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Asbtract  

In this work, we demonstrate the targeted diagnosis of immunomarker programmed death ligand 

1 (PD-L1) and simultaneous detection of epidermal growth factor receptor (EGFR) in breast 

cancer tumors in vivo using gold nanostars (AuNS) with multiplexed surface enhanced Raman 

spectroscopy (SERS).  Real-time longitudinal tracking with SERS demonstrated maximum 

accumulation of AuNS occur 6 h post intravenous (IV) delivery enabling detection of both 

biomarkers simultaneously. Raman signal correlating to both PD-L1 and EGFR decreased by 

~30% in control tumors where receptors were pre-blocked prior to AuNS delivery indicating 

both the sensitivity and specificity of SERS in distinguishing tumors with different levels of PD-

L1 and EGFR expression.  Our in vivo study was combined with the first demonstration of ex 

vivo SERS spatial maps of whole tumor lesions that provided both a qualitative and quantitative 

assessment of biomarker status with near cellular-level resolution.  High resolution SERS maps 

also provided an overview of AuNS distribution in tumors which correlated well with the 

vascular density. Mass spectrometry showed AuNS accumulation in tumors, liver, and clearance 

via spleen, and electron microscopy revealed AuNS were endocytosed in tumors, Kupffer cells 

in the liver, and macrophages in the spleen. This study demonstrates SERS-based diagnosis 

mediated by AuNS provides an accurate measure of multiple biomarkers both in vivo and ex vivo 

which will ultimately enable a clinically-translatable platform for patient-tailored 

immunotherapies and combination treatment. 

 

Keywords: gold nanoparticles, SERS, multiplex detection, programmed death ligand 1, ex vivo 

Raman mapping, immunoimaging 

 

Introduction 

T cells are an important effector of the immune system and are critical for inhibition of tumor 

development, growth, and invasion. Therefore, tumors evolve to evade immune surveillance by 

orchestrating a tumor microenvironment that suppresses productive antitumor immunity.
1, 2
  The 

overexpression of immune checkpoint receptor programmed death protein-1 (PD-1), expressed 

in activated T cells, and the subsequent engagement of PD-1 to its ligand PD-L1 results in 
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inhibition of T cell proliferation, reduced secretion of effector cytokines, and 

immunosuppression.
3
  PD-L1 is upregulated in numerous tumor types including breast cancer,

4
 

renal-cell cancer,
5
 non-small cell cancer

6
 and melanoma

7
 among others. This underscores the 

significance of PD-L1 as a predictive biomarker for immunotherapies. Inhibition of PD-L1 with 

therapeutic antibodies has shown to activate antitumor immunity and long term patient survival.
8, 

9
 However, <25% of patients respond to PD-L1 blockade incurring high costs of unsuccessful 

therapies and toxic side-effects from prolonged antibody treatment.
9, 10

 Current clinical standards 

rely on immunohistochemistry (IHC) of biopsies, which often provide poor assessment of PD-L1 

status in tumors. First, there are no clear criteria to define PD-L1 positivity by IHC which makes 

this approach prone to misinterpretation due to heterogeneous PD-L1 expression in inter- and 

intra-tumoral lesions.
11, 12

 Second, retrieval of PD-L1 antigen is also difficult in fixed tissue 

which results in significant variability in PD-L1 assay across clinical trials.
13

 Further, IHC of 

PD-L1 expression on archival tissue samples should be determined with caution, as prior 

treatment procedures can alter PD-L1 status in the tumor microenvironment.
14, 15

 And last, IHC 

is also limited in validation of multiple biomarkers in the same biopsy requiring repeated 

invasive procedures and patient discomfort.  Therefore, a clinical need exists for noninvasive 

diagnostic tools that can both accurately identify PD-L1 in vivo and concurrently detect other 

biomarkers to identify patients who will respond to single checkpoint blockade, as well as 

accelerate clinical decisions by diagnosing patients who will benefit from combinatorial 

therapies. 

In this work we address this critical need and demonstrate the diagnosis of PD-L1 in vivo 

and simultaneously diagnose EGFR (epidermal growth factor receptor) in triple negative breast 

cancer (TNBC) tumors. TNBC is a highly aggressive phenotype of breast cancer characterized 
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by the lack of estrogen receptor, progesterone receptor, and HER2/neu. Despite high rates of 

pathologic complete response after neoadjuvant chemotherapy, patient survival rates remain low. 

Recent work has shown TNBC tumors are highly immunogenic with high PD-L1 gene 

expression and higher rates of CD8
+
 T-cell infiltration than ER/PR positive breast cancer.

16
 

Further, many TNBC tumors are known to overexpress EGFR, which is a transmembrane 

glycoprotein.
17

 The upregulation of EGFR promotes tumor progression by enhancing cell growth, 

angiogenesis, metastasis, and anti-apoptosis. Several EGFR-tyrosine kinase inhibitors, for 

example gefitinib and erlotinib, have demonstrated clinical efficacy in blocking the signal 

transduction pathways involved in tumorigenesis. Recent studies have also demonstrated that 

EGFR mutation status is directly correlated to the upregulation of PD-L1 which motivates us to 

diagnose both biomarkers with high sensitivity and specificity.
18-20

 We have achieved this with 

noninvasive multiplexed surface-enhanced Raman spectroscopy (SERS) using gold nanostars 

(AuNS) labeled with targeting antibodies and Raman active molecules.  SERS has rapidly 

emerged from a simple analytical technique to a preclinical screening tool for both qualitative 

and quantitative measure of biomarkers in tumors and for identification of cancerous cells.
21-23

 

SERS seamlessly enables multiplexed detection of multiple biomarkers due to the narrow 

linewidths of vibrational signatures of Raman molecules that can be simultaneously tracked both 

in vivo and ex vivo.
24-26

 The high spatiotemporal resolution of SERS has also enabled delineation 

of tumor margin from healthy tissue, and facilitated intraoperative tumor resection followed by 

identification of any residual disease.
27-29

 

In this work we demonstrate longitudinal tracking of both PD-L1 and EGFR in vivo 

showing the localization of each marker with high sensitivity and specificity after intravenous 

delivery of AuNS in mouse models of TNBC.  We note that whereas nanoparticles are often 
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intratumorally delivered in vivo to achieve high SERS signal,
26, 30, 31

 our approach of intravenous 

delivery is more clinically relevant for biomarker assessment.  The strength of this work is in 

vivo time course study was combined with the first demonstration of ex vivo SERS maps of 

whole tumor lesions, that provided both a qualitative assessment of biomarker status and 

quantitative measure of their expression levels.  High spatial resolution SERS maps also revealed 

distribution of AuNS in tumors that correlated well with highly vascularized areas of the tumor.  

