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Surface-Enhanced Raman Spectroscopy (SERS) is well-established as a tool for bio-diagnostics but is often
limited by analyte sensitivity and the need for specialized substrates. Signal enhancement can be achieved
by attaching multiple Raman markers to a single analyte. Dendronic frameworks with multiple Raman
markers attached to the periphery offer an opportunity to examine this idea. In this article, dendrons with
thiophenol groups on their periphery were synthesized and tested as a SERS analyte. For this study,
simple gold nanoparticles (~60 nm) were used as a substrate. A 102 fold enhancement in detection was
observed upon going from a mono-thiophenol (MT) to a tetra-thiophenol (TT). Dendronic Raman
markers increased the probability of SERS occurrence at lower concentrations when compared to
a single Raman active molecule. This strategy extends the applicability of SERS, as these analyte
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Introduction

Sensitive detection for biological applications, especially diag-
nostics, has been a widespread area of interest. Most disease
states commence with slight changes in the cellular processes
which magnifies with disease progression." Thus, early diag-
nosis and regular monitoring becomes paramount for
enhancing treatment efficacy. In view of this, there have been
numerous reports exploiting SERS for disease diagnostics.”
SERS has been extensively used for its ability to obtain
a molecular signature and achieve trace detection of analytes.*™®
With the possibility of customized miniaturized Raman spec-
trometers,'>"" surface-enhanced Raman spectroscopy becomes
a very important tool for bio-diagnostics.

For early diagnosis, where the biological analyte concentra-
tion is low, detecting a Raman reporter labelled to a biomole-
cule becomes advantageous. Various strategies have been
applied to functionalize a Raman reporter to a specific linker
that can target specific biomolecules.””** Cao et al. performed
a multiplexed detection of oligonucleotide targets using gold
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molecules can be just mixed or drop-casted on any kind of SERS substrate.

(Au) nanoparticles labelled with oligonucleotides and dye
molecules.” Later, Ranga et al. developed a high sensitivity assay
for HIV-1 subtype detection using Surface-Enhanced Resonant
Raman Spectroscopy (SERRS)." These assays were highly
specific and manifested high sensitivity up to femtomolar level.
However, early diagnosis of disease progression requires this
limit to be pushed further.

The overall sensitivity of these strategies is influenced by the
signal obtained from the Raman marker. SERS signal intensity
has mainly been enhanced by substrate engineering to maxi-
mize interaction of Raman reporters with the surface of the
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Fig.1 Proposed hypothesis for the SERS based oligonucleotide assay.
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Fig. 2 Structures of thiophenol derivatives synthesized.

substrate.'**®* However, the processes involved in engineering
the substrate are cumbersome and may not be scalable. To
achieve ultra-sensitive SERS detection, other techniques
including analyte modification along with hotspot engineering
is important. In our quest to detect low levels of viral RNA
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(Target probe), we hypothesized that a stronger signal could be
obtained when multiple Raman markers are attached to
a detector strand (Capture probe) as opposed to a single Raman
marker as shown in Fig. 1. Before this can be reduced to prac-
tice, the level of enhancement that can be obtained by attaching
multiple Raman markers to an analyte has to be determined. To
probe this, we chose to determine the detection limit of Raman
markers attached to the periphery of a dendron.

Dendrons are macromolecules which are highly branched
and monodisperse in nature. A large number of functional
groups can be introduced in the periphery of the dendrons with
precise structural control.>*>> We chose the 2,2-bis(methylol)-
propionic acid (Bis-MPA) dendron as a scaffold for connecting
the oligo and the Raman marker. The oligo can be potentially
linked to the focal point of the dendron, while signal
enhancement can be achieved by attaching multiple copies of
the Raman marker in the periphery. As a proof of principle, we
have synthesized a Bis-MPA dendron with a benzyl group in the
focal point and thiophenol as the Raman reporter on the
periphery. This would clarify the potential for signal enhance-
ment that is possible with multiple Raman markers. Other
Raman markers will be explored in future. The analyte with
tetra-thiophenol substitution was detectable consistently up to
a 10”7 M concentration, which was a 100-fold enhancement of
detection concentration when compared to a mono thiophenol.
In addition, these results were obtained using simple colloidal
Au nanoparticles as SERS substrate. The nanoparticles were
prepared using kinetic seeded-growth method.*

Results and discussions

Synthesis of Bis-MPA dendrons were carried out as reported in
the literature.>**” Thiophenol (TP) was chosen as the Raman-
active counterpart in the dendronic structure owing to the
high affinity of thiol molecules towards Au.”® Even though it is
a relatively poor scatterer when compared with dyes like
rhodamine 6G, we chose it for the ease-of-synthesis. The
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Scheme 1 Synthesis of thiophenol derivatives.
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structures of the TP derivatives are shown in Fig. 2. Coupling of
4-S-trityl mercapto phenyl acetic acid with benzyl alcohol using
DCC (N,N'-dicyclohexylcarbodiimide) yielded the trityl pro-
tected mono-thiophenol derivative (Scheme 1). Similarly,
coupling with the Bis-MPA derived diol and the G1 dendron
gave the protected di- and tetra-thiophenol derivatives, respec-
tively. The three derivatives were de-protected using trifluoro-
acetic acid (TFA) and triisopropylsilane (TIPS) to yield the
corresponding thiophenol derivatives (Scheme 1). Details of
synthesis and characterization of the Bis-MPA dendronic
Raman markers are reported in the ESL T

