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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• SERS platform was designed by intro
ducing secondary enhanced Au@Ag NPs 
on GO-AuNS. 

• Multi-dimensional plasmonic coupling 
occurs in vertical and horizontal 
directions. 

• SERS platform exhibits ultrasensitive 
SERS detection and enrichment 
capabilities. 

• SERS platform has a linear SERS 
response and low detection limit of 
10− 11 M for BR.  
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A B S T R A C T   

Rapid and sensitive detection of free bilirubin (BR) is essential for early diagnosis of jaundice and other hep
atobiliary diseases. Inspired by sandwich immunoassay strategy, a multi-dimensional plasmonic coupling SERS 
platform composed of graphene oxide-Au nanostars nanocomposites (GANS NCs) and Au@Ag nanoparticles 
(NPs) was designed for label-free detection of BR. Specifically, GANS NCs were first prepared, and their excellent 
SERS activity was ascribed to synergistic enhancement effect of electromagnetic enhancement and chemical 
enhancement. Furthermore, SERS spectroscopy was used to monitor the adsorption process of BR. Subsequently, 
secondary reinforcing Au@Ag NPs were directly added, ultimately resulting in a multi-dimensional plasmonic 
coupling effect. The SERS enhancing mechanism of coupled system was discussed through electromagnetic field 
simulations. Interestingly, the high-density hotspots generated by strong plasmonic coupling in GANS-Au@Ag 
substrate could lead to more extraordinary SERS enhancing behavior compared to GANS NCs. Sensing effi
ciency of the SERS platform was examined by BR with a detection limit down to 10− 11 M. Besides, GANS-Au@Ag 
NCs performed high uniformity and reproducibility. This work not only opens up a new avenue for construction 
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of multi-dimensional plasmonic coupling system, but also offers a new biosensing technology for label-free 
diagnosis of BR-related diseases, thereby expecting to be applied in clinical diagnosis.   

1. Introduction 

Bilirubin (BR) is a breakdown product of the hemoglobin formed 
during the heme metabolism of aged red blood cells, which can be 
divided into two types: conjugated BR and unconjugated BR [1,2]. 
Among them, unconjugated BR, also known as free BR, is found to be 
potentially toxic to humans [3]. In the blood circulation system, free BR 
can combine with glucuronic acid in the liver to form conjugated BR, 
which can be eventually excreted from body in the form of bile [4–6]. 
Nevertheless, newborns, especially preterm infants, have an elevated 
risk of hyperbilirubinemia owing to the over-production of BR, the 
insufficiency of BR transportation and the immature hepatic metabolic 
capacities of BR [7]. The free BR thus cannot be sufficiently eliminated 
and eventually accumulates in the body organs [8]. A dramatic rise in 
BR levels (>50 μM) and the resultant neonatal jaundice are inevitable, 
which will lead to permanent brain damage, biliary dysfunction, mental 
disturbance, respiratory system damage and even death [9]. Therefore, 
rapid and sensitive monitoring of the free BR concentration in human 
serum is crucial for early diagnosis of jaundice as well as other hep
atobiliary diseases. To date, many methods, including direct spectro
scopic measurement, diazo reaction method, electrochemical method 
and fluorescence method, have been developed for the accurate deter
mination of free BR [6]. Although these types of methods have their 
respective merits, they have drawbacks such as time consumption, 
expensive instruments, low selectivity, high cost and low sensitivity. 

As a surface-sensitive technology, surface-enhanced Raman scat
tering (SERS) has the strengths in terms of being easy to handle, cost- 
effective, highly accurate and sensitive, and compatible with small de
vices such as portable spectrometers [10–13]. Compared with the 
traditional biological detection technology, the biggest advantage of 
SERS is that it can directly provide inherent fingerprint information of 
bio-analytes in complex biological matrices without any modification or 
labeling [14]. As is known to all, SERS sensitivity can reach a signal 
enhancement factor of 1013-1015 when the target analyte is adsorbed on 
or close to surfaces of SERS-active substrates [15]. In consideration of 
above advantages, SERS exhibits great potential in the field of BR 
detection [16]. At present, SERS signal enhancement can be explained 
by two main mechanisms: electromagnetic enhancement (EM) and 
chemical enhancement (CM) [17,18]. EM refers to the excitation of 
localized surface plasmon resonance (LSPR) excited by incident light on 
surfaces of noble metal nanostructures to generate a strong electro
magnetic field. In order to improve SERS detection sensitivity, a favorite 
way is to design and construct noble metal-based nano-tip structures to 
create high-density hotspots [19]. It has been proved that anisotropic Au 
nanostars (AuNS) with multiple branches and rough surfaces feature 
have better SERS effects than spherical or rod-like nanostructures [20]. 
When the target molecule is located near the hotspots generated by the 
gaps or tips of AuNS, the SERS signals can be greatly enlarged due to 
LSPR coupling [21]. In view of above-mentioned reasons, AuNS have 
been widely regarded as the most promising SERS biosensing platform. 
In addition, because of the low concentration levels of biomolecules as 
well as weak interaction between biomolecules and Au nanoparticles 
(NPs), the sufficient adsorption of target molecules onto hotspots region 
is also another key point to improve SERS sensitivity. 

