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Introduction: Insulin and C-peptide played crucial roles as clinical indicators for diabetes and certain liver diseases. However, there
has been limited research on the simultaneous detection of insulin and C-peptide in trace serum. It is necessary to develop a novel
method with high sensitivity and specificity for detecting insulin and C-peptide simultaneously.

Methods: A core-shell-satellites hierarchical structured nanocomposite was fabricated as SERS biosensor using a simple wet-
chemical method, employing 4-MBA and DTNB for recognition and antibodies for specific capture. Gold nanorods (Au NRs) were
modified with Raman reporter molecules and silver nanoparticles (Ag NPs), creating SERS tags with high sensitivity for detecting
insulin and C-peptide. Antibody-modified commercial carboxylated magnetic bead@antibody served as the capture probes. Target
materials were captured by probes and combined with SERS tags, forming a “sandwich” composite structure for subsequent detection.
Results: Under optimized conditions, the nanocomposite fabricated could be used to detect simultaneously for insulin and C-peptide
with the detection limit of 4.29 x 107> pM and 1.76 x 107'° nM in serum. The insulin concentration (4.29 x 10°-4.29 pM) showed
a strong linear correlation with the SERS intensity at 1075 cm !, with high recoveries (96.4-105.3%) and low RSD (0.8%—-10.0%) in
detecting human serum samples. Meanwhile, the C-peptide concentration (1.76 x 10'°~1.76 x 10> nM) also showed a specific linear
correlation with the SERS intensity at 1333 cm ', with recoveries 85.4%—105.0% and RSD 1.7%—10.8%.

Conclusion: This breakthrough provided a novel, sensitive, convenient and stable approach for clinical diagnosis of diabetes and
certain liver diseases. Overall, our findings presented a significant contribution to the field of biomedical research, opening up new
possibilities for improved diagnosis and monitoring of diabetes and liver diseases.
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Introduction

Insulin and C-peptide were significant clinical indicators of diabetes and some liver disease.' The detection of these
indicators has important significance for the classification, diagnosis, evaluation of the disease, observation of the
therapeutic effect and prediction of the disease prognosis.>* At present, the strategies of detection of insulin and
C-peptide included immunoassay and non-immunoassay. Immunoassay methods included radioimmunoassay (RIA),>°
enzyme-linked immunoassay (ELISA),”® and electrochemical luminescence (ECL).”'® Non-immune detection methods

13,14
> etc. However,

included isotope dilution method,"" high performance liquid chromatography,'* mass spectrometry,
these methods depended on the professional equipment of hospitals or testing institutions mainly. Additionally, there

were several drawbacks associated with these methods, including time-consuming procedures, low detection limits,
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expensive costs, and complex steps. Hence, the development of a more sensitive and cost-effective method for detecting
insulin and C-peptide was imperative.

Recently, Surface-enhanced Raman spectroscopy (SERS) has attracting more attention due to the distinctive scatter-
ing properties of molecules to identify the chemical molecules through the amplification of electromagnetic fields
generated by localized surface plasmon or chemical enhancement when these molecules were adsorbed on the surface
of SERS active substrates such as Au, Ag and other noble metals.'” It is advantageous to detect the behavior and
molecular structure of surface molecules, especially when the molecules were trace amounts and mixed in complex
components.'®'” SERS has been recognized as a promising, alternative diagnostic method due to its characteristics of
high sensitivity, less cost, multiplex detection, etc.'® ** SERS probe has been proven to be effective in detecting target
substances even in complex biological environments highly. Numerous analysis methods based on SERS have been
developed specifically for biological analyses.>>>® It was crucial to highlight the pivotal role played by the SERS probe
in these processes, as it determined the sensitivity and accuracy of the final results ultimately. Compared with other
methods of Insulin and C-peptide detections, it was superior for SERS to realize minimal detection and lower
expenditure. According to early reports, noble metal nanomaterials such as Au, Ag, Pt, etc., were regarded as ideal
candidates for the construction of SERS probe.?* ! Typically, Au nanomaterials were investigated widely due to their
outstanding biocompatibility, tunable localized surface plasmon resonance (LSPR) properties, and outstanding surface-
enhanced Raman scattering (SERS) performance.****> However, some drawbacks existed in unitary element Au nano-
materials. For instance, colloidal gold nanomaterials were prone to agglomeration in solution.>* Additionally, the
enhancement factor of Au was much weaker than that of Ag nanoparticles in SERS applications. Moreover, it was
easy to be washed away due weak force and lack of special protection. Compared to unitary element Au nanomaterials,
complex bimetallic or multi-metallic nanocomposites have gained widespread attention due to their appealing properties
and multifunction.>>*® One such example is Ag@Au core-satellite nanocomposites, which have been reported as ideal
SERS tools for ultra-sensitive imaging diagnosis of tumors due to more “hotspots” from the core-satellite plasmonic
coupling and satellitesatellite coupling.’” Therefore, our study combined nanocomposites with SERS detection method,
making use of the advantages of both. Our method not only detected a small amount of sample but also avoided the high
cost of immunoassay methods and professional equipment.

