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Abstract: This study presents the development of luminol and gold nanoparticle co-functionalized
graphene oxide (GO-AuNPs-L) hybrids as enhanced luminogenic signaling molecules in the chemi-
luminescence immunoassay (CLIA) for detecting C-reactive protein (CRP), a key biomarker of
inflammation and cardiovascular diseases. When compared to free luminol, the GO-AuNPs-L hy-
brids significantly increased and prolonged the CL signal based on their synergistic enhancement
in electron transfer during CL production. Based on the performance, the hybrids were employed
as signaling molecules in both well plate-based and lateral flow CLIA platforms, showing substan-
tial improvements in signal intensity and sensitivity in CRP detection. These results highlight the
potential of GO-AuNPs-L hybrids as versatile and highly sensitive luminogenic molecules for im-
munological CRP detection, offering promising applications in clinical laboratory settings as well as
in point-of-care diagnostics.

Keywords: chemiluminescence immunoassay; lateral flow immunoassay; CRP detection; luminol;
graphene oxide; gold nanoparticles

1. Introduction

Pentameric acute-phase C-reactive protein (CRP) is a key biomarker in the diagnosis
and treatment of numerous inflammatory diseases, such as infections, chronic inflammatory
disorders, and cardiovascular diseases [1]. As an indicator of systemic inflammation,
elevated CRP levels in the bloodstream are strongly associated with an increased risk
of adverse cardiovascular events, making their precise detection a crucial aspect of both
preventive medicine and acute care [2,3]. Consequently, the development of advanced
analytical methods for CRP detection has been a focal point in clinical diagnostics, with
the goal of improving both the accuracy and efficiency of CRP measurement in diverse
healthcare settings [4,5].

Currently, enzyme-based immunoassays are among the most widely utilized analytical
techniques for CRP detection, owing to their high specificity and adaptability [5,6]. These
assays frequently employ peroxidases, such as horseradish peroxidase (HRP), as labeling
enzymes due to their robust catalytic activity and the versatility of their catalytic reactions.
Peroxidase-mediated reactions can convert the employed immunoreagents into specific
products, which can be detected using various methods, including colorimetry, fluorime-
try, and chemiluminescence (CL) [7–10]. Among these, CL has emerged as a particularly
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promising strategy because of its superior sensitivity, rapid reaction kinetics, and broad dy-
namic linear range compared to other detection methods. CL-based immunoassays (CLIAs)
have thus gathered intense interest and have been used for the quantitative detection of a
wide range of analytes, including environmental pollutants, vitamins, proteins, and nucleic
acids, as well as CRP [11–17]. However, the effectiveness of CLIAs heavily depends on
the luminogenic substances employed, which directly impact the intensity and stability
of the CL signal [18]. Luminol, a widely recognized CL reagent, has been conventionally
utilized in various bioanalytical applications due to its ability to emit light in the presence
of an oxidizing agent, typically hydrogen peroxide (H2O2) [19]. Despite its popularity, the
efficiency of luminol-based CL reactions was hindered by factors such as signal quenching
and insufficient light intensity, especially in complex biological matrices. To address these
challenges, the integration of nanomaterials with luminol has been explored as a strategy
to enhance the CL signal [20–22].

Nanomaterials offer unique physicochemical properties, such as a high surface-to-
volume ratio, quantum confinement effects, and catalytic activities, that can be essentially
utilized to improve the performance of CL-based assays [23,24]. Among the various nano-
materials, graphene oxide (GO), a two-dimensional carbon-based nanomaterial, has gained
significant attention in the field of biosensing due to its exceptional properties, including
its large surface area, excellent conductivity, and ability to interact with a wide range of
molecules through π-π stacking, hydrogen bonding, and electrostatic interactions [25–27].
These characteristics make GO an ideal platform for the development of hybrid materials
that integrate multiple functional components, leading to synergistic effects that can signif-
icantly enhance CL performance [28]. The incorporation of gold nanoparticles (AuNPs)
further augments this platform by providing catalytic properties that can amplify the CL
signal and by facilitating the interaction between luminol and oxidizing agents such as
H2O2 [20].