It is generally accepted that two-dimensional layered graphene oxide 
(GO) has attracted great attention in SERS applications, which is 
attributed to its high specific surface area, good biocompatibility and 
chemical stability, and excellent molecular adsorption capacity [22]. 
Even though EM plays a principal role in the overall SERS enhancement, 
the contribution of CM in SERS enhancement effect is equally non- 
negligible [23,24]. Interestingly, GO can interact with various 

analytes through strong π-π coupling to promote efficient charge trans
fer, thus inducing additional CM [23]. As a result, it has become a 
research hotspot to detect BR by using GO as a loading platform of noble 
NPs, and has been reported by many researches. For example, Zou et al. 
developed a cellulose paper strip loaded with GO-isolated Au nano
crystals for detection of free BR [8]. Gao et al. constructed a GO/Ag SERS 
sensor to detect BR online [3]. Nevertheless, the combination of GO and 
AuNS for SERS detection of BR or even other cholochromes has received 
little attention. Furthermore, although the integration of GO and plas
monic AuNS can provide a powerful nanoplatform with dense SERS 
hotspots, the hotspots density requires to be further improved [25]. For 
generating maximum SERS enhancement, the construction of ultrasmall 
gaps is necessary, because more hotspots are not limited to forming in 
the horizontal plane but can be accurately engineered in the vertical 
direction [19]. Recently, the emerging strategy has turned to the multi- 
dimensional plasmonic coupling structures, which add secondary func
tional materials to introduce the plasmon coupling between adjacent 
nanoparticles, resulting in an increase in the density and intensity of 
SERS hotspots. Based on above idea, more complicated multi- 
dimensional plasmonic coupling SERS platforms formed by stacking 
GO with plasmonic noble metals have been investigated extensively. For 
instance, Liu et al. reported three-dimensional Ag NPs with multiple 
layers of GO as spacers to give rise to the strong plasmonic coupling in 
the vertical direction [26]. Liu and co-workers assembled a hyperbolic 
metamaterials/bilayer Ag NPs platform by using GO as a spacer layer 
and achieved highly sensitive SERS detection of adenosine molecules 
due to multiple plasmonic coupling effect [27]. Unfortunately, most 
currently reported SERS platforms are based on complex multilayer 
metal nanostructures, which usually require elaborate layer-by-layer 
assembly procedures. And the target molecules have difficulty 
entering the bottom hotspot region due to the steric hindrance. There
fore, it remains challenging to use new strategies to construct multi- 
dimensional plasmonic coupling structures with high-density hotspots 
and simple fabrication procedures. 

Inspired by the sandwich immunoassay strategy which is a model 
that uses the formed “SERS active substrate-antibody-antigen–antibody- 
SERS active substrate” structure to double amplify the SERS signal of 
target antigen, a simple and original method has been proposed to 
realize multi-dimensional plasmonic coupling by dropping concentrated 
metal colloidal NPs on surfaces of SERS substrate-target complexes [28]. 
By sandwiching the analyte between two SERS substrates, the analyte 
molecules can be positioned at or near the center of the plasmonic SERS 
hotspots to achieve the final signal amplification. Among the numerous 
traditional single-metal colloidal NPs, Ag NPs exhibit the strongest 
plasmonic enhancement effect on SERS, while Au NPs have better sur
face stability than Ag NPs [29,30]. Combining these two metals to form a 
nanosized bimetallic core–shell structure can make full use of their 
respective advantages, which can not only solve the problem of stability, 
but also expand the excitation spectrum range and generate plasmon 
resonance coupling [31]. Nevertheless, the conventional SERS sub
strates such as GO-AuNS nanocomposites (GANS NCs) only can generate 
hotspots in the horizontal direction (Scheme 1a). No researches, as we 
know, have been involved in the development of multiple coupling 
systems that combine GO-anisotropic nanostructures with secondary 
core–shell SERS enhancing substrates. More remarkably, there is no 
work focused on the enhancement of the SERS signal of bio-analytes by 
directly addition of secondary reinforcing substrates to form sandwich- 
like structures. Fortunately, our developed combinatorial SERS sub
strates (GANS-Au@Ag NCs) show strong electromagnetic field not only 
in the horizontal direction but also in vertical direction (Scheme 1b). 
Moreover, the addition of Au@Ag colloidal NPs can promote 

W. Zhao et al.                                                                                                                                                                                                                                   



Journal of Colloid And Interface Science 646 (2023) 872–882

874

aggregation to further generate denser SERS hotspots [32]. Therefore, 
the combination of GANS NCs with Au@Ag NPs is expected to offer an 
unusual promising SERS platform to sensitively detect BR. 

Herein, we proposed a novel SERS platform based on GANS NCs and 
secondary reinforcing Au@Ag core–shell NPs to realize multi- 
dimensional plasmonic coupling in GANS-Au@Ag substrate and ach
ieve the ultrasensitive label-free SERS detection of BR. GANS NCs were 
first synthesized and served as a SERS active substrate, and then AuNS 
were assembled on surfaces of GO through electrostatic interactions. 
The signal enhancing capabilities of Au NPs, AuNS and GANS NCs were 
compared by choosing 4-mercaptobenzoic acid (4-MBA) as probe mol
ecules. Meanwhile, EM and CM of GANS NCs were discussed respec
tively by combining finite-difference time-domain (FDTD) method and 
charge transfer model. Moreover, the adsorption kinetics of BR mole
cules on surfaces of GANS NCs was analyzed by simple SERS detection 
technology. To further enhance the SERS signal of BR, plasmonic 
Au@Ag NPs were chosen as secondary reinforcing SERS substrates. 
According to the electromagnetic field simulation and SERS detection 
results, SERS enhancement mechanism of multi-dimensional plasmonic 
coupling system was proposed and discussed. By integrating the high 
adsorption ability of GANS NCs and dual enhancement ability of GANS- 
Au@Ag SERS substrate, the formed multi-dimensional plasmonic 
coupling SERS platform achieved ultrasensitive label-free detection of 
BR molecules (10− 11 M). This work is not only a continuation of the 
study of SERS enhancing mechanism of the multi-dimensional plas
monic coupling system, but also provides a novel biosensing platform for 
label-free ultrasensitive detection of BR with broad application 
prospects. 

