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Abstract
Programmed cell death-ligand 1 (PD-L1) is

an important predictive biomarker. The

detection of PD-L1 can be crucial for patients

with advanced cancer where the use of

immunotherapy is considered. Here, we dem-

onstrate the use of immuno-SERS micros-

copy (iSERS) for localizing PD-L1 on single

cancer SkBr-3 cells. A central advantage of

iSERS is that the disturbing autofluorescence

from cells and tissues can be efficiently

minimized by red to near-infrared laser excitation. In this study we employed

Au/Au core/satellite nanoparticles as SERS nanotags because of their remarkable

signal brightness and colloidal stability upon red laser excitation. False-color iSERS

images of the positive and negative controls clearly reveal the specific localization

of PD-L1 with SERS nanotag-labeled antibodies.
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1 | INTRODUCTION

Programmed cell death-ligand 1 (PD-L1) plays a crucial role
in immune regulation and is expressed in numerous healthy
tissues, for example, in the placenta [1]. PD-L1 also mediates
immune evasion in many solid and hematological malignan-
cies including malignant melanoma and breast cancer [2–4].
Blockade of programmed cell death-1 (PD-1) and its ligand
PD-L1 is used as an immunotherapy employing so called
immune checkpoint inhibitors (ICI). ICI has been shown to
prolong progression-free (PFS) and overall survival (OS) in
different cancers and has become a common denominator in

modern oncology [5–7]. This impressive and wide clinical
activity can be accompanied by severe immune-related
adverse events (irAE) and although rare, treatment-related
deaths [8, 9]. In addition, maximum benefit might be
restricted to patients with certain characteristics [10] and
detection of biomarkers including but not limited to T cell
infiltration, mutational load and PD-L1 expression [11–13].
Very recently, a prospective, randomized phase 3 trial in
advanced untreated triple-negative breast cancer (TNBC)
showed increased PFS in patients receiving the PD-L1 block-
ing antibody atezolizumab plus nab-paclitaxel in comparison
to nab-paclitaxel plus placebo [14]. Increased OS by adding
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atezolizumab to nab-paclitaxel was only reported for PD-L1
positive tumors. Methods and assays for detecting biomarkers
are therefore key to use ICI with maximum clinical benefit.

Nowadays immunohistochemistry (IHC) remains the
gold standard for localizing PD-L1 on cancerous tissue.
However, the evaluation of IHC slides from, for example,
skin cancer patients is very difficult even for experienced
pathologists for reasons listed below [11]. Melanoma
develops from melanocytes cells, with a color which is simi-
lar to that of the product of the HRP enzyme reaction.
Immunofluorescent staining is not really an attractive alter-
native to IHC due to the very strong autofluorescence of the
sample caused by the brown pigment [15].

A promising alternative to IHC and IF is immuno-SERS
microscopy (iSERS) [16]. This emerging technique is based on
surface-enhanced Raman scattering (SERS) for optical readout
and circumnavigates the problems associated with IHC and IF
[17, 18]. In iSERS antigens are localized via target recognition
by antibodies as in other immuno-based methods. However,
instead of labeling the antibody with an enzyme or a fluo-
rophore, a molecularly functionalized noble metallic nanoparticle
is employed [19]. In our work we used Au/Au core/satellite par-
ticles with Raman-active reporter molecules on the surface [20].
The unique Raman signature of the molecule can be enhanced
by the gold nanostructure upon resonant optical excitation and is
used for the identification of the particles [21]. The SERS
nanotag-antibody conjugates are then localized on single cells or
tissue specimen by Raman microspectroscopy. With the help of
iSERS it is possible to overcome the limitations of the standard
techniques for localizing PD-L1 on skin tissue since the use of
SERS nanotags instead of HRP enzyme or fluorophores has sev-
eral advantages. As mentioned before, specimens with malignant
melanoma exhibit strong autofluorescence. This can be over-
come by the application of red to near-infrared laser excitation
which minimizes the disturbing effect of autofluorescence and
improves the image contrast [22, 23]. In contrast to fluorescent
dyes, the nanotags are chemically stable and inert against photo-
bleaching. Overall, iSERS is a fast and reproducible method for
protein localization on single cancer cells [24, 25].

