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A B S T R A C T   

Programmed death ligand 1 (PD-L1) immune checkpoint has been regarded as a new target for predicting cancer 
immunotherapy. As a transmembrane protein, PD-L1 has very low blood concentration and is likely to deplete 
their native activity when separated from the membrane environment due to significant hydrophobic domains, 
which make it difficult to measure sensitively. The reported PD-L1 aptamers and antibodies are both extracellular 
region binding molecules with the overlapping binding sites, which seriously limit with the construction of 
biosensor. Specific intracellular binding peptide (SIBP) as a unique PD-L1 intracellular region homing probe 
molecule is utilized for specifically capture targets. A simple and sensitive surface plasmon resonance (SPR) 
sandwich assay was constructed to detect serum soluble PD-L1 (sPD-L1) based on the unique and strong binding 
ability of SIBP to the intracellular region of sPD-L1. The designed SPR sensor showed great selectivity and wide 
dynamic response range of sPD-L1 concentration from 10 ng/mL to 2000 ng/mL. The limit of detection was 
calculated to be 1.749 ng/mL (S/N = 3). Owing to the SIBP’s strong and specific binding ability with sPD-L1, the 
sensitive sensor can successfully detect sPD-L1 in serum samples, paving the way for the development of efficient 
test tools for clinical diagnosis and analysis.   

1. Introduction 

Cancer is one of the top leading causes of mortality and a major 
public disease worldwide (Bray et al., 2018). To date, common cancer 
treatments include surgical resection, radiotherapy and chemotherapy, 
which exhibit limited curative effects for patients, especially for 
advanced cancer (Chen et al., 2013; Zou et al., 2016). A large number of 
recent studies showed that immune-checkpoint blockade therapies 
against programmed cell death receptor 1 (PD-1) and programmed 
death ligand 1 (PD-L1) have been the focus of cancer research due to 
their substantial clinical benefits in different cancers (Brownlie et al., 
2019; Lyu et al., 2019). PD-L1 has become a crucial biomarker for 
predicting efficacy of anti-PD-1/PD-L1 monoclonal antibody (mAb) and 
has been approved by the U.S. Food and Drug Administration (FDA) as 
companion diagnosis (CD) for immunotherapy. The PD-L1 clinical test 
can help precision medicine for maximized treatment outcome, thereby 

reducing the waste of medical resources and unnecessary patient ex
penditures (Collins and Varmus 2015; Davis and Patel 2019). 

Peptides have attracted great interest in many fields due to their 
small size and large-scale chemical synthesis. The specific intracellular 
binding between peptides and their target proteins is derived from the 
evolution of natural peptide and exhibit few off-target effects in in vivo 
tests, which gives peptides enormous potential to exploit related tar
geted drugs (Araste et al., 2018; Jiang et al., 2019). In addition, peptides 
own slighter drug-drug interaction and less immunogenic than mAbs or 
proteins, and will not accumulate in the kidney, liver, or any other or
gans (Lu et al., 2017; Wei et al., 2018). Therefore, the design of new 
peptide-based drugs can achieve better treatment outcome and lower 
clinical immunogenicity. The simple chemical structure of small pep
tides makes them easy to be modified, while biological macromolecule 
antibodies can hardly be arbitrarily modified without impairing their 
affinities (Jung et al., 2019; Zhai et al., 2020; Wei et al., 2015; Akter 
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et al., 2012). Furthermore, peptides can be flexibly immobilized on the 
different nanomaterials, such as metal nanoparticles or liposomes, 
which make them have promising potential in the development of 
sensing (Liu et al., 2018; Qi et al., 2018). 

Huntington interacting protein 1 related protein (HIP1R) can spe
cifically bind with the intracellular region of PD-L1 and affect PD-L1 
lysosome degradation, thereby regulating T cell-mediated tumor 
killing (Scheme 1A) (Wang et al., 2019a,b). The sequence of H-DKE
MAATSAAIEDAVRRIEDMMNQMDFSGC-OH in HIP1R was found to 
bind PD-L1 as a specific intracellular binding peptide (SIBP). The 
designed SIBP showed strong binding force compared with that of an
tibodies. Combing the peptide’s merits and strong binding ability with 
PD-L1, SIBP may pave the way for further sensing and drug discovery 
application. 