2. Materials and methods 

The chemicals and instruments are listed in Supplementary 
material. 

2.1. Assembly of GANS NCs 

Firstly, GO was synthesized according to modified Hummer’s 
method [33], and the detailed preparation procedure was described in 
Supplementary material. 

The second step was the preparation of PVP and PDDA co-modified 
GO [34]. Specifically, 48 mg of PVP was poured into 12 mL of GO 
dispersion (0.5 mg/mL) and stirred overnight to prepare PVP-modified 
GO (GO-PVP). Subsequently, 1 mL of GO-PVP suspension (1 mg/mL) 
was added to 4 mL of the mixture that contained both KCl (187 mg) and 
PDDA (375 μL) and sonicated for 2 h. The products were centrifuged, 
and the obtained PDDA-modified GO (GO-PDDA) was redispersed in 
ultrapure water for later use. 

The third step was the fabrication of GANS NCs [35]. Experimental 
details of Au NPs were described in our previous work [36]. And the 

specific synthesis process of AuNS was in Supplementary material. 
Under magnetic stirring, 160 μL of PDDA-GO was then poured into 3 mL 
of AuNS and sonicated for 2 min. Finally, after standing overnight, 
GANS NCs were obtained by centrifugation at 12000 rpm for 15 min. 

2.2. Preparation of the secondary enhanced Au@Ag core–shell NPs 

Au@Ag NPs were prepared in two steps [37]. The first step was to 
prepare Au NPs following the standard sodium citrate reduction method 
used in our previous work [36]. The second step was to prepare Au@Ag 
NPs by reducing Ag shell on surface of Au core. Briefly, 25 mL of Au NPs 
was diluted to 100 mL with ultrapure water and heated to boiling. 
Subsequently, 2.5 mL of AgNO3 solution (1.6 mg/mL) was added under 
vigorous stirring. Ultimately, 1.5 mL of 1% sodium citrate solution was 
poured dropwise into above solution as a reducing agent, and reaction 
was kept at 85 ◦C for 40 min until the color of solution varied from wine 
red to yellow to obtain Au@Ag NPs. 

2.3. SERS detection of BR 

For SERS detection of BR, BR powder was configured into various 
concentrations of BR solution ranging from 10− 4 M to 10− 12 M using PBS 
buffer. Then, 500 μL of BR solution was mixed with 100 μL of 1 mg/mL 
GANS NCs, respectively. After incubation for 55 min, the obtained 
complexes were centrifuged and washed, and then resuspended in 10 µL 
of PBS buffer and dropped on an aluminum pan plate (No. 0219-0041, 
Perkin-Elmer, Waltham, MA, USA). Subsequently, 20 μL of concen
trated Au@Ag NPs was dropped on aluminum pan plate. After droplet 
evaporated completely, the SERS signal was recorded by the Raman 
microscope system. 

3. Results and discussion 

3.1. Formation mechanism and structural characterization of GANS NCs 

Schematic drawing for synthesis process of GANS NCs is shown in 
Fig. 1a. The main formation steps of GANS NCs are to functionalize GO 
with PVP and PDDA sequentially, and then self-assemble AuNS onto 
surfaces of the modified GO. The microscopic morphologies of as- 
obtained GO, AuNS and GANS NCs were visualized through TEM and 
SEM. As shown in Fig. 1b1 and Fig. 1c1, GO reveals the 2D layered 
structure with various degrees of wrinkles. The observed wrinkles of GO 
can provide abundant adsorption active sites for AuNS [25]. As 
exhibited in Fig. 1b2 and Fig. 1c2, AuNS are composed of a central core 
with a diameter of about 85 nm and many multiple sharp and irregular 
branches with the average length of 15 nm. The special morphology of 
AuNS is closely related to their preparation process. First, Au NPs were 
synthesized by sodium citrate reduction method, which were served as 
core seeds. Then, sodium citrate and hydroquinone (the growth 

Scheme 1. (a) Conventional SERS platform (GANS NCs), (b) the novel SERS platform proposed in this work (GANS-Au@Ag NCs).  
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solution) were both used as reducing agents [38]. In the reaction system, 
sodium citrate with weak reducing ability can reduce Au3+ to Au1+, and 
hydroquinone with strong reduction ability further reduces Au1+ to Au0 

