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a b s t r a c t

Early diagnosis and accurate boundary delineation are the key steps of tumor precision medicine. Circu-

lating tumor cells (CTCs) detection of liquid biopsy can provide abundant information for early diagnosis

of cancer. High detection specificity and good enrichment features are two key factors for CTCs accu-

rate identification in peripheral blood sample. For this purpose, iron oxide (IO)-based surface-enhanced

Raman scattering (SERS) bioprobes with good biocompatibility, high detection sensitivity, remarkable de-

tection specificity, and good enrichment efficiency, were developed for detecting different types of CTCs.

Magnetic SERS bioprobes combined with programmed death ligand-1 (PD-L1) antibody are regarded as

an effective way to boost the targeting ability and detection specificity, benefiting for accurately cap-

turing and identifying rare CTCs. Four types of CTCs with different PD-L1 expression were accurately

distinguished among white blood cells via high-resolution SERS mapping images and stable Raman sig-

nals. Subsequently, CTCs blood samples obtained from the triple negative breast cancer patients were also

successfully recognized compared to that of health people, indicating IO@AR@PDA-aPD-L1 SERS bioprobe

possessed great potential for CTCs detection in liquid biopsy. Additionally, IO-based bioprobe exhibited

excellent dual-modal imaging abilities of high-resolution SERS imaging mode and microimaging magnetic

resonance imaging mode. These two highly complementary imaging modes endowed IO-based bioprobes

unrivalled capacity in tumor boundary differentiation, supporting tumor accurate resection and precise

surgery. To our best knowledge, this is the first time that biocompatible IO-based SERS bioprobes with-

out noble metal element were reported not only for CTCs accurate detection, but also for precise tumor

boundary delineation, showing great advantages in tumor diagnosis and treatment.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Patients with advanced malignant tumors have a short survival

cycle and low quality of life [1]. Early diagnosis and treatment are

effective ways to improve the life quality, reduce mortality, and

improve prognosis of cancer patients [2]. Current areas of diag-

nostic imaging of tumors screening [3,4] combined with pathologi-

cal biopsy are mainly by visualization methods [5–7]. However, the

uncertainty of imaging diagnosis of tumor [8–10] and the invasive
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nature of pathological biopsy limit the early detection of tumor

to some extent [11–13]. After the tumor is found, it needs to be

treated, and there is no doubt that surgery is the most important

cure for early tumor [14,15]. However, during the operation, the

boundary between the tumor and the normal tissue is often dif-

ficult to distinguish, resulting in excessive excision of the normal

tissue or incomplete excision of the tumor tissue, which leads to

overtreatment or tumor recurrence [16]. Therefore, early diagnosis

and accurate boundary differentiation of tumors is an immediate

challenge, which plays a crucial role in tumor precision medicine

[17]. Programmed death ligand-1 (PD-L1)-guided immunotherapy

[18–20] is a major research hotspot [21], mainly because of the
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PD-L1-positive tumor patients will significantly benefit from im-

munotherapy [22–25]. Significantly, PD-L1 antibody (aPD-L1) uti-

lized in bioprobe can largely boost tumor detection specificity and

targeting ability, achieving accurate and reliable diagnostic results.

Circulating tumor cells (CTCs) existed in the peripheral blood,

are cancer cells shed from the primary tumor [26]. CTCs enter

the bloodstream and lymph and will metastasize to distant tissues

through the bloodstream [27]. As a liquid biomarker for biopsy,

CTCs have the advantages of good patient compliance, simple sam-

pling operation, and high specificity [28,29]. For clinical diagnostic

purposes, CTCs detection can acquire abundant information about

tumorigenesis, metastasis, progression, and drug resistance, which

is beneficial for monitoring tumor development and predicting tu-

mor treatment efficacy [28–33]. Several efficient detection tech-

niques with high sensitivity characteristics [29,34] are explored

for CTCs detection due to extremely low concentration of CTCs

in the blood with ∼1–10 CTCs/mL [35]. Surface-enhanced Raman

scattering (SERS) bioprobes have the unique advantages of finger-

print spectra, high sensitivity, good signal stability, and nonde-

structive testing mode [36–40], presenting great application poten-

tial in CTCs detection [41,42]. Recently, CTCs detection is impor-

tant for guiding treatment protocols and assessing prognosis as a

non-invasive strategy, it can be a guide to whether to administer

immunotherapy to patients with advanced cancer [43–45]. Based

on the above reported works, exploring novel SERS bioprobes with

high detection specificity, and excellent targeting ability are the

key premise for CTCs accurate detection. In addition, CTCs capture

rate will be obviously promoted via magnetic SERS bioprobes un-

der the magnetic field, resulting in high efficiency enrichment of

CTCs.

