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SERS Tags Derived from Silver Nanoparticles and Aryl Diazonium
Salts for Cell Raman Imaging

Da Li,® Philippe Nizard,*? Delphine Onidas,® Aazdine Lamouri,® Jean Pinson,® Samia Mahouche-
Chergui,® Kelly Aubertin,? Florence Gazeau, Yun Luo*? and Claire Mangeney*?

The surface functionalization of silver nanoparticles (NPs) by Raman reporters has stimulated a wide interest in recent
years for the design of Surface-Enhanced Raman Spectroscopy (SERS) labels. However, silver NPs are prone to oxidation
and aggregation, which strongly limits their applications. The design of stable SERS tags based on Ag NPs still represents a
major challenge for Raman bioimaging. We address this issue herein by taking advantage of aryl diazonium salt chemistry
to obtain stable Ag NPs functionalized by multifunctional polyaryl layers bearing different Raman reporters (-NO2, -CN, -
CCH). The resulting SERS-encoded Ag NPs were characterized by UV-vis absorption, transmission electron microscopy
(TEM) and SERS. The formation of multilayers at the surface of Ag NPs gives access to new spectrally distinguishable SERS
codes thus broadening the library of available Raman tags. Proof-of-concept Raman imaging experiments were performed
on cancer cells (HeLa) after NP uptake, highlighting the large potentials of diazonium salt chemistry to design Ag NPs-

based SERS labels for Raman bioimaging.

Introduction

Sensing and imaging technologies based on the use of
optically encoded particles have received growing interest
these last decades for medical diagnosis and bioimaging.1#
Among the portfolio of reported encoded particles, optical
labels based on plasmonic nanoparticles (NPs) are particularly
attractive, due to their unique plasmon resonance properties
resulting in enhanced electromagnetic fields at the NP
surface.>® This property has been exploited in Surface-
Enhanced Raman Spectroscopy (SERS) to enhance the Raman
scattering of molecular probes adsorbed onto metallic NPs,”8
yielding SERS-encoded NPs. Advantages of SERS labels over
fluorescent probes include the sharp “fingerprint” signals of
Raman spectra with multiple sets of narrow peaks, providing
high multiplexing capacity with negligible photobleaching.%-11
The choice of the metallic core in SERS-encoded NPs is a
critical parameter.1213 Gold NPs are very popular because they
exhibit superior biocompatibility and long-term stability. In
contrast, silver NPs are easily oxidized and less stable than gold
NPs. However, they are cheaper to produce and are the most
efficient Raman signal-enhancing materials. Indeed, they give
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rise to intense SERS signals, typically 10 to 100 times higher
than the ones obtained with similar gold NPs, due to lower
damping rates of the plasmon mode.1416 The design of robust
and stable SERS tags based on Ag NPs is thus a critical issue for
Raman imaging. To obtain bright SERS tags with improved
chemical stability and biocompatibility, various surface
modification strategies of Ag NPs have been reported using
thiols,17:18 silical® or polymer layers.2021 However, thiols are
prone to degradation upon laser irradiation and can be
exchanged in complex biological media, compromising their
efficacy and reliability.2223 The coating of Ag NPs by silica or
polymer layers proved efficient to protect and stabilize the
tags. For example, monodisperse polymer-coated Ag nanorods
encoded with five different Raman reporter molecules were
elaborated and evaluated for intracellular SERS imaging.2*
Thanks to the polymer coating, the nanohybrids displayed
long-term stability, low cytotoxicity and high biocompatibility.
However, this approach involves additional chemical layers
and multistep procedures. The development of alternative
surface functionalization strategies to obtain a wide range of
chemically stable silver-based SERS-encoded NPs remains
therefore an important challenge.

The use of surface functionalization agents based on aryl
diazonium salts has been proposed recently as an alternative
to thiol self-assembled monolayers for the modification of
plasmonic nanoparticles.2>26 The main interests of these
molecules for surface functionalization rely on (i) the simple
protocols for their synthesis and surface grafting,2-2% (ii) the
wide range of available terminal groups, (iii) the creation of
strong surface-C interfacial bonds3° and (iv) the possibility to
form multifunctional polyaryl layers due to the high reactivity



of aryl radicals, generated upon decomposition of the
diazonium salts. Owing to these interesting properties, aryl
diazonium salts were applied to the functionalization of
plasmonic NPs for various applications, including bioimaging,3?
nanosensors3233 and antimicrobial materials.34 Recently, these
molecules were also used as Raman reporters for the design of
SERS encoded gold NPs.3®> The resulting Au nanoprobes
combined unique SERS spectra and post-functionalization
capacity for the attachment of a nucleotide, adenosine 5’-
monophosphate. This nucleotide was identified recently as a
tumour-targeting ligand, through adenosine Al receptor.3®
However, the use of diazonium salts for the elaboration of
SERS tags based on silver NPs has never been reported yet.

