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Abstract
A surface-enhanced Raman scattering (SERS)–based immunoassay with gold nanostars (GNSs) is utilized for determination 
of the subarachnoid hemorrhage (SAH) biomarker glial fibrillary acidic protein (GFAP) at very low concentration levels, 
which allows for early diagnosis and guides clinical decision-making to treat SAH-induced complications. The Raman reporter 
5,5′-dithiobis-2-nitrobenzoic acid (DTNB) modified on GNSs was selected as the SERS tags. The SERS immunoassay was 
assembled by SERS tag and GFAP probe-immobilized ITO substrate. Therefore, the level of GFAP can be detected by 
monitoring the characteristic Raman peak intensity of GFAP-conjugated GNSs at 1332 cm−1 with a very low detection limit. 
Under optimized conditions, the assay can work in the GFAP concentration range from 1 pg⋅mL−1 to 1 μg⋅mL−1, with a detection 
limit as low as 0.54 fg⋅mL−1. The performance of the SERS immunoassay proven by the detection of GFAP is equivalent to 
that of the conventional enzyme-linked immunosorbent assay (ELISA).
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Introduction

Subarachnoid hemorrhage (SAH) is a devastating subtype 
of stroke that is life-threatening with high morbidity and 
mortality. Its pathological process involves the extravasation 

of blood into the subarachnoid space, which normally 
contains cerebrospinal fluid (CSF) [1]. Both clinical and 
experimental studies have shown that only a small number 
of SAH patients can recover almost all physical and mental 
functions, but most SAH events are accompanied by delayed 
cerebral ischemia (DCI), cerebral vasospasm (CVS), 
rebleeding, and other complications, which contribute 
to death and remain the major challenge of SAH [2, 3]. 
Timely initiation of treatment can prevent cerebral stroke, 
but sometimes the diagnosis of DCI and CVS can be elusive 
and treatment is often administered too late to reverse the 
damage [4].

In SAH patients, a range of brain-derived biomolecules 
are released into the CSF [5], the compositions of which 
reflect biochemical changes that occur in the brain [6]. Thus, 
the determination of brain-specific biomarkers in CSF can 
be helpful to assess damage to the brain, which allows for 
early diagnosis and guides clinical decision-making to treat 
SAH-induced complications [7, 8]. Glial fibrillary acidic 
protein (GFAP) is considered to be a brain-specific astro-
cyte intermediate filament protein in mature astrocytes that 
is very low in healthy individuals and shows an increase in 
both SAH-related CSF and serum [9]. The increase in GFAP 
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levels caused by induced reactive astrogliosis reflects astro-
cyte damage and cell death [10], and these changes in astro-
cytes after SAH subsequently lead to the development of 
DCI and relevant long-term complications [11]. GFAP is a 
candidate biomarker for astrocytic damage that can monitor 
the early development of CVS and DCI after SAH, therefore 
influencing subsequent clinical management [12].

The current development of nanotechnology makes sur-
face-enhanced Raman spectroscopy (SERS) a powerful plat-
form with single-molecule-level sensitivity and quantitative 
detection capacities for chemical analysis and biomedical 
research [13, 14]. Compared with conventional immunoas-
says, SERS possesses many special advantages, such as no 
complex sample pretreatment, low reagent consumption, less 
water interference, better selectivity ability, good stability, 
convenience, and reproducibility [15–17]. Therefore, SERS 
is considered to be an ideal approach for the detection of 
water-containing samples [18] and is suitable for the detec-
tion of biomarkers in complex biological fluids, such as 
urine, blood plasma, and CSF [19, 20].

Herein, we report the development of SERS substrates 
based on plasmonic gold nanostars (GNSs) for GFAP detection 

and the feasibility of their application in SAH diagnosis 
(Scheme 1). The low concentrations of GFAP in CSF and 
untreated whole blood collected from the SAH models and 
human samples were examined through SERS immunoassay. 
GFAP-specific SERS tagged GNSs@DTNB@Anti-GFAP 
were prepared by bioconjugation of GFAP antibodies and the 
Raman reporter DTNB onto the GNS surface. DTNB was used 
as a Raman reporter due to its high Raman activity [20, 21]. 
This SERS immunoassay shows good sensitivity, selectivity, 
and relatively low detection limits, so it offers a novel and 
suitable strategy for rapid early diagnosis of SAH-induced 
complications and has great application prospects in the clinic.

