser: AN Oxidation current is generated. Electrons flow from the solution to the gold
surface. d V00 < Vonser (the applied voltage falls back below the onset voltage): A reduction current is generated. The electrons flow from
the gold surface to the solution. e On the sample surface, electrons flow into the gold when oxidation occurs. f When the reduction occurs,

electrons move away from the gold surface
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Fig.3 Detecting of L-dopa using CV measurement. a Current responses of L-dopa with different concentrations. (Inlet) CV measurement of
300 uM of L-dopa. The onset voltage is 0.1 V using the tangent line method. b The corresponding calibration curve of maximum oxidation
current extracted from (a)
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anFe
= Ioexp<F(Vapplied - Vonset)>

(M
where ais the transfer coefficient, nis the stoichiometric number of electrons involved in the EC reaction, F is the Faraday
constant, e is the elementary charge, R is the gas constant, T is the Kelvin temperature. For L-dopa with a concentration
of 300 uM, V,..; is determined by extrapolating the I-V curve in the linear region (0.14 ~0.2 V) of the Fig. 3a inlet. V,,,
of 0.1V is obtained. In the following sections, we will use this value to determine the onset of the oxidation reaction.

Figure 3b shows the calibration curve by extracting the maximum current value of each concentration in Fig. 3a. 5
devices of each concentration were characterized. The We adopt the following equation to estimate the limit of detec-
tion (LOD) [34]:

LOD=3><S?D )

where SD is the y-axis-intercept standard deviation of response, and S is the slope of the calibration curve.

The SD, extracted from Fig. 3b, is 0.0076. Based on Eq. (2), our device’s LOD using the CV method is 1.47 uM. Among
similar CV methods to detect L-dopa on the un-modified electrodes [35-37], our approach demonstrates good LOD,
mainly because of the nanoholes’ larger chemical reaction surface area.

3.2 SPRspectral change during the redox reaction

In this section, we measure the in-situ SPR spectrum during the CV measurement. The reflection spectra measured at
time t are normalized to the initial spectra by
AR() = SO_RO) 3
R(0)
where R(0) represents the initial spectrum at t =0, the initial spectrum at the start of measurement, R(t) is the spectrum
measured at time t, and t indicates the time after applying the cyclic voltammetry.

Taking 300 uM L-dopa in PBS solution (pH=7.4) as an example, the SPR responses are represented by the peak optical
reflection changes. As shown in Fig. 4a, the peak value of AR increases in the negative direction with the applied voltage.
The AR change is mainly attributed to the increased localized electron density and the corresponding dielectric constant
and optical absorption increase. On the other hand, as shown in Fig. 4b, when we bring the voltage down from 0.4V, AR
decreases because carriers move away from the nanohole surface.

The correlation between the peak optical reflection variation and the scanning voltage is plotted in the timeline to
monitor the progress of the reaction. In Fig. 4c, we divide the reaction into several regions based on the onset voltage.
In region A, the applied voltage increment from negative (toward positive) results in a slight increase in electron con-
centration. The reflectivity corresponds to the energy level in Fig. 2a, at which no oxidation current appears. When the
applied voltage increases beyond the onset voltage (0.1 V), the reaction enters region B, where the oxidation reaction
starts (see the energy level diagram in Fig. 2b). Once oxidation occurs, the electron concentration on the metal surface
increases rapidly, leading to a significant increase in light absorptance. The energy level diagram in Fig. 2c illustrates
the phenomenon. In region B, the peak voltage of 0.5 V is applied at t=14 s. Because of the time required for electron
movement, the maximum AR occurs at the following data point of extraction, i.e., t=16 s. Furthermore, in region C, the
rate of electron dissipation from the metal surface becomes larger than the electron generation rate from oxidation. We
observe a decrease in electron concentration and |AR|.

3.3 SPR spectra of various analyte concentrations during the redox reaction

The change in AR depends on the electron concentration on the metal surface, which is determined by the number of
electrons flowing through the metal surface during the redox process. In other words, AR is dependent on the concen-
tration of the analyte.

The experiments of monitoring L-dopa of different concentrations were performed under the following conditions: the
scan rate is 50 mV/sec, the initial voltage is -0.2 V, and the maximum voltage is 0.5 V. AR(t) of different L-dopa concentrations
was recorded. Then, the AR spectra with the maximum reflectivity change during the voltage scan are shown in Fig. 4d for
L-dopa with different concentrations. The calibration curve in Fig. 4e is plotted by extracting each concentration’s peak AR in
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Fig.4 The measurement
result of the SPR experiment.
a AR spectral changes with
time. When oxidation occurs,
electrons flow into metal, and
AR increases. b The rate of
electron dissipation from the
metal surface is greater than
the rate of electron genera-
tion by oxidation, leading to

a decrease of AR. c Transient
correlation between peak

AR and applied voltage. The
corresponding charge move-
ment is schematically drawn
on top of the figure. d Spectra
at the maximum AR of various
L-dopa concentrations. The
maximum AR of all concentra-
tions occurs at the voltage of
0.4 V. e Corresponding calibra-
tion curve of peak intensity at
the maximum AR of various
concentrations