Increasing evidence indicated that the level of soluble PD-L1 (sPD- 
L1) in peripheral blood was associated with the clinicopathological 
characteristics, treatment response, and prognosis of patient in various 
tumor types (Hejleh et al., 2019). However, its sensitive detection is 
limited due to its low concentration in serum and various body fluids. 
Currently, several enzyme-linked immunosorbent assay (ELISA) systems 
for the detection of plasma sPD-L1 have been reported (Chen et al., 
2011; Takeuchi et al., 2018). Nevertheless, there are certain limitations 
with ELISA systems, such as time-consuming incubation, low repro
ducibility and low sensitivity, which may hinder their widespread ap
plications. In addition, polymerase chain reaction (PCR) has been used 
to detect PD-L1 mRNA, taking PD-L1 mRNA as a template for amplifi
cation detection, and analysed pathological conditions based on mRNA 
levels. Since most of the correlations between PD-L1 mRNA and protein 
levels in many cancers are not statistically significant (Goltz et al., 2016; 
Xue et al., 2018), PCR cannot show the pathological state of the disease 
exactly. Therefore, it is urgent to develop a fast, accurate and sensitive 
biosensor for sPD-L1 detection. 

Antibodies and aptamers are often used as specific probes to identify 
and detect targets in biosensors (Huang et al., 2020c; Pang et al., 2020). 
Currently, the reported PD-L1 aptamers and antibodies are both extra
cellular region binding molecules with the overlapping binding sites, 
which seriously limit the construction of biosensor (Yang and Hu 2019). 
In addition, compared with antibodies, some aptamers obtained from 
screening phage display libraries have weaker binding affinity and 
selectivity, which limit the performance of biosensors. As a specific 
capture molecule in the intracellular region of sPD-L1, SIBP is an 
alternative choice which can eliminate the interference of steric hin
drance when fabricating a sandwich sensing platform, which can ach
ieve specific and sensitive detection through simple signal amplification. 

In this work, we designed a facile and sensitive surface plasmon 
resonance (SPR) sensor to detect sPD-L1 (Scheme 1B). sPD-L1 can be 
immobilized on the Au film in a facile manner through binding to Anti- 
PD-L1. The SIBP-functionalized AuNPs specifically interact with sPD-L1, 
which contributes to the significant change in SPR signal and improves 
detecting selectivity. A highly sensitive and selective format for sPD-L1 
measurement is fabricated to provide a possible solution for the detec
tion of clinical sPD-L1. It can be served as an important template for the 
development and application of SIBP and other natural peptides in 
various fields. 

2. Experimental section 

2.1. Reagents and apparatuses 

Gold (III) chloride hydrate (HAuCl4•3H2O), sodium citrate tribasic 
dehydrate, potassium phosphate monobasic (KH2PO4), 1-ethyl-3-(3-dime
thylaminopropyl) carbodiimide hydrochloride (EDC), N-hydrox
ysulfosuccinimide (NHS), sodium chloride (NaCl) and potassium chloride 
(KCl) were purchased from Sigma-Aldrich, Inc. (St. Louis, USA). Disodium 
hydrogen phosphate (Na2HPO4) and bovine serum albumin (BSA) were 
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 
Anti-PD-L1 and programmed death ligand-1 (PD-L1) were bought from 
Abcam (Abcam, China, ab184919). para-Sulfonatocalix[4]arene (pSC4) 
was produced from TCI Development Co., Ltd. (Shanghai, China). SIBP 
was synthesized by GL Biochemistry Ltd. (Shanghai, China). SIBP: H- 
DKEMAATSAAIEDAVRRIEDMMNQMDFSGC-OH. All chemical reagents 
were analytical grade. All solutions were treated with deionized water 
(DW) and purified by a Milli-Q distillation system (18.2 MΩ cm, Bran
stead, USA). 