Experimental Section

Materials

Tetrachloroaurate (III) trihydrate (HAuCl4·3H2O), bovine 
serum albumin (BSA), and 5,5′-dithiobis-2-nitrobenzoic acid 
(DTNB) were acquired from Shanghai Chemical Reagent 
LTD, China (https://​www.​scrri.​com). 1-[3-(Dimethylamino)

Scheme 1   Schematic illustration of GNSs SERS immunoassay for ultrasensitive dynamic change detection of GFAP (SAH, subarachnoid hem-
orrhage; SCF, cerebrospinal fluid; GNSs, gold nanostars; SERS, surface-enhanced Raman scattering; GFAP, glial fibrillary acidic protein)
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propyl]-3-carbodiimide hydrochloride (EDC), N-hydroxy-
succinimide (NHS), and γ-mercaptopropyltriethoxy-silane 
(MPTES) were acquired from Sigma-Aldrich Chemicals 
(http://​www.​sigma​aldri​ch.​com). Hydroquinone, dimercap-
tosuccinic acid (DMSA), ethanol, and phosphate buffered 
saline (PBS) (10 mM Na2HPO4, 1.8 mM KH2PO4, 2.7 mM 
KCl, 137 mM NaCl, pH = 7.4) were obtained from Shang-
hai Aladdin LTD, China (https://​www.​aladd​in-e.​com). 
GFAP standard grade antigens and anti-GFAP rat/human 
monoclonal antibodies were obtained from Sangon Biotech 
LTD, China (https://​www.​sangon.​com). All other chemical 
reagents used were analytical grade or higher and can be 
used without further purification. Milli-Q-grade water (18.2 
MΩ·cm) was used throughout all experiments.

Synthesis of GFAP labeling antibody modified SERS 
tags

Gold nanostars were synthesized according to a modified 
seed-mediated method, and SERS active GNS-tags were 
prepared using a previously reported method [22, 23]. The 
preparation of GNSs@DTNB@Anti-GFAP SERS nanotags 
is described in detail in the Supplementary Information.

Preparation of GFAP probe‑immobilized SERS 
immunosubstrates

MPTES-functionalized indium tin oxide (ITO) conduc-
tive substrates were obtained according to the literature 
described previously [23, 24]. For the fabrication of the 
immunosubstrates, 5 μL of GNSs@Anti-GFAP was added 
dropwise on the MPTES-functionalized substrate to obtain 
GNS layers. Finally, the SERS substrates were further 
washed with ultrapure water three times and then dried at 
30 °C for 30 min. Thus, GFAP probe-immobilized SERS 
immunosubstrates were obtained.

Animals

Approximately 12-week-old Sprague–Dawley (SD) rats 
(male, 280–330 g) were purchased from Shandong Experi-
mental Animal Center (Jinan, China). Rats were housed with 
a 12-h light/dark cycle and free access to water and food. All 
experimental procedures and animal care were approved by 
Shandong First Medical University & Shandong Academy 
of Medical Sciences Ethics Committee and were in agree-
ment with the guidelines of the National Institute of Health.

Rat SAH models

Rat SAH models were established by the single injection 
method and endovascular perforation method.

The single blood injection (SBI) SAH model was pro-
duced as previously described [25]. After the rat was anes-
thetized and the atlanto-occipital membrane was exposed, 
a 1-mL syringe with a 25-gauge needle was placed into the 
cistern magna. Then, 0.3 mL of autologous femoral artery 
blood was slowly injected into the cistern magna within 
3 min by a syringe pump. Rats were allowed to recover 
30 min after SAH.

The endovascular perforation (EP) SAH model was 
prepared according to a previously reported method [23]. 
Specifically, rats were initially anesthetized using chloral 
hydrate (350 mg/kg body weight). A blunted 4–0 monofila-
ment nylon suture was injected into the left internal carotid 
artery, and the bifurcation of the anterior and middle cer-
ebral arteries was punctured until breakthrough was felt 
[26]. The suture was subsequently withdrawn for induction 
of SAH. Sham-operated groups received the same process 
excluding puncture.

Clinical samples

The clinical study was approved by the ethical committee of 
Baotou Central Hospital. From January 2018 to December 
2019, 50 patients with aneurysmal SAH between the ages 
of 43 and 65 years were enrolled in an observational study 
on CSF analysis.

The clinical status on admission was evaluated by the 
World Federation of Neurological Surgeons (WFNS) grade 
and Hunt-Hess grade. The severity of SAH was graded by 
Fisher scale based on radiological characteristics. The inclu-
sion criteria were as follows: treatment of aneurysm < 24-h 
post rupture. CSF is collected by performing a lumbar punc-
ture on patients 3 days after onset.