Combining magnetic SERS bioprobes of iron oxide nanoparti-

cles (IO NPs) with aPD-L1 is an effective way to improve the tar-

geting ability and detection specificity [46,47], which is benefi-

cial to improve the detection accuracy of different types of CTCs.

SERS signal/mapping images can provide rich tumor diagnostic in-

formation obtained through CTCs detection in vitro [48]. Besides,

magnetic SERS bioprobes not only have great advantages in the

field of CTCs detection [29,43,49], but also can presents a good

application prospect in the surgical treatment [38,50–52]. Impor-

tantly, aPD-L1 with high detection specificity will also make a

great contribution in tumor boundary delineation [53]. As we all

know, magnetic nanomaterials have the function of magnetic res-

onance imaging (MRI) enhancement due to the superparamagnetic

effect of ferric tetroxide and small size of the diameter [54,55],

by increasing the relaxation rate of hydrogen protons in the wa-

ter molecules of the surrounding tissue. The contrast between the

targeted region and the background tissue can be significantly en-

hanced by introducing iron tetroxide [54,56], thus improving the

imaging sensitivity. Although MRI can well display the tumor le-

sion site [57] and play a crucial part in the microimaging of solid

tumors [58,59], the limited imaging resolution cannot satisfy the

requirement of the boundary distinction between tumor and nor-

mal tissue. Hence, developing high resolution imaging mode to de-

lineating tumor boundary is an urgent task for supporting tumor

accurate resection. Pure IO NPs as bioprobes have been reported

with excellent SERS-MRI dual-modal imaging abilities [60], IO NPs

modified with PD-L1 antibody will endow bioprobes excellent de-

tection specificity, which maybe a viable approach to achieve pre-

cise tumor boundary delineation in vitro.

Herein, we utilized aPD-L1 to develop IO@AR@PDA-aPD-L1 SERS

bioprobes with unique detection sensitivity, good biocompatibil-

ity, and remarkable magnetic enrichment. In this study, ultra-

small sized IO NPs were prepared by solvothermal method, and

then linked with Raman reporter of alizarin red (AR) to synthe-

size IO@AR nanoparticles shown in Scheme 1. Next, polydopamine

(PDA) was modified on IO@AR to improve its stability, and of-

Scheme 1. Illustration of PD-L1 targeted SERS bioprobes to detect CTCs in periph-

eral blood and delineate the tumor boundary in tumor tissues.

fered sufficient reaction sites to conjugate targeting molecule. Fi-

nally, PDA modified IO@AR nanoparticles (IO@AR@PDA NPs) was

further conjugated with aPD-L1 to create IO@AR@PDA-aPD-L1 SERS

bioprobe. The high detection specificity and excellent targeting

ability of this SERS bioprobe were endowed by aPD-L1, largely

boosting the CTCs detection accuracy. Four different types of CTCs

were accurately distinguished from white blood cells (WBCs) in

peripheral blood sample via IO-based SERS imaging/signals, and

SERS mapping imaging and Raman signals for CTCs were intense

and stable. Besides, CTCs with high PD-L1 expression from triple

negative breast cancer (TNBC) patients were successfully identi-

fied by IO-based SERS bioprobe compared to that of health peo-

ple. TNBC blood exhibited distinct SERS signals, and no obvious

signals was observed in healthy human blood. Importantly, high-

resolution SERS imaging mode and micro-MRI mode were devel-

oped in IO-based bioprobes and tumor boundary delineation was

successfully achieved by the SERS-MRI dual-modal imaging modes.

High-resolution and highly specific SERS imaging technique com-

bined with MR imaging displayed huge potential in tumor diag-

nosis and operative treatment. To our best knowledge, this is the

first report that IO-based SERS bioprobes without noble metal ele-

ment simultaneously utilized in CTCs detection and tumor bound-

ary delineation. This IO-based SERS biopobe can not only achieve

accurate CTCs detection but also guide tumor accurate resection,

improving tumor diagnostic and therapeutic effects.