Further, we examined the bioavailability and clearance of AuNS and corresponded those trends 

to in vivo endpoints. We anticipate the findings of this work will ultimately be extended to large 

animals and humans, and enable a clinically-translatable technology towards the emerging fields 

of immunoimaging and immunotherapies. 

Materials and Methods  

Synthesis of gold nanostars (AuNS)  

Both (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) and gold(III) chloride 

trihydrate (HAuCl4) were purchased from Sigma-Aldrich. AuNS were synthesized through the 

one-step, seedless, HEPES-mediated method.
32

 First, 18 mL of Milli-Q water at 18 MΩ was 

mixed with 12 mL of 270 mM HEPES (pH 7.40 ± 0.2) by gentle inversion. Next, 300 µL of 20 

mM chloroauric acid (HAuCl4) was added. The solution was left undisturbed at room 

temperature and reacted for 75 minutes.  

Functionalization of gold nanostars (AuNS)  

SERS tags, 4-mercaptobenzoic acid (pMBA) and 5,5’-Dithiobis(2-nitrobenzoic acid) (DTNB) 

were purchased from TCI America. Methoxy-polyethlyene glycol-thiol (mPEG-SH, Mw 5000) 

and orthopyridyl-disulfide poly(ethylene glycol)-N-hydroxysuccinimide ester (OPSS-PEG-NHS 

ester, Mw 2000) were purchased from JenKem Technology. To conjugate Raman tags to the 
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AuNS surface, pMBA or DTNB were dissolved in 100% ethanol. Small concentrated volume (6 

µL of 10 mM) of pMBA or DTNB solution was added to 60 mL of AuNS and reacted for 10 

minutes with constant stirring at 4 
0
C. The solution was centrifuged at 6000 rpm for 10 minutes 

to remove excess, unreacted Raman tag. To bind active targeting antibody to AuNS, OPSS-PEG-

NHS linkers were first reacted with the monoclonal antibodies, Human EGF R/ErbB1 antibody 

(antiEGFR, R & D Systems) or Human CD274 (B7-H1, PD-L1) antibody (antiPDL1, 

BioLegend). Briefly, lyophilized OPSS-PEG-NHS was dissolved in 100 mM pH 8.6 ± 0.1 

sodium bicarbonate (NaHCO3) buffer at a concentration of 160 mg/mL. Note, high pH is crucial 

for ester and amine chemistry in forming amide bonds. As a result, the antibody chemistry was 

tailored to achieve this desirable pH. At 1:9 volume ratio, 72 µL of 1 mg/mL antiEGFR antibody 

(reconsistuted in pH 8.6 NaHCO3 buffer) was added to 8 µL of OPSS-PEG-NHS solution. 

AntiPDL1 antibody was received at pH 7.4 phosphate buffer saline. To maintain the favorable 

pH for linker-antibody reaction, OPSS-PEG-antiPD-L1 was prepared in the concentration and 

volume ratio as with the OPSS-PEG-antiEGFR reaction, but it was further diluted 5-fold with pH 

8.6 NaHCO3. The OPSS-PEG-antibody chemistry was performed on an inverter at 4 °C for 24 h.  

After the OPSS-PEG-antibody reaction was completed, 80 µL of OPSS-PEG-antiEGFR 

or OPSS-PEG-antiPDL1 was added to 6 ml of Raman tag-labeled-AuNS (DTNB-AuNS or 

pMBA-AuNS) at 1.14 mg/mL. Antibody-AuNS solution was left on an inverter at 4 °C and 

reacted for 24 h. Post 24 h antibody-AuNS reaction, an additional layer of polyethylene glycol 

(mPEG-SH, Mw 5000) chemistry was performed to passivate any free surface area on the gold, 

neutralize surface charge, and provide particle stability. Briefly, 700 µL of 5 µM mPEG-SH was 

added to the AuNS solution and mixed for 10 minutes at room temperature. Lastly, the 

functionalized AuNS (antiEGFR-pMBA-AuNS or antiPDL1-DTNB-AuNS) were centrifuged at 
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4000 rpm for 10 minutes. The pellet was then resuspended in sterile phosphate buffered saline 

(pH 7.40 ± 0.1) at 6 mg/mL.  

Characterization of functionalized AuNS 

A 2:1 mixture of antiEGFR-pMBA-AuNS and antiPD-L1-DTNB-AuNS were visualized using 

an Osiris transmission electron microscope (TEM) at 200 keV. Plasmon resonance of AuNS and 

functionalized AuNS were monitored with a Varian Cary 5000 UV-Vis NIR spectrophotometer. 

Raman spectra of antiEGFR-pMBA-AuNS, antiPD-L1-DTNB-AuNS, and the 2:1 mixture were 

obtained by using the custom portable Raman setup with a 785 nm laser. 