We fill this gap in the present paper by taking advantage of
the valuable features of aryl diazonium salts to design robust
Ag-based SERS labels with large encoding capabilities due to
the surface polymerization of various encoding elements.
Spherical Ag NPs were chosen here as proof of concept as they
are simple to prepare and they are used extensively in the
literature. However, it is noteworthy that diazonium salt
chemistry was successfully applied in the literature to
plasmonic NPs with various shapes including spheres, rods,?28
triangles,3’—stripes,?® multibranched3* and dendrimers.38
Therefore, this study should be easily adaptable to a wide
range of plasmonic NPs, including anisotropic Ag NPs. Three
aryl diazonium salts with different para-substituents (-NO3, -
C=N, - C=C-H) were selected due to their intense and
characteristic SERS signals3® making them ideal candidates to
act as Raman reporters. They were used either as single
functional layers around Ag NPs providing a SERS signature
characteristic of the chosen functional group or as
multifunctional layers, combining different SERS signatures
and giving access to new spectrally distinguishable codes (see
Fig. 1). The resulting SERS-encoded Ag NPs were characterized
by UV-vis absorption, TEM and SERS.

Figure 1. Representative scheme of the preparation process of SERS
encoded tags based on aryl diazonium salt chemistry. Aqueous Ag NPs
solutions were mixed with aryl diazonium salts bearing different
Raman reporter groups (Ri.3= NO2, C=CH, C=N), following a sequential
process.
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Experimental

Synthesis of aryl diazonium salts (D-NO2, D-CCH and D-CN)
Aryl diazonium salt D-NO, was prepared by the method
published previously by our group.3> 2 g of 4-nitroaniline
(299%, Sigma-Aldrich) and 10mL of acetonitrile (299.9%,
Sigma-Aldrich) were sequentially added to 12mL of
tetrafluoroboric acid (48% in H20, Sigma-Aldrich). Then the
mixed solution was transferred to an ice water bath and
cooled down to 2°C under continuous stirring. Afterwards, 2
mL of tert-butyl nitrite (90%, Sigma-Aldrich) was added to the
reaction solution drop by drop. The solution was incubated for
30 min under stirring. After 3 times washes by diethyl ether
(299.7%, Sigma-Aldrich), the resulting diazonium salt D-NO,
was dissolved in acetone (299.9%, Sigma-Aldrich) and kept at
room temperature for drying. For the preparation of D-CCH
and D-CN, 4-ethynylaniline (97%, Sigma-Aldrich) and 4-
aminobenzonitrile (98%, Sigma-Aldrich) were used as
corresponding precursors based on the same protocol.

Synthesis of citrate-coated silver NPs

Ag NPs were synthesized by the reduction of silver nitrate
(299.0%, Sigma-Aldrich) based on previous report.49 Briefly, 80
uL of 0.1M L-ascorbic acid (99%, Sigma-Aldrich) and 1.1 mL of
0.1M sodium citrate (anhydrous, 299.5%, Sigma-Aldrich) were
added to 80 mL boiling deionized water simultaneously. After
boiling for 1 min, 2 mL of 0.01 wt% polyvinylpyrrolidone
(average mol wt 360,000, Sigma-Aldrich) and 240 pL of 0.1M
aqueous silver nitrate were injected to the boiling solution
under continuous stirring. The color of the solution changed
from colorless to orange quickly. After 5 minutes of reaction,
the heating and stirring were stopped and the solution was
cooled down to room temperature.

Surface functionalization of Ag NPs by diazonium salts

For surface functionalization of Ag NPs, 10 uL of aryl
diazonium salts (D-NO,, D-CCH or D-CN, concentration of 103
M) were added into 2 mL Ag NPs solution and left to react for
60 min at room temperature. Then 40 pL of 0.01 wt%
polyvinylpyrrolidone were added to the solution for
stabilization of the NPs. After 60 min at room temperature, the
functionalized Ag NPs were washed in deionized water with a
centrifugation/redispersion process for 3 times and the
obtained samples were noted Ag@R; (Ri stands for the
functional group of the grafted polyaryl layer). The second and
third polyaryl layers were grafted with a similar
functionalization process and the corresponding samples were
named Ag@R1@R; and Ag@R1@R.@R;3, respectively.