The synthesis of SERS bioprobe (IO@AR@PDA-aPD-L1) was

shown in Scheme 1. Upon IO NPs synthesis, water-soluble IO NPs

were obtained by oil-to-water conversion of citric acid. As shown

in Fig. 1a and Figs. S1a–c (Supporting information), ultra-small IO

NPs with a uniform size of 7–9nm had a clear lattice plane. The

interplanar distance of IO NPs was 0.252nm matched to crystal

face of (3 1 1) [60]. Then AR Raman reporter molecules were mod-

ified on IO NPs to obtain stable Raman signal shown in trans-

mission electron microscopy (TEM) image (Fig. 1b). According to

SERS signals and stabilities of as-prepared IO-based substrates, the

concentration of AR was optimized using confocal Raman spec-

troscopy under excitation of 532nm laser shown in Fig. S2 (Sup-

porting information). Subsequently, 5×10−4 mol/L was determined

to be the final AR concentration for SERS bioprobe synthesis. In

Fig. 1c, IO@AR NPs were coated with PDA to improve biocompati-

bility and stability of nanoparticles, which also provided sufficient

binding sites for aPD-L1 conjugation [61,62]. From TEM images, we

could find the presence of PDA layer on the IO NPs surface, indi-

cating the successful modification of PDA using Schiff Base reac-
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Fig. 1. (a–d) TEM images of IO, IO@AR, IO@AR@PDA and IO@AR@PDA-aPD-L1 NPs. (e, f) The size distributions and zeta potentials of IO, IO@AR, IO@AR@PDA, IO@AR@PDA-

aPD-L1 NPs tested by DLS at room temperature. Data are presented as mean ± standard deviation (SD) (n=3). (g) UV–vis spectra of IO, IO@AR, IO@AR@PDA and IO@AR@PDA-

aPD-L1 NPs. (h) SERS spectra of IO@AR, IO@AR@PDA and IO@AR@PDA-aPD-L1 bioprobes. Laser wavelength: 532nm; laser power: 2.68mW; lens: 50× objective.

tion. Next, aPD-L1 molecules were linked to IO@AR@PDA NPs to

prepare IO@AR@PDA-aPD-L1 SERS bioprobe (Fig. 1d). Similarly, the

IO-based SERS bioprobe was equipped to efficiently target PD-L1-

overexpressing cells and tumor tissues. From high-angle annular

dark-field STEM (HAADF-STEM) and elemental mapping (N/O/S/Fe)

images in Fig. S3 (Supporting information), it could be found that

the as-prepared SERS bioprobe consisted of S of AR, N of PDA,

and Fe of IO NPs, further confirming that AR was linked to IO

NPs, and IO@AR NPs was coated with PDA layer. Meanwhile, the

size distributions and zeta potentials of different nanoparticles dur-

ing synthesis were shown in Figs. 1e and f and Fig. S4 (Support-

ing information). The IO nanoparticles have good dispersibility and

size distribution of 11.13±1.63nm in cyclohexane shown in Fig. S4

of dynamic light scattering (DLS) test. But IO nanoparticles are-

prone to agglomeration during the conversion from oil phase to

the aqueous phase, which leading to a larger size in DLS result.

Owing to modifications with AR, PDA, and aPD-L1, the hydrody-

namic sizes of nanoparticles were increased, and the surface po-

tentials of nanoparticles were also changed accordingly. Neverthe-

less, all nanoparticles were negatively charged, attributed to mod-

ification with sodium citrate in the oil-to-water conversion of IO

NPs and free hydroxyl groups in PDA molecules [63]. Additionally,

the Schiff base reaction, which is responsible for cross-linking of

aPD-L1, led to increased potential of nanoparticles because of huge

consumption of hydroxyl groups [64].

Fig. 1g showed the ultraviolet–visible spectroscopy (UV–vis)

spectra of different nanoparticles during synthesis. The absorption

peaks changed after modifications of AR, PDA, and aPD-L1. It could

be observed that absorption peak at 260nm was the characteris-

tic peak of AR, indicating successful modification of AR molecules.

Specifically, this characteristic peak was drastically reduced after

PDA coating and antibody linking, the Raman signals spectra in Fig.