MDA-MB-231 Xenograft Model and in vivo SERS Raman Imaging 

All animal procedures were followed and approved by Vanderbilt University Medical Center 

Animal Care and Use Program (IACUC #M1600097-00). Athymic nude mice at 3-4 week old 

(Hsd: Athymic Nude-Foxn1
nu

; Envigo) were used in this study. MDA-MB-231 cells were 

cultured in Dulbecco’s Modified Eagle’s medium (DMEM, Gibco) supplemented with 10% fetal 

bovine serum (FBS, Denville Scientific). The cells were maintained at 37 
0
C and 5% CO2 and 

were cultured at least two weeks prior to injection into mice. The cells were diluted 1:1 with 

matrigel (GFR Membrane Matrix, Corning). One million MDA-MB-231 cells per 100 µl were 

injected into the left mammary fat pad of each mouse. The tumor was monitored with calipers 

every two days. SERS experiments started once the tumor reached 5 mm in diameter. SERS 

spectra of 5 different spots of the tumor xenograft were measured with 10 s acquisition time 

before functionalized AuNS were injected (0 h). Functionalized AuNS, antiEGFR-pMBA-AuNS 

and antiPDL1-DTNB-AuNS at 2:1 ratio were injected retro-orbitally. Raman measurement was 

done at 6, 12, 24, 48 and 72 h post particle injection. For each time point, mice were anesthetized 

with isoflurane. All room lights were turned off during SERS measurement. The Raman fiber 
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optic probe was gently placed on the tumor xenograft for a spectral measurement (1 s acquisition 

time per spectrum with 10 accumulations). A 785 nm near-infrared diode laser (Innovative 

Photonics Solutions) was operated at 80 mW. A neon-argon lamp, acetaminophen, and 

naphthalene were used as standards to calibrate the absolute and relative wavenumber axis of the 

system in determining and calculating Raman shifts. Raman scattering was collected with an 

imaging spectrograph (Kaiser Holospec), and a -70 °C cooled CCD camera (Princeton 

Instruments) was used to capture the data, which was further processed by the connected 

computer system.  

All obtained spectra were processed through steps including spectral response calibration 

with a NIST calibrated lamp, smoothing using a (2,7) Savitzky-Golay filter, and background 

subtraction using a modified (7
th

 order) polynomial fit method.
33-36

 To clearly visualize the 

appearance of DTNB and pMBA peaks, 1325 cm
-1

 and 1580 cm
-1

 were normalized to the 

biological peak, 1440 cm
-1

 at each time point. For pre-block control, mice were injected (IP) with 

200 µg of antiEGFR antibody and 200 µg of antiPDL1 antibody (1 mg/mL in pH 7.40 ± 0.1 

phosphate buffered saline) 2 h before functionalized AuNS injection. Note, the antibodies used 

for pre-blocked controls were the same products used to functionalize the active targeting AuNS. 

Raman measurement for the pre-block control group was performed in the same manner as the 

experiment group.  

Inductively coupled plasma-mass spectrometry (IC-PMS) 

Mice bearing MDA-MB-231 cells were injected with functionalized AuNS, antiEGFR-pMBA-

AuNS and antiPDL1-DTNB-AuNS at 2:1 ratio. Per mouse, the tumor, stomach, liver, spleen, 

kidneys, heart, lungs, and brain were retrieved at maximum accumulation time (6 h post particle 
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injection) or at the end of the study (72 h post particle injection) and were frozen immediately in 

liquid nitrogen.  

Sample Preparation:  

Tumors and major organs were then freeze dried using a lyophilizer. Next, acid digestion was 

used to dissolve gold contents. Dried tumors and organs were place in scintillation vials and 

weighed. Trace metal grade HCl (Fisher, A508-P500) and HNO3 (Fisher, A509-P500) were used 

to prepare 75 vol. % aqua regia (4:1 volume ratio HCl: HNO3), which was then added to the 

organ/tumor. Samples were soaked in aqua regia for 72 h. Aqua regia was then boiled off with 

gentle heating. The semi-dried samples were re-dissolved in 10 ml of 2 vol. % aqua regia. 

Impurities were removed with syringe filtering prior to IC-PMS reading. Organs with high gold 

accumulation: liver, spleen, and tumor were further diluted 10-fold with 2 vol. % aqua regia.  

IC-PMS Analysis 

IC-PMS measurements of aqueous samples were carried out at Vanderbilt University, 

Department of Civil and Environmental Engineering. Perkin Elmer model ELAN DRC II in 

standard mode was used for readings. A six-point calibration curve between approximately 0.05 

µg/L and 500 µg/L was used for gold isotope 197. For every 3-5 samples, analytical blanks and 

analytical check standards (0.5 µg/L) were measured and confirmed to be within 15% of the 

specified value. The instrument was set at 1.5 kW radio frequency (RF) power, 15 L/min argon 

plasma flow, 1 L/min nebulizer flow, and 1 s integration time for 3 replicates. 

Transmission electron microscope imaging of tumor and organs 

Mice bearing MDA-MB-231 cells were injected with functionalized AuNS, antiEGFR-pMBA-

AuNS and antiPDL1-DTNB-AuNS at 2:1 ratio. SERS spectra were measured at 6 h post particle 

injection to ensure the increase in DTNB/pMBA signal was observed. The mouse was then 
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sacrificed, and the tumor xenograft was retrieved. Additionally, the heart, liver, and spleen of a 

different set of mice were removed 72 h post functionalized AuNS injection to evaluate the 

clearance of the particles. Samples were fixed in 2.5% gluteraldehyde in 0.1M cacodylate buffer 

(pH 7.4 ± 0.1) at room temperature for 1 h and then 24 h at 4 ºC. Specimens were processed for 

transition electron microscopy (TEM) and imaged in the Vanderbilt Cell Imaging Shared 

Resource-Research Electron Microscopy facility. 

Sample Preparation 

The samples were fixed with 1% osmium tetraoxide for 1 h at room temperature and further 

washed with 0.1 M cacodylate buffer. Dehydration was done through a graded ethanol series. 

Next, 3 exchanges of 100% ethanol and 2 exchanges of pure propylene oxide (PO) were 

performed. Subsequently, 25% Epon 812 resin and 75% PO were used to infiltrate the samples 

for 30 min at room temperature. They were then infiltrated with 50% Epon 812 resin and 50% 

PO for 1 h and overnight, respectively. The samples went through a Epon 812 resin and PO (3:1) 

exchange for 4 h and finally were incubated with pure epoxy resin overnight. Lastly, two 

changes of pure epoxy resin were used to embed the samples. Polymerization was done for 2 

days at 60 °C. 

Sectioning and Imaging 

Ultra-structure identification was first achieved with thick sections at 500-1000 nm. Once 

regions of interest were identified, 70-80 nm ultra-thin sections were cut. Samples were placed 

on 300-mesh copper grids and were stained with 2% uranyl acetate, followed by Reynold’s lead 

citrate. The final tissue samples were imaged with the Philips/FEI Tecnai T12 electron 

microscope.  