In this study, we explore the potential of a hybrid material, co-functionalized with
luminol and AuNPs on a GO surface (GO-AuNPs-L), to serve as an enhanced luminogenic
molecule for CLIAs targeting CRP (Scheme 1). This hybrid material is evaluated across
two distinct platforms: the well plate-based platform, widely used in clinical laboratories,
and the lateral flow immunoassay (LFIA), a point-of-care (POC) diagnostic tool known
for its simplicity, portability, and rapid results. GO not only provides a large surface area
for the uniform distribution of luminol and AuNPs but also facilitates electron transfer,
thereby enhancing the overall CL efficiency. The incorporation of AuNPs is expected
to further amplify the signal through catalytic effects and by facilitating the interaction
between luminol and the oxidizing agents used in the CL reaction. By leveraging the
combined properties of GO, AuNPs, and luminol, the GO-AuNPs-L hybrids were designed
to produce a stronger, more stable CL signal, thereby significantly enhancing the sensitivity
of CRP detection across both platforms.Chemosensors 2024, 12, x FOR PEER REVIEW  3  of  11 
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2. Materials and Methods
2.1. Materials

Graphene oxide (GO) (2 mg/mL), chloroauric acid tetrahydrate (HAuCl4•4H2O), lu-
minol, sodium borohydride (NaBH4), cysteamine, HRP, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), N-hydroxysulfosuccinimide (sulfo-NHS), boric acid, phosphoric acid,
acetic acid, phosphate-buffered saline (PBS), Tris-HCl buffer, tween 20, glucose, acetyl-
choline, bovine serum albumin (BSA), and myoglobin (Myo) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). H2O2 solution was purchased from Samchun chemicals
(Seoul, Republic of Korea). CRP antibody (anti-CRP) conjugated HRP was purchased from
Abcam (Cambridge, UK). Maxibinding white immunoplate for conducting immunoassay
was purchased from SPL science (Pocheon, Gyeonggi, Republic of Korea). Aluminum
sealing tape for incubating immunoplate was purchased from Thermofisher Korea (Seoul,
Republic of Korea). LFIA nitrocellulose pad, including anti-CRP (2 mg/mL) on T line
with or without goat anti-mouse IgG (1 mg/mL) on C line, and CRP were purchased from
Boreda Biotech (Seongnam, Republic of Korea). All solutions were prepared with deionized
water purified by a Milli-Q Purification System (Millipore, Darmstadt, Germany).

2.2. Synthesis and Characterization of GO-AuNPs-L Hybrids

In this study, AuNPs and GO-AuNPs-L hybrids were synthesized using a slightly
modified method based on a previous procedure [20]. Initially, AuNPs were synthesized by
adding 400 µL of cysteamine (213 mM) solution into 40 mL of HAuCl4 (1.42 mM) aqueous
solution. This mixture was stirred at room temperature (RT) for 20 min, after which 10 µL of
a 10 mM NaBH4 solution was added. The resulting mixture was then stirred vigorously in
the dark until it turned a wine-red color, indicating the formation of AuNPs. The prepared
AuNPs were subsequently stored at 4 ◦C.

