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Abstract
This research investigates the structural and optical properties of carbon quantum dots (CQDs) for the sensitive detection 
of ascorbic acid (AA), an essential biomolecule used widely in health and industry. Accurate AA detection is critical for 
pharmaceutical and food safety applications, and this study demonstrates the use of a prism-based surface plasmon resonance 
(SPR) sensor with a CQD thin film for label-free and real-time monitoring. CQDs were deposited onto a gold (Au) thin film, 
and their structural properties were characterized through Fourier transform infrared spectroscopy (FTIR) and atomic force 
microscopy (AFM). FTIR analysis confirmed the presence of C–H, C≡C, C–N, and C–O bonds on the Au/CQDs surface, 
while AFM characterization revealed that the CQDs formed a uniformly dispersed, spiky surface evenly distributed across 
the gold layer. The optical properties of the Au/CQDs thin film were studied using ultraviolet–visible (UV–Vis) spectroscopy, 
showing an absorption peak of approximately 4.44 a.u. in the range of 260–270 nm, with an optical bandgap of 4.072 eV. 
When integrated into the SPR sensor, the Au/CQDs thin film demonstrated high sensitivity for AA detection, achieving a 
detection limit as low as 0.001 µM. Further characterization was conducted to explore the interaction between the Au/CQD 
thin film and AA, highlighting the film’s potential for use in sensitive biochemical sensing applications.
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Introduction

Ascorbic acid (AA), commonly known as vitamin C, has the 
molecular formula of C6H8O6, plays a vital role in human 
health due to its antioxidant properties, which are crucial for 
preventing oxidative stress and supporting the immune sys-
tem [1, 2]. AA is also essential for biosynthesis of collagen, 

carnitine, and neurotransmitters in the human body [3, 4]. 
Additionally, AA is widely used in the food and pharmaceu-
tical industries as an additive and preservative, making its 
accurate detection important for quality control and regula-
tory compliance [5, 6]. According to the European Food 
Safety Authority, the recommended average daily intake 
of AA (vitamin C) for adults is approximately 90 mg [7]. 
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High levels of AA intake can cause various health problems 
that includes undesired gastrointestinal and renal effects 
while deficiency of AA can affect protein metabolism, iron 
absorption, and immune system [8–10]. Therefore, the abil-
ity to detect ascorbic AA at low concentrations is important. 
Traditional methods of AA detection, such as titration and 
chromatography, while effective, can be time-consuming, 
require complex sample preparation, and may not be sensi-
tive enough for detecting low concentrations. Given these 
challenges, there is a growing demand for more efficient, 
sensitive, and rapid detection methods.

To meet this demand, a variety of biosensing technologies 
have been developed, including optical, electrochemical, 
thermometric, piezoelectric, and magnetic methods. Among 
these, surface plasmon resonance (SPR) spectroscopy is the 
most popular and widely accepted by researchers due to its 
advantages in chemistry, biological sciences, and other fields 
[11–18]. Since it was applied for gas detection and biosens-
ing in 1982, the SPR sensor has been well known in the sci-
entific community. SPR works based on a fundamental prin-
ciple of physics involving light behavior at the boundary of 
materials with different refractive indices. When light travels 
from a medium with a higher refractive index, such as glass, 
into one with a lower refractive index, like air, total internal 
reflection occurs if the angle of incidence exceeds the critical 
angle. If a thin metal layer such as typically gold is placed 
at the interface between the glass and air, the energy from 
the reflected light can couple with surface plasmons on the 
metal [19–21]. This coupling causes a reduction in the inten-
sity of the reflected light, producing a resonance at a specific 
angle, known as resonance angle [22–29]. SPR works by 
measuring the changes of the refractive index value near the 
surface of metal layer. The changes of refractive index will 
also change the resonance angle, making SPR suitable as a 
sensor [30–39]. Compared to other sensors, SPR stands out 

due to its numerous advantages, including linear response, 
cost-effectiveness, rapid and real-time measurements, non-
invasive nature, small sample requirements, label-free detec-
tion, and high sensitivity [40–42]. These benefits make SPR 
an attractive choice for a wide range of applications across 
various fields and highly favored by researchers. Moreo-
ver, recent advances in nanotechnology have enabled the 
integration of novel materials with SPR platforms, further 
enhancing sensor performance and paving the way for next-
generation detection systems.