UV–vis spectrum was recorded on a Shimadzu UV-2450 PC UV–vis 
spectrophotometer (Shimadzu, Japan). Surface modification was 
monitored by Fourier transform infrared (FT-IR) spectroscopy (Bruker 
70, Germany). Transmission electron microscopic (TEM) image was 
produced by a JEM-2010F microscope (Japan). Atomic force microscope 
(AFM) images were performed by Agilent 5500 (Santa Clara, USA). 
Samples were imaged in contact mode at ambient temperature. The ζ 
potential and dynamic light scattering (DLS) data were carried with a 
Malvin Zetasizer 3000HS system. Electrochemical measurements were 
conducted with an Autolab PGSTAT128N system (Eco Chemise B.V., The 
Netherlands). The SPR spectroscopic measurements were recorded with 
a multiparametric surface plasmon resonance device (MP-SPR Model 
Navi™ 210A, Oy BioNavis Ltd., Finland). The SPR chips bought from 
BioNavis were consisted of Schott glass D263 (thickness 0.5 mm) 

Scheme 1. A) A representation of SIBP mediates PD-L1 degradation in cancer cells, to mimic its characteristic to bind to the intracellular domain of PD-L1. B) 
Schematic of a simple natural peptide-based immune SPR sensor for detecting sPD-L1. 
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sputter-coated with Au and a Cr adhesive layer (total thickness 52 nm). 

2.2. Synthesis of AuNPs and AuNPs-SIBP 

AuNPs colloidal solution used in this work was synthesized by citrate 
reduction of HAuCl4•3H2O in a one-pot process. First of all, 1 mL of 
0.1% HAuCl4 solution was added to the vortex of the 95.5 mL of 
deionized water for boiling of 5 min. Subsequently, 3.5 mL of 1% sodium 
citrate solution was rapidly added into the round-bottom flask for 20 
min. The color of the solution immediately changed from yellow to wine 
red, setting out the formation of AuNPs. The solution was naturally 
cooled to room temperature and stirring was continued for another 45 
min. The as-prepared of AuNPs colloids was stored in an amber bottle at 
4 ◦C. 

According to the previous study, peptide modified AuNPs were 
prepared (Xiong et al., 2017) through forming Au–S bond between the 
thiol group (-SH) of the cysteine and the AuNPs. 200 μL of 100 μg/mL 
SIBP solution was prepared and reacted with 4800 μL AuNPs colloidal 
solution for overnight after completion shaking. After centrifugation at 
10,000 g for 10 min, precipitation were re-dissolved into deionized 
water to remove unbound peptides. The prepared AuNPs and 
AuNPs-SIBP were characterized using UV–vis spectrum. 

2.3. Stability of AuNPs-SIBP 

The stability of the synthesized AuNPs-SIBP was studied. AuNPs- 
SIBP was stored in a refrigerator at 4 ◦C followed by DLS and Zeta po
tential measurements at predetermined time intervals of 120 h. Finally, 
the DLS and Zeta potential of AuNPs-SIBP were recorded within 15 days. 

2.4. Binding kinetics experiment 

100 μL of 10 mM pSC4 was dropped and incubated on the surface of 
the SPR chip overnight, and then 300 μL of PD-L1 protein was injected 
on the SPR instrument at a flow rate of 5 μL/min. BSA was used to block 
the free sites at a flow rate of 10 μL/min after washed with deionized 
water. Anti-PD-L1 (0.012, 0.024, 0.047, 0.094, 0.118 and 1.18 μM) and 
SIBP (0.04, 0.1, 0.2, 0.4, 0.8, 1 and 10 μM) were respectively subjected 
to binding kinetic experiments. SPR signal changes were detected using 
a MP-SPR. For equilibrium dissociation constant determination, serial 
dilution method was used and the KD of SIBP for sPD-L1 protein was 
calculated with equation (1) (Lai et al., 2016). 

Y=
Bmax*x
KD + x

(1)  

2.5. Fabrication of PD-L1 biosensor and detection 

The desired gold chip was initially rinsed with ethanol and deionized 
water. Following this, the bare chip was soaked in piranha solution (98% 
H2SO4: 30% H2O2 = 3:1) for 40 s, then rinsed with DW and dried with 
nitrogen. Subsequently, 10 mM pSC4 solution was incubated on the gold 
chip at room temperature overnight, and the surface was further rinsed 
with DW. The prepared gold chip was set on the SPR instrument. 