The fabrication of GO-AuNPs-L hybrids was carried out using a physical method
to integrate pure GO, pre-synthesized AuNPs, and luminol. Briefly, an aqueous stock
solution of GO was sonicated thoroughly to achieve a uniform dispersion, resulting in
a final concentration of 0.01 mg/mL. Subsequently, 4 mL of 0.01 M luminol was added
to the dispersed GO solution, and the mixture was stirred at RT for 4 h to promote a
complete interaction between GO and luminol, forming the GO-L hybrids. Next, 2 mL of
previously prepared AuNPs was slowly introduced to the GO-L hybrids under vigorous
stirring at RT, and the mixture was then continuously stirred for an additional 12 h to
facilitate the formation of the GO-AuNPs-L hybrids. The resulting GO-AuNPs-L hybrids
were centrifuged at 10,000 rpm for 10 min to remove any unloaded molecules, and the
precipitates were resuspended in distilled water. The stable aqueous solution obtained was
stored at 4 ◦C for subsequent use. As a control to chemically conjugate GO and luminol,
GO (0.01 mg/mL) was first washed with MES buffer (0.1 M pH 6.0) and resuspended in
the same buffer contained EDC (90 mM) and sulfo-NHS (5 mM). After incubation under
shaking conditions for 1 h, the activated GO was centrifuged and washed twice with
PBS buffer (0.1 M, pH 7.0) to remove excess reagents. Subsequently, luminol (0.01 M)
was added to the GO suspension, and the mixture was shaken at 200 rpm at RT for 1 h,
allowing luminol to covalently bind to the activated GO, forming GO-L hybrids. The GO-L
hybrids were then thoroughly washed with PBS buffer three times to remove any unreacted
luminol and resuspended in the same buffer. The functionalization of AuNPs onto the
chemically synthesized GO-L hybrids followed a procedure similar to that described in the
physical method.

The morphology of the synthesized GO-AuNPs-L hybrids was analyzed using a
transmission electron microscope (TEM, Tecnai, Hillsboro, OR, USA). Fourier transform
infrared spectroscopy (FT-IR) was performed using an FT-IR spectrometer (FT/IR-4600,
JASCO, Easton, MD, USA) to identify and confirm the chemical functional groups present
in the GO-AuNPs-L hybrids.
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2.3. CL Measurements

CL intensities of GO-AuNPs-L hybrids, control hybrids, and free luminol were mea-
sured in white 96-well plates using a microplate reader (Synergy H1, BioTek, Winooski,
VT, USA) serviced by the Center for Bionano Materials Research at Gachon University
(Seongnam, Republic of Korea). Typically, 20 µL of HRP (20 ng/mL) and 20 µL of H2O2
(10 mM) is added to each well of the well plate containing 140 µL of Britton–Robinson
buffer (B-R buffer, pH 9.0). The CL intensities were measured immediately after adding
20 µL of hybrids or 20 µL of free luminol (0.01 M).

2.4. CL Immunoassays for CRP Detection
2.4.1. Well Plate-Based Immunoassay for CRP

The experiments were conducted using a 96-well immunoplate to evaluate the CL
response of GO-AuNPs-L hybrids in the detection of CRP. To begin, the wells of the
immunoplate were coated with serially diluted CRP, ranging from 20 to 5000 ng/mL, with
each well receiving 100 µL of the CRP solution. The plate was then incubated at 37 ◦C
for 2 h under shaking conditions to ensure the binding of CRP to the well surfaces. After
incubation, these wells were thoroughly washed with PBST (PBS containing 0.05% tween
20) to remove any unbound CRP and blocked with 3% BSA for 2 h at 37 ◦C, followed by
further washing with TPBS. Subsequently, 100 µL of anti-CRP conjugated HRP was added
into each well and continuously incubated at 37 ◦C for 1 h. Following further washing
with PBST, 200 µL of CL solution containing GO-AuNPs-L hybrids, H2O2, and Tris-HCl
buffer (with the ratio 1:1:1) was introduced to the wells. The CL intensity was recorded
immediately using the microplate reader.

To investigate the selectivity toward target CRP, CRP was replaced with the interfering
substances such as glucose (Glu), acetylcholine (Ach), BSA, myoglobin (Myo), and SARS-
CoV-2 capsid protein (Covid) and further processes were the same as described above.

2.4.2. LFIA for CRP

The commercial LFIA pads specifically designed for CRP detection were utilized.
These pads contained a T line coated with anti-CRP (2 mg/mL) with/without a C line
coated with goat anti-mouse IgG (1 mg/mL). The pad was then cut into 4 mm wide strips
and kept in the desiccator for further use. To assess the performance of LFIA, sample
solutions that contained varying concentrations of CRP, along with anti-CRP-conjugated
HRP and a buffer solution (0.04 M PBS containing 0.6% tween 20), were prepared. The
LFIA test strips were then immersed in these sample solutions for 10 min at RT. After the
incubation period, a CL solution containing GO-AuNPs-L hybrids, H2O2, and Tris-HCl
buffer (in a 1:1:1 ratio) was then applied to the test strips. Immediately following the CL
reaction, the reacted strips were imaged using a CL imaging system (UVITEC, Cambridge,
UK). The captured images were then converted to gray scale, which was subjected to
quantitative image processing with ImageJ software (NIH).