[35]. In this process, hydroquinone can highly and selectively reduce 
Au1+, which contributes to anisotropic growth of NPs and ultimately 
leads to form irregular tip branches [39]. As for GANS NCs, AuNS are 
loaded on the surfaces of GO, which can be verified by the TEM image in 
Fig. 1b3 and SEM image and EDS elemental mapping images in Fig. 1c3. 
AFM images further exhibited the structural details of GO and GANS 
NCs. As presented in Fig. S1a, GO exhibits a thin layer structure with 
smooth surfaces. Many bright spots observed in AFM image of GANS 
NCs (Fig. S1b) indicate the successful loading of AuNS on GO surfaces. In 
addition, the size distribution diagram in the inset of Fig. S1a and 
Fig. S1b shows that the average thickness of GO and GANS increases 
from 2.9 to 100.2 nm, which is consistent with the results of TEM and 
SEM. The zeta potentials of GO, GO-PVP, GO-PDDA, AuNS and GANS 
NCs were tested to understand the self-assembly and formation mech
anism of GANS NCs. As reflected in Fig. 1d, the abundant carboxyl and 
hydroxyl functional groups on surfaces of GO make it carry negative 
charges, and the change of zeta potential from − 30.5 mV (GO) to − 36.4 
mV (GO-PVP) demonstrates that the modification of amphiphilic PVP 
molecule let GO more negative charged [40]. Once the surfaces of GO- 
PVP are further modified with positively charged PDDA by electro
static attraction, a significant shift in zeta potential value from negative 
to positive (+34.7 mV) is observed. Because of the strong electrostatic 
interactions, the negatively charged AuNS (-30.9 mV) are assembled on 
surfaces of positively charged GO-PDDA and the obtained GANS NCs 
have a zeta potential value of +14.1 mV. Additionally, UV–Vis spectra 

were used to study optical properties of GO-PDDA, AuNS and GANS NCs. 
As depicted in Fig. 1e, an obvious absorption peak at 230 nm can be 
observed in both GO-PDDA and GANS NCs, corresponding to π-π* 
electronic transition of GO. AuNS generate a broad LSPR absorption 
band ranging from 500 to 800 nm, and broadening of the LSPR band
width is owing to the difference in branch length of AuNS [41]. After the 
formation of GANS NCs, the LSPR peak position shows a blue shift 
compared with that of AuNS. This may be because of the electronic 
interaction between GO and AuNS and change in dielectric constant 
[9,42]. The crystallographic structures of GO and GANS NCs were then 
analyzed by XRD. Fig. S2a presents that the characteristic peak (001) of 
GO is observed around 2θ = 11.02◦. After depositing AuNS on GO, four 
new diffraction peaks are appeared at 38.24◦, 44.47◦, 64.85◦ and 
77.86◦, which can be indexed to (111), (200), (220) and (311) planes 
of face-centered-cubic structure Au (JCPDS No. 04-0748), respectively 
[43]. Furthermore, XPS was further applied to characterize the chemical 
composition of GO and GANS NCs. It can be seen from Fig. S2b that 
compared with GO, the additional Au 4f signal is appeared in the XPS 
spectrum of GANS NCs. The high resolution XPS spectrum of Au 4f for 
GANS NCs in Fig. S2c shows two peaks at 85.25 eV and 86.85 eV, cor
responding to the Au 4f7/2 and Au 4f5/2 core levels of metallic Au, 
respectively [44]. Therefore, the above results all confirm the successful 
preparation of GANS NCs. 

3.2. SERS activity and enhancement mechanism of GANS SERS substrate 

To evaluate the SERS signal amplification and fingerprinting capa
bility of GANS NCs, 4-MBA was used as a probe molecule for SERS 

Fig. 1. (a) Schematic drawing of fabrication process of GANS NCs, (b) TEM images of (b1) GO, (b2) AuNS and (b3) GANS NCs, (c) SEM images of (c1) GO and (c2) 
AuNS, (c3) SEM image and EDS elemental mapping images of GANS NCs (C, O and Au), (d) zeta potential characterization of GO, GO-PVP, GO-PDDA, AuNS and 
GANS NCs and (e) UV–Vis spectra of GO-PDDA, AuNS and GANS NCs. 
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detection. SERS spectra of 4-MBA (10− 4 M) absorbed on Au NPs, AuNS 
and GANS NCs are shown in Fig. 2a. Four SERS bands at 1078, 1185, 
1490 and 1589 cm− 1 are observed from SERS spectra. Notably, SERS 
spectra of 4-MBA on AuNS and GANS NCs are slightly different in SERS 
peak positions after comparison. Once AuNS are assembled on the sur
faces of GO, three new SERS peaks are found at 1014, 1145 and 1398 
cm− 1 due to the interaction between 4-MBA and GANS SERS substrate. It 
is universally acknowledged that SERS peaks of 4-MBA mainly consist of 
two vibrational modes including symmetric (a1) and asymmetric modes 
(b2), where the enhancement of vibrational mode is ascribed to charge 
transfer process occurring between 4-MBA molecules and SERS sub
strates [29]. Table S1 exhibits the detailed SERS band assignments of 4- 
MBA molecules. The corresponding SERS intensities of 4-MBA on three 
different substrates at 1589 cm− 1 are presented in Fig. 2b. The testing 
results clearly show that SERS intensity of 4-MBA on AuNS substrate is 
stronger than that on Au NPs. It is remarkable that SERS enhancement 
ability of GANS NCs is remarkable higher than that of bare AuNS, 
indicating that the contribution of CE effect of GO is not insignificantly. 
For better estimating the performance of SERS substrates, the SERS 