Ex vivo Raman Mapping.  
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Mice bearing MDA-MB-231 were injected with functionalized AuNS (antiEGFR-pMBA-AuNS 

and antiPDL1-DTNB-AuNS at 2:1 ratio) retro-orbitally. The tumor xenograft was retrieved and 

cryo-embedded 6 h post particle administration. Frozen tumor samples were cryo-sectioned on 

CaF2 disks by Vanderbilt University TPSR (5 µm thick). Samples were thawed at 4 °C overnight 

and then room temperature for 2 h prior to Raman mapping. Montages of brightfield images 

were obtained with a 20x (NA) objective. A rectangular Raman map with a 50 µm step size was 

acquired with 10 s integration time, L50x objective (NA), and a 785 nm laser (30 mW). After the 

Raman spectra for the entire map were obtained, cosmic ray removal with nearest neighbor 

method was implemented. A custom MATLAB code was used to perform smoothing and 

biological fluorescent background subtraction. Smoothing of the data was done by following the 

Savitzsky and Golay method with 5
th

 order and coefficient value of 61. Modified polyfit method 

was performed to subtract the background fluorescence. A polynomial with 9
th 

order was used to 

fit the Raman spectra with threshold of 0.0002. The Raman mapwas then generated with 

wavenumber of interest (DTNB = red, pMBA = green).  

To obtain quantitative analysis of both pMBA and DTNB, the raw biological peak (1440 

cm
-1

) was selected to generate the masks of whole tissues. The pixels were assigned as a part of a 

mask when their intensities were higher than a specified threshold. A Gaussian function was 

applied to the mask images to smooth the edges (sigma = 20 µm). The residuals and the holes in 

the images were removed and filled (area opening algorithm), respectively. The final masks were 

compared with the optical images to ensure the authenticities. The sub-masks of high- and low-

intensity groups were obtained in a similar fashion from the processed (smoothed and baseline 

corrected) images of biological peak. These masks were separated according to a threshold and 

are processed with necessary smoothing, removing, and filling. Tissue mask and sub-masks were 
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then applied to 1325 cm
-1 

and 1580 cm
-1

 for each individual tag. As a result, the Gaussian model 

mean and sigma can be obtained. 

Statistical Analysis 

Statistical differences were evaluated with Student’s t tests. All data are presented as mean ± 

standard deviation.   

 

 

 

 

Results and discussion 

 
Figure 1. Characterization of functionalized AuNS. (a) TEM image of antibodies and Raman tag 

functionalized AuNS showing the anisotropic structure and sub-100 nm size of AuNS. (b) 

Schematic representation of AuNS functionalized with Raman-active tag, pMBA or DTNB. 

Each Raman tag pairs with a targeting antibody, anti-EGFR with pMBA and anti-PD-L1 with 

DTNB. (c) Extinction spectra of AuNS before (bare AuNS) and after functionalization (with 
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Raman tag and targeting antibody). (d) Raman spectra of antiEGFR-pMBA-AuNS, antiPDL1-

DTNB-AuNS and a 2:1 mixture. The Raman peaks of interest of both pMBA and DTNB are 

highlighted in gray.  

 

Gold nanostars (AuNS) were synthesized by a one-step seedless method as described in 

our previously published procedure.
32, 37, 38

 The biological buffer, HEPES (2-[4-(2-

hydroxyethyl)piperazin-1-yl]ethanesulfonic acid) is used as both a capping and reducing agent, 

enabling shape-controlled synthesis. Gold nanoparticles synthesized via biological buffer or 

peptides are biocompatible with minimal toxicity.
37, 38

 The sub-100 nm size of AuNS (~50-70 

nm tip-to-tip dimension (Fig. 1a)) allows AuNS to accumulate in the tumor microenvironment 

through the enhanced permeability and retention effect (EPR), thus increasing the likelihood of 

endocytosis by cancer cells.
39, 40

 The unique structure of AuNS gives rise to the “nanoantenna 

effect” where the spherical cores absorb incident light and route it to the protrusions where 

strong electromagnetic field are concentrated at the tips.
32, 41, 42

 These intense near-field 

enhancements at the tips of AuNS amplify the vibrational signal of proximal Raman molecules 

by 9 – 10 orders of magnitude enabling high resolution SERS.
42, 43

 In this work, we show the 

multiplexed detection of biomarkers PD-L1 and EGFR through SERS by conjugating Raman 

tags and monoclonal antibodies specific to these biomarkers onto AuNS surface (Fig. 1b). We 

generated two sets of bioconjugated AuNS, PD-L1 targeting set was labeled with Raman tag 5,5-

dithio-bis-(2-nitrobenzoic acid) (DTNB) and anti-PD-L1 monoclonal antibodies, and EGFR 

targeting set was labeled with Raman tag para-mercaptobenzoic acid (pMBA) and anti-EGFR 

antibodies. Both DTNB and pMBA were covalently linked to AuNS surface via a thiol group. 

Monoclonal antibodies were conjugated with AuNS via OPSS-PEG2000-NHS linkers where the 

thiols on the orthopyridyl (OPSS) group bind to AuNS, and the N-hydroxysuccinimide (NHS) 

ester group forms an amide bond via the primary amines of the antibodies. Lastly, a layer of 
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thiolated-polyethylene glycol was added to AuNS surface to ensure charge neutrality, reduce 

uptake by the mononuclear phagocytic system (MPS), and to provide in vivo stability. The 

biofunctionalization of AuNS resulted in a ~25 nm shift in the plasmon resonance (Fig. 1c) 

indicative of an increase in the particle size as well as change in refractive index of the medium. 