Carbon-based nanomaterials, such as carbon nanoparticles 
and carbon nanotubes, are among the most well-known and 
extensively studied nanomaterials due to their remarkable 
capabilities which involve magnetic and optical character-
istics, including ease of access, environmentally friendly, 
high stability, and outstanding catalytic properties [43–46]. 
Carbon quantum dots (CQDs) are also one of the carbon-
nanomaterials which have attracted tremendous interest of 
researchers because of their exceptional features that include 
low toxicity, excellent stability, excellent biocompatibility, 
and excellent light absorption properties [47–49]. One of 
the crucial optical features of CQDs is the photoluminescent 
properties. CQDs are known for their strong fluorescence sta-
bility, allowing them to maintain a steady emission intensity 
even after extended periods of continuous excitation [50–52]. 
In addition, their surfaces can be functionalized with specific 
recognition elements enhancing their sensitivity and selectiv-
ity. These distinctive properties make CQDs a compelling 
choice for sensor applications. Previous research shows that 
CQDs have been integrated in several sensors to detect vari-
ous targets, such as cysteine, dopamine, antipsychotics, cur-
cumin [53–60]. To the best of our knowledge, sensing of AA 
using SPR optical sensor with CQDs as the sensing material 
has not been reported. Hence, in this present work, CQDs 
have been integrated into the SPR sensor to improve the 

Fig. 1   Preparation of Au/CQDs 
thin films
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sensing capabilities for AA detection. Additionally, the struc-
tural and optical properties of the CQDs thin film were also 
characterized to support and validate the sensing behavior.

Materials and Methods

Reagent and Materials

Carbon quantum dots (CQDs) were purchased from the 
Sabanci University Nanotechnology Research and Application 

Center (SUNUM) Turkey, and AA was purchased from Sigma-
Aldrich. Deionized water (DW) was used throughout the exper-
iments and characterization. A prism with refractive index 
n = 1.77861 and glass coverslip 24 mm × 24 mm × 0.1 mm 
were purchased from Menzel-Glaser.

Preparation of Au/CQDs Thin Film

The formation of thin film was produced by applying a spin coating 
method. First, the glass slip was cleaned with acetone to remove any 
dirt or fingerprint imprints from the glass slips. After that, the glass 
slips were coated with a thin layer of gold by using SC7640 Sputter 
Coater. The sputtering time was set to 67 s followed by 5 psi gas 
pressure and 25-mm distance between the substrate and target to 
obtain 50-mm gold thickness. Next, approximately 1 mL of the CQD 
solution was placed on the surface of gold-coated glass slips. Then, 
the glass slips were spun at 3000 rpm for 30 s using the Specialty 
Coating System, P-6708D, to produce the Au/CQD thin film. Fig-
ure 1 shows the illustration of preparation of the Au/CQDs thin films.

Preparation of Ascorbic Acid Solution

To prepare the AA solution with varying concentrations, 1 g 
of the AA was diluted using standard dilution principles. 
The distilled water was used to produce AA solutions with 
concentrations of 0, 0.001, 0.01, 0.1, 1, 10, 100, 1000, and 
10,000 μM.