enhancement factor (EF) was calculated. Figure S3 shows Raman 
spectrum of pure 4-MBA molecules. EF value of GANS NCs is calculated 
to be approximately 4.7 × 107, and is higher than that of Au NPs (5.59 ×
106) and AuNS (1.85 × 107). Detailed calculation of EF is provided in 
Supplementary material. A possible SERS enhancement mechanism 
was put forward based on above results. Given that the extensive 
recognized SERS enhancement mechanism focuses on EM and CM, the 
roles of the two mechanisms in the significant SERS enhancing behavior 
of GANS NCs were discussed. Among them, EM mechanism, which plays 
a primary role in SERS enhancing behavior, mainly originates from the 
excitation of LSPR generated on surfaces of noble metal NPs [45]. The 
local electromagnetic field intensity distribution between adjacent 
AuNS was simulated by FDTD simulation, as revealed in Fig. 2c1. It is 
obvious that the tips of AuNS produce high localized electric field 
enhancement, while the stronger electromagnetic field is produced in 
narrow particle gaps between AuNS. In short, the sharp tip structure and 
nanogap between tips lead to the most efficient field enhancement, so it 
is plausible that AuNS and GANS NCs generate better SERS enhance
ment effect of 4-MBA than Au NPs. Additionally, unlike EM, the 

Fig. 2. (a) SERS spectra and (b) SERS intensities of 4-MBA at 1589 cm− 1 on Au NPs, AuNS and GANS NCs, (c) (c1) electric field distribution of adjacent AuNS and 
(c2) the schematic diagram of charger transfer process between GANS NCs and 4-MBA molecules, (d) SERS spectra of 4-MBA (10− 5-10− 11 M) on GANS SERS substrate 
and (e) the linear correlation of logarithm of 4-MBA concentration versus SERS intensity at 1589 cm− 1. 
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contribution of CM in SERS enhancement is through charge transfer 
between SERS substrates and adsorbed target molecules [14]. This is 
because the above-mentioned charge transfer process will enhance the 
electron–phonon coupling, thereby resulting in additional SERS signal 
enhancement. As a zero-bandgap semiconductor, GO can enhance 
Raman scattering of target molecules, which is mainly achieved by the 
ground-state chemical interaction between π-electron and absorbed 
molecules. Therefore, GANS NCs can emerge stronger SERS signals than 
single AuNS due to their non-negligible CM contribution to SERS 
enhancement. To further investigate the CM mechanism of GANS NCs, a 
possible interfacial charge transfer process was also proposed, as illus
trated in Fig. 2c2. On one hand, the electrostatic attraction and π-π 
stacking interaction between negatively charged 4-MBA (Figure S4) and 
GANS NCs form the stable bond, 4-MBA was close to SERS substrate, 
thus promoting the charge transfer between them [46]. On the other 
hand, since work function of GO (4.6–4.9 eV) is located between the 
HOMO energy level (6.24 eV) and the LUMO (1.68 eV) energy level of 4- 
MBA, which is slightly less than that of Au (5.14 eV), the electrons 
transferred to GO can be further transferred to Au and this process also 
enables Au to obtain higher electromagnetic enhancement [46,47]. 
Moreover, charge transfer process can also enhance and enlarge the 
polarizability and Raman scattering cross section of 4-MBA to amplify 
the SERS signal [48]. Furthermore, to examine the interaction between 
the Raman substrates and adsorbate molecules, the UV–Vis spectra of 4- 
MBA before and after deposition on GANS NCs were collected. As shown 
in Figure S5, the bands at 200–300 nm are the characteristic absorption 
peak of 4-MBA solution. For the GANS/4-MBA, the peak red-shifts 
compared with pure 4-MBA, indicating the occurrence of the charge 
transfer between GANS NCs and 4-MBA. In conclusion, from the 
perspective of EM and CM, SERS enhancement of GANS substrate is 
jointly contributed by EM and CM. The significant SERS enhancing 
performance of GANS substrate is mainly explained by the following 
factors: (i) the tip hotspots effect of AuNS; (ii) the extremely intense EM 
field concentrated in the narrow nanogaps between adjacent AuNS 
assembled on surfaces of GO and (iii) the additional CM and stronger EM 
realized by charge transfer between GANS NCs and molecules. 

Afterward, SERS detection on different concentrations of 4-MBA (10− 5 

to 10− 11) was performed by using GANS NCs. SERS signal intensity of 4- 
MBA decreases with the decrease of concentration, as depicted in 
Fig. 2d. The limit of detection (LOD) of 4-MBA absorbed on GANS NCs is 
10− 10 M, which is lower than that of similar plasmonic hybrid SERS 
substrates reported previously [49,50]. A strong linear correlation be
tween SERS intensity and logarithm of 4-MBA concentration (y =
1294.7879 x + 14317.79269, R2 = 0.98) can be observed (Fig. 2e), 
which indicates that the prepared GANS SERS substrate can be used for 
quantitative analysis of unknown concentrations of 4-MBA. 