The plasmon resonance of functionalized AuNS was controlled in the near-infrared region (650-

900 nm) to enable enhanced tissue penetration and deep tissue imaging. The Raman spectra of 

the functionalized AuNS were acquired using a custom Raman system with a 785 nm continuous 

wave laser (Fig. 1d). The signature peak of antiEGFR-pMBA-AuNS is at 1580 cm
-1

, which 

corresponds to the ring stretching mode of pMBA.
44

 The dominant peak, 1325 cm
-1

 of antiPD-

L1-DTNB-AuNS is attributed to the symmetric stretching mode of the nitro group of DTNB.
45

 

For multiplexed SERS a 2:1 ratio of antiEGFR-pMBA-AuNS: antiPD-L1-DTNB-AuNS was 

employed since the peaks of interest for DTNB and pMBA have comparable Raman intensities 

at this ratio. Furthermore, due to their distinct Raman fingerprints and narrow linewidths, both 

pMBA and DTNB are easily distinguishable enabling multiplexed detection of PD-L1 and EGFR 

in vivo. To confirm the receptor-antibody binding, we incubated the MDA_MB-231 cells with a 

mixture of antiEGFR-pMBA-AuNS: antiPD-L1-DTNB-AuNS. After 16 h of incubation, TEM 

micrographs showed most of the AuNS were bound to the surface of the cancer cells with 

minimal endocytosis (Fig. S1†). 
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Scheme 1. Schematic representation of in vivo SERS setup where nude mice bearing MDA-MB-

231 xenografts were administered a mixture of antiEGFR-pMBA-AuNS and antiPD-L1-DTNB-

AuNS via retro-orbital injections. A custom-built portable Raman setup was used for SERS 

measurement consisting of a 785 nm continuous-wave laser diode, a spectrograph, CCD camera, 

and fiber-optic probe. 
 

 

 

 
Figure 2. Multiplexed SERS longitudinal study. (a) Averaged, normalized Raman spectra of 

tumors (n=4) were plotted before (0h) and at maximum accumulation time point, 6h-post 

functionalized AuNS injection. The appearance of SERS signal of the signature peaks for both 

pMBA (1580 cm
-1

) and DTNB (1325 cm
-1

) are indicated by gray boxes. (b) Longitudinal SERS 

(n=4) performed at 6, 12, 24, 48 and 72 h post particle injections where pMBA and DTNB 

signals were normalized to 1440 cm
-1

 biological peak.  In the control group both markers were 

pre-blocked with monoclonal antibodies 2h prior to delivery of functionalized AuNS. (c) SERS 

intensity comparison of experimental and control group tumors at 6h time-point showing that for 

both PD-L1 and EGFR detection, SERS signal decreased by ~30% (p <0.0005) in the control 

group. 

 

Multiplexed in vivo SERS was performed by administering the mixture of functionalized 

AuNS via retro-orbital injections to nude mice bearing MDA-MB-231 triple negative breast 

cancer xenografts. Whereas SERS-active nanoparticles have been commonly delivered in vivo 
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via intratumoral
26, 31

 or subcutaneous
30

 delivery, we found systemic injection is necessary for 

tracking AuNS longitudinally to assess receptor status. Furthermore, systemic delivery is 

clinically-translatable enabling us to understand the uptake, biodistribution, and clearance of 

AuNS, and the overall sensitivity and specificity of our approach for multiplexed detection of 

biomarkers. We also note that whereas multiplexed in vivo SERS has been shown previously, 

longitudinal tracking of SERS-active nanoparticles at different time-points has not been 

effective.
24, 46

 We performed SERS at 6, 12, 24, 48 and 72 h post AuNS delivery with a custom 

Raman setup described in the methods section.
47, 48

 The fiber optic Raman probe was gently 

placed on top of the mammary xenograft to acquire one second acquisitions with ten 

accumulations. A 785 nm continuous-wave laser was used at 80 mW and SERS measurements 

were obtained at five different spots on the tumor and the spectra were then averaged. The 

acquired Raman spectra were processed with fluorescence subtraction to remove biological auto-

fluorescence and then normalized to the 1440 cm
-1

 biological peak (Scheme 1). The 1440 cm
-1

 

biological band (CH vibrations for both lipid and protein) has minimal change during time-

course study in the same mouse shown in supporting information (Fig. S2†) serving as an 

excellent internal reference. To evaluate the changes in the intensity of Raman peaks, baseline 

Raman spectra of the tumor xenograft were also acquired immediately prior to the functionalized 

AuNS injection (0 h). Both signature peaks of DTNB (1325 cm
-1

) and pMBA (1580 cm
-1

) 

increased significantly and reached a maximum at 6 h post AuNS delivery as observed in our 

longitudinal study (Fig. 2a). Averaged of five spectra across different locations of the tumor from 

each mouse (n=4 total mice) are shown in SI (Fig. S3†). By tracking the Raman spectral features 

of DTNB and pMBA during time-course study, the simultaneous targeted detection of 

checkpoint ligand PD-L1 and biomarker EGFR is assessed in vivo.  Maximum accumulation of 
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AuNS occur at ~ 6h, and between 48 h to 72 h both DTNB and pMBA signals returned to 

baseline levels (Fig. 2b), indicating the clearance of AuNS via mononuclear phagocyte system of 

liver and spleen. To demonstrate both the sensitivity and specificity of functionalized AuNS in 

targeted detection of EGFR and PD-L1, we pre-blocked both biomarkers as our negative control. 

Prior work in the literature has effectively demonstrated that antibody dosage can successfully 

block receptors in mice tumors.
49-52
 We injected 200 µg of monoclonal antibodies (anti-EGFR 

and anti-PD-L1) via intraperitoneal injection (IP) 2h prior to injection of functionalized AuNS to 

saturate the surface receptors and block the binding of functionalized AuNS to these biomarkers. 

Longitudinal SERS comparing the experimental group with the control group tumors (Fig. 2b-c) 

showed statistically significant differences in both PD-L1, corresponding to DTNB signal which 

decreased by 31% (p < 0.0005), and EGFR, corresponding to pMBA signal which decreased by 

32% (p < 0.0005).  The observed differences in SERS signal in longitudinal measurements 

between experimental and control groups demonstrate (1) the specificity of our approach in rapid 

and accurate targeted detection of PD-L1 and EGFR in vivo, and (2) the sensitivity of our 

approach as AuNS amplify the SERS signal of Raman reporters sufficiently to provide an 

assessment of receptor expression on tumor surface.  