After pSC4 was immobilized on the chip, 300 μL of 2.35 μg/mL Anti- 
PD-L1 was flowed on the chip at a flow rate of 5 μL/min. The Anti-PD-L1 
was capable of specifically binding with pSC4 through host-guest 
recognition within 40 min. Then, the surface of gold chip was rinsed 
with buffer to remove the uncombined Anti-PD-L1. The surface was 
sealed with 0.1 mg/mL BSA to avoid non-specific adsorption. Different 
concentrations of sPD-L1 were flowed and reacted on the surface of the 
gold chip about 40 min for the detection process (10, 50, 100, 200, 300 
and 2000 ng/mL). The residual sPD-L1 was removed by washing with 
buffer solution. Given the natural binding affinity of SIBP with the 
intracellular region of sPD-L1, the signal could be further amplified by 
300 μL of AuNPs-SIBP (100 μg/mL). Finally, the SPR response was 

monitored until a stable baseline was received. In order to study the 
sensor’s selectivity, 2 μg/mL Siglec-15, Ascorbic acid (AA), Glucose, 
Dopamine (DA), and Histidine (His) were added onto the gold chip. The 
SPR signal changes were compared with that of 200 ng/mL sPD-L1. 

2.6. Preparation of the modified electrodes and the measurement produce 

The gold electrode (GE) (3.0 mm diameter) was firstly cleaned with 
deionized water. After that, the electrode was polished with 1, 0.3 and 
0.05 μm alumina powder, respectively. Sequentially, the electrode was 
sonicated in deionized water, ethanol and deionized water (5 min, 
respectively). Then, the GE was cleaned with piranha solution (98% 
H2SO4:30% H2O2 = 3:1) for 30 s to remove the remaining impurities, 
and finally rinsed with deionized water. Afterward, the electrode was 
cleaned with an electrochemical method (cyclic voltammetry activation, 
0–1.6 V, 20 cycles) with 0.5 M H2SO4. Finally, the electrode surface was 
purged and dried by nitrogen. The gradual modification of the electrode 
was consistent with the construction process of the SPR chip. 

The cyclic voltammetry (CV) and electrochemical impedance spec
troscopy (EIS) were performed on a model Autolab PGSTAT128 N sys
tem using a typical three-electrode cell at room temperature. EIS data 
was performed within the frequency range from 0.1 Hz to 100 kHz. CV 
measurement was carried in the potential from − 0.8 V to 0.8 V at 50 
mV/s scan rate. The CV and EIS characterizations were processed in 5 
mM [Fe(CN)6]3-/4- solution containing 0.1 M KCl. 

2.7. sPD-L1 analysis in clinic patient samples 

Human serum samples were collected from healthy donors and pa
tients at different stages from Shanghai Tenth People’s Hospital, 
Shanghai, China. All experiments on clinical samples were approved by 
the Medical Research Ethics Committee, Shanghai Tenth People’s Hos
pital, Shanghai, China. The serum samples were collected from each 
blood donors and centrifuged at 1500 rpm for 20 min to remove the 
precipitate. The supernatant was further centrifuged at 1200 rpm for 20 
min to obtain the supernatant of the centrifuged product, and preserved 
at − 20 ◦C prior to use. After diluted to 1:100, 400 μL of the sample was 
flowed on the surface of gold chip to perform clinical samples analysis. 

