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The synthesis of nanocarriers for the delivery of the antitumor drug
cisplatin is reported. Multimodal-imaging consisting of surface
enhanced Raman scattering and laser ablation inductively coupled
plasma time of flight mass spectrometry was used to visualise the
intracellular uptake of both the nanocarrier and drug.

Since its approval in 1978 cis-diamminedichloridoplatinum(u),
known as cisplatin, has been one of the leading metallodrugs
prescribed for treatment of solid tumors.'™ However, its clin-
ical use is hindered by the toxic side effects>** and therefore
the scientific focus has shifted towards finding alternatives and
adopting more targeted drug delivery approaches.>”

Nanotechnology has a plethora of applications in this field,
where nanoparticles (NPs) can be adopted as drug delivery vehicles
promoting the preferential drug uptake in tumors compared to
healthy cells."”*” Various nano-based systems have been reported
over the years facilitating the controlled delivery of cisplatin, such
as polymeric NPs, micelles and conjugates,*"® dendrimers,'®
liposomes,"” nanocapsules,'*'® gold NPs (AuNPs),'® ferromagnetic
NPs** and mesoporous silica NPs.*" However, to ensure successful
translation of these nano-delivery systems to a clinical setting, it is
vital to understand their mode of action compared to conventional
chemotherapy treatments. Therefore, there is an urgent need for
the tracking of these systems in complex biological environments,
such as cells, to provide mechanistic insight on their uptake, drug
release and action.

Surface enhanced Raman scattering (SERS) is a valuable
optical imaging tool in the field of oncology, offering a high
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sensitivity platform for molecular targeting with sub-cellular
spatial resolution capabilities.>” As a result, SERS-active nano-
carriers have been previously developed for the intracellular
delivery of cisplatin.> However, the single-mode imaging
offered by SERS can only provide limited information com-
pared to multi-modal approaches, which compensate for the
deficiencies of any single imaging modality.>* Therefore, the
power of SERS originates from its non-destructive nature, as it
can be coupled to complementary imaging techniques. Con-
ventional imaging modalities in cancer research include X-ray
ultrasound, positron emission tomography, computed tomo-
graphy or magnetic resonance imaging.>**® Although each of
these techniques are essential in cancer diagnostics for asses-
sing abnormalities, they provide anatomical and/or functional
information only®® and lack the spatial resolution to investigate
the fate of nano-based systems at a cellular level.

Herein, we demonstrate the advantages of a multi-modal ima-
ging platform consisting of SERS and laser ablation inductively
coupled plasma time-of-flight mass spectrometry (LA-ICP-ToF-MS)
imaging for the intracellular visualization of cisplatin nano-
conjugates (Fig. 1). The complementary nature of the two imaging
techniques, which provides a combination of molecularly specific
information by SERS and multi-elemental information by LA-ICP-
ToF-MS, allows the detailed study of the synthesised cisplatin
conjugates in cells. While SERS provides the spatial resolution to
investigate single-cell uptake, LA-ICP-ToF-MS allows the fast and
parallel detection of both drug and nanocarrier in multiple cells at
once. Moreover, a further advantage of the coupling of these
imaging modalities is the potential for quantification of the
intracellular drug concentration in future studies, using SERS
and an absolute quantitation model previously published by our
group.”” For the synthesis of cisplatin conjugates, AuNPs (a com-
monly adopted SERS substrate) were selected due to their non-toxic
and biocompatible nature.?® To ensure optimal SERS enhancement
capabilities, a AuNP size of 40 nm was selected.” To provide the
dual imaging traceability, the conjugates must consist of two
important markers: a Raman tag that provides a strong SERS signal
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Fig.1 Design of cisplatin conjugates demonstrating the multi-modal
imaging capability for intracellular imaging.

when combined with the surface enhancing properties of the
plasmonic nanostructures; and the elemental tags (Au and Pt)
which are detectable by LA-ICP-ToF-MS. Therefore, the combi-
nation of these imaging modalities allows the location of both
the drug and the nanoparticles to be ascertained.

The selected Raman reporter for this work was a bis-alkyne
moiety (Fig. 1), as it offers the advantage of a fingerprint
SERS peak (2212 cm™ ") within the biologically ‘silent’ region
(1800-2800 cm ™) that is free of background interference from
cellular components.*® The alkyne tag was incorporated within
an organic framework, that was designed to bind both to
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cisplatin and the AuNPs through a carboxylic acid and an
aniline functional group respectively. Detailed protocols on
the synthesis of the linker (ESI,7 Fig. S1) and of the cisplatin
conjugates (ESI,T Fig. S2) can be found in the supplementary
information. We propose that the linker was attached to the
surface of AuNPs through the aniline nitrogen, and it was
experimentally observed that binding was facilitated at pH 8.5
rather than the slightly acidic pH of AuNPs as prepared (ESI, T
Fig. $3). The concentration of the alkyne linker was optimized
to produce a strong SERS signal without inducing colloidal
instability at this stage of synthesis and was found to be 10 pM
(ESIL,f Fig. S4). Following the successful attachment of the
linker to the AuNPs surface, the active part of cisplatin was
tethered to the carboxyl terminus of the linker (Fig. 1). The drug
attachment was validated by ICP-MS, where 2477 4 156 pg kg™
195pt was detected in the conjugate samples translating to
12.66 puM cisplatin loading in 1 mL of conjugates (ESL,T Table
S1). The resulting cisplatin conjugates were characterized
by extinction spectroscopy and particle tracking analysis, which
revealed a monomodal character with minimal presence of
aggregates and an average modal size of 47 &+ 1.7 nm. In addition,
their number-based concentration was 5.6 + 0.2 10" kg™
(ESLt Fig. S5). The short-term stability of the conjugates was
demonstrated with dynamic light scattering and zeta potential
measurements (ESLi Fig. S6). Furthermore, their stability was
investigated in presence of RPMI media (ESL,t Fig. S7). Although
the overall stability of the conjugates was moderate, the observed
minor aggregation did not impact their intracellular uptake.