To evaluate the selectivity of the LFIA platform toward the target CRP, negative control
experiments were conducted in which the sample solutions included potential interfering
substances such as Glu, Ach, BSA, Myo, and the Covid. These experiments were processed
in the same manner as described above.

3. Results and Discussion
3.1. Construction of GO-AuNPs-L Hybrids

The synthesis of GO-AuNPs-L hybrids was achieved through physical adsorption,
starting with the preparation of AuNPs by the facile incubation of cysteamine with gold
precursor at RT, and NaBH4 was used as a reducing agent. Afterwards, GO-AuNPs-L
hybrids were developed by sequentially mixing luminol and AuNPs into GO aqueous
solution. The positive charge of the AuNPs promotes their adsorption onto the negatively
charged GO sheets, while luminol binds to GO primarily through π-π stacking interactions.
Control groups, including GO-AuNPs, GO-L, and AuNPs-L hybrids, were also prepared
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using a similar physical adsorption procedure, with variations in the absence of luminol,
AuNPs, or GO, respectively.

Due to the addition of GO, the synthesized GO-AuNPs-L hybrids had a black color,
while the AuNPs showed a reddish color (Figure 1a). The hybrids were characterized
using TEM and FT-IR. TEM analysis confirmed the characteristic spherical morphology
of the AuNPs, which were uniformly distributed on the surface of the GO sheets, thereby
validating the successful functionalization of GO with AuNPs and luminol (Figure 1c–e).
From the FT-IR spectra, the typical peaks of GO were observed in GO-AuNPs-L and GO-L
hybrids, such as the peaks at 1775 cm−1, 1454 cm−1, and 1069 cm−1, corresponding to
the C=O stretching vibrations of the–COOH groups, C–OH groups, and C–O–C in the
epoxide groups, respectively [29]. Moreover, a markedly broad peak at 3417 cm−1 was
observed, indicating primary amine (N–H) stretching vibrations, which are characteristic
of luminol. Additionally, peaks at 2853 cm−1 and 2923 cm−1 were attributed to the valence
vibrations (υC–H) of the benzene ring in luminol (Figure 1b) [30]. The presence of these
characteristic peaks in the FT-IR spectra of the GO-AuNPs-L hybrids, along with the control
groups GO-L and AuNPs-L hybrids, confirms the incorporation of luminol into the hybrids.
These results collectively demonstrated the successful synthesis of GO-AuNPs-L hybrids
through physical adsorption with the typical morphology and chemical characteristics of
their constituent components, such as GO, AuNPs, and luminol.
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3.2. Enhanced CL of GO-AuNPs-L Hybrids