3.3. Adsorption kinetics and SERS detection of BR 

As aforementioned, GANS SERS substrate has the excellent SERS 
enhancement effect on negatively charged molecules with aromatic 
structure. In view of the characteristics of BR, including negative charge 
on the surfaces (Figure S6) and the strong π-π interaction with GO, the 
developed SERS substrate is suitable for the potential application of 
highly sensitive SERS detection of BR. Because of the fact that the good 
absorption capability of SERS substrate to target analytes affects the 
sensitivity of SERS detection, it is necessary to study the adsorption 
capacity of the SERS substrate to BR in order to further explore the label- 
free SERS detection of BR [51]. Since SERS intensity is correlated to 
adsorption properties and adsorption time of SERS substrate to target 
analytes, the time-resolved SERS spectroscopy method was applied to 
monitor the whole adsorption process. In this process, GANS SERS 
substrate with excellent SERS performance was used to detect BR. SERS 
spectra were measured at various incubation times to comprehend the 
adsorption kinetics of BR on GANS NCs. Characteristic SERS peaks of BR 
molecules can be clearly observed in Fig. 3a, and the specific assignment 
of SERS modes is recorded in Table S2 [4,52,53]. In Fig. 3b, SERS in
tensity of BR increases with the rising incubation time and then reaches 
saturation. SERS response, which is so-called as SERS intensity ratio (I/ 
Imax), was taken as an index for absorption process. Imax is the maximum 
SERS intensity at 1614 cm− 1 [9]. By simulating the relationship of time 
as well as SERS response, it can be observed that adsorption data of BR 

Fig. 3. (a) Molecular structure and SERS spectrum of BR (10− 4 M), (b) evolution of SERS spectrum of BR over time (from 5 min to 65 min), (c) adsorption kinetic 
curves of GANS NCs toward BR molecules. 
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(qt = I/Imax) follows pseudo-second-order kinetic model [54]: 

qt =
q2

ekt
1 + qekt

(2) 

where qe and qt represent adsorption amount at equilibrium and time 
t, and k is adsorption rate constant of pseudo-second-order kinetic 
model. Adsorption kinetics reflects that the adsorption of BR molecules 
by GANS NCs reaches equilibrium within 55 min (Fig. 3c), thus identi
fying the optimal adsorption time for BR in the subsequent experiments. 
Additionally, the fitting parameter values of absorption capacity and 
adsorption rate constant are estimated to be 1010 mg/g and 0.21 min− 1, 
respectively. Compared with many previous literatures [55–57], GANS 
NCs have stronger absorption capability to BR, which may be attributed 
to strong π-π interactions between GO and tetrapyrrole rings of BR, and 
the strong electrostatic interaction between BR containing carboxyl 
functional groups and GANS with cationic PDDA surface ligands. The π-π 
interactions and the electrostatic interaction can enrich the molecules to 
SERS hotspots, and thus result in the excellent SERS enhancement ability 
of GANS NCs. To further assess the SERS detection sensitivity of GANS 
NCs for biosensing application, SERS spectra of BR solution with con
centrations of 10− 4 M− 10− 9 M loaded on GANS NCs were collected 
(Figure S7). The results suggest that the as-prepared GANS NCs exhibit 
high sensitivity, and LOD of BR reaches down to 10− 8 M. However, 
although the combination of GO and AuNS can achieve a significant 
enhancement of local electromagnetic field, the plasmonic coupling is 
limited by the structure and only happens in the horizontal direction 
(Scheme 1a). To further enhance SERS sensitivity, it is essential to 
construct the additional plasmonic coupling in vertical direction by 
introducing the secondary reinforcing NPs to generate hotspots with 
higher density (Scheme 1b). 

3.4. Characterization of the secondary enhanced Au@Ag NPs 

As mentioned above, in recent years, novel SERS substrates 
combining two noble metals into one system have attracted extensive 
attention. As one of the most important bimetallic NPs, Au@Ag NPs 
combine the extraordinary structural stability of Au NPs and the supe
rior SERS signal enhancement ability of Ag NPs, which are universally 
recognized as ideal nanomaterials for the secondary enhancement of 
SERS signals [58,59]. The morphologies of Au and Au@Ag NPs were 
analyzed via TEM. As observed from Fig. 4a, Au NPs with the average 
diameter of 15 nm show regular spherical morphology and homoge
neous dispersion. As presented in Fig. 4b, TEM picture of Au@Ag NPs, 
by contrast, clearly suggests that Au NPs are coated with uniform Ag 
shells (~3 nm in thickness). UV–Vis spectra of Au and Au@Ag NPs are 
demonstrated in Fig. 4c. Au NPs exhibit a sharp LSPR peak at about 520 
nm. Differing from Au NPs, Au@Ag NPs display two strong absorption 
bands centered near 395 nm and 500 nm and a weak band near ~320 
nm. Peaks located at ~ 395 and ~320 nm are attributed to the char
acteristic peak of Ag shell and the dielectric properties of Ag NPs, 
respectively [60]. Meanwhile, owing to the diverse surface plasmon 
resonance frequencies of Au NPs as well as Au@Ag NPs, the absorption 
peak of Au NPs has a slight blue shift after Ag shell coating [61]. 
Additionally, to contrast SERS enhancement ability of Au and Au@Ag 
NPs, we performed SERS measurements on BR solution (10− 4 M) under 
632.8 nm laser, respectively. Obviously, as presented in Fig. 4d, Au@Ag 
NPs show a better SERS enhancement performance compared with Au 
NPs, which demonstrates that Au@Ag NPs can be served as secondary 
reinforcing substrates to realize secondary enhancement of SERS signals 
for BR molecules. 