2 | MATERIALS AND METHODS/
EXPERIMENTAL

2.1 | Materials

Tetrachloroauric acid (HAuCl4 ∙ 3 H2O), 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC), N-
hydroxysulfosuccinimide sodium salt (sulfo-NHS), bovine
serum albumin (BSA), (11-mercaptoundecyl)-N,N,N-
trimethylammonium bromide (MUTAB), poly(sodium-
4-styrenesulfonate) (PSS), 7-mercapto-4-methylcoumarin
(MMC) and 4-(2-hydroxyethyl)-1-piperazine ethane sulfonic

acid (HEPES) were purchased from Sigma Aldrich. Phos-
phate buffered saline (PBS) was prepared by dissolving pow-
der purchased from Biochrom GmbH, Germany, in Milli-Q
water. Paraformaldehyde (PFA) solution (4% in PBS) was
obtained from Affymetrix/Thermo Fisher, Germany. Rabbit
anti-PD-L1 antibody [clone 28-8] was obtained from Abcam,
Germany. Goat anti-rabbit antibody was purchased from
Thermo Fisher, Germany. Ultrapure water (18.2 MΩ cm, Mil-
lipore) was used throughout the experiments.

2.2 | Cell culture and preparation

The human breast cancer cell line SkBr–3 was purchased from
American Type Culture Collection (ATCC, Manassas, Vir-
ginia). SkBr–3 cells were cultured in McCoy's 5a Medium
(Gibco by Life Technologies, Thermo Fisher Scientifc, Wal-
tham, Massachusetts) supplemented with 10% (vol/vol) fetal
calf serum (Gibco), 1% (vol/vol) penicillin-streptomycin (Sigma
Aldrich, St. Louis, Missouri), 7.5% (vol/vol) sodium bicarbon-
ate (Gibco) and 200 mM L-glutamine (Gibco). Cells were
grown at 37�C in a humidified atmosphere with 5% CO2. Sub-
cultivation was performed with trypsin-EDTA solution (0.05%
trypsin, 0.02% EDTA, Sigma Aldrich). A total number of
ca. 105 SkBr3 cells were cytospinned on glass slides coated
with poly-L-lysine (R. Langenbrinck, Emmendingen, Germany)
at 1000 g for 6 minutes and air-dried overnight at RT.

2.3 | Synthesis of SERS nanotags and
antibody conjugates

The Au/Au core/satellite nanoparticles comprise a positively
charged 50 nm gold nanosphere (core) [26, 27] with a smooth
surface (AuNSs), coated with the linker molecule MUTAB
and the Raman reporter MMC, as well as negatively charged
30 nm gold nanoparticles (satellites) (AuNP) [28]. The assem-
blies are stabilized by a PEG shell (HS-PEG-COOH) to avoid
non–specific binding of the SERS nanotags to cells. The last
step is the bioconjugation of antibodies to the SERS nanotags.
The carboxyl groups were activated by EDC/sulfo-NHS for
25 minutes at RT. The rabbit anti-PD-L1 antibody was added
to the activated SERS colloid and incubated for 2 hours at RT
and then overnight at 4�C. The suspension was washed with
2% BSA/PBS four times in order to remove any unreacted
antibodies and then suspended in 2% BSA/PBS solution for
subsequent cell staining.

2.4 | Cell fixation, blocking and staining

The cytospinned cell slides were washed with PBS buffer three
times to remove the remaining culture medium. Next, 4% PFA
was added onto the cell slides and incubated for 15 minutes at
RT for fixation. After incubation, the cell slides were washed
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with PBS buffer three times to remove an excess of 4% PFA.
In order to unmask the antigen, heat-induced epitope retrieval
was performed. The cell slides were heated at 95�C for
10 minutes in citrate buffer pH 6, cooled down and washed in
PBS buffer. Then 2% BSA/PBS solution was added to the cells
slides as a blocking reagent for 2 hours at RT to reduce any
unspecific binding and background. The primary antibody was
incubated on the SkBr–3 cell slides for 1 hour at 37�C. After-
ward, the slides were stained with the SERS-labeled secondary
antibody for 8 hours under shaking. Finally, the cell slides were
washed three times with PBS buffer and once with water to
remove any unbound SERS nanotags and then mounted.

For the IF staining the primary antibody was incubated
on the SkBr–3 cell slides for 1 hour at 37�C. Then, the
fluorescent-labeled (AF647 dye) secondary goat anti-rabbit
antibody was incubated for 40 minutes at RT. Finally, the
cell slides were washed three times with PBS buffer and
once with water before mounting.