3. Results and discussion 

3.1. Characterization of AuNPs-SIBP 

UV–vis spectroscopy, dynamic light scattering, Zeta potential, and 
Fourier transform infrared spectroscopy were used to confirm the suc
cessful synthesis and modification of AuNPs-SIBP. A SPR band of AuNPs 
was observed at 518 nm and TEM image of AuNPs with a size of 10 ± 2 
nm (Fig. 1 (A) insert) confirmed the uniformly dispersed spherical 
structure of the synthesized particles, as shown in Fig. 1 (A). The large 
specific surface area of AuNPs can achieve surface chemical modifica
tion easily through Au–S bond and give specific functions (Jiang et al., 
2017). Moreover, the assembly of AuNPs and SIBP was studied by 
UV–vis spectroscopy. No specific absorption peak was observed for SIBP 
only. After modification, the resonance absorption peak of AuNPs-SIBP 
appeared at 527 nm, the formation of Au–S bond made the maximum 
plasmonic absorption peak slight red-shift comparing with that of 
AuNPs, indicating that SIBP was successfully linked with AuNPs. The 
decreased absorbance may be attributed to the addition of SIBP and 
several times of centrifugations and re-dissolving during the synthesis of 
AuNPs-SIBP. 

In order to evaluate the coupling of AuNPs and SIBP, FT-IR spec
troscopy was utilized to analyze the infrared spectra corresponding to 
AuNPs and AuNPs-SIBP. According to the spectrum in Fig. 1 (C), specific 
functional groups of the active ingredients were identified based on the 
peak positions. The strong stretching vibration of C––O of the amide 
bond located at 1642 cm− 1 and the in-plane deformation vibration of 
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NH2 at 1587 cm− 1 were more intense, indicating the introduction of 
peptide bonds (Ma et al., 2012). In addition, the SH stretching peak at 
2527 cm− 1 also confirmed that SIBP was successfully modified on the 
surface of AuNPs (Bare et al., 1975). 

The changes in hydrodynamic diameter and surface charge of 
nanoparticles before and after SIBP functionalization were shown in 
Fig. 1 (B). DLS showed that the mean equivalent hydrodynamic di
ameters of AuNPs and AuNPs-SIBP were 35.15 ± 0.68 nm and 124.60 ±
1.14 nm respectively. The zeta potential decreased from − 28.93 ± 1.36 
mV of AuNPs to − 11.47 ± 0.57 mV of AuNPs-SIBP. The hydrodynamic 
radius of AuNPs based on DLS was larger than that observed directly by 
TEM, which is due to the subtle difference in hydration status and the 
intensity-based weighting of the DLS data (Lim et al., 2013). The zwit
terionic peptide SIBP replaced the strong anionic sodium citrate on the 
surface of AuNPs, resulting in a decrease of the charges on the particle 
surface (Thielbeer et al., 2011), thereby weakening the electrostatic 
repulsive force between individual nanoparticles, and increasing the 
hydrodynamic diameter of AuNPs-SIBP to 124.60 nm. These values are 
in good agreement with the previously reported for 25-amino acid-long 
peptides grafted onto AuNPs (Duy et al., 2010). Therefore, these results 
support the successful formation of AuNPs-SIBP. 

To observe the stability of AuNPs-SIBP, the hydrodynamic diameter 
of AuNPs-SIBP was measured and then compared with the initial data as 
shown in Fig. 1 (D). Diameter of AuNPs-SIBP changed only 10.41% after 
15 days’ storage at 4 ◦C, indicating that the synthesized material has 
good stability (Huang et al. 2020a, 2020c). In summary, the construc
tion of AuNPs-SIBP was successfully proved. The prepared AuNPs-SIBPs 
were used in subsequent experiments. 

3.2. Comparison experiment of binding force and the feasibility of 
biosensors 

The binding affinity of SIBP and Anti-PD-L1 to sPD-L1 was evaluated 
by SPR (Wu et al., 2020). It is well known the strong binding is very 
important for construction of sensitive sandwich assay. As shown in 
Fig. 2 (A), SPR results showed that the dissociation constant (KD) of 
Anti-PD-L1 to the extracellular domain of sPD-L1 was 217.36 nmoL/L, 
which was consistent with the value tested by ELISA (Huang et al., 

2020b). The 30-amino acid-long SIBP specifically bound to the intra
cellular region of sPD-L1 with KD of 883.77 nmoL/L. The interactions 
between SIBP/Anti-PD-L1 and sPD-L1 are strong enough so that both 
can attain comparable amplitudes. The SPR real time spectroscopy for 
adding different concentrations of Anti-PD-L1 or SIBP was shown in 
Fig. S1 and S2. The strong binding affinity and better stability makes 
SIBP have greater application prospects. In addition, natural SIBP as a 
mimic antibody can be obtained without tedious selecting process like 
aptamers. Also, most of the PD-L1 aptamers or antibodies are both 
extracellular domain binding molecules, which limit to fabricate effi
cient sandwich structures due to steric hindrance. Therefore, SIBP is of 
great significance to be used as a sandwich structure recognition 
component. 