Multiplexed in vivo monitoring of PD-L1 and EGFR has several advantages over the 

current standard measure i.e. immunohistochemistry (IHC) of invasive biopsies. First, in vivo 

measurements track biomarker status of whole tumor lesions which reduces misinterpretation 

due to inter- and intratumoral heterogeneity. Second, it allows monitoring of biomarker 

expression during the course of disease minimizing the need for repetitive biopsies and patient 

discomfort. This is of particular clinical relevance as both PD-L1 and EGFR expression in 

patients are known to alter with prior treatments. Third, in vivo SERS enabled by systemic 
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delivery of contrast agents such as functionalized AuNS takes into account multiple factors such 

as vascular permeability, blood vessel density, necrotic regions providing a more comprehensive 

assessment of PD-L1/EGFR expression than the qualitative “yes or no” type of information 

available through IHC. We are not suggesting in vivo SERS should replace IHC, which is a gold 

standard in clinical histopathology, but rather supplement IHC to obtain a more accurate and 

reliable prognosis enabling patient-tailored treatment strategies. 

In vivo SERS is ideal for rapid molecular identification of biomarkers specifically for 

subcutaneous tumors where the penetration-depth of near-infrared light and detection of Raman 

scattering is less affected by the tissue characteristics. However, for clinical translation of this 

technology, SERS should benefit patients with both early-stage and late-stage cancer. Whereas 

current clinical pathology mostly relies on IHC, it is inherently subjective, often misinterpreted 

when presented with highly heterogeneous tumors, and limited in multiplexed validation of 

multiple biomarkers in the same biopsy. Other ex vivo techniques, such as immunofluorescence 

(IF), have enabled quantitative assessment of biomarkers; however, tissue autofluoroscence and 

rapid photobleaching of commonly used fluorescent tags make this approach unreliable.  

Therefore, in addition to in vivo SERS imaging, here we show that ex vivo Raman maps of tumor 

sections is a powerful approach combining high spatial and temporal resolution, and address 

some of the current challenges with IHC and IF.  Tumors were retrieved at the maximum 

accumulation time-point (6h post AuNS delivery), cryo-fixed, sectioned at 5 µm thickness, and 

transferred to calcium fluoride (CaF2) disks to minimize Raman signal from the substrate. A 

brightfield image of the tissue was recorded (Fig. S4a†) to show tumor sections retain their 

morphology on CaF2 disks. We performed SERS maps of an entire tissue section at 50 µm step 

size (50 µm in both x and y direction), providing near cellular-level resolution. The tissues were 
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excited with a 785 nm laser at 30 mW using a 50x objective with 10 s acquisitions. SERS spectra 

were processed to remove cosmic rays, subtract tissue autofluorescence, and subsequently 

intensities of DTNB and pMBA were plotted such that each pixel generated a color map 

assigned with an RGB color - red for DTNB (1325 cm
-1

) and green for pMBA (1580 cm
-1

) (Fig. 

S4b†). The intensity map shown in figure 3a provides an overview of localization of the 

functionalized AuNS, antiEGFR-pMBA-AuNS and antiPD-L1-DTNB-AuNS, where the signal 

from each Raman tag can be correlated to the respective biomarkers targeted. We then identify 

regions of interest (Fig. 3ai, ii) in the spatially-resolved Raman map of the tissue to qualitatively 

assess biomarker status. High magnification SERS maps (Fig. 3b) show near cellular-level 

resolution of tumor areas that are PD-L1 rich (Fig. 3bii-2), EGFR rich (Fig. 3bii-3), rich in both 

biomarkers (Fig. 3bii-4), as well as likely necrotic areas where AuNS did not accumulate (Fig. 

3bi-1, no signal). The corresponding SERS spectra from these regions of interest confirm the 

biochemical footprint of PD-L1 ad EGFR targeted AuNS distribution (Fig. 3c).   
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Figure 3. Ex vivo Raman spatial maps of breast cancer tumor sections. (a) SERS intensity map 

of the entire tissue section performed at 50 µm per pixel showing an overlap of both DTNB 

(1325 cm
-1

) and pMBA (1580 cm
-1

) signals. Specific regions of interest (ROI) are indicated. (b) 

High magnification SERS intensity map from the ROIs indicated in ‘a’ showing (i) tissue region 

with minimal AuNS accumulation and no Raman signal, (ii) tissue region with high AuNS 

accumulation indicating PD-L1 and EGFR expression. (c) Corresponding Raman spectra 

indicating (1) no AuNS binding, (2) PD-L1 rich area, (3) EGFR rich area, and (4) both EGFR 

and PD-L1 rich area (DTNB and pMBA signature peaks are indicated by grey boxes).  

 

 

Figure 4. Analysis of receptor status via Raman spatial maps of tumor sections at 1325 cm
-1 

corresponding to antiPD-L1/DTNB/AuNS. The biological peak was fit to two Gaussians 

functions to distinguish areas with high and low SERS intensity. (a) Low SERS intensity map 

and corresponding CD31 staining (bottom) of the circled area showing poorly vascularized area 

of the tissue. (b) High SERS intensity map and corresponding CD31 staining (bottom) of the 

circled area showing high vascular density. The micro vessels are indicated by the black arrows. 

(c) Overlay of (a) and (b) provides an overall SERS spatial map and a color bar indicating 

intensitities. (d) Quantitative assessment of both antiPD-L1/DTNB/AuNS and 

antiEGFR/pMBA/AuNS in low and high vascularized areas identified by using a model of two 

Gaussian functions to the peaks of interests of the intensity maps.  
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Nanoparticle accumulation in tumors through surface receptor binding and through the 

EPR effect is known to occur in well-vascularized areas.
53-55

 Therefore, by comparing the Raman 

intensities of both DTNB and pMBA in the tissue maps to the vascular density, we demonstrate 

the accuracy of our approach where functionalized AuNS should accumulate in the high vascular 

density areas with high SERS intensity. Conversely, low accumulation of AuNS is attributable to 

poorly vascularized or necrotic regions of the tumor which should correspond to low SERS 

intensity. We generated a SERS distribution map (Fig. 4a-c) using the 1440 cm
-1

 biological peak, 

which remains constant throughout the tumor, to obtain a tissue mask. This mask blocks out all 

the empty/no-tissue areas (SI Fig. 4a) and enables generation of Gaussian distributions of both 

DTNB (1325 cm
-1

) and pMBA (1580 cm
-1

). By fitting the biological peak intensities (1440 cm
-1

) 

throughout the tumor with two Gaussian functions, low and high Raman intensity regions were 

generated with high confidence (R
2
 = 0.995, Fig. S5b,c†). Tissue sub-masks of high and low 

SERS intensity regions of DTNB and pMBA were then generated by setting a threshold and by 

fitted using the two Gaussian functions. A 2-dimensional (2D) Gaussian filter (sigma = 20 µm) 

was also applied to prevent any extreme pixels for biased results. By applying the tissue sub-

masks to the DTNB Raman signal map, low (Fig. 4a top), high (Fig. 4b top), and combined (Fig. 