Instrumental

The Fourier transform infrared (FTIR) spectrum of the sam-
ple ranging from 400 to 4000 cm−1 was obtained using a 
Perkin-Elmer spectrophotometer (CA, USA). The surface 
morphology of the thin films was analyzed using atomic 

Fig. 2   FTIR spectrum of the Au/CQD thin film where the broad 
band is near 3827–3719 cm−1 (O–H stretching), a prominent peak is 
around 3036 cm−1 for C–H stretching, C≡C stretching at 2238 cm−1, 
C = C stretching at 1682  cm−1 and 1524  cm−1, C–N stretching at 
1320 cm−1, and C–O stretching at 1193 cm.−1

Fig. 3   AFM result of the Au/CQD thin film
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force microscopy (AFM) (Bruker Multimode 8). The 
UV–vis spectrum was recorded using a UV–vis spectropho-
tometer (UV-3600, Shimadzu).

Surface Plasmon Resonance (SPR) Technique

In this study, the Kretchmann configuration was applied to 
evaluate the potential of Au/CQDs thin films to detect the 
AA in the range of 0 to 10 mM. A He–Ne laser, a polarizer, 
an optical chopper (SR 540), and an optical stage driven by 

a stepper motor with a resolution of 0.001° (Newport MM 
3000) comprise the SPR setup. The Au/CQDs thin film was 
sandwiched between the glass prism and hollow. Then, the 
AA solution will be injected into the hollow before the sig-
nal was recorded. This process was repeated using different 
concentrations of AA. In this configuration, with a 50-nm 
gold layer and 632.8-nm excitation wavelength, the evanes-
cent plasmon field is estimated to penetrate approximately 
200 nm into the sensing medium [61, 62]. This penetration 

Fig. 4   Absorbance spectrum of 
the Au/CQD thin film

Fig. 5   Optical band gap for the Au/CQD thin film Fig. 6   SPR reflectivity curves of gold layer in-contact with deionized 
water (DW)
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depth ensures that the interaction between the analyte and 
the CQDs layer occurs well within the sensitive region of the 
SPR field and is comparable to those reported in previous 
SPR-based sensing studies [63–65].

Results and Discussion

FTIR Analysis

An FTIR analysis was conducted to investigate the func-
tional groups present in the Au/CQD thin film within the 

infrared spectral range of 4000 to 500 cm−1. The FTIR spec-
trum revealed prominent absorption peaks, identifying key 
functional groups in the thin film, as shown in Fig. 2. Peaks at 
3827 cm−1 and 3719 cm−1 associated with the O–H stretching 
vibrations. This confirmed the presence of hydroxyl groups, 
consistent with findings by Kamal Eddin et al. [66]. Addition-
ally, a peak at 3036 cm−1 indicated C–H stretching vibrations, 
while the peak at 2238 cm−1 corresponded to the alkyne C≡C 
stretching frequency. Furthermore, the spectrum displayed 
peaks at 1682 cm−1 and 1524 cm−1 attributed to C = C stretch-
ing vibrations [67]. Peaks at 1320 cm−1 and 1193 cm−1 were 
assigned to C–N and C–O stretching bonds, respectively. These 
peaks have good agreement with prior studies by Liu et al. 
and He et al., which documented the C–N and C–O stretch-
ing ranges between 1266 and 1310 cm−1 and between 1163 
and 1210 cm−1, respectively [68, 69]. The presence of these 

Fig. 7   SPR reflectivity curves of gold layer in-contact with different 
concentrations of ascorbic acid (AA) 0 to 10,000 µM

Fig. 8   The resonance angle of gold surface in-contact with different 
AA concentrations

Table 1   The SPR resonance angle and shift resonance angle for dif-
ferent concentration of AA solution in-contact with the Au/CQD thin 
film (0 μM represents deionized water)

Concentration of AA 
(µM)

Resonance angle, � 
(degree)

Shift resonance 
angle, Δ� 
(degree)

0 54.07 0
0.001 54.08 0.01
0.01 54.13 0.06
0.1 54.14 0.07
1 54.15 0.08
10 54.21 0.14
100 54.23 0.16
1,000 54.25 0.18
10,000 54.26 0.19

Fig. 9   SPR reflectivity curves for the Au/CQD thin film in-contact 
with different concentrations of AA that ranged from 0 to 10,000 µM
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diverse functional groups indicates that the Au/CQDs thin film 
possesses a rich surface chemistry capable of aiding in bond 
formation or interactions with AA. These functional groups are 
capable of forming hydrogen bonds or electrostatic interactions 
with AA molecules. Such interactions contribute to the changes 
in the refractive index at the sensor surface, which are crucial 
for generating SPR signal shifts.