1h also gradually weakened, suggesting that the PDA coating layer

weakened AR molecules’ Raman signals. As above results shown,

the Raman signals of IO NPs-based SERS nanoparticles were re-

duced with each subsequent step of modification. Nevertheless,

the final signal intensity was enough for Raman detection/imaging.

Moreover, confocal laser scanning microscopy (CLSM) was also uti-

lized to verify whether aPD-L1 was successfully linked to bioprobe

in Fig. S5 (Supporting information). We used Alexa Fluor 488-

labeled aPD-L1 to prepare SERS bioprobe of IO@AR@PDA-aPD-L1–

488 NPs by the same method. It was found that the brightfield

and fluorescence image of the IO@AR@PDA-aPD-L1–488 bioprobe

superimposed and matched perfectly. This result indicated the suc-

cessful conjugation of aPD-L1 with the IO-based SERS bioprobe us-

Fig. 2. (a) Biocompatibility of IO@AR@PDA-aPD-L1 bioprobes incubated with MDA-

MB-231 cells. Data are presented as mean ± SD (n=3). (b) Flow cytometry anal-

ysis of MDA-MB-231 cells incubated with Alexa Fluor 488-labeled SERS bioprobes.

(c) CLSM images of MDA-MB-231 cells incubated with IO@AR@PDA-aPD-L1–488 for

8 and 24h, respectively. The cells were treated with Hoechst 33342 (Em: 430–

490nm; Ex: 405nm), and IO@AR@PDA-aPD-L1–488 were excited at the wavelength

of 488nm, and the fluorescence images at emission wavelengths were at 500–

550nm.

ing Schiff Base reaction, suggesting that it exhibited huge potential

to perform CTCs detection using this SERS bioprobe.

The biocompatibility of the SERS bioprobe was first investigated

in vitro using the triple-negative breast cancer cell lines (MDA-MB-

231 cells) after the synthesis of the bioprobe. As shown in Fig. 2a,

there was no significant decrease in cell viabilities incubated with

different concentrations of SERS bioprobe for 24h, indicating that

the SERS bioprobe was biosafety. Meanwhile, the cellular uptake

of SERS bioprobes were also investigated using CLSM and flow cy-

tometry. As shown in Figs. 2b and c and Fig. S6 (Supporting infor-

mation), flow cytometry and CLSM results showed that the cellular

uptake of SERS bioprobe in MDA-MB-231 cells increased with time

going, and was significantly higher than that in MCF-7 cells due

to the higher PD-L1 expression in MDA-MB-231 cells [65]. These

results verified that our SERS bioprobe had great biocompatibility

and specific targeting ability to cancer cells with high PD-L1 ex-

pression, which could be used in CTCs accurate detection.

Additionally, high-resolution SERS mapping image was further

observed to evaluate targeting ability and cellular uptake of SERS

bioprobe. After incubation with the IO@AR@PDA-aPD-L1 bioprobe,

SERS mapping results showed that MDA-MB-231 cells possessed

prominent SERS signals with increased incubation time (Figs. 3a

and b). In Figs. 3c and d, the SERS signals at 24h were signifi-

cantly higher than those at 8h in four randomly selected points

3
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Fig. 3. (a, b) Bright filed, dark field and SERS mapping images of MDA-MB-231 cells

incubated with IO@AR@PDA-aPD-L1 bioprobes for 8 and 24h, respectively. (c, d)

SERS spectra of random 4 points collected from left MDA-MB-231 cells. Laser wave-

length: 532nm; laser power: 2.68mW; lens: 50× objective.

from SERS mapping images. In contrast to MCF-7 cells with low

PD-L1 expression (Figs. S7a and b in Supporting information) [65],

MCF-7 cells showed almost no SERS signals and bioprobe uptake,

but a small amount of adsorption over time, up to 24h. It has been

demonstrated that SERS mapping results were consistent with the

CLSM and flow cytometry results, further confirming specific tar-

geting ability and high sensitivity of this SERS bioprobe.