4c) SERS distribution maps were generated with good fits to the distribution of the SERS signal 

(R
2
 = 0.983 for high intensity, and R

2
 = 0.999 for low intensity). These high and low SERS 

intensity maps are useful in visualizing regions of the tissue to assess their state of angiogenesis 

or necrosis. Vascular staining was performed with endothelial cell marker CD31 to confirm the 

degree of angiogenesis in the tumor tissue and correlate to the SERS intensity of DTNB and 

pMBA which directly corresponds to AuNS accumulation. We observed that high SERS 

intensity areas correlate strongly to well-vascularized areas where the blood vessels are indicated 
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by arrows in figure 4b. However, low SERS signal regions of the tissue did not have abundant 

vascular density (Fig. 4a bottom) clearly indicating that AuNS accumulation and resulting SERS 

signal overlaps with the vascular density of the tumor. SERS intensity distribution maps for 

pMBA presents similar results as the DTNB maps (Fig. S6†). The spatial information provided 

by the Raman maps enables us to provide a quantitative assessment of biomarkers to understand 

the heterogeneity of receptor expression both inter-and intra-tumorally. We retrieved n = 3 

mouse tumors at maximum accumulation time-point (6h post AuNS injection) and performed 

SERS mapping and obtained the mean intensity of DTNB and pMBA for each tumor section to 

generate low and high signal areas corresponding to low and high accumulation of AuNS. The 

quantitative (Fig. 4d) assessment of functionalized AuNS distribution shows (i) there is a 

significant difference between the SERS intensity in high vascularized and low vascularized 

areas, but (ii) there is no significant difference in expression between EGFR or PD-L1 receptor 

throughout this tumor. This is expected as both EGFR and PD-L1 are in abundance in MDA-

MB-231 cells and differences in expression levels in individual tumor sections cannot be easily 

detected.  

The SERS maps of tumors ex vivo provides (i) a qualitative assessment of both PD-L1 

and EGFR confirming multiplexed biomarker status in the same tissue section, which cannot be 

assessed with IHC; (ii) a distribution map of functionalized AuNS accumulation in the tumor that 

can be strongly correlated to the vascular density indicating the high accuracy of our approach 

and that AuNS localize in well-vascularized areas through both receptor-mediated endocytosis 

and EPR effect; (iii) spatially-resolved quantitative analysis of both PD-L1 and EGFR expression 

levels in the same tissue section that allows us to determine heterogeneities in receptor status; 

and finally (iv) SERS provides a highly reliable approach for both in vivo and ex vivo 
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measurement since it is undeterred by tissue autofluorescence or photobleaching, which typically 

plagues IF-based methods. These collective attributes of SERS mediated by immunoactive 

AuNS will ultimately enable patient-selection for PD-L1 checkpoint blockade as well as identify 

those who will respond to combination PD-L1/EGFR treatment to improve breast cancer patient 

outcome, as well other cancers where these biomarkers are upregulated. 

 

 
Figure 5. iodistribution of AuNS functionalized with Raman tags, antibodies, and PEG. (a) 

Silver enhancement stain showing AuNS accumulation in tumors vs. tumors that did not receive 

AuNS. AuNS appear as dark spots in silver enhancement stain. (b) IC-PMS results of Au content 

in tumor and major organs at 6 h (n=3) and 72 h (n=4) post IV delivery of functionalized AuNS 

showing AuNS presence in tumor and in the mononuclear phagocyte system. The difference in 

Au content of spleen at 6 h and at 72 h is statistically significant (p<0.05). (c) IC-PMS analysis 

of AuNS accumulation in tumors compared at 6 h and 72 h. The experimental group (n=4) 

received functionalized AuNS mixture (antiEGFR-pMBA-AuNS and antiPD-L1-DTNB-AuNS) 

and the control group (n=3) was pre-blocked with IP delivery of anti-EGFRa + anti-PD-L1a 

prior to AuNS injection. Differences in Au content between experimental and control groups was 

statistically significant for tumors retrieved at 6h post AuNS delivery (p<0.05). Differences in 

Au content of tumors for the experimental group was also statistically significant (p<0.05) 

between the maximum accumulation time (6 h) and at the end of the study (72 h).  
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We performed histochemical analysis of tumor sections to understand the 

biocompatibility of functionalized AuNS in vivo. Silver enhancement stains of tissue were 

performed which allows visualization of AuNS as gold selectively catalyzes the reduction of 

silver ions and deposits metallic silver which embeds the AuNS in kidney sections visible under a 

light microscope. The dark spots (Fig. 5a) in tumor sections from the experimental group 

indicate the presence of functionalized AuNS bound to the cell surface (Fig. 5a), not present in 

tumors without AuNS. Haemotoxylin and Eosin (H&E) staining of the tumor sections both with 

and without functionalized AuNS was also performed to ensure the biocompatibility of AuNS 

(Fig. S7†). H&E identified that the cellular morphology of tumor tissues did not have any 

detrimental effect in the presence of AuNS indicating that they are nontoxic to cells.   