Fig. 4. TEM images of (a) Au NPs and (b) Au@Ag NPs, (c) UV–Vis spectra of Au NPs and Au@Ag NPs, (d) SERS spectra of BR molecules on Au NPs and Au@Ag NPs.  
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3.5. SERS enhancement mechanism of multi-dimensional plasmonic 
coupling system 

Fig. 5a represents the schematic diagram for label-free SERS detec
tion of BR by multi-dimensional plasmonic coupling SERS platform. 
Inspired by the sandwich immunoassay strategy with the structure of 
“SERS active substrate-antibody-antigen–antibody-SERS active sub
strate”, our designed SERS platform constructs the sandwich structure of 
GANS-BR-Au@Ag complexes. Firstly, GANS NCs were incubated with 
BR molecules for 55 min. The π-π interactions and strong electrostatic 
interaction allow GANS NCs to enrich more BR molecules, and GANS 
NCs with a large number of hotspots are conducive to the SERS signal 
enhancement of BR [3]. Secondly, GANS-BR complexes were collected 
by centrifugation and transferred to precleaned aluminum pan plate. 
Afterward, the concentrated Au@Ag NPs were added to GANS-BR 
complexes to form GANS-BR-Au@Ag complexes for SERS detection. In 
this manner, Au@Ag NPs can diffuse into the GANS-BR complexes and 
eventually form ultrasmall gaps between Au@Ag NPs and AuNS tips and 
between adjacent Au@Ag NPs, as shown in the model in Fig. 5b. To 
further verify that the multi-dimensional coupling enhancement strat
egy has the strongest signal amplification effect, the SERS spectra of 4- 
MBA and BR on GANS and GANS-Au@Ag SERS substrates were 
compared, respectively. As demonstrated in Figure S8 and Fig. 5c, SERS 
signal intensity of 4-MBA and BR molecules absorbed on the GANS- 
Au@Ag SERS substrate is much higher than that absorbed on GANS, 
which proves that simply mixing GANS NCs and Au@Ag NPs can lead to 
more superior SERS enhancement. Meanwhile, it is calculated that EF 
value of GANS-Au@Ag SERS substrate is as high as 1.2 × 108 (the 
detailed calculation process is described in Supplementary material), 
which is 2.6 times that of GANS NCs (4.7 × 107). Furthermore, to gain a 
better understanding of how the multiple plasmonic resonance coupling 
achieves excellent SERS enhancement, the electromagnetic field distri
butions of Au@Ag and GANS-Au@Ag substrates were simulated using 
FDTD method. The simulation result in Fig. 5d shows that tremendous 
hotspots are generated in the nanogaps between Au@Ag NPs because of 
the electromagnetic field coupling effect. As for GANS-Au@Ag NCs, the 
more hotspots distribution can be observed from Fig. 5e. On one hand, 
strong coupling occurs between the high-density AuNS assembled on 
surfaces of GO, thus generating highly enhanced electromagnetic field in 

the nanogaps between AuNS as well as at the tips of AuNS. On the other 
hand, the LSPR coupling between Au@Ag NPs induces an enhancing 
electromagnetic field in interparticle gaps. Finally, multi-dimensional 
plasmonic coupling is stimulated between the anisotropic AuNS and 
the closely spaced Au@Ag NPs in both horizontal and vertical di
rections, thereby enhancing the density of hotspots to further provide a 
huge electromagnetic enhancement. As mentioned above, the following 
conclusions can be drawn that the enormous SERS enhancing behavior 
of GANS-Au@Ag NCs benefits from the high-density hotspots generated 
by the strong plasmonic coupling in the hybrid system, mainly including 
the tip-to-tip plasmonic coupling of AuNS, interparticle coupling be
tween horizontally AuNS with narrow nanogaps on surfaces of GO, the 
LSPR effect between the adjacent Au@Ag NPs and the plasmonic 
coupling between GANS NCs and Au@Ag NPs in both horizontal and 
vertical directions. Moreover, GO not only can concentrate BR within 
hotspots due to its superior enrichment ability, but also generate CE 
contribution through charge transfer resonance with BR, which also can 
enhance the SERS signals to a certain extent. From another perspective, 
in addition to hotspots density, hotspots types also influence SERS 
sensitivity to a large extent [62]. Differences in morphology can cause 
different types of hotspots, and the simple hybrid assembly of the two 
nanostructures of GANS NCs and Au@Ag NPs can simultaneously 
generate three types of hotspots, including tip-to-tip hotspots (GANS 
NCs), point-to-point hotspots (Au@Ag NPs) and tip-to-point hotspots 
(GANS-Au@Ag), resulting in exceptionally strong electric field 
enhancement. 

3.6. SERS detection of BR assisted by multi-dimensional plasmonic 
coupling system 

The highly accurate and sensitive SERS platform based on multi- 
dimensional plasmonic coupling system was used to detect BR mole
cules. SERS spectra of BR molecules with concentrations of 10− 4 to 
10− 12 M absorbed on GANS-Au@Ag NCs are exhibited in Fig. 6a. As can 
be observed when BR concentration decreases from 10− 4 to 10− 11 M, 
SERS intensity gradually decreases. The LOD of SERS platform for BR 
can be down to 10− 11 M. SERS spectrum peak at 1614 cm− 1 was used for 
quantitative analysis of BR. A strong linear correlation between loga
rithm of BR concentration and SERS intensity (y = 4065.5 x + 46166.5, 