A SPR sensing platform based on AuNPs-SIBP was designed to realize 
the selective detection of trace and important serum sPD-L1. SPR was 
used to monitor the modification of each step in real time and verify the 
response process of the constructed sensor. Gold atoms on the surface of 
the SPR chip covalently bound with the –SO3 of para-Sulfonatocalix[4] 
arene (pSC4) to form an Au–S bond, which fixed on the gold chip. Pre
vious study confirmed that pSC4 can be effectively linked to –NH2 on the 
Anti-PD-L1 by host-guest recognition (Mei et al., 2012). In addition, 
calixarene is used as a commonly protein linker because it maintains 
natural activity of antibodies through several soft non-covalent bonds. 

The SPR angle increased 195 m◦ when Anti-PD-L1 flowed through 
the gold chip at a certain flow rate, as shown in Fig. 2 (B). This result 
verified the feasibility of interacting between Anti-PD-L1 and pSC4 
(Zhou et al., 2017). BSA was added as the blocking molecule to prevent 
nonspecific binding on the gold chip and resulted in 77 m◦ SPR angle 
shift. The addition of a trace amount of sPD-L1 protein caused slight SPR 
angle changes. The specific recognition between the extracellular region 
of sPD-L1 and Anti-PD-L1 would expose the intracellular region to bind 
SIBP modified AuNPs specifically, resulted in a significant change in the 
SPR angle (93 m◦). As shown in Fig. 2 (C), the SPR signal changes caused 
by SIBP only and AuNPs-SIBP-sPD-L1 were nearly 3 times and 6 times 
than that of direct sPD-L1 detection, respectively. Therefore, the above 
results showed that this method has good SPR feasibility, and 
AuNPs-SIBP can be the effective means for sPD-L1 sensor signal 
amplification. 

Fig. 1. A) UV–vis spectra of SIBP (blue), AuNPs 
before (black) and after (red) SIBP modification. 
The inset is the TEM image of AuNPs. B) DLS 
(green) and Zeta potential (red) data of before and 
after modification of AuNPs. C) FT-IR spectroscopy 
of AuNPs and AuNPs-SIBP. D) Stability of AuNPs- 
SIBP at different time conditions. Error bars indi
cate standard deviations of tests (n = 3). (For 
interpretation of the references to color in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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CV and EIS are usually used to study gradual modification process 
and molecular assembly on the electrode surface (Zhu et al., 2020). Bare 
GE presented extremely small impedance and high redox peak current, 
which was attributed to its strong electron transfer ability (Fig. 2 (D) and 
(E)). The electron transfer of [Fe(CN)6]3-/4- would be hindered since 
pSC4 was negatively charged, thereby resulting in an increase in Rct 
value and a decrease in CV peak. The step-by-step modification with 
Anti-PD-L1, BSA, and sPD-L1 all showed increased Rct values and 
reduced peak current, owing to the high charge transfer resistance of 
proteins. The SIBP-PD-L1 protein complexes formed by immune 
molecule-antigen interaction would cause an evidently increase in steric 
hindrance, which severely blocked the [Fe(CN)6]3-/4- electron transfer 
(Tang et al., 2007). Therefore, after modified with AuNPs-SIBP, the Rct 
value increased while the CV peak decreased correspondingly. The 
above results demonstrated the successful construction of the designed 
sPD-L1 sensor. 