Cell culture, uptake and cytotoxicity

Hela-HSP70/GFP cells*! were grown in DMEM (Gibco) added
by 10% FBS (Corning), 1% antibiotics (50 Units. mL?1 of
penicillin 50 pg. mL? of streptomycin) (Gibco) and Geneticin
(100 pg. mL1) (Gibco), at 37°C, 5% of CO, and 90% of humidity.

For the investigation of cell uptake, 300,000 Hela-
HSP70/GFP cells in 2 mL of medium were seeded in a 6 wells
plate (each well containing a coverslip previously incubated for
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5 min in Ethanol 70% and rinsed 3 times with PBS 1X). After 24
hours, the medium was replaced with 2 mL of fresh medium
containing diazonium modified Ag NPs. For this, the bare and
functionalized NPs were previously washed in water and re-
suspend with 2 mL of medium to reach a 20 pg. mL?
concentration. Each type of functionalized Ag NPs was
incubated individually with cells. After incubating for 6h, cells
were rinsed with PBS 1X (tablet, Sigma-Aldrich) once and
incubated for 30 min with 4% PFA (16%, Alfa Aesar™,
FisherScientific) solution. The coverslips were ready for SERS
analysis after 3 washes with deionized water. Cytotoxicity was
assessed by AlamarBlue™ assay (InVitrogen). 3,000 cells Hela-
HSP70 /GFP were seeded in each well of a 96-wells plate in
200 pL of medium. After 24 hours, medium was replaced by
200 pl of medium containing diazonium modified Ag NPs and
cells were incubated for further 6 hours. Then medium was
replaced by 100 pL of medium containing 10 % of
AlamarBlue™ and incubated for 18h. Then the fluorescence
(Ex 540- Em 590) associated to the wells were read on a
SpectraMax® iD3Multi-Mode Microplate Reader (Molecular
Devices). The cytotoxicity experiment was performed three
times (only twice for Ag@NO;) with 3 technical replicates.
Non-linear regression followed by an Absolute IC50 model was
performed with baseline constant to O using GraphPad Prism
version 9.0.0 for Windows, GraphPad Software, San Diego,
California USA, www.graphpad.com.

Techniques

The morphology and size distribution of Ag NPs were
investigated by TEM images, which were recorded by Tecnai
microscope (120 kV) and 4k x 4k Eagle camera (Thermofisher,
USA). All the carbon grids were primarily subjected to glow
discharge treatment, followed by deposition of 4 pL of sample
and incubation under room temperature for 1 min. Then 50 uL
of uranyl acetate (2 %) was added on the grids before TEM
imaging. The extinction spectra of Ag NPs and stability of the
colloidal solutions were studied by UV-vis spectroscopy
(Shimadzu 2700 UV-vis spectrometer). The SERS spectra and
Raman images of cells were recorded using a Horiba XploRA
PLUS Raman microscope with 638 nm laser and 2s exposition
time. Hydrodynamic diameters (Du) were determined by
dynamic light scattering (DLS) using a Vasco-Flex particle size
analyzer (Cordouan Technologies).

Results and discussion

The main steps for the functionalization of Ag NPs by aryl
diazonium salts are illustrated in Fig. 1. Spherical silver NPs
were first synthesized by citrate reduction of AgNOs3, resulting
in NPs with an average diameter of ca. 25.9 nm (standard
deviation orem= 4.9 nm), as observed by TEM (see Fig. 2 and
Fig. S1). The aryl diazonium salts (final concentration 5 puM)
were then added to the aqueous Ag NPs colloidal solution ([Ag
NPs] = 6.4 nM) and the reaction was carried out at room
temperature during 60 min, which 0.01 wt%
polyvinylpyrrolidone (PVP) was added as a stabilizer. The

after
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obtained Ag NPs were purified through 3 cycles of
centrifugation/redispersion in water, and named AgNP@R;,
where R; stands for the functional group carried by the first
polyaryl layer.

Figure 2. Typical TEM images of (a) bare Ag NPs and (b) Ag@NO,. Scale
bare = 50 nm. The insets show zoom of each figure to better observe
the surface coating.