CVS was considered focal or diffuse transient stenosis of 
the cerebral artery caused by contraction of smooth muscle 
in the vascular wall, which was calculated by head computed 
tomography (CT) scan and transcranial Doppler (TCD). DCI 
was clinically defined according to the following criteria: a 
new focal neurological deficit continued for more than 1 h, 
and a new infarct was identified on a head CT scan.

Results and discussion

Preparation and characterization of the SERS 
immunosubstrates

The synthesized GNS were characterized using a scanning 
electron microscope by dripping onto aluminum foil. As 
shown in Fig. 1A, the nanoparticles had a star-shaped mor-
phology with an average diameter of approximately 70 nm. 
Figure 1B shows that GNSs had a UV–visible absorption 
maximum at 650 nm. When comparing the SERS images 
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of gold seeds and GNSs modified by the Raman reporter 
DTNB, GNSs had a stronger enhanced Raman signal at 
1332  cm−1, and the labeling of GFAP antibody did not 
affect the Raman signal intensity of GNSs@DTNB (shown 
in Fig. 1C). In Fig. 1D, GNSs@Anti-GFAP were used as 
a substrate, and GNSs@DTNB@Anti-GFAP were used as 
SERS nanotags. There were no SERS signals when the ana-
lyte contained only GFAP antigen or SERS tags. When the 
analyte contained both GFAP antigen and SERS tags (which 
can form an immune “sandwich” structure), SERS signals 
can be detected. As presented in Fig. 1E, the SERS inten-
sity of GNS tags at 1332 cm−1 was tested 50 times in four 
independent batches, with the results showing a deviation 
of 2.9% and verifying good reproducibility. The preparation 
process of SERS tags was characterized by electrochemical 
impedance spectroscopy [27]. Figure 1F shows the complex 
impedance plots of different layer modified electrodes (bare 
glassy carbon electrode (GCE) used as the control group) in 
the 5-mM [Fe(CN)6]4−/3− solution. This spectrum confirmed 
the successful combination of GNSs@DTNB@Anti-GFAP 
SERS tags.

Fabrication of GNS substrates is an important part of the 
immunosubstrates used for GFAP diagnosis in SAH patients. 
The preparation and characterization of the substrates are 
presented in the Supplementary Information. SERS 3D map-
ping was used for characterization and optimization of the 
substrates, and the results showed that the substrates had 

good stability and can be used in subsequent experiments 
(as shown in Fig. S1).

Optimization of the SERS immunoassay

Under optimal experimental conditions, the prepared 
SERS immunosubstrates can be used as an ideal tool for 
measuring different levels of GFAP biomarker incorpo-
rated in PBS buffer. Figure 2A reveals that the intensity of 
the SERS peak at 1332 cm−1 gradually rises with increas-
ing of GFAP concentration (1  pg⋅mL−1, 10  pg⋅mL−1, 
100  pg⋅mL−1, 1  ng⋅mL−1, 10  ng⋅mL−1, 100  ng⋅mL−1, 
1 μg⋅mL−1) in PBS. As illustrated in Fig.  2B, a good 
linear relationship was observed according to the cor-
responding calibration plot with a relative coefficient 
(R2) of 0.99 and measurements ranging from 1 pg⋅mL−1 
to 1 μg⋅mL−1. The limit of detection (LOD) in PBS was 
lower than 1 fg⋅mL−1, as shown in Fig. 2C. The calcula-
tions of LOD value was 0.54 fg⋅mL−1 using the formula 
LOD = 3σ/m (σ represents the standard deviation of the 
blank experiment, and m represents the slope of the lin-
ear measurement curve), which indicates that the SERS 
base immunosubstrates for GFAP antigen are sensitive and 
effective and can be used for GFAP detection. The stabil-
ity of the SERS immunosubstrates was also evaluated by 
aging studies. The SERS immunosubstrates were placed 

Fig. 1   A SEM image of gold nanostars. B UV–visible spectra of gold 
seeds and gold nanostars. C SERS spectra of gold seeds@DTNB, 
GNSs@DTNB, and GNSs@DTNB@Anti-GFAP. D SERS spectra of 
SERS tags detection process. E SERS intensity of tags at 1332 cm−1 