All animal procedures were performed in accordance with the

Guidelines for the Care and Use of Laboratory Animals of Chinese

Experimental Animals Administration Legislation and approved by

the Animal Ethics Committee of Medical College of Ningbo Univer-

sity (SYXK (Zhe) 2019–0005). Given the excellent PD-L1 targeting

and cellular uptake ability of the SERS bioprobe, it was used to de-

tect CTCs subsequently. We used the SERS bioprobe to detect can-

cer cells of HT-29, lung adenocarcinoma (LA), MDA-MB-231, and

MCF-7 cells in rabbit blood to investigate the SERS bioprobe’s de-

tection specificity. As shown in Figs. 4a–d of bright fields and SERS

mapping images, the results showed that the SERS signals of the

three cells (HT-29, LA and MDA-MB-231 cells) with high PD-L1 ex-

pression [65–67] were more obvious in the SERS mapping images,

and consistent with the SERS spectra obtained by randomly select-

ing six points on the cells. In contrast, there was no obvious signal

in the SERS mapping images and corresponding spectra for MCF-

7 cells and WBCs in the blood due to their low PD-L1 expression.

Therefore, this SERS bioprobe exhibited good specificity for detect-

ing tumor cells with high PD-L1 expression in peripheral blood.

Moreover, the detection sensitivity of SERS bioprobe was also in-

vestigated in the rabbit blood model. Figs. 4e–g and Figs. S8 and

S9 (Supporting information) showed the CTCs detection of rab-

bit blood samples with different numbers of cancer cells (2–500

cells/mL). There were still quite obvious SERS signals in 2 cells/mL

blood samples for cells (HT-29, LA and MDA-MB-231 cells) with

high PD-L1 expression level, indicating that the limit of detection

could be as low as 2 cells/mL. Thus, it could be concluded that the

designed SERS bioprobe had high specificity and sensitivity in CTCs

detection.

We have also utilized the SERS bioprobe to further test clini-

cal blood samples after achieving the high specificity and sensi-

tivity of CTCs detection in rabbit blood. Human blood experiments

were supported by the Zhejiang Cancer Hospital, and the treatment

Fig. 4. (a–d) Bright filed, SERS mapping, and the related SERS spectra of above captured cancer cells of HT-29 (a), LA (b), MDA-MB-231 (c) and MCF-7 (d) cells from rabbit

peripheral blood using IO@AR@PDA-aPD-L1 bioprobes. (e–g) The detection sensitivities of IO@AR@PDA-aPD-L1 bioprobes for HT-29, LA and MDA-MB-231 cells in blood. Laser

wavelength: 532nm; laser power: 11.625mW; lens: 10× objective.
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Fig. 5. CTCs detection of blood samples from healthy person and TNBC patients. (a)

The bright field and SERS mapping images of captured cells from blood of healthy

person and TNBC patients. (b) The corresponding SERS spectra of left captured cells.

Laser wavelength: 532nm; laser power: 11.625mW; lens: 10× objective.

process of blood samples was implemented according to the qual-

ity management standards of the Blood Station Laboratory. Human

blood samples were drawn from the cubital veins of breast can-

cer patients, and then injected into disposable vacuum blood col-

lection vessels containing heparin sodium. As a control group, the

blood samples of healthy people were obtained in the same way

and the treatment process was as follows: 2mL blood sample was

diluted with 2mL PBS, then slowly added to 2mL of the human

blood lymphocyte isolation medium and centrifuged immediately

for 25min at 1500 rpm. As shown in Fig. 5, blood samples from

healthy individuals and two TNBC patients were measured using

SERS bioprobes. It seemed that there were no obvious SERS map-

ping images/Raman signals in healthy human blood in Figs. 5a and

b. On the contrary, the cells with obvious SERS mapping images

were captured and detected in the blood samples from TNBC pa-

tients (Fig. 5a), and the results were further verified by their cor-

responding SERS spectral signals (Fig. 5b). Therefore, this SERS bio-

probe possessed very high specificity and sensitivity for CTCs de-

tection, and displayed great potential to detect CTCs with high PD-

L1 expression in liquid biopsy.

The biosafety of SERS bioprobe was further investigated in

mouse model. SERS bioprobe was injected via the tail vein, and

14 days later, tissue slices of major organs (heart, liver, spleen,

lungs, kidneys) were collected and analyzed by hematoxylin-eosin

(H&E) staining. Fig. S10 (Supporting information) showed the SERS

bioprobe did not cause significant damage to the mice’s organs.

Meanwhile, blood markers were also analyzed on day 14 (Fig. S11

in Supporting information). It could be found that there was no

discernible difference between the bioprobe and control groups,

indicating that the SERS bioprobe did not cause significant toxic-

ity. Overall, the SERS bioprobe exhibited good biocompatibility and

could be used for in vivo tumor MRI imaging and boundary delin-

eation.