For the bifunctional and trifunctional NPs, a second and
third type of aryl diazonium salt (5 uM) were added after the
first grafting step, using similar procedures as described above.
The resulting SERS encoded tags were noted Ag@R;@R,@Rs3,
where R,3 stands for the functional groups carried by the
second and third polyaryl layers, respectively. The
hydrodynamic diameters measured by DLS, before and after
Ag NP functionalization, ranged from 32 to 51 nm (PDI
between 0.24 and 0.31, see Table S1). It is noteworthy that the
functionalization steps do not modify the initial colloidal
stability of Ag NPs, as observed from the TEM images recorded
before and after reaction with diazonium salts, evidencing
individually dispersed NPs (see Fig. 2 and Fig. S1). The
preservation of colloidal stability was also verified by recording
the UV-vis spectra of the modified Ag NPs (see Fig. 3a and Fig.
S2), revealing that the shape of the extinction curve was
retained after functionalization.
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Figure 3. (a) Normalized UV-vis spectra of Ag NPs (black line), Ag@CN
(red line), Ag@CN@NO: (green line) and Ag@CN@NO:@CCH (blue
line); (b) Plot of AA (red shift of plasmon band) vs the number of
grafted layers around Ag cores for the step-by-step functionalization of
Ag@CCH@CN@NO,, Ag@NO,@CCH@CN and Ag@CN@NO,@CCH.

In the meanwhile, the plasmon band progressively red
shifted upon grafting of the polyaryl layers, with larger shifts
(up to ca. 14-18 nm) observed in the presence of
multifunctional layers (Fig. 3b). The colloidal stability of SERS
labels was also assessed in concentrated NaCl solutions
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([NaCllaq = 0.2M and 1M). As observed in Fig. 4, the Ag NPs
coated by single aryl layers (Ag@NO,, Ag@CN, Ag@CCH) and
PVP appear more stable than bare uncoated NPs, which
immediately aggregate upon NaCl addition, even at the lowest
tested concentration ([NaCl] = 0.2M). However, the presence
of single aryl layer coatings couldn’t prevent NPs aggregation
at high NaCl concentrations, Interestingly, the colloidal
stability was further improved in the presence of multilayers,
for which no sign of aggregation could be detected, even after
the addition of high NaCl concentrations (1M). The colloidal
stability of all samples was also assessed over time in both
pure water media or 0.2 M NacCl solutions. The shape of the
extinction spectra remained unchanged after 7 weeks (see Fig.
S3) with no sign of aggregation, confirming the long-time
stability of the SERS labels.
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Figure 4. Normalized UV-vis spectra of bare Ag NPs coated by (a, c)
single polyaryl layers or (b, d) multilayers, before (dotted lines) and
after (full line) addition of (a, b) NaCl (0.2 M) or (c, d) NaCl (1M). It is
noteworthy that 0.01 wt% PVP was present in all functionalized Ag NPs
samples.

The SERS spectra displayed in Fig. 5 were recorded from
dried drops of Ag NPs samples deposited on a glass plate,
using a 638 nm laser source. It is noteworthy that the SERS
spectra recorded on Ag NPs colloidal dispersions (Fig. S4) were
very similar to the ones obtained on dried drops but with
lower signal intensities. For all samples, the spectra revealed
the characteristic signatures of the polyaryl layers grafted
around the Ag NP cores. The aryl ring stretching peak can be
observed at ca. 1550-1625 cm™ and the Ag-C stretching
vibration appears at ca. 400 cm, confirming the covalent
nature of the interfacial bond between the silver surface and
the aryl grafted layers.42#4 In addition, each functional group
brings distinct features, at 1325 cm~! for NO; (vno2), 1960 cm™?
for CCH (vce) and 2220 cm for CN (ven). It is to note that for
all samples, the intense N=N stretching vibration peak present
in the Raman spectra of the parent aryl diazonium salts at ca.
2280-2300 cm™ (Fig. S5) is no more detectable after Ag NPs
functionalization, in agreement with the release of N; upon
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grafting.?> Interestingly, each combination of functional layers
within the Ag NP coating leads to a different global SERS
signature, which can be associated to a distinct code or color
in Raman imaging. The formation of multilayers thus broadens
the library of available Raman tags.