2.5 | iSERS microscopy on single breast
cancer cells

Single cells were identified in the bright field for imaging of
selected areas by confocal Raman microscopy (WITec alpha
300 R, grating monochromator with f = 30 cm focal length,
EM-CCD grating). A 40× air objective with cover glass

correction and a NA of 0.6 (Olympus LUC Plan FLN) was
used. The 632.8 nm radiation from a He-Ne laser with a power
of 1.2 mW at the sample was employed for exciting Raman
scattering. The integration time per pixel was 100 ms. For the
localization of PD-L1 on single cells, the cells were at first iden-
tified in the bright-field. Next an area was selected for the SERS
mapping and investigated with an integration time of 100 ms
and a laser power of 1.2 mW at the sample. After performing
the mapping experiments the recorded SERS spectra were
processed. Raw spectra were smoothed via the Savitzky-Golay
algorithm (7th order polynomial, 31 points). Then a baseline
correction (Whittaker-Henderson procedure [29]) was per-
formed. Mean spectra with error bars were calculated using a
MATLAB algorithm (shadedErrorBars). For each pixel the
maximum intensity of the Raman peak centered at
ca. 1590 cm−1 was determined by using a Lorentzian line pro-
file and a nonlinear least square algorithm in order to generate
the corresponding SERS false-color images.

3 | RESULTS AND DISCUSSION

3.1 | Characterization of Au/Au core/satellite
particles (SERS nanotags)

Figure 1A shows a transmission electron microscopy (TEM)
image of a single Au/Au core/satellite particle and Figure 1B

FIGURE 1 Characterization of Au/Au core/satellite particles. A, TEM image; B, SEM image; C, extinction spectrum; D, SERS spectrum of
MMC; E, size distribution; F, correlative single-particle real-time imaging. MMC, 7-mercapto-4-methylcoumarin; SEM, scanning electron
microscopy; SERS, surface-enhanced Raman scattering; TEM, transmission electron microscopy
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a scanning electron microscopy (SEM) image. The UV/Vis
extinction spectrum of Au/Au core/satellite particles exhibits
two plasmon peaks. The peak at ca. 700 nm is assigned to
a plasmon coupling mode of the core and the satellites
[30, 31]. A SERS spectrum with the characteristic Raman
peak of MMC at 1590 and 1200 cm−1 is shown in
Figure 1D. Based on DFT calculations, we assign these two
normal modes to a C═C stretching mode and a ring breath-
ing mode, both with dominant contributions from the phenyl
ring with the thiol group. The hydrodynamic radius of the
particles before the bioconjugation, as determined by
dynamic light scattering, is (88 ± 2) nm. Correlative Ray-
leigh/Raman single-particle real-time imaging of the Au/Au
core/satellite particles using a home-built optical setup was
performed for demonstrating their single-particle brightness

[32]. Figure 1F shows snapshots from a video recorded dur-
ing the measurement. Individual particles can be observed in
both the elastic (left) and the inelastic (right) channel which
confirms the SERS activity of Au/Au core/satellite particles
at the single-particle level [28, 33].

3.2 | Specificity of anti-PD-L1-antibody/SERS
nanotag-conjugates in single cell iSERS
microscopy

The most important aspect in immunostaining is the unam-
biguous demonstration of binding specificity. This is espe-
cially crucial in iSERS microscopy since the relatively large
SERS nanotags (~100 nm compared to ca. 15 nm for an

FIGURE 2 Localization of PD-L1 on SkBr-3 cells by iSERS microscopy. Fluorescence images (1A, 2A, 3A, 4A), iSERS false-color images
(1B, 2B, 3B, 4B) and mean SERS spectrum (1C, 2B, 3B, 4B). Scale bar is 5 μm. iSERS, immuno-SERS microscopy; SERS, surface-enhanced
Raman scattering
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IgG) may affect the binding affinity of the corresponding
antibody.

Figure 2 shows the SERS mapping results for four single
cells. The exact position of the cell is showed by the fluores-
cence visualization on the left side (Figures 1A, 2A, 3A and
4A). In the middle the scaled false-color images are shown

(Figures 1B, 2B, 3B and 4B), on the right side the
corresponding mean SERS spectra with error bars showing
the signal fluctuations (Figures 1C, 2C, 3C and 4C). Yellow
and red pixels in the false-color images indicate that the sig-
nals of the SERS nanotags were detected. For the interpreta-
tion of the false-color SERS images only pixels with

FIGURE 3 Visualization of the contributing low-intensity pixels. A, D, Fluorescence images; B, E, false-color images with reduced color
scale bar; and C, F, mean SERS spectrum. Scale bar is 5 μm. SERS, surface-enhanced Raman scattering

FIGURE 4 Four
fluorescence images from two
different samples (left column:
sample 1 and right column:
sample 2) with a green filter
(1A and 2A) and with a red filter
(1B and 2B). Sample 1 (left
column) was incubated with both
primary AB and the
AF647-labeled secondary
AB. Sample 2 (right column) is a
negative control and was
incubated only with the
AF647-labeled secondary AB, but
not with primary AB. The
comparison of image 1B and 2B
demonstrates specific binding of
the primary anti-PD-L1 AB. The
comparison of image 1A and 2A
shows the autofluorescence upon
excitation with a Hg lamp in
combination with a 488 nm
excitation filter. AB, antibody
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integrated Raman intensities larger than 100 counts (thresh-
old manually set by user) were considered and the color
scale was adjusted accordingly. The pattern of the false-
color SERS images shows that PD-L1 can be selectively
localized on the cell membrane of the SkBr-3 cells.