The dual-imaging traceability was demonstrated by introdu-
cing the conjugates to a cancerous cellular environment to better
understand their mode of action. More specifically, MCF-7 breast
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Fig. 2 3D SERS imaging of cisplatin-conjugate treated cells. A. Schematic illustration of the SERS mapping process. B. White light images of cells
mapped. Subsequent false color images are for the same XY coordinates moving through the Z-plane in 5 um steps and showing the peak area between
2155-2280 cm~*. The maps were collected with a 633 nm laser at Streamline HR high confocality mode at 1 um resolution in the X and Y dimensions and

5 pm between Z stacks. Scale bar is 10 pm.
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cancer cells were cultured and treated with conjugates for
48 hours. Following treatment, the cells were fixed and spatially
mapped by SERS (Fig. 2) and subsequently with LA-ICP-ToF-MS
(Fig. 3). For the SERS analysis, a Renishaw InVia Raman confocal
microscope equipped with a 50x/NA 0.55 N PLAN EPI objective
and a HeNe 633 nm laser excitation source was used. 3D maps
were collected at 1 um resolution in the X and Y dimensions, and
5 um between Z planes. For each sample a total of 5 Z planes were
collected (20 pm range), covering a large area representing the
entirety of a cell cluster (Fig. 2A). To generate the SERS maps, the
total peak area between 2155-2280 cm™ ' was determined for each
collected spectrum and then reconstructed to create a false color
image of the area mapped, where the high intensity pixels
correspond to the presence of the alkyne peak at 2212 cm™'
(Fig. 2B). The fingerprint alkyne peak was observed in all Z planes
of the treated cells, indicating the uptake of the cisplatin con-
jugates into the cells. Moreover, the high intensity pixels in the
Z =0 um plane gradually decreased in intensity in the subsequent
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Fig. 3 LA-ICP-ToF-MS elemental maps (pixel resolution = 10 pm) of
cisplatin-conjugate treated cells with corresponding light microscopy
image of the cells before ablation. The P shows the MCF-7 cells
locations, *°’Au shows the nanocarrier and °°>Pt shows the cisplatin drug
location. The pixel color corresponds to elemental intensity (**P: 5-3000,
197Au: 20-15000 and *°Pt: 5-80 counts).
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planes, which suggested the internalisation of the conjugates
inside the cells rather than their localisation on cell membranes.
Control samples composed of citrate capped AuNPs lacking the
alkyne linker did not show high intensity pixels (ESLT Fig. S8),
confirming that the observed signal originated from the alkyne
and not the NP itself or the cell. To further validate the uptake of
conjugates in the cancer cells, LA-ICP-ToF-MS was used for multi-
elemental imaging. More specifically, the isotopes *'P, **’Au and
195pt were monitored, which can be assigned to the presence of
cell, nanocarrier and cisplatin respectively (Fig. 3). The capability
to quasi-simultaneously study multiple elements per laser pulse,
can enable a detailed study of the conjugate’s mode of action.
Analysis of the same treated cells at a 10 um spatial resolution
showed the co-localisation of both the nanocarrier and the drug
with the cells, further validating their uptake by MCF-7 cells
(Fig. 3A). To demonstrate that the '*>Pt detection was related to
the presence of cisplatin, control samples of MCF-7 cells treated
with bare AuNPs were analysed and showed the absence of
cisplatin (Fig. 3B).

Overall, the power of coupling the two imaging modalities
was demonstrated for the investigation of the intracellular
uptake of cisplatin conjugates. This imaging platform provides
the spatial resolution for a detailed study of the fate of
conjugates in cells, where the drug and nanoparticles can be
monitored as unique species. While SERS provides the
spatial resolution to study single-cell uptake, the coupling to
LA-ICP-ToF-MS allows the fast and parallel detection of both
drug and nanocarrier in multiple cells at once. By adopting this
platform, the intracellular uptake of the conjugates was vali-
dated, with both nanoparticles and the drug being localized
with the cancer cells.

In summary, the synthesis of nanocarriers for the delivery of
cisplatin to cancer cells was presented. The intracellular uptake
of the conjugates and the successful delivery of cisplatin to the
cells were demonstrated by a multimodal imaging platform
consisting of SERS and LA-ICP-ToF-MS imaging. The advan-
tages of combining a molecularly specific, non-destructive
technique like SERS with the multi-elemental imaging offered
by LA-ICP-ToF-MS, can allow a detailed investigation of the
intracellular fate of cisplatin. Future work will involve the
quantitation of intracellular *°’Au and '°°Pt concentrations by
adopting a SERS absolute quantitation model previously pub-
lished by our group.”” We anticipate that these conjugates will
be further explored for their drug delivery effectiveness and
their toxicity compared to conventional cisplatin treatments.

The data associated with this work will be available at the
following link: https://doi.org/10.15129/b8043cc3-d526-4fea-
a3eb-c0027e866f3b.
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