Based on the above discussion, a core-shell-satellites hierarchical structured Au nanorods@Raman tags@SiO,@Ag
nanocomposite was fabricated, which was utilized for the SERS detection of insulin and C-peptide in Scheme 1. Firstly,
nanocomposites Au NRs@SiO,@4-MBA@Ag and Au NRs@SiO, @DTNB@Ag were prepared, in which 4-MBA and
DTNB were used as Raman reporter molecules for SERS detection of insulin and C-peptide, respectively. Gold rods (Au
NRs) were used the core and silver nanoparticles (Ag NPs) was adsorbed on the surface of the silicon layer to enhance
the Raman signal, and the SiO, layer ensures the performance of the synthesized nanomaterials more stable. The Fe;O4
magnetic substrate was used for magnetic separation of immune complexes. Subsequently, the nanomaterials and the
magnetic substrate were incubated and combined with the antibody, respectively, and the immune complex of SERS
probe-target antigen-magnetic substrate sandwich was formed using the antigen-specific binding principle, and finally the
quantitative detection of the target antigen was realized. In comparison to individual Au nanorods, the core-shell-
satellites nanocomposite offered several advantages. Firstly, the introduction of Ag satellites greatly enhances the
enhancement factor. Secondly, two Raman tags were employed, enabling the separate detections of insulin and
C-peptide. Additionally, the silica interlayer could prevent nanoparticle aggregation and protect the Raman reporter
effectively. Using the magnetic nanoparticles was one of the methods to improve the performance of SERS immunoas-
says for biodetection, which were able to improve the time for analysis through immobilization of biological molecules
and easy separation. The introduction of a magnetic substrate and construction of a sandwich system could separate and
enrich the target substance (insulin and C-peptide). Subsequent experiments verified the effectiveness of the core-shell-
satellites nanocomposite as a SERS probe for detection. The linear range for insulin detection was found to be 4.29 x
107°-4.29 pM, with a detection limit (LOD) of 4.29 x 10> pM. Similarly, the linear range for C-peptide detection was
1.76 x 107 '°-1.76 x 107 nM, with a LOD of 1.76 x 10 ' nM. Moreover, this method enabled the simultaneous
detection of insulin and C-peptide in trace human serum samples successfully, showcasing its novelty, sensitivity, and
convenience as a detection method.
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Scheme | Schematic diagram of (A) synthesis of SERS probe and (B) SERS-based immunoassay used to detect insulin antibodies and C-peptide antibodies.

Materials and Methods

Materials and Characterization

All of the reagents used were analytically pure. Transmission electron microscopy (Tecnai 12, FEI, America), ultraviolet
spectrometer (UV-vis, AOE, UV-1902, China), and Raman spectrometer (Raman, Thermofisher, DXR3 and DXRxi, America)
were employed to characterize the nanocomposites. More details are shown in supplementary materials S1 and S2.

Construction of Core-Shell-Satellites Structured Au Nanorods@Raman Tags@SiO,
@Ag Nanocomposite

For the construction of core-shell-satellites structured Au nanorods@Raman tags@SiO,@Ag nanocomposite, Au
NRs@4-MBA@SiO, and Au NRs@DTNB@SiO, were synthesized according to early reports with moderate modifica-
tion, and the details are shown in supplementary materials S3. Then, ImL of the nanocomposite was dispersed properly
in 50 mL of EtOH in a round-bottom flask, functionalized with —-NH, by introduction of ImL APTES and reacted at
80°C for 12 h. Subsequently, AgNO; (0.02 M, 0.5 mL) was added into the 0.02 g of APTES-functionalized nanomaterial
dispersed in 10 mL deionized water and stirred at room temperature (300 rpm, 30 min). Then, trisodium citrate (0.2 M,
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0.4 mL) and freshly prepared NaBH, (0.01M, 20 pL) aqueous were added and stirred for 15 min and incubated for 12 h,
respectively. Finally, the as-prepared nanocomposites were obtained by centrifugation and washing.