Fig. 5. (a) Schematic diagram for SERS-based label-free detection of BR by using GANS combined with Au@Ag NPs, (b) simulation configuration of GANS-BR- 
Au@Ag, (c) SERS spectra of BR adsorbed on GANS and GANS-Au@Ag SERS substrate under the same conditions, electric field distributions of (d) Au@Ag NPs 
and (e) GANS-Au@Ag NCs. 
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R2 = 0.986) can be observed from Fig. 6b, which indicates that our 
method has a good ability in quantitatively detect BR molecules in a 
wide range. Compared with other diverse analytical techniques for 
detecting BR, as recorded in Table 1 [1,5,7,16,63,64], our as-proposed 
SERS platform exhibits the highest SERS sensitively. Moreover, be
sides highly SERS sensitivity, good uniformity and reproducibility are 
equally significant for SERS substrate. We further verified the uniformity 
of SERS signal based on the SERS platform by randomly selecting 20 
different points from 10− 6 M BR solution. It can be seen from Fig. 6c and 
6d that SERS signal intensity distribution at 1614 cm− 1 is highly 

uniform and relative standard deviation (RSD) value is 10.62%. 
Furthermore, we randomly selected 15 batches of GANS NCs and 
Au@Ag NPs to study the batch-to-batch reproducibility. SERS spectra of 
BR with the concentration of 10− 6 M adsorbed on GANS-Au@Ag NCs 
and the corresponding SERS intensities at 1614 cm− 1 are shown in 
Figure S9a and S9b. The RSD value of signal intensity is 9.07%. All of 
the above results demonstrate that our SERS platform has ultrahigh 
sensitivity, excellent uniformity and reproducibility. 

4. Conclusions 

In conclusion, a multi-dimensional plasmonic coupling SERS plat
form composed of GANS NCs and Au@Ag NPs has been developed and 
applied to the ultrasensitive detection of BR. GANS NCs were prepared 
successfully and the corresponding formation mechanism was discussed. 
After comparing SERS enhancing performance of Au NPs, AuNS and 
GANS NCs using 4-MBA as reporter molecule, it was found that the 
combination of GO and AuNS had the most excellent SERS performance, 
which attributed to the huge hotspots formed between AuNS on GO 
surfaces and the additional CM induced by GO during the charge 
transfer process. In addition, the adsorption process of BR on GANS NCs 
was monitored by SERS spectroscopy. Results illustrated that the 
adsorption process was accorded with the pseudo-second-order kinetic 
model with a time of 55 min until adsorption equilibrium, and the GANS 
NCs had good adsorption capacity for BR owing to π-π interactions and 
electrostatic interaction. Combining Au@Ag NPs as secondary rein
forcing SERS substrates with GANS NCs was used to construct a novel 

Fig. 6. SERS spectra recorded from GANS-Au@Ag substrate for BR with various concentrations ranging from 10− 4 to 10− 12 M, (b) linear correlation between 
logarithm of BR concentration and SERS intensity at 1614 cm− 1, (c) SERS spectra of BR recorded from 20 random spots on GANS-Au@Ag NCs and (d) SERS in
tensities of BR at 1614 cm− 1 of 20 SERS spectra. 

Table 1 
LOD on the GANS-Au@Ag SERS substrate in comparison with other analytical 
methods for BR detection.  

Detection 
method 

Substrates Linear range 
(M) 

LOD 
(M) 

Reference 

SERS Ag@Fe2O3 5 × 10− 8 to 
1 × 10− 4 

2.3 ×
10− 8 

[1] 

SERS Ag NRs/M-BN 5 × 10− 8 to 
1 × 10− 4 

1.4 ×
10− 8 

[7] 

Fluorescent UiO-66(COOH)2Zr- 
MOF: Eu3+

0 to 1.5 ×
10− 5 

4.5 ×
10− 7 

[63] 

SERS MoS2@ZnO@Ag 10− 8 to 10− 3 10− 8 [16] 
Electrochemical Ceria nanocubes 10− 6 to 10− 4 10− 7 [64] 
SERS Glucose-Au array 

substrate 
10− 10 to 
10− 5 

10− 10 [5] 

SERS GANS-Au@Ag 10− 11 to 
10− 4 

10− 11 this work  
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multi-dimensional plasmonic coupling system. The SERS platform had a 
superior SERS sensitivity with a low LOD of 10− 11 M, and SERS peak 
intensity and logarithm of BR concentration from 10− 4 to 10− 11 M 
showed a strong linear correlation. Compared with the previously re
ported SERS substrates, the enormous SERS enhancing behavior of our 
proposed SERS platform benefits from the high-density hotspots gener
ated by the strong coupling between surface plasmons in the hybrid 
system, mainly including the following points: (i) tip-to-tip plasmonic 
coupling of AuNS; (ii) interparticle coupling between horizontally AuNS 
with narrow nanogaps on surfaces of GO; (iii) LSPR effect between the 
adjacent Au@Ag NPs; (iv) plasmonic coupling between GANS NCs and 
Au@Ag NPs in both horizontal and vertical directions and (v) superior 
enrichment ability and additional CM of GO. Therefore, our proposed 
multi-dimensional plasmonic coupling platform provides a new idea for 
label-free ultrasensitive detection of BR and is hopeful to be expanded to 
sensitive detection of other biomarkers, which opens up infinite possi
bilities for clinical diagnosis of various diseases. 
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