Negative control experiments were performed in order to
confirm the specificity of the staining. Specifically, SERS-
labeled secondary antibodies were incubated on SkBr-3 cells
without the previous addition of the primary antibody. Posi-
tive and negative controls were carried out under the same
conditions. The corresponding false-color images are
depicted with the same color scale bar. The negative control
(Figure S1A,C) shows no pixels with SERS signals above
the threshold of 100 counts for the integrated Raman inten-
sity. This suggests that no non–specific binding occurs at all.
However, this is certainly not the case. The inspection of the
corresponding mean SERS spectrum clearly reveals some
detectable signals (Figure S1B,D).

The selective visualization of the contributing low-
intensity pixels requires an adjustment of the color scale
bar; upon reduction of the upper limit from 25 000 counts
(Figure S1A,C) to 2500 counts (Figure 3B,E) the low-
intensity pixels attributed to nonspecific binding become vis-
ible. In order to assess whether this non-specific binding
occur on the cells or on the glass slide, a visualization of the
cells is required. We employed the integrated intensity from
300 to 2700 cm−1 which covers both SERS and especially
also the underlying broad autofluorescence contribution
from cellular chromophores. The corresponding image is
depicted in Figure 3A,D. A comparison with Figure 3B,E
suggests that non-specific binding occurs dominantly on the
glass substrate as the low-intensity SERS pixels are mostly
observed at positions where no cells are present.

In addition to iSERS experiments also immunofluores-
cence (IF) staining of the SkBr-3 cells was performed. IF
staining of PD-L1 [34] was carried out parallel to the iSERS
staining experiments under the same conditions. The only
difference is the incubation time with the fluorophore-
labeled secondary antibody (40 minutes for IF vs 8 hours for
iSERS). We suppose that the reason for the longer incuba-
tion time for iSERS might be the overall size and weight of
the SERS nanotags, causing slower binding to the primary
antibodies. The fluorescence images are shown in Figure 4.

Overall, the presented false-color images in Figure 2
demonstrate the capability of iSERS for selectively localiz-
ing PD-L1 on single SkBr-3 cells. The presented results con-
firm earlier iSERS PD-L1 results on MDA-MB-231
cells [16].

Stable and bright molecularly functionalized gold
nanoparticles (SERS nanotags) with a localized surface
plasmon resonance (LSPR) in the red to near-infrared are a
pre-requisite for obtaining high quality background-free

staining of target proteins such as PD-L1 on colored and
autofluorescent specimen. These optical considerations for
background-free imaging guide the rational design of SERS
nanotags for iSERS microscopy on cells and tissue speci-
men. Au/Au core/satellite particles fulfill all necessary
criteria: (a) they exhibit a LSPR in the red region of the
UV/Vis extinction spectrum; (b) they are bright since
plasmonic coupling between the Au core and the Au satel-
lites leads to hot spots (very high local electric field
strengths), which generate very strong SERS signals;
(c) they are stable due to surface chemistry preventing the
aggregation of the colloid [33]. We employ Au/Au core/sat-
ellite particles with Raman-active reporter molecules on the
surface of the core [28]. The unique Raman spectrum of the
reporter molecule is enhanced by the gold nanostructure
upon resonant optical excitation and is used for the identifi-
cation of the SERS nanotag [19]. In this proof of concept
study we demonstrate the suitability of anti-PD-L1 antibody-
Au/Au/ core/satellite nanotag conjugates in iSERS micros-
copy for the selective localization of the predictive PD-L1
marker on single SkBr-3 cancer cells using SERS nanotags
in combination with red laser excitation for minimizing
interferences from background and autofluorescence. The
negative control experiment with the omission of the pri-
mary anti-PD-L1 antibody confirms the binding specificity
of the SERS-labeled antibodies. Overall, these promising
results on single cells pave the way for future high-quality
background-free staining of PD-L1 on tissue specimen.
Future work will aim at the localization of PD-L1 on FFPE
tissue [35].
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