Construction of Sandwich Immunoassays for Raman Detection

A sandwich immunoassay was constructed by antibody modifying the as-prepared Au nanorods@Raman tags@SiO,
@Ag nanocomposite (SERS probe) and antibody modifying commercial carboxylated magnetic bead@antibody. The
antibody-modifying procedures can be found in supplementary materials S3. Firstly, 100 pL of the carboxylated

magnetic bead@antibody prepared was added to 2 mL EP tube, then 40 pL insulin or C-peptide with different
concentrations was added, incubated at room temperature for 3 h and magnetic separation, then the unbound antigen
was removed by washing twice with PBS. The prepared SERS probes were subsequently added to the above mixed
solution, incubated at room temperature for 2 h, magnetically separated, washed twice with PBS, and dispersed into 100
puL deionized water for SERS detection. For the best results, the parameters of preparation of SERS and sandwich
immunoassay were also optimized in the SERS detection.

Specific Verification

The specificity of the prepared immunoassays is verified by adding different concentrations of insulin and C-peptide
antigen and other interfering substances. Substances with the same concentration as in serum that may interfere with the
detection of insulin and C-peptide were added to the detection system, including ascorbic acid (AA, 50 nM), high
concentration glucose (20 mM), low concentration glucose (4 mM), glutathione (GSH, 300 mg/L), sodium chloride
(NaCl, 140 mM) and valine (Val, 200 uM).

Feasibility Verification of SERS Probes for the Detection of Insulin and C-Peptide
Forty microliters quality control serum with different concentrations of insulin was added into AuNRs@4-MBA@SiO,
@Ag@insulin antibody reaction system, the insulin concentrations were 4.29 pM, 0.429 pM, 4.29 x 102 pM, 4.29 x
102 pM, 429 x 10* pM and 4.29 x 10~° pM, respectively. Similarly, 40 pL quality control serum with different
concentrations of C-peptide was added to AuNRs@DTNB@SiO,@Ag@C-peptide antibody reaction system. The
C-peptide concentrations were 1.76 x 10> nM, 1.76 x 10°* nM, 1.76 x 10> nM, 1.76 x 10 ® nM, 1.76 x 10"’ nM,
1.76 x 10°® nM, 1.76 x 10~ nM and 1.76 x 107" nM, respectively. The Raman spectrum and intensity of the sample
were measured by SERS under the same conditions as before. According to the results, the standard curve and detection
limit of insulin and C-peptide were obtained.

Insulin and C-Peptide Detection in Serum Respectively

The as-prepared SERS probes were also used to detect insulin and C-peptide in serum. We collected 16 groups of human
serum samples. After 10* times dilution, the samples were added to the SERS immunoassay-based as-prepared probe.
The value of insulin was calculated according to the standard curve, and the test value was compared with the clinical
reference method. In addition, insulin and C-peptide in serum can be detected simultaneously using similar methods. We
incubated two SERS probes and magnetic substrates with insulin and C-peptide antibodies, respectively. Then, the two
reaction systems were evenly mixed with 100 uL each, and 19 groups of serum samples collected from clinical
laboratory were diluted 10* times and added into the prepared immunoassay system. After incubation at room
temperature for 3 h, 200 uL. SERS probes were added, and incubated at room temperature for 2 h after mixing. After
washing twice with PBS, we used SERS to detect the solution. The values of insulin and C-peptide were calculated
according to the standard curve and compared with the clinical reference method.

Statistical Methods

By utilizing MedCalc software, we employed Bland-Altman chart and Pass-Bablok regression to compare the consis-
tency of insulin and C-peptide detection results obtained from the clinical reference method (electroluminescence
method) with the results obtained from this experiment. In the Bland-Altman chart, a majority of the points (over
95%) fell within the 95% agreement limit (ie, the mean + 1.96 x standard deviation), suggesting a strong agreement. The
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biased 95% confidence intervals (CI) and limits of agreement were determined, and the 95% CI of LOA reflected the
consistency between the results of both detection methods. Passing-Bablok regression was used to assess potential
systematic and proportional differences between the two methods. The 95% CI of the intercept indicated whether there
was a systematic difference, while the 95% CI of the slope indicated whether there was a proportional difference. To
establish comparability between the two methods, the confidence interval for the population regression coefficient (slope)
should encompass 1, and the confidence interval for the population intercept should encompass 0. If both conditions were
met concurrently, the two methods were deemed consistent.