Fig. 3(a) shows the SERS spectra of benzyl 4-mercapto phe-
nylacetic acid (MT) at various concentrations. The MT system
was detectable up to 10> M concentration as expected and seen
in previous reports.”*** The peaks at 1006, 1018, 1080, and
1595 cm ™ are characteristic peaks of TP molecule and assigned
to in-plane ring deformation, in-plane ring deformation and
C-C symmetric stretch, C-C asymmetric stretch and C-S
stretch, and C-C symmetric bending modes respectively.**** For
comparing with the other systems chosen for this study, we
normalized all spectra with respect to 1078 cm™* peak. All
spectra shown in Fig. 3 are background corrected with respect to
the Au nanoparticle (see ESIf for synthesis procedure) and
solvents used. It is to be noted that the origin of the peak
around 1540 cm ' (marked by * in Fig. 3(a)) is unclear and
suspected to come from the ethanol and citrate ions interaction
with Au nanoparticles.

The SERS studies were then extended to di-thiophenol (DT)
and tetra-thiophenol (TT) derivatives, shown in Fig. 3(b) and (c)
respectively. In the case of DT, only a nominal increase in signal
enhancement was observed. On the other hand, TT displays
a steep enhancement of the detection limit and is detectable up
to a concentration of 10~’ M concentration. A 10>-fold increase
in detection limit was recorded consistently. It is important to
understand these results in order to develop better strategies
based on them.

Although a comprehensive theory of SERS has not been
developed yet, it is now well accepted that signal enhancement
in SERS occurs due to electromagnetic enhancement and
chemical enhancement.***® Further increase in signal intensity
can be obtained by formation of hotspots.** In this scenario, it is
unlikely that all Raman markers contribute to the SERS signal,
which makes hotspots generation quite significant especially in
low concentration regime. Tailoring the substrate provides
more opportunity for such environment in a tiny region and is
advantageous when having static detection of analytes.?*?®
However, in the case of detection under flow-conditions, this
will be difficult to achieve without intricate SERS structures in
the flow chambers. In our study, the molecules (MT, DT and TT)
are incubated with the Au nanoparticle solution in the ratio of
1 : 100 by volume for one hour. Post-incubation, these colloidal
solutions were centrifuged to form a pellet (residue from
centrifugation) generating hotspots for the nanoparticles
regardless of the analyte molecules. The tiny microdroplet (or
pellet) is then irradiated with a laser source of about 1-2 um
spot size thus, probing an average number of hotspots.
Although these hotspots have a non-uniform distribution,*” we
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obtain a similar reproducible average. It is to be noted that, not
all hotspots generated are occupied by the analyte molecules
considering the ratio of the analyte to nanoparticle. Such
colloidal nanoparticles also lead to random orientations of the
analyte molecules on their surface and these hotspots.*® This is
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Fig. 3 (a) SERS spectrum of benzyl-4-mercapto phenylacetic acid

(MT) solution at different concentrations. (b) SERS spectrum of di-
thiophenol (DT) derivative solution at different concentrations. (c)
SERS spectrum of tetra-thiophenol (TT) derivative solution at different
concentrations. The laser wavelength used was 633 nm with 3 mW
laser power at the sample and 10 s acquisition time.
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where increasing the number of Raman markers per detector
probe increases the chance of each probe getting detected.*® In
this backdrop we will explain our results.

The molecules in question will have similar fundamental
interaction with the nanoparticles (Au-thiol) but will vary in the
number of analytes per hotspot. By confining large number of
thiophenol molecules into a dendronic framework, we increase
the possibility of hotspot occupancy as seen in the top view of
Fig. 4. Labels 1, 2 and 4 mark the possible number of active sites
interacting with the Au nanoparticle for TT derivatives under
hotspot conditions. It is to be noted that, all the possibilities
will not exist simultaneously under same hotspot conditions
because compared to the neighbouring metallic surface, the
surface area of a hotspot is very small.*” Hence, Fig. 4 depicts the
various random possibilities of the TT derivative occupying
hotspot (depending on the TP ring orientation which is dis-
cussed subsequently). In the case of MT and DT derivatives the
odds of occupying hotspot are lesser compared to the TT
derivative because the chances of unbound TPs for TT derivative
are higher compared to the former derivatives. These unbound
TPs can bind to other nanoparticles in the hotspots once
formed due to pelletisation. This is the reason, we do not
observe a large increase in SERS signal of the DT derivative
whereas, it increases drastically for the TT derivative. A 100-fold
enhancement in the detection limit of the analyte molecule
supports our argument that not all Raman markers contribute
to the SERS signal equally. These results emphasize that the
possibility of having Raman markers in the right environment
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increases non-linearly with increase in the number of Raman
markers confined per analyte giving a large SERS enhancement.
While both the number and orientation of the analyte which are
proximal to the nanoparticles and its hotspots affect the SERS
signal, in the low concentration regime (where only a few ana-
Iytes are present) further constraining these TP molecules into
a dendronic system drastically influences this number orienting
in the right position.