02V, t=0s
0.1V, t=6s
02V, t=8s

—— 04V, t=16s
— 0.2V, t=20s

—— 0V, t=24s
03V,t=10s -0.2V,t=28 s
05V, t=14s —— O0V,t=60s
04V, t=16s — 0V,t=90s
400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)
(C) Vapptiea < 0 I Vapptiea > Vunse[l Vapptiea < Vonset
g t—b At +e” I
oxiaation
il ro) o ©Ne
charging 'l“ |dischargir‘lgj‘1{: I discharging
i
o7k !
L | 45
0.6 | C
—~ i l
0.5 -
% I | —=— Applied Voltage (V)| ] 4
% 0.4 i | —e— AR _
=03 ! L
S ol 1Pz
0.2
E X ﬂ
= 0.1 .
S ) {2
< 0.0 L
-0.1 |
| {1
-0.2
0 A A i " I N 1 L I . 1
0 10 20 30 40 50 60
Time (sec)
(d) ; (e)
0 —
R=0.992
-1 y=0.3730x-0.3423
E 2 e
P —s00M | B
-3 ——100 uM Oyl
——30 uM
-4r 10 uM
5t Al
460 560 660 760 0 50 100 150 200 250 300

Wavelength (nm)

Wavelength (nm)

Fig. 4d. 5 devices of each concentration were characterized. From Eq. (2), the LOD obtained using the SPR method is 1.23 uM.
Compared to our CV measurement on the nanohole sensor, the EC-SPR method has a slightly lower LOD. The similar level of
LOD between CV and EC-SPR measurements implies that system noise may be a limiting factor instead of the measurement

method.

@ Springer



Discover Nano (2023) 18:145 | https://doi.org/10.1186/511671-023-03930-5 Research

4 Discussions of the EC-SPR monitoring on the L-dopa redox reaction

In contrast to traditional EC-SPR measurements, which monitor peak wavelength shift or peak angular shift from the
change of solution’s dielectric constant [18], our experiment focuses on the correlation of the oxidation process with
the SPR reflection spectra. From the application point of view, because we extract AR(t) at only the peak wavelength,
the light source used for the proposed sensor can be fixed to a specific wavelength (506 nm in our results) without
scanning through the whole spectrum. In addition, our nanohole sensor is highly sensitive to the oxidation current
that flows into the metal surface, making it suitable for redox reaction sensing.

During the measurement, the L-dopa molecules inevitably undergo adsorption on the nanohole- EC electrodes,
even though the device was washed by PBS/DI water/Acetone/IPA (Isopropanol Alcohol)/DI water between run to
run. For L-dopa concentration of 300 uM, CV peak current variation can be maintained within 3% for measurements
on the same sensor up to 10 times. The variation will gradually become larger for more measurements. The variation
also increases with the concentration as surface adsorption is more severe. For a larger concentration range (between
10 uM and 5 mM), we observe nonlinearity in the calibration curves for both CV and SPR measurements. As a result,
in this work, we focus on L-dopa concentrations up to only 300 uM.

For Parkinson’s disease patients undergoing L-dopa therapy, monitoring the concentration of L-dopa in biological
fluids such as urine and blood is paramount. Studies have shown that the concentration of L-dopa in urine ranges
from approximately 18.9 to 237.3 uM [38] and around 14.7 uM in the bloodstream [39]. Thus, the range of concen-
tration in this work is suitable for practical applications. The LOD achieved by our method (1.23 uM) is sufficient for
detecting L-dopa in the blood and urine of Parkinson’s disease patients. The unique oxidation onset voltage of 0.1
V can also be used to identify L-dopa molecules. For applications other than detecting L-dopa, the oxidation onset
voltage can differentiate the components of drugs because different drugs exhibit distinct onset voltages. Multiple
current peaks can be observed during voltage scanning, and our method can be applied in this context.

5 Conclusion

In this work, we analyze the correlation of redox reaction and SPR spectra based on the mechanism of electron flow in
the energy levels. The CV properties of the L-dopa in PBS were first characterized as the baseline. On the un-modified
electrode, we achieve a low LOD of 1.47 uM using the CV method, which is attributed to nanoholes in the metal sens-
ing pad. As for EC-SPR sensing, we found a strong correlation between the oxidation current and the SPR reflection
spectral changes. It confirms the idea of monitoring redox reactions using SPR spectra. The proposed method can
satisfy the need to facilitate electrochemical detection by using an optical probing method. It also provides a parallel
approach to analyzing biomaterials and the CV measurement.
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