Results and Discussion

Characterization of Au NRs@SiO,@4-MBA/DTNB@Ag

TEM was utilized to examine the construction of SERS probes composed of AuNRs@Raman tags@SiO,@Ag SERS
probes. In Figure 1A, the uniform shape and size of nanorods, measured 30—40 nm in length and 10 nm in width
approximately, were observed, confirming the successful fabrication of AuNRs. Figure 1B further demonstrates the
encasing of AuNRs within a layer of SiO,, thus indicating the formation of core-shell nanocomposites known as
AuNRs@ Raman tags@SiO,. Figure 1C reveals the symmetrical and uniform nature of the core-shell nanostructures,
with the presence of small and dispersed nanoparticles on their surface. This observation suggested the deposition of Ag
nanoparticles onto the AuNRs@Raman tags@SiO,, completing the construction of the AuNRs@4-MBA/DTNB@SiO,
@Ag SERS probes. In Figure 1D, the UV—vis spectra were also used to further investigate the formation of SERS
probes. The maximum absorption peak of gold nanorods was 862 nm. In addition, a weak shoulder peak form 500 nm to

(D) (E) (F)

ﬁ,\/\
-
= _ =
& |AuNRs@4-MBA@SIO, — D =
E’ - / \ : AuNRs@4-MBA@SIO,@Ag &
= >
g z =
o [swrs@pTNBaSio; ) 2 7 : o
's —~—— s E AuNRs@DTNB@SiO2@Ag
2 M = AuNRs@4-MBA@SiO, =
% [oRseeBagsio@ag — AUNRS@DTNB@SiO2 ’\
\uNRs@DTNB@SiOy@Ag AuNRs
AuNRs
l T SR N A
4-MBA DINB
400 600 800 1000 500 1000 1500 500 1000 1500
Wavelength(nm) Raman shift(cm™1) Raman shiftcm™1)

Figure | (A) Transmission electron microscopy (TEM)image of Au NRs; (B) Transmission electron microscope image of Au NRs@4-MBA/DTNB@SiO; (C) Transmission
electron microscope image of Au NRs@4-MBA/DTNB@SiO, @Ag; (D) UV-vis spectra of Au NRs, Au NRs@4-MBA@SiO,, Au NRs@DTNB@SiO,, Au NRs@4-MBA
@SiO,@Ag and Au NRs@DTNB@SiO, @Ag; (E) Raman spectra of 4-MBA solution (0.01M), Au NRs, Au NRs@4-MBA@SiO,, Au NRs@4-MBA@SiO,@Ag; (F) Raman
spectra of DTNB solution (0.01M), Au NRs, Au NRs@DTNB@SiO,, Au NRs@DTNB@SiO,@Ag.
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600 nm, which was consistent with that reported in the literature.*®*? A slight shift in the absorption peak was observed
in Au NRs@4-MBA@SiO, and Au NRs@DTNB@SiO, compared to Au NRs due to SiO, encapsulation. On the other
hand, the summit point of the absorption peak in the region from 500nm to 600 nm of Au NRs@4-MBA @SiO, @Ag
and Au NRs@DTNB @SiO,@Ag was blue-shifted, which could be attributed to the presence of silver nanoparticles.
Raman spectra in Figure 1E and F further indicated the existence of 4-MBA and DTNB and the enhancement effect due
to weak signals of 4-MBA and DTNB solutions. The characteristic Raman peaks of 4-MBA were located at 1075 cm™'
and 1580 cm ', consistent with the findings reported in the previous literature.*®** The characteristic Raman peaks of
DTNB were located at 1333 cm ™' also aligns with previous research.**~*° It was important to highlight that the strongest
SERS signals were observed in AuNRs@4-MBA/DTNB@SiO,@Ag. This indicated that Ag nanoparticles can further
enhance the characteristic Raman peaks of the SERS probes significantly. In addition, the nanocomposites as SERS probe
also showed high reproducibility (RSD = 12.8%<15.0% at 1075 cm™ ") when 20 SERS spectra were collected repeatedly
in AuNRs@4-MBA@SiO,@Ag dispersions in Figure S1. Based on these findings, it could be concluded that
AuNRs@4-MBA/DTNB@SiO,@Ag nanocomposites were an ideal candidate for SERS detection.