3.3. AFM morphology of the AuNPs-SIBP-based biosensor 

Because of the ability of Atomic Force Microscope (AFM) to char
acterize the particle size distribution in the nanometer range, it is often 
utilized as an ideal tool to verify the effectiveness of sensor design (Zhao 
et al., 2019). 2D image and typical cross-sectional view in Fig. 3 showed 
the morphological changes of the sensor during the gradual modifica
tion process. Fig. 3 (A) demonstrated the bare gold chip exhibited 

excellent uniformity with a smaller surface roughness of about 3 nm. As 
shown in Fig. 3 (B), after the incorporation of sPD-L1, the surface 
roughness increased to 8 nm, which successfully exhibited the change in 
interface roughness. After AuNPs-SIBP were further modified to the chip 
surface through specific interaction between the intracellular region of 
sPD-L1 and SIBP, the surface roughness increased about 9 nm (Fig. 3 
(C)), which corresponded to the size of AuNPs. Hence, these AFM image 
results supported the feasibility of the designed sensor. 

3.4. Optimization of detection conditions 

Experimental conditions of the sensor were optimized to achieve its 
maximum detection sensitivity. The Anti-PD-L1 concentration on the 
surface directly determined the amount of captured sPD-L1 antigen, so 
the Anti-PD-L1 concentration was optimized. As shown in Fig. 4 (A), the 
SPR angle shifts gradually increased as Anti-PD-L1 concentration 
increased and was almost saturated at 4.7 μg/mL, which may be related 
to the increased surface coverage of Anti-PD-L1 on the gold chip. The 
inset in Fig. 4 (A) indicated the corresponding step-by-step modification 
process. SPR angle shifts caused by 2.35 μg/mL was more than 88% of 
4.7 μg/mL. In order to cut the cost of a single test, 2.35 μg/mL was 
selected as the Anti-PD-L1 concentration for subsequent experiments. 
The concentration of AuNPs-SIBP was the key factor of the sensor. Ac
cording to the results shown in Fig. 4 (B), the SPR angle shifts increased 
along with the concentration of AuNPs-SIBP increasing, which showed 

Fig. 2. A) The equilibrium dissociation constant of 
SIBP (red) and Anti-PD-L1 (black) to sPD-L1 was 
determined using a SPR gold chip binding experi
ment. B) Real-time SPR sensorgram of step-by-step 
manufacturing process. C) Different SPR angle 
shift after the addition of protein, protein-SIBP and 
protein-AuNPs-SIBP under the same sPD-L1 protein 
concentration. CV D) curves and EIS E) Nyquist 
plots of stepwise modification at gold electrode. 
(For interpretation of the references to color in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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more AuNPs-SIBP were bound to the sensor through the specific inter
action between SIBP and the intracellular region of sPD-L1, further 
achieved specific signal amplification for sPD-L1 detection. The inset 
demonstrated the modification process of AuNPs-SIBP at different con
centrations. Since AuNPs-SIBP was almost saturated at 75 μg/mL, 75 μg/ 
mL was choose as the best detection condition. 

3.5. SPR performance and selectivity of PD-L1 sensor 

In order to effectively improve sensitivity, the designed sensor was 
utilized to detect different concentrations of sPD-L1 under optimal 
conditions. Since the concentration of sPD-L1 in various cancer types or 
at different stages varies greatly (1.92–25 ng/mL), a wide detection 
range is required (Wang et al., 2015; Han et al., 2021; Zhu and Lang 
2017). Different concentrations of sPD-L1 protein in the range of 10 

ng/mL to 2000 ng/mL were added to immunologically interact with the 
Anti-PD-L1 molecules on the sensor interface. It can be seen from Fig. 4 
(C) that the SPR angle shifts increased with the increased sPD-L1 
captured amount and obtained a good linear relationship between the 
logarithm of sPD-L1 concentration and the SPR angle shift (Fig. 4 (D)). 
The linear regression equation was Y = 35.104 + 25.855 × lgCPD-L1, 
with the correlation coefficient R2 = 0.963, and the limit of detection 
(LOD) calculated according to the rules of 3’s blank criterion was 1.749 
ng/mL. The LOD of this work was similar to the existing ELISA kits or 
sensors in Table S1, which was lower than the optimal prognosis value of 
sPD-L1 (1.92 ng/mL) in a variety of cancers according to previous re
ports (Xu et al., 2020). The sensor designed in this work owned a wider 
linear range and shorter detection time, which can better meet the de
mand of clinical detection of sPD-L1 and be used for patient prognosis, 
prediction of disease progression and treatment response. 