AFM Analysis

The structural properties of the Au/CQDs thin film were fur-
ther characterized using atomic force microscopy (AFM) in 
tapping mode. Figure 3 presents both two-dimensional (2D) 
and three-dimensional (3D) AFM images of the Au/CQD 
thin film. The images revealed a uniformly dispersed spiky 

surface, with CQDs evenly scattered across the gold-coated 
glass substrate. The root mean square (RMS) roughness meas-
ured was 0.736 nm indicating a moderately textured nanoscale 
surface. This homogeneous sensing layer on the gold thin film 
is critical for consistent surface interactions while the spiky 
topography contributes to a larger effective surface area which 
allows for more efficient interaction with AA molecules. 
This in turn will enhance the adsorption of ascorbic acid and 
amplifies changes in the refractive index [70].

UV–Vis Analysis

The optical properties of the Au/CQDs thin film were deter-
mined by examining the absorbance spectrum at various 
wavelengths between 220 and 500 nm. Figure 4 shows the thin 
film materials’ absorbance curves. As shown in the figure, the 
absorbance peak of the Au/CQD thin film was approximately 
4.4 in the range of 260 to 270 nm. The strong absorbance peak 
of CQDs might due to the π–π* transition of aromatic C = C 
bond [71]. The absorbance peak of the Au/CQDs thin film is 
crucial in determining the optical band gap.

In this study, the Beer-Lambert Law was applied to deter-
mine absorbance, which is directly proportional to the con-
centration of the chemical species. The optical band gap Eg 
for the Au/CQD thin film, calculated as the zero point of 
the linear fit from a plot of (�hv)2 versus hv, is found to be 
4.072 eV. This value aligns well with previous findings by 
Ramdzan et al. [72]. Figure 5 presents the (�hv)2 against the 
hv plot for the Au/CQDs thin film.

Surface Plasmon Resonance

SPR test was first conducted with deionized water (DW) in-
contact with the gold layer. About 3 ml of DW was inserted 

Table 2   Sensing properties of various sensors for AA detection

Method Materials/substrate Lowest detection Detection range References

Colorimetric Silver nanoparticles 0.0792 µM 0.25–50.0 μM [75]
Colorimetric Maltol capped silver nanoparticles 0.064 µM 0–1 µM [76]
Fluorescence Cerium-based nanoparticles 8.0 μM 0.01–40 mM [77]
Colorimetric 8.4 μM 0.01–50 mM
Fluorescence Phosphorus/nitrogen dual doped carbon quantum dot 0.023 µM 1.5 − 30 μM [78]
Fluorescence Carbon quantum dots − MnO2 0.042 µM 0.18 − 90 μM [79]
Fluorescence Carbon quantum dots 0.1 μM 5–100 μM [80]
Fluorescence Fe3+-functionalized carbon quantum dots 0.0091µM 0.1–50 μM [81]
Fluorescence N-doped carbon quantum dots 0.093 μM 0–130 μM [82]
Fluorescence and LSPR Au@MnO2 nanoparticles 0.47 μM 0.75–17.5 μM [83]

0.18 μM
LSPR Germanium-doped photosensitive fiber 15.12 μM 40–120 μM [84]
SPR Silver nanoparticles 0.08 μM 0.5–60 μM [85]
SPR Carbon quantum dots (CQDs) 0.001 µM 0.001–10,000 µM This work