Experiment Optimization

To obtain an ideal SERS probe, a series of experiments were conducted under different synthesis conditions (Figures S2
and S3). The amount of TEOS played a crucial role in the formation of SERS probe. Too little or too much TEOS led to
the failure of preparation of silicon coating due to incomplete coating of silicon or unhydrolyzed free silicon (Figure S2A
and S2C-E). Eighty microliters of TEOS three times (total 240uL) was effective to prepare these SERS probes (Figure
S2B). Additionally, the concentration of Raman signal molecules also played a significant role in determining the
sensitivity of detection. Based on the results from Figure S3A, a concentration of 1072 M was identified as the ideal
concentration for the subsequent synthesis of SERS probes. Similarly, the concentration of AgNO; is also an important
factor for the synthesis of SERS probe. As shown in Figure S3B, appropriate AgNO; concentration could enhance the
Raman strength of the synthesized probe compared to the Au NRs@4-MBA@SiO, probe significantly. Based on the
combined results of the Raman and TEM tests, an AgNOj; concentration of 11.48 pM was selected for the subsequent
synthesis of the probe. When the sandwich systems were constructed, amounts of antibodies and probes also determined
the results of detection. Figure S3C-D depicted Raman spectra of immunoassay systems prepared using varying amounts
of antibodies and probes, respectively. It can be found that the optimal amount of antibody and probe used in this study
was determined to be 100 pL and 200 pL, respectively.

Calibration Curve and Detection Limit of Immunoassay

To establish calibration curves for the detection of insulin and C-peptide, the classical SERS-based immunoassay was
employed using AuNRs@4-MBA@SiO,@Ag for the detection of insulin and AuNRs@DTNB@SiO,@Ag for the
detection of C-peptide. Figure 2A and B display the SERS spectra of the solutions with varying concentrations of
insulin and C-peptide, respectively, using the prepared SERS probe. The Raman peaks of interest for the labeled
molecule 4-MBA were found at 1580cm ' and 1075cm™ !, whereas the Raman peaks of DTNB were observed at
1333cm ™', Based on previous research findings, the Raman intensity at 1075cm ' was chosen for quantification in the
case of AuNRs@4-MBA@SiO,@Ag. The SERS intensity of the immunoassay system decreased with antigen dilution
significantly. Figure 2C presents the calibration curve for insulin concentration and Raman intensity at 1075cm ',
showing a linear range of 4.29 x 107> pM to 4.29 pM. The linear regression equations were intensity = 448.86 1gC
(Insulin)+10,779 (correlation coefficient R*= 0.994, N = 3), and the detection limit was 4.29 x 107> pM. Similarly,
Figure 2D illustrates the calibration curve for C-peptide concentration and Raman intensity at 1333cm ™', with a linear
range of 1.76 x 107! nM to 1.76 x 10> nM. The linear regression equations were intensity = 3116.6 1gC (C Peptide)
+53,445 (correlation coefficient R? = 0.995, N = 3), and the detection limit was 1.76 x 107'° nM. In addition, the
specificity experiments also proved that good specificity of SERS probe was obtained for the detection of insulin/
C-peptide by adding a series of interfering substances in Figure S4A and S4B. Table 1 compares the linear range and
detection limits of this method with other methods for detecting insulin and C-peptide concentrations. The results
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Figure 2 (A) SERS spectrum of Au NRs@4-MBA@SiO,@Ag@insulin antibody response to different concentrations of insulin (4.29 pM, 0.429 pM, 4.29x1072 pM,
429%1073 pM, 4.29%10°* pM, 4.29% 10> pM); (B) SERS spectrum of Au NRs@DTNB@SiO,@Ag @C-peptide antibody responds to different concentrations of C-peptide

(1.76x1073 nM, 1.76x10#nM, 1.76x10° nM, 1.76x1077 nM, 1.76x10"° nM, 1.76x10"'° nM); (C) The calibration curve of peak intensity at 1075 cm ™' varies with the Ig value

of insulin concentration;(D) Calibration curve of peak intensity at 1333 cm ™' varies with Ig value of C-peptide concentration.

indicated that this method is suitable for the detection of extremely low levels of insulin and C-peptide with excellent

sensitivity, accuracy and convenience compared with other methods.** "

SERS Probes Were Utilized to Specifically Identify Insulin and C-Peptide in Serum