Fig. 3. AFM 2D images (left) and line profiles (right) of bare gold film A), protein modified surface B), and the sandwich structure modified surface C). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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To verify the selectivity of the designed biosensor, a variety of 
interfering substances (2 μg/mL) were used for control experiments 
under the same conditions. Fig. S3 showed the original SPR spectra for 
different interfering substances and further amplified with AuNPs-SIBP. 
A variety of interferences (AA, Glucose, DA, His) that are widely pre
sented in the serum did not cause significant SPR responses. Siglec-15 
was the major immunosuppressive factor of PD-L1 negative tumors, 
which has the same function of suppressing immune response as PD-L1 
(Wang et al., 2019a,b). Siglec-15 cannot give rise of large signal change, 
according to the immunological mechanism. As shown in Fig. 5 (A), the 
SPR angle change caused by PD-L1 was greater than that of other 
interfering substances, and showed a significant difference (p < 0.0001). 
The great selectivity for detection PD-L1 was achieved through dual 
specific binding among antibody, SIBP and sPD-L1. 

3.6. sPD-L1 detection in clinical samples 

The practicality of the assay was tested to detect the personal level of 
sPD-L1 in diluted serum from healthy donors and cancer patients. The 
SPR angle shifts of different clinical samples were compared as depicted 
in Fig. S4. As a consequence of the significant improvement of sensitivity 

of AuNPs-SIBP immunoassay, the SPR angle shifts caused by serum sPD- 
L1 concentrations of healthy donors and cancer patients were significant 
differences (t-test: p < 0.005), as shown in Fig. 5 (B). These results 
demonstrated the feasibility of the designed sensor to measure sPD-L1 in 
serum accurately and sensitively in future clinical testing, which assist 
the existing detection methods and reveal new mechanisms of 
immunotherapy. 

4. Conclusion 

In conclusion, a sensitive and simple sandwich assay was developed 
for sPD-L1 detection based on Anti-PD-L1, natural SIBP and sPD-L1. The 
unique and strong binding affinity of SIBP to the intracellular region of 
sPD-L1 broke the limitation of the traditional method in the detection of 
sPD-L1 due to the lack of immune molecules bound with the intracel
lular region. The steric hindrance was reduced and sensitive diagnosis of 
sPD-L1 at the ng/mL level with excellent specificity was realized in the 
detection. This strategy integrated the merits of natural biomolecules, 
host-guest recognition, and signal amplification of AuNPs, which could 
be applied to complex serum samples. This biosensor provides a tool for 
monitoring immune targets with great potential in the detection of 

Fig. 4. A) Optimization of the antibody concen
tration. The inset shows the sensogram for AuNPs- 
SIBP sensors reacted with different concentrations 
of Anti-PD-L1 (0.292 μg/mL, 0.585 μg/mL, 1.17 μg/ 
mL, 2.35 μg/mL, 4.7 μg/mL). B) Optimization of the 
AuNPs-SIBP concentration. The inset shows the 
sensogram for AuNPs-SIBP sensors reacted with 
different concentrations of AuNPs-SIBP (10 μg/mL, 
35 μg/mL, 50 μg/mL, 75 μg/mL, 100 μg/mL). C) 
SPR angle shifts for the direct detection of PD-L1 at 
10 ng/mL, 50 ng/mL, 100 ng/mL, 300 ng/mL, 
1000 ng/mL, and 2000 ng/mL. D) Linear relation
ship for PD-L1 determination.   

Fig. 5. A) SPR angle shifts of AuNPs-SIBP caused by different interfering substances; *p < 0.0001, compared with PD-L1. B) Comparison of the SPR angle shifts 
caused by serum sPD-L1 detected by AuNPs-SIBP sensor between healthy donors (n = 3) and colon cancer patients (n = 7). Statistical comparison of two groups was 
performed by t-test. 
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clinical biological samples, which can also be served as an important 
template for the development and application of SIBP in a variety of 
fields. 
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