Ag-C NO: Aryl -cc  W-cN

5000
Ag@NO@CN@CC

Ag@CC

Intensity / cps

Ag@NO:

T T

T T
500 1000 1500 2500

Raman shift / em™'
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* color2 (e
* color3 (-0,
_* Colora (§ —@_ NO, — CN — CC

Figure 5. SERS spectra of the three single layer-SERS tags and
multilayer-coated Ag@NO.@CN@CCH NPs. The excitation wavelength
was 638 nm, and the exposure time was 2 s. The molecular structures
of the three Raman reporters derived from aryl diazonium salts and
the multilayer-coated Ag@NO.@CN@CCH NPs are illustrated below.

v Color1

Evaluation of the Raman capacity of the
functionalized Ag NPs for bioimaging was carried out by
exposing Hela-HSP70/GFP cells to the various SERS labels, re-
suspended in 2 mL of medium to reach 20 pg.mL?. Fig. 6
displays the Raman images of cells after NP uptake. The
different NPs were incubated in individual cell cultures in 6
wells plates for 6 hours. Different colours were assigned to
each characteristic signature: the signal of Ag@NO, was
associated to the red, the Ag@CCH signal to the green and
that of Ag@CN to the blue. The detection of the Raman
reporter signals in localized area evidenced the presence of
the NPs, probably accumulated within endosomal
compartments. The multilayer-coated NPs offer additional
vibrational fingerprints, based on the various possible
combinations of peaks associated to the different functional
groups present in the coating. For example, the signal of
Ag@CN@NO,@CCH NPs inside cells exhibits the characteristic
peaks of each Raman labels (NO,, CN, CCH), resulting in a
distinct color code, here magenta. These results emphasize the
great potential of diazonium salt chemistry to obtain a new

labelling
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generation of SERS labels based on Ag NPs for multiplex
Raman bioimaging.
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Figure 6. (a) Raman images of HELA-HSP70/GFP cells after uptake of various SERS labels (re-suspended with 2 mL of medium to reach 20 pg.mL
1), as indicated on the left panel: Ag@NO,, Ag@CCH, Ag@CN and Ag@CN@NO@CCH. The right column displays the overlay images of cell bright
field pictures and Raman images. Scale bar: 5 um. The Raman spectra in the red, green, and blue channels correspond to the signals of NO,, CCH
and CN, respectively. (b) Corresponding SERS spectra for each SERS tags. The SERS images were obtained with a 638 nm laser (30 mW) and a

100x objective lens.

Cytotoxicity of SERS labels was assessed by an Alamar
Blue assay. Hela-HSP70/GFP cells were incubated with
different amounts of SERS labels for 6 hours in 96-well plates.
At the concentrations of NPs used for the Raman imaging
experiments (20 pg.mL1), the SERS labels exhibit cytotoxicity
values (normalized viability) between 60 and 30 % (Fig.7 and
Table S2 for raw data).

Ag@ (n=3)

Ag@CCH (n=12)

Ag@CN (n=12)

Ag@NO, (n=12)
Ag@CN@NO2@CCH (n=9)

Normalized viability
(% of control)

10 100
Concentration (pg.mL™)

Figure 7. Viability of HELA-HSP70/GFP cells after incubation with
different amounts of SERS labels and bare uncoated Ag NPs, for 6
hours.
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The cytotoxicity of SERS labels was also assessed on Hela-
HSP70/GFP in 6-well plates at 2 and 20 pug.mL (see Fig. S6 and
Table S2, Sheet Cytotoxicity in 6-well plate) and on fibroblasts
(see Fig. S7 and Table S2) showing similar values that the ones
obtained with Hela-HSP70/GFP in the 96-well plates.
Interestingly, bare uncoated Ag NPs exhibit a slightly more
cytotoxic effect, suggesting that surface functionalization by
aryl diazonium salts tends to reduce cytotoxicity.

Conclusions

Aryl diazonium salt chemistry was used to functionalize Ag NPs
for the design of a new generation of SERS encoded-nanoparticles.
Ag NPs functionalized by multifunctional polyaryl layers bearing
different Raman reporter groups (-NO;, -CN, -CCH) were obtained
using this approach. This surface functionalization strategy offers a
promising alternative to thiol self-assembled monolayers, with the
possibility to form multilayers around the silver cores, through a
fast and user-friendly protocol (water solvent, air, room
temperature). The surface polymerization of multiple Raman codes
was shown to provide access to new spectral combinations thus
broadening the library of available SERS tags. In addition, the
presence of covalent bonds between the Raman labels and the
silver cores guarantees the robustness of the SERS labels. After
internalization in Hela-HSP70/GFP cell lines and likely accumulation
in endosomes, the various SERS-encoded NPs could be visualized as
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distinct bright spots with spectrally distinguishable codes. These
proof-of-concept results demonstrate the valuable assets of aryl
diazonium salts to design Ag NPs-based SERS tags for Raman
imaging.
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