The CL properties of the GO-AuNPs-L hybrids were evaluated to determine their
effectiveness as luminogenic molecules in peroxidase-catalyzed reactions. In the reactions,
HRP reacts with H2O2 to initiate the formation of multiple radical species, which subse-
quently oxidize luminol to produce a strong CL signal. To optimize the CL performance,
the effects of pH on the system were examined. The results revealed that the highest CL
activity was achieved at pH 9.0, which was selected as the optimal pH for subsequent ex-
periments (Figure S1). It is presumed that luminol in GO-AuNPs-L hybrids would become
dianionic under basic pH conditions, which can subsequently be oxidized to produce CL
signals [19]. In addition, the CL behaviors of GO-AuNPs-L were compared with several
control groups, including GO-L, AuNPs-L, a mixture of GO-AuNPs and free luminol, and
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free luminol. Additionally, GO-AuNPs-L hybrids that were covalently bonded through
the EDC/sulfo-NHS method were also included as a comparison group. As shown in
Figure 2, GO-AuNPs-L hybrids exhibited the highest and most sustained CL intensity.
Specifically, the CL intensity of GO-AuNPs-L hybrids was over five times greater than
that of free luminol. Moreover, the CL signal generated by the GO-AuNPs-L hybrids
was not only stronger but also more persistent, maintaining its intensity for up to 30 min,
whereas the signal from free luminol diminished over time (Figure S2). The enhanced
and prolonged CL signal observed with the GO-AuNPs-L hybrids can be attributed to
the synergistic effects of AuNPs and GO. AuNPs likely facilitate efficient electron transfer
during the luminol oxidation process, enhancing the CL signal. Meanwhile, GO serves as
an effective carrier offering a unique planar π–network reaction interface and accelerating
radical generation and electron transfer during the chemical reaction, leading to a high
yield of radical formation and, consequently, a stronger and more persistent CL signal [20].
The incorporation of AuNPs and luminol onto the GO surface markedly enhances both the
intensity and duration of the CL signal. This improvement is particularly advantageous
for POC applications, where a robust and reliable CL signal is essential for accurate and
sensitive detection.
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Figure 2. CL intensity of GO-AuNPs-L hybrids and control materials (GO-AuNPs-L hybrids syn-
thesized by chemical method, GO-L hybrids, Au-L hybrids, mixture of GO-AuNPs hybrids + free
luminol, and free luminol) in B-R buffer at pH 9.

3.3. CL Immunoassay for CRP Using GO-AuNPs-L Hybrids as Luminogenic Reagents

Thanks to the superior CL properties of GO-AuNPs-L hybrids, the hybrids were
employed as an alternative luminogenic substance in constructing a GO-AuNPs-L hybrid
and H2O2-HRP system-based immunoassay for the detection of CRP. The immunoassay
was implemented on two distinct platforms: the well plate-based format (off-device assay)
and the LFIA platform.

3.3.1. Well Plate-Based Immunoassay for CRP

For the well plate-based assay, a direct CLIA for the determination of CRP was
designed using anti-CRP conjugated HRP as a capture antibody and GO-AuNPs-L hy-
brids as CL signal generators. The optimization of experimental conditions, including
the concentration of anti-CRP conjugated HRP and H2O2, was essential for maximizing
assay performance. The results indicated that the highest CL intensity was achieved with
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10 µg/mL of anti-CRP conjugated HRP and 100 mM H2O2 (Figure S3), which were deter-
mined to be the optimal concentrations for the well plate-based immunoassay. Under the
optimized conditions, the selectivity toward target CRP by GO-AuNPs-L hybrids-based
immunoassay was evaluated. A high concentration of the potential interferences in human
serum, including Glu, Ach, BSA, Myo, and Covid, were tested to fully demonstrate the
specificity of the system toward the target CRP. Notably, a strong CL intensity was obtained
exclusively in the presence of CRP, while no detectable CL signal from other interferences,
even at concentrations 10-fold higher than CRP (Figure 3a). These results demonstrate the
high selectivity of the system for CRP detection. As the concentrations of CRP increased,
the corresponding CL intensities increased gradually (Figure 3b). Based on the linear
calibration plots, the limit of detection (LOD) for CRP was determined to be as low as
5.1 ng/mL, with the linear ranges extending up to 1000 ng/mL.
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Figure 3. (a) Selectivity of well plate-based immunoassay for detecting CRP. CRP was used at
5 µg/mL, whereas all control samples were used at 50 µg/mL. (b) Sensitivity of well plate-based
immunoassay for detecting CRP. Dose–response curves and the corresponding linear calibration
plots are presented. Photographs show images of the well plates.