Samples

Initially, to assess the diagnostic potential of this immunoassay, we employed two SERS probes to detect insulin and
C-peptide in the serum. The serum samples were obtained from the clinical laboratory, diluted 10* times and added into
the prepared immunoassay system, as described above in the specific process. Subsequently, SERS was used to perform
three consecutive detection cycles. Finally, the results obtained through this experimental approach were compared to
those obtained using the clinical reference detection method. The comparative results are presented in Figure 3A—3B and
Table S1. In Figure 3A, the horizontal axis represents the chemiluminescence method as the clinical reference detection
method. The left vertical axis represented this method, while the right vertical axis represents the relative standard
deviation (RSD). The red circle represents the insulin value detected by the experimental method. The dashed line y =
x was used to assess the deviation between the values detected by this method and the clinical reference detection
method. The triangle represented the RSD value calculated from the results of the three tests, and the dashed line
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Table | Comparison of This Work and Other Methods Used in Insulin and C-Peptide Detection

Materials Method Linear Range LOD Ref.
Insulin cv 400-1800 nM 22.88 nM [44]
ECL 40-200 nM 224 nM [43]
ECL 4-800 nM 350 pM [45]
FIA 100-1000 nM 50 nM [46]
FIA 0.28-1254 pM 0.28 pM [47]
ECL 100 pM-4 uM 22 pM [48]
FIA 0.1-0.6 nM 3.3 pM [49]
FIA 15-100 pM 2.6 pM [50]
SERS 429%107° pM - 429 pM | 4.29x107> pM | This work
C-peptide | LC-MS/MS Mass spectrometry 28 pM-8.4 nM 28 pM [51]
RIA 0-33.3 pM 333 pM [52]
FIA 27 pM-9.3 nM 27 pM [47]
ELISA 30 pM-2.36 nM 30 pM [53]
TRFIA 260 pM-38.76 nM 27 pM [47]
CLIA 210 pM-5.22 nM 3.33 pM [54]
ECL 20-1700 pM 4.7 pM [10]
ELISA 1.5-37 pM 1.5 pM [55]
SERS 1.76x107'°-1.76x107> nM | 1.76x107'° nM | This work

represents the average of all RSD values. It could be observed that the insulin results of the 16 groups of serum measured
by the 4-MBA labeled probe were in close agreement with those obtained from laboratory detection. The recoveries
ranged from 96.4% to 105.3%, with RSD values ranging from 0.8% to 10.0%. Similarly, the results of C-peptide
measured by the DTNB-labeled probe were also similar to those detected in the laboratory (Figure 3B). The blue circles
represented the C-peptide values detected by this method, while the remaining elements are the same as in the recoveries
for C-peptide ranging from 85.4% to 105.0%, with RSD values ranging from 1.7% to 10.8%.

Additionally, we utilized MedCalc software to generate Bland-Altman charts and Pass-Bablok regressions to further evaluate
the consistency of the results that were detected by the clinical reference detection methods and the results of this experiment. The
Bland-Altman chart (Figure 3C-3D) demonstrated that all data points fall within the 95% limits of agreement nearly (ie, the mean
+ 1.96 x standard deviation lines). In the insulin group, a mean bias of 0.446 (95% confidence interval*® for bias: —1.154 to 2.045)
was observed, with limits of agreement ranging from —5.216 to 6.107. The 95% CI for limits of agreement was —8.013 to 8.904
(Figure 3C). Similarly, the mean bias for the C-peptide group was determined to be 0.462 (95% CI for bias: —2.385 to 3.310),
with limits of agreement ranging from —10.011 to 10.935. The 95% CI for limits of agreement was 14.983 to 15.907 (Figure 3D).
Moreover, the Pass-Bablok regression analysis (Figure 3E-F) exhibited strong agreement between the two assay methods. In the
insulin group, the regression equation was Proposed Method = 2.093 + 0.974 ECL (95% CI of intercept was —3.086—10.522;
95% CI of slope is 0.942—-1.004) (Figure 3E). For the C-peptide detection group, the regression equation was Proposed Method =
0.00601 + 1.001 ECL (95% CI of intercept is 0.020-0.026; 95% CI of slope is 0.950-1.034) (Figure 3F). Collectively, these
findings indicated a consistent detection of insulin and C-peptide levels in human serum when employing this methodology,
aligning with the results obtained from clinical reference detection methods.