Quantitative longitudinal analysis of biodistribution of nanoparticles in tissue after 

systemic delivery is necessary to evaluate their pharmacokinetics, uptake in tumor relative to 

other tissues, and their stability and potential toxicity in vivo. We studied the bioavailability and 

clearance of functionalized AuNS with inductively coupled plasma mass spectroscopy (IC-PMS) 

to measure the Au content in tumors and major organs at 6 h (maximum accumulation) and 72 h 

after IV delivery of AuNS (Fig. 5b). Acid digestion method was used to dissolve gold in the 

tissues into the solution for mass spectroscopy reading. At both 6 h and 72 h, very few gold was 

found in the stomach (2.8 ± 1.4), heart (5.2 ± 3.0) and lungs (4.0 ± 3.5). Minimal amounts of Au 

was found in the brain (0.5 ± 0.6) since the blood brain barrier does not allow entry of 

functionalized AuNS.
56, 57

 The majority of gold content was found in both mononuclear 

phagocyte system (MPS) organs at 72 h, spleen (724.6 ± 156.2) and liver (142.4 ± 60.9). There is 

significantly higher Au content in spleen at 72 h (724.6 ± 156.2) relative to 6 h (210.9 ± 88.3) 

which is statistically significant (p<0.05), demonstrating AuNS mostly clear through the spleen. 
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Clearance of nanoparticles through MPS is not surprising and has been reported previously for 

other gold nanoparticles.
58-61

  The presence of Au in kidneys (20.7 ± 6.7) was minimal since 

nanoparticles >10 nm are less likely to have renal clearance via glomerular filtration in mice.
62-64

 

However, deviation to this trend has been observed previously where PEG coated Au 

nanoparticles were targeted to the mesangium of the kidney, the thin membrane of cells that 

supports glomerular capillaries, and accumulation in kidneys was observed for ~75 nm 

nanoparticles.
65

 The nanoparticle morphology, including size, shape, and aspect ratio, has been 

shown to play a strong role in their clearance pathways, where anisotropic nanostructures with 

optimized aspect ratio have been shown to have renal clearance.
66-68

 Whereas clearance of AuNS 

through the MPS is expected in mice, this should not hinder clinical translation of AuNS as sub-

micron and micron-sized particles have been shown to have renal clearance through the kidney 

in large animals and humans.
69, 70

 We also compared the Au content in tumors from the 

experimental group with the pre-blocked control tumors at maximum accumulation time-point (6 

h post functionalized AuNS injection) and observed statistically significant differences in Au 

content (p<0.05) (Fig. 5c). Moreover, significantly higher AuNS uptake was observed at the 

maximum accumulation time (6h) than at the end of the study (72h) for the experimental group 

(p<0.05). The differences in AuNS content indicates the clearance of AuNS at the end of the 

study.  The trends observed in IC-PMS correlate well with our in vivo endpoints where a 

significant difference in Raman signal was detected at 6h time-point and rapid decrease in signal 

was observed by 72h. Lastly, AuNS content in major organs were also compared between the 

experimental group with the pre-blocked control at the end of the study and no significant 

difference was found (Fig. S8†). 
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Figure 6. Transmission electron micrographs showing accumulation of functionalized AuNS in 

breast cancer tumors and major organs. The functionalized AuNS maintained their structural 

integrity after circulation in the body and were found in the tumor, in macrophages of the spleen, 

and in Kupffer cells of the liver via intracellular vesicles (indicated by the red arrow). 

Functionalized AuNS were not observed in the heart of the mouse.  

 

Further, we obtained transmission electron microscopy (TEM) images of tumors and 

major organs to understand the internalization and localization of functionalized AuNS in the 

tumor microenvironment and in MPS of liver and spleen (Fig. 6). Tumor xenografts were 

retrieved at 6h post AuNS delivery in vivo, then fixed and sectioned for TEM imaging. 

Functionalized AuNS were observed in intracellular vesicles in the tumor but were not found in 

the mitochondria, the nucleus, or other cellular organelles. AuNS uptake and internalization in 

tumors is facilitated both by the EPR effect as well as receptor-mediated endocytosis enabled by 

targeting antibodies on the AuNS surface.
39, 71-73

 Liver and spleen were retrieved at the end of the 

study i.e. 72h time-point. Functionalized AuNS were found in the Kupffer cells of the liver and 

macrophages of the spleen. Nanoparticle uptake in Kupffer cells and macrophages have been 
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previously reported in the literature.
74-78

 In addition, AuNS were also found in lysosome-like 

structures within the macrophages, indicating endocytosis was the major mechanism for particle 

uptake. Lastly, we also retrieved the mouse hearts at the end of the study and did not find any 

AuNS which corroborates literature findings that gold nanoparticles cannot penetrate through the 

continuous endothelium cells in the arteries.
79-81

 Notably, TEM images also clearly demonstrated 

that the functionalized AuNS maintained their structural and morphological integrity after IV 

delivery. 

Conclusion 

In summary, in this work we demonstrate the utility of AuNS labeled with Raman tags and 

antibodies to diagnose immunomarker PD-L1 and concurrently detect EGFR in MDA-MB-231 

breast cancer tumors in vivo and ex vivo with noninvasive surface-enhanced Raman spectroscopy 

(SERS). Tracking of AuNS in vivo provide a longitudinal analysis of AuNS accumulation in 

tumors and simultaneous detection of PD-L1 and EGFR. Furthermore, SERS spatial maps of 

tumor sections ex vivo showed excellent correlation of AuNS distribution to vascular density, 

and enabled both qualitative and quantitative assessment of biomarker status in tumors. The 

bioavailability and clearance of AuNS was evaluated both with IC-PMS and TEM imaging 

which revealed AuNS accumulate in the tumors likely via receptor-mediated endocytosis and 

cleared by MPS. This study highlights the potential of SERS with dose-controlled AuNS to 

transform the diagnosis of cancer patients and enable patient-tailored immunotherapies. We 

anticipate that early monitoring with SERS will allow practitioners to determine the optimal 

treatment regimen of single checkpoint blockade or combination therapies to enable remission-

free survival. Since PD-L1 and EGFR upregulation has been correlated to many cancers 

including non-small cell lung, renal, and colon cancer, multiplexed SERS with AuNS will also 
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benefit patients beyond breast cancer. The utility of SERS as both a powerful in vivo and ex vivo 

diagnostic tool will ultimately eliminate the need for unpredictable immunohistochemistry, and 

allow assessment of multiple immunomarkers within the same biopsy, minimizing repeated 

invasive procedures and patient discomfort. We expect this work will enable a path forward to 

clinically translate engineered gold nanostructures for both detection of immunomarkers and for 

therapeutic delivery of immunomodualtors and vaccines.
82-85
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