Fig. 10   SPR angle shift against AA concentration for CQD thin film
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into the cell in-contact with the gold layer. Figure 6 shows 
the SPR reflectivity curves for the gold layer interact with 
DW. From the curve, the resonance angle obtained was 
53.93°. The experiment was then conducted using AA with 
varying concentrations ranging from 0 to 10,000 µM. A 
series of injections of AA at various concentrations were 
made into the hollow cell linked to the gold layer. Figure 7 
displays the SPR reflectivity curves of AA in-contact with 
the gold thin film. Based on Fig. 8, all concentrations of 
AA were found to have a resonance angle of 53.93°, which 
was identical to the resonance angle of deionized water. It 
is verified that the gold thin film’s resonance angle value 
toward different AA concentrations remains unchanged. 
This outcome could be explained by the fact that just a tiny 
amount of AA was absorbed into the sensing layer and bring 
no changes in the value of resonance angle.

The experiment was continued by substituting the gold 
thin film with the Au/CQD thin film. SPR reflectivity curves 

were plotted for AA concentrations ranging from 0 to 10,000 
µM, as shown in Fig. 9. Based on the figure, there was a 
noticeable shift in the resonance angle toward higher values 
as AA concentration increased. This shift can be attributed 
to the interaction between AA and the Au/CQD thin film, 
which raised the refractive index of the sensing layer, result-
ing in a more substantial change in the resonance angle. 
Additionally, the increase in molecule binding to the thin 
film likely contributed to this shift in the resonance angle 
[73, 74].

To determine the sensitivity of the Au/CQDs-based sen-
sor, the shift in resonance angle (∆θ) was plotted against 
the concentration of AA. The ∆θ values were calculated by 
measuring the difference in resonance angle between each 
AA concentration and DW as a reference. Table 1 presents the 
resonance angles and corresponding shifts for AA concentra-
tions ranging from 0 to 10,000 µM, with CQDs deposited on 
the gold layer. Figure 10 illustrates that the presence of CQDs 
on the gold layer enhances the SPR sensor’s sensitivity for AA 
detection, as evidenced by an increase in resonance angle with 
rising AA concentration up to 10,000 µM. The linear fit of 
resonance angle shift versus AA concentration shows a strong 
response, with a linear regression coefficient (R2) of 0.961. 
The slope of 0.026° µM−1 for AA concentrations between 
0 and 10 mM confirms that the sensitivity of the sensor is 
improved with the addition of CQDs. The limit of detection 
(LoD) was also calculated using the standard formula of

where σ is the standard deviation of resonance angle at 0 
µM, and S is the sensitivity. Based on repeated measure-
ments, the standard deviation was 0.01°, resulting in LoD of 
approximately 1.15 µM. This result shows the critical role of 
CQDs for sensing AA with lowest detection of 0.001 µM in 
the range of 0.001 to 10,000 µM and LoD of approximately 
1.15 µM. The performance of the proposed sensor for AA 
detection was evaluated against other reported sensors based 
on different materials, with the comparative results sum-
marized in Table 2.

The full width at half maximum (FWHM) and detection 
accuracy (DA) were also calculated to further investigate the 
performance of the sensor. The FWHM can be determined by 
measuring the width of the SPR reflectivity curve correspond-
ing to the half value of the maximum reflectance as shown 
in Fig. 11. The DA was calculated as the inverse of FWHM. 
The SPR reflectivity curve’s width determines the DA of the 
sensor. The narrower the SPR reflectivity curve, the higher 
the DA [86]. All the measured data of the FWHM and DA of 
the Au/CQD-based sensor upon adsorption of AA are shown 
in Table 3.

From the table, it can be concluded that no significant 
patterns have been noticed for the FWHM and the DA where 

(1)LoD =
3�

S

Fig. 11   FWHM of SPR reflectivity curve

Table 3   Values of FWHM and DA of Au/CQDs active layer in-con-
tact with different concentrations of AA

Concentration of 
AA (µM)

Full width half maximum, 
FWHM (degree)

Detection 
accuracy, DA 
(degree−1)

0 2.252 0.444
0.001 2.283 0.438
0.01 2.344 0.427
0.1 2.319 0.431
1 2.287 0.437
10 2.293 0.436
100 2.317 0.432
1 000 2.241 0.446
10 000 2.230 0.448
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most of the values are in the range of 2.230° to 2.344° and 
0.427/° to 0.448/° for the FWHM and DA respectively. The 
plot for FWHM and DA of this SPR sensor towards AA is 
shown in Fig. 12. The widths of the SPR reflectivity curves 
were nearly identical, and the only parameter that differs was 
the position of the resonance angle, indicating that varying 
AA concentrations have little to no impact on the DA of 
this sensor.