was detected 50 times in four independent batches. F Electrochemical 
characterization of the SERS tag preparation process. EIS to record 
the immobilized steps of bare GCE (control), GNSs/GCE, GNSs@
DTNB/GCE, GNSs@DTNB@Anti-GFAP/GCE
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at 37 °C for 30 days, and GFAP was detected in PBS at 
six different concentrations (10 ng⋅mL−1, 20 ng⋅mL−1, 
30  ng⋅mL−1, 40  ng⋅mL−1, 50  ng⋅mL−1, 60  ng⋅mL−1). 
There were no significant changes in SERS intensity at any 
GFAP concentration between freshly prepared immuno-
substrates and the aging immunosubstrates, indicating that 
SERS-based immunosubstrates have good stability. The 
selectivity of the immunosubstrates was also analyzed, and 
the results are shown in Fig. 2E. Ten different analytes 
(GFAP, IL-6, NSE, GST, GSH, Glu, Vc, sucrose, BSA, 
glucose) at 10 ng⋅mL−1 were detected separately, and only 
the GFAP group had a strong SERE signal, indicating that 
these SERS immunosubstrates have good anti-interference 
ability. The feasibility of SERS immunosubstrates in clini-
cal testing was also evaluated, and the results are shown in 
Fig. 2F. PBS was used as a negative control, 10 ng⋅mL−1 
GFAP was used as a positive control, and then 10% GFAP 
solution was mixed with 90% CSF or unprocessed whole 
blood (from healthy SD rats). In Fig. 2F, both the CSF 
group and unprocessed whole blood group can detect 
SERS signals, indicating that SERS immunosubstrates 
can be used for body fluid testing. To study the potential 
clinical applications of SERS-based immunosubstrates, we 
contrasted their analytical performance with commercially 
available enzyme-linked immunosorbent assay (ELISA) 

kits (data shown in Table S1).The results reveal that the 
method is comparable to ELISA.

Clinical applications

The feasibility of the SERS-based immunoassay was 
assessed by utilizing whole blood and CSF from a rat SAH 
model. First, rat SAH models were established by the single 
injection (SBI-SAH) method and endovascular perforation 
(EP-SAH) method. Three behavioral tests (activity, appetite, 
and deficits) (Table S3) and neurological scores (Table S5) 
were blindly evaluated at six different time points (ranging 
from 0 to 72 h) after SAH as previously reported [26–28]. 
After euthanasia, the basal brains were taken and photo-
graphed immediately, divided into six segments, and blindly 
evaluated from 0 to 3 (Table S4). In Fig. 3A, compared with 
the sham group, the neurological scores in all SAH groups 
(6 h to 72 h) were decreased, with a significant difference 
(P < 0.05). In Fig. 3B, there was a significant difference in 
SAH grade between the sham group and all SAH groups. In 
comparison to the sham group, the neurological scores were 
significantly decreased in all SAH groups. These results 
showed that rat SAH models were successfully established.

These SAH rats were used to evaluate the feasibility of 
SERS-based immunoassay in GFAP dynamic detection. 
The SERS-based immunoassay would provide information 

Fig. 2   A SERS spectra of SERS substrate with DTNB for detection 
of GFAP in PBS, ranging from 1 pg⋅mL−1. to 1 μg⋅mL−1. B Corre-
sponding calibration plot of SERS peak intensity at 1332 cm−1 versus 
the logarithm value of GFAP concentration. C The LOD of GFAP 
in PBS. D SERS immunosubstrate performance evaluation: stability 

analysis before and after the accelerated aging test. E The selectivity 
of the immunosubstrates for different analytes (such as GFAP, IL-6, 
NSE, GS7, GSH, Glu, Vc, sucrose, BSA, and glucose). F SERS spec-
tra of GFAP in PBS, CSF, and unprocessed whole blood
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concerning the possibility of SAH-related CVS or DCI. 
Whole blood and CSF were collected at 0 h, 6 h, 12 h, 24 h, 
48 h, and 72 h after SAH. In Fig. 3C, GFAP can be detected 
by SERS-based immunoassay in both blood and CSF sam-
ples. In Fig. 3C, GFAP can be detected in both blood and 
CSF samples via SERS-based immunoassay. The GFAP 
SERS signal intensity gradually increased with time after 
SAH. In CSF samples, the signal intensity reached the peak 
after 6 h. In the blood sample, the signal intensity peaked 
after 12 h. The results in Fig. 3C show that the GFAP con-
centration in CSF increased faster than that in blood and 
reached the peak value earlier than that in blood. In EP-SAH 
rats (Fig. 3D), the results were consistent with SBI-SAH 
rats. Comparing all groups (Fig. 3E), it was found that the 
SERS intensity of GFAP in CSF was higher than that in 
blood. Statistical analysis of the SERS intensity of GFAP 
after the peak value (Fig. 3F) showed that the CSF groups 
were significantly higher than the blood groups (P < 0.001) 
in SBI-SAH and EP-SAH rats. These data indicate that the 

concentration of GFAP in blood and CSF increases rapidly 
after SAH, and GFAP is more sensitive in CSF, making 
GFAP a candidate biomarker for SAH detection.