SERS Probes Were Employed for the Simultaneous Detection of Insulin and C-Peptide

in Serum

To verify the feasibility of the immunoassay system for detecting insulin and C-peptide in serum simultaneously, we
collected 19 groups of serum from the clinical laboratory. These samples were diluted 10* times and added to the
prepared immunoassay system. SERS was used for continuous detection, with three repetitions. We compared the results
obtained from this experimental method with those obtained from the clinical laboratory. The results are presented in
Figure 4A-B and Table S2. The meanings represented by the horizontal and vertical coordinates and symbols are the
same as those in Figure 3. When compared with the results of laboratory detection, we found that the recovery rate of
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Figure 3 The results of serum insulin (A) and C-peptide (B) were compared with those of the clinical reference method (chemiluminescence method). Bland-Altman charts
(C and D) and Pass-Bablok regression (E and F) were used for consistency analysis of the two detection methods.

insulin detection ranged from 90.81% to 108.38%, with a relative standard deviation (RSD) of 0.25% to 3.04%. The
recoveries of C-peptide ranged from 90.91% to 108.52%, with an RSD of 0.07% to 2.75%. The consistency of the results
obtained with this method for insulin and C-peptide was further analyzed using MedCalc software to create Bland-
Altman charts and Pass-Bablok regression. The Bland-Altman charts (Figure 4C and D) demonstrated that all data points
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Figure 4 The results of serum insulin (A) and C-peptide (B) were compared with the results of clinical reference detection method (chemiluminescence method). Bland-
Altman charts (C and D) and Pass-Bablok regression (E and F) were used for consistency analysis of the two detection methods.

fall within the 95% consistency limit (ie, the mean £1.96x standard deviation lines) nearly. The insulin detection group
exhibited a mean bias of 0.335 (95% CI of bias: —1.925-2.596), with LOA ranging from —8.858 to 9.529. The 95% CI of
LOA was calculated to be —12.7922 —13.4624 (Figure 4C). On the other hand, the mean bias of the C-peptide test group
was —0.442 (95% CI of bias: —2.574—1.691), with LOA ranging from —9.114 to 8.231 (Figure 4D). The 95% CI of LOA
was determined to be —12.824—-11.941. Passing-Bablok regression analysis (Figure 4E and F) also indicated good

agreement between the two measurement methods. In the insulin detection group, the regression equation was
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Proposed Method = 0.191 + 0.995 ECL (95% CI of intercept was —1.038—1.329; 95% CI of slope is 0.979-1.007)
(Figure 4E). Similarly, in the C-peptide detection group, the regression equation is Proposed Method = 0.03 + 1.00 ECL
(95% CI of intercept is —0.025-0.062; 95% CI of the slope is 0.968—-1.035) (Figure 4F). These findings provide evidence
that the proposed method is capable of simultaneously detecting insulin and C-peptide in serum.

Conclusion

As secreted substances of islet B cells, insulin and C-peptide are not only beneficial for the classification and monitoring
of diabetes mellitus but also reflect the metabolic status of the body, related to tumor and cardiovascular disease. We
constructed novel SERS nanoprobes by using a core-shell-satellites structured Au nanorods@Raman tags@SiO,@Ag
nanocomposite. It has been successfully employed for the detection of insulin and C-peptide in trace serum samples with
excellent reproducibility and accuracy. A variety of optimized experiments were performed by adjusting the reaction
parameters to enhance their performance. Interestingly, we observed that the incorporation of Ag nanoparticles on SiO,
and the formation of core-shell-satellites structured nanocomposites played a crucial role in improving their SERS
performance. Importantly, the as-prepared SERS probe exhibited simultaneous detection of insulin and C-peptide with
a remarkable detection limit of 4.29 x 107> pM and 1.76 x 10 '° nM, respectively. These results are consistent with
clinical detection methods, highlighting the reliability of our approach. The as-prepared SERS probe could be used to
detect simultaneously for insulin and C-peptide with the detection limit of 4.29 x 10> pM and 1.76 x 10~'° nM, which is
in good agreement with those of clinical detection. This method holds great potential for the quantitative detection of
other disease-related molecular markers, offering a new perspective in the field. However, the reproducibility of
nanomaterials is not good enough, so more researches are needed to carry out, such as reducing the nonspecific binding
between target and SERS nanomaterials, aggregation of nanoparticles, improving the stability of SERS nanoprobes and
SO on.
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