To investigate the interaction between AA and the CQD 
thin film, FTIR characterization was conducted following 
their exposure. The resulting FTIR spectrum for the Au/
CQD thin film, now in contact with AA, showed increased 
intensity in specific functional groups. As seen in Fig. 13, 
the intensity of two characteristic O–H peaks increased after 
AA was introduced to the thin film. Similarly, the peaks at 
1682 cm−1 and 1524 cm−1, corresponding to C = C bonds, 
also exhibited heightened intensity. These observed changes 
confirm the presence of AA within the CQD thin film after 
exposure. The changes of this functional groups also suggest 
that AA may interact with CQDs through hydrogen bonding 
that lead to the increase in sensitivity of the SPR sensor [87].

Additionally, the structural properties of the Au/CQDs thin 
film after interacting with AA were investigated using AFM. 
As shown in Fig. 14, AA absorption on the sensor surface 
led to noticeable changes in surface morphology. While the 
general peak structure of the CQDs remained similar before 
and after AA exposure, the RMS roughness increased from 
0.736 to 0.975 nm following AA injection. This increase in 
roughness aligns with previous findings, indicating that CQDs 
exhibit higher RMS roughness after interactions with other 
materials [88]. The altered surface morphology upon AA 
binding demonstrates a more heterogeneous film, which can 
enhance the SPR signal’s sensitivity by amplifying the film’s 
interaction with the analyte. This morphological change high-
lights the role of surface roughness in optimizing SPR sensor 
performance, providing a crucial parameter for achieving high 
sensitivity in AA detection.

Fig. 12   FWHM and DA of the 
Au/CQD SPR sensor towards 
AA

Fig. 13   FTIR spectrum of Au/CQD thin film after being in-contact 
with AA
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Conclusion

In this research, the structural and optical properties of 
Au/CQDs thin film for potential sensing of ascorbic acid 
(AA) using SPR have been successfully demonstrated. The 
FTIR result confirmed the presence of O–H, C–H, C≡C, 
C–N, and C–O on the surface of the thin film. The AFM 
images revealed that the thin film has a uniform spiky 
surface with RMS roughness of 0.736 nm. For the opti-
cal properties, the Au/CQD thin film has an absorbance 
peak of approximately 4.44 in the range of 260 to 270 nm 
with optical band gap of 4.072 eV. Furthermore, the Au/
CQD thin film showed a good potential for AA detection. 
Integration of Au/CQD thin film with SPR resulted in sig-
nificant shifts in the SPR reflectivity curve with increas-
ing concentrations of AA, revealing a high sensitivity of 
0.026° μM−1 across a wide concentration range from 0.001 
to 10,000 μM. Moreover, the calculated FWHM and DA 
of the sensor are in the range of 2.230° to 2.344° and 
0.427/° to 0.448/° respectively. When investigated using 
FTIR, exposure of AA on the Au/CQD thin film caused 
changes in the oxygen-containing functional groups pre-
sent on the thin film surface. This interaction then leads 
to the enhanced sensitivity of the sensor. AFM imaging 
further validated the interaction, showing an increase in 
RMS roughness from 0.736 to 0.975 nm upon AA binding, 
supporting that AA adsorption notably impacts the film’s 
morphology and enhances SPR sensor responsiveness. 
The consistent interaction between AA and the Au/CQD 
thin film demonstrates the sensor’s potential for highly 
sensitive AA detection.
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