3.3.2. LFIA for CRP

The LFIA strips were developed to enable the CL determination of CRP. In the pres-
ence of CRP in a sample solution, the anti-CRP conjugated HRP was captured on the T lines
through the antigen–antibody interaction. Upon addition of the CL solution containing
H2O2 and GO-AuNPs-L hybrids to the test line, a detectable CL signal was produced.
The LFIA strips were imaged using a UVITEC machine, and quantitative analysis was
performed using ImageJ software. For developing an efficient LFIA, the concentrations
of anti-CRP conjugated HRP and H2O2 were optimized. The highest CL intensity ratio
was achieved with 1 µg/mL of anti-CRP conjugated HRP and 10 mM H2O2 (Figure S4).
Under these conditions, the GO-AuNPs-L hybrid and H2O2-HRP system-based LFIA effec-
tively detected target CRP, with a strong luminescent signal corresponding to increasing
CRP concentrations (Figure 4a). In contrast, negative control samples exhibited negligi-
ble intensities even at 10-fold higher concentrations than the target CRP, aligning with
the results from the well plate assay. As the concentration of CRP increased, the inten-
sity gradually increased (Figure 4b), yielding an effective working dynamic range of up
to ~100 ng/mL. From the linear calibration analysis, the LOD value was calculated to be
10 ng/mL. Although the LOD and linear range values of GO-AuNPs-L hybrid and H2O2-
HRP system-based immunoassay are not the best when compared with the recent CRP
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detection sensors, the developed system fulfills the diagnostic requirements to detect CRP
in human serum with higher signal stability (Table S1) [4,31–36]. The reproducibility and
accuracy of the GO-AuNPs-L hybrid and H2O2-HRP system-based LFA were assessed
using the GO-AuNPs-L hybrids synthesized from three different batches. The results
showed that the intra-coefficient of variation (intra-CV) and inter-CV among different
batches were 4.11–7.63% and 5.51%, respectively, demonstrating the high reproducibility
of the current system (Table S2). Moreover, high recovery (100.22–100.97%) was achieved,
showing the sufficient accuracy of the developed LFIA for CRP. These results confirmed
that the proposed GO-AuNPs-L hybrids-based immunoassay is a promising tool for both
well plate-based and LFIA platforms, providing a robust and sensitive method for CRP
detection in POC settings. The enhanced CL performance of the GO-AuNPs-L hybrids un-
derscores their potential for effective and reliable biomarker detection in various diagnostic
applications.
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4. Conclusions

In conclusion, we demonstrated that the GO modified with luminol and AuNPs, form-
ing GO-AuNPs-L hybrids, significantly enhances CL activity compared to free luminol.
The GO-AuNPs-L hybrids exhibited not only a markedly stronger CL signal but also a pro-
longed and stable luminescence, marking a notable improvement over traditional luminol-
based systems. This improvement is attributed to the synergistic effects of GO, AuNPs,
and luminol, which collectively enhance the efficiency of the CL reaction. The successful
application of GO-AuNPs-L hybrids in CLIAs for the detection of CRP has been validated
on both well plate-based and LFIA platforms. The superior sensitivity and reliability pro-
vided by these hybrids underscore their versatility and effectiveness in various diagnostic
settings, highlighting their potential for broader use in diverse diagnostic applications.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/chemosensors12090193/s1, Figure S1: Effects of buffer pH on the
CL intensity of GO-AuNPs-L hybrids; Figure S2: CL intensities of GO-AuNPs-L hybrids and free
luminol over 30 min at RT; Figure S3: Optimization of (a) anti-CRP-HRP and (b) H2O2 concentration
to detect CRP using well plate-based immunoassay; Figure S4: Optimization of (a) anti-CRP-HRP and
(b) H2O2 concentration to detect CRP using LFIA; Table S1: Comparison of analytical performances of

https://www.mdpi.com/article/10.3390/chemosensors12090193/s1
https://www.mdpi.com/article/10.3390/chemosensors12090193/s1
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GO-AuNPs-L hybrids-H2O2-HRP system-based LFIA with recently reported LFIA-based CRP detection;
and Table S2: Reproducibility and accuracy of GO-AuNPs-L hybrids-H2O2-HRP system-based LFIA for
CRP detection. References [4,31–36] are cited in the Supplementary Materials.
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