The feasibility of this SERS-based immunoassay was 
further assessed using human CSF, recorded information 
regarding CVS or DCI after SAH, and subsequently com-
pared the above results with the outcome from traditional 
CT imaging. Figure 4 reveals the SERS signals of four CSF 
groups, the healthy patients (control group, n = 15), SAH 
patients without CVS or DCI (non-group, n = 15), CVS 
group (n = 15), and DCI group (n = 15), using the SERS-
based immunosubstrates. After normalization of the spec-
trum, it was found that the GFAP intensity of CSF in all SAH 
groups increased sharply (Fig. 4G). After statistical analysis, 
the results showed that the Raman signal of GFAP in the 
complication SAH groups (CVS, DCI) was significantly 
higher than that in SAH (Non) group (P < 0.01). Comparing 
all SAH groups, the DCI group had the highest GFAP sig-
nal intensity. The results suggest that as SAH progresses or 

Fig. 3   Representative images of rat brains in the A SAH single blood 
injection model and B SAH endovascular perforation model. Neuro-
logical scores at 0 h, 6 h, 12 h, 24 h, 48 h, and 72 h. Raman intensi-
ties of analytes (untreated whole blood, CSF) at 1332 cm−1 from 0 to 

72 h in both the C SBI-SAH model and D EP-SAH model. E Com-
parison of GFAP Raman intensities in all test groups. F Analysis of 
GFAP Raman intensity in the blood and CSF groups
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severity increases, the GFAP signal intensity also increases. 
CSF-derived GFAP levels are sensitive injury indicators that 
are elevated after SAH and reflect disease severity after SAH 
[6, 29], and the analysis results are consistent with those 
of previous reports. In addition, the results are also highly 
in agreement with CT imaging outcomes. Therefore, the 
SERS-based immunoassay is beneficial for the early detec-
tion of SAH-related latent complications using human CSF, 
and the method can be a potential detection method for the 
clinical diagnosis of SAH and SAH -induced complications.

Conclusions

Compared to conventional ELISA, this SERS immunoas-
say holds good sensitivity, selectivity, and stability and 
is extremely suitable for the early and rapid diagnosis of 
SAH-induced latent complications by applying human 
CSF samples. SERS-based immunoassay is a potential 
substitute for ELISA and greatly meets the demands of 
rapid detection to obtain more accurate results in a broad 

concentration range (from pg⋅mL−1 to μg⋅mL−1). The GFAP 
protein can be detected by this SERS immunoassay with 
very low detection limits by monitoring the intensity of the 
characteristic Raman peak of GFAP-conjugated GNPs at 
1332 cm−1. Under optimized conditions, the detection limit 
is as low as 0.54 fg⋅mL−1. The proven fg⋅mL−1 level detec-
tion would allow the determination of GFAP or biological 
compounds in complex biological fluids, which allows this 
SERS immunoassay to monitor the early development of 
CVS and DCI after SAH, therefore guiding subsequent 
clinical management and improving the prognosis of SAH 
patients. We anticipate that this SERS immunoassay can be 
further applied in the prediction of complications in various 
neurosurgical diseases. It is difficult for Raman spectrom-
eters to perform bedside detection in neurosurgical disease, 
which hinders the SERS-based immunoassay applications 
for point-of-care tests. In future studies, we will focus on 
making the SERS immunoassay more portable and accurate.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00604-​021-​05081-9.

Fig. 4   A Head computed tomography (CT) scan of healthy patient. 
B One case of SAH patient, no delayed cerebral ischemia occurred 
during hospitalization, and CVS was not detected by transcranial 
Doppler (TCD). C One case of SAH patient 7 days after onset, TCD 
showed (Fig. 4E) that the middle cerebral artery flow velocity of left 
brain was 172 cm/s, which was significantly faster than the baseline 
mean blood flow velocity (Fig.  4F, Vm = 65  cm/s); the Lindegaard 

Index was 4.7, suggesting cerebral vasospasm. D One case of SAH 
patient developed paralysis of the right lower extremity 4 days after 
onset. CT of the head showed a low-density shadow of the left pari-
etal lobe (yellow arrow), suggesting acute cerebral infarction. G 
Comparison of GFAP Raman intensities of human CSF in all test 
groups (healthy patients, control group; SAH patients without DCI or 
CVS, non-group; DCI group; CVS group)
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