In order to obtain an understanding of the orientations of
the three systems under SERS conditions, we look through the
well-known fundamental modes associated with TP. Carron
et al. determined the orientation of the benzene ring by looking
at the ring vibrations classified as a;, a,, b1 & b, assuming a C,,
symmetry.** The SERS spectra contain mostly peaks of the a;
modes at 1003, 1078, 1184, 1485 and 1593 cm ™ * whereas; the a,
and b; modes obtained were very weak making them unsuitable
for analysis. The a; modes include a linear combination of
polarizability tensors o, d,,, d.,, hence making it difficult to
include for analysis to determine orientation. However, the a;
mode associated with only the phenyl ring breathing could be
used for determining the orientation.*® According to surface
selection rule, the in-plane bending modes would be quite
strong for a perpendicular orientation with respect to the
nanoparticle surface and vice versa.** Li et al. concluded that the
in-plane modes at 1021 (v;g,) and 988 cm ™" (v;,) were strongly
related to the orientation of the adsorbed 4-mercaptophenyl
boronic acid (MPBA) molecule and consider them to be
orientation-sensitive marker bands.*

Side view

@ Hydrogen

Sulphur @ Oxygen

Fig.4 Possible orientations and interaction of TT derivative with the nanoparticles. Labels 1, 2 and 4 depict the number of active sites which may
bind to the nanoparticle under different hotspot conditions for the TT derivative.
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With this knowledge, we closely look at the 1006 cm ™' band
(normalized w.r.t 1078 cm™ ") corresponding to the v;, mode in
case of MT which downshifts to 1004 cm ™' in case of DT and TT.
From Table S1,T we clearly observe the decrease in the intensity
of v;, mode with increasing number of TP molecules. For TT
derivative, the signal intensity of the 1004 cm ™" is 0.1 indicating
a nearly flat orientation on the surface of the Au nanoparticle. At
107> M concentration, a near flatter orientation of the TT
derivative compounded with multiple Raman markers indicates
a lower coverage per unit area of Au nanoparticle as compared
to when in a perpendicular orientation. However, we observe
a much-enhanced SERS signal at the same point which indi-
cates more number of molecules sitting in hotspot conditions
because of the dendronic geometry as shown in the side view of
Fig. 4. In this concentration regime, a MT system (where the
active molecules are all independent, less in number and not
constricted) will have a lesser probability of occupying such
hotspots as they would tend to spread out resulting in a poor
signal being observed. Dendronic geometry not only increases
the probability of obtaining a SERS signal thus, pushing the
detection limit by 100-fold but also allows the molecules to
occupy more hotspots sites due to their constrained framework.

The scheme envisaged in this letter to demonstrate SERS
signal enhancement for trace detection by using multiple
Raman markers, can be performed on any SERS substrates or
nanoparticles and can be adapted in both static and dynamic
systems. Here, the experiment was carried just by mixing the
two solutions, centrifuging and dropping on a glass slide with
no prior sample preparation. The obtained spectra are a result
of these “non-ideal” molecules and conditions used, hence
making the strategy extremely promising. It also shows that this
is a better solution than just tailoring the SERS substrates to
provide better hotspot conditions. These results can be drasti-
cally improved by using much better SERS markers thereby,
lowering the detection limit (femto to atto molar concentra-
tions). Since, it is a chemical strategy, the analyte can always be
modified to better scattering dye molecules like Rhodamine 6G.
Such dye molecules would require a more sophisticated purifi-
cation technique than normal column chromatography; they
inherently give better SERS enhancement for a single molecule
itself.

Conclusions

We have developed an analyte strategy for improved detection
of biomarkers. The model system was synthesized using
a simple coupling reaction carried between the Bis-MPA den-
drons and TP molecules yielded the di-thiophenol and tetra-
thiophenol Raman markers. From the SERS studies a 10°-fold
enhancement in the detection limit was observed as we go from
a MT system to a TT system using simple Au colloidal nano-
particles. It is proposed that, by bringing the analyte molecule
into a dendronic framework, we increase the probability of at
least one of the four Raman markers to achieve a signal and
pushing the detectable concentration by 100 times. The appli-
cability of the strategy is widened by ease of investigation on any
kind of SERS substrate in future. Alternatively, any type of
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biomarkers like rhodamine 6G can be linked to the dendrons
for further enhancement. A facile synthesis with an oligonu-
cleotide can be carried on these molecules by de-protecting the
other end of the dendronic system, thus making them a supe-
rior biomarker strategy in the future.
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