Firstly, in vitro and in vivo enhanced MR imaging capabilities of

our bioprobe based on superparamagnetic IO substrates were eval-

uated. In Fig. S12 (Supporting information), T1 and T2 MR imag-

ing results suggested that the SERS bioprobe had good bimodal MR

imaging capability. After injecting the bioprobe via the tail vein in

tumor-bearing mice, subcutaneous tumor (MDA-MB-231 and MCF-

7 cells) were recorded at different time points using MR imaging

equipment under the magnetic field of 3.0 T. Fig. 6a and Figs. S13

and S14 (Supporting information) showed enhanced darker sig-

nals of MDA-MB-231 tumor than that in MCF-7 tumor, it could be

found clearly distinguishes of tumor from normal tissues after 2h

tail vein injection. Eventually, the tumor was gradually brightened

up due to the gradual metabolism of the bioprobe. Therefore, MR

imaging of PD-L1-overexpressing tumors could be achieved using

the MRI-SERS bioprobe, which effectively decreased the pain and

risk of biopsy sampling in tumor diagnosis.

To further delineate the tumor boundary with higher resolution

and accuracy, IO@AR@PDA-aPD-L1 bioprobe was injected into the

subcutaneous tumors with high PD-L1 expression of MDA-MB-231

and HT-29 cells [65,66]. Two hours later, tumor tissues were re-

moved and sliced, and finally examined using a confocal Raman

microscopy. As shown in Figs. 6b and c, high-resolution SERS map-

ping scanning was performed by selecting a region (shown by the

red dashed box in the SERS bright field image). The boundary be-

Fig. 6. (a) T2-weighted images of MDA-MB-231 cells tumor bearing mice at different time points under the 3.0 T magnetic field. (b, c) Bright field, SERS mapping, and corre-

sponding SERS spectra of tissues from MDA-MB-231 and HT-29 tumors of tumor bearing mice with IO@AR@PDA-aPD-L1 bioprebes treatment, respectively. Laser wavelength:

532nm; laser power: 12.05mW; lens: 5× objective.
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tween tumor tissues and normal tissues was shown clearly, with

strong signals on SERS mapping images and the corresponding

SERS spectra in the tumor tissues region. In sharp contrast, there

were no obvious signals on SERS mapping images and spectra sig-

nals in normal tissues. Therefore, the accuracy of tumor bound-

ary delineation could be improved by using SERS technology, and

the SERS bioprobes possessed high specificity and sensitivity in de-

lineating PD-L1-positive tumor boundary [68]. Overall, the devel-

oped IO@AR@PDA-aPD-L1 bioprobe has the bifunctional detection

capabilities of SERS-MRI in high-expression PD-L1 tumors. This IO-

based SERS bioprobe is expected to be applied to non-invasive liq-

uid biopsy in diagnosis of PD-L1 expression tumors, and visualiza-

tion of tumor boundary delineation with high resolution, leading

to improved precise medicine and better patient treatment [69–

71].

In conclusion, IO@AR@PDA-aPD-L1 SERS bioprobe were success-

fully developed for accurate detection of CTCs and precise delin-

eation of tumor boundary. IO-based SERS bioprobe exhibited high

detection sensitivity, good biocompatibility, and magnetic enrich-

ment characteristics. The detection specificity and tumor targeting

ability were largely improved by modifying aPD-L1 on the surface

of SERS bioprobe. Thus, four different types CTCs were accurately

distinguished with the remaining WBCs by the obvious SERS im-

ages and intense Raman signals by the designed SERS bioprobes.

The peripheral blood samples from two TNBC patients were accu-

rately recognized by the distinct SERS signals compared to that of

health people. Besides, IO-based SERS bioprobe exhibited SERS-MRI

dual-modal imaging capabilities, these two highly complementary

imaging modes displayed tremendous advantages in tumor diagno-

sis and treatment. Moreover, high-resolution and good specificity

SERS image technology was utilized for tumor boundary precise

delineation, which supporting tumor accurate resection and preci-

sion surgery. In short, the IO-based SERS bioprobe proposed in this

work is of great potential for the clinical CTCs detection of PD-

L1-overexpressing tumor, and it is expected to be employed as a

molecular image bioprobe with SERS-MRI dual-modal image abil-

ity, guiding tumor surgical resection and immunotherapy.
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