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Interaction of Oligonucleotides with Gold Nanoparticles:
Factors Beyond Electrostatic and Van-Der Waals Forces

Shaila Thakur, Nicola Cavallini, Debora Ferrari, and Laura Fabris*

Motivated by the development of direct SERS for the detection of
oligonucleotides as disease biomarkers, fundamental study is conducted for
the adsorption of short model oligonucleotides onto gold nanoparticles
(GNPs). It is observed that the variation in solution conditions has a profound
effect on the way in which oligonucleotides bind to GNPs. The binding
phenomenon is hypothesized to be a contribution of several factors: base
composition, strand directionality, competition of oligonucleotides to bind to
GNPs or undergo inter-strand assembly, among others. In addition to these
factors, the properties of the individual bases in the given solution conditions
(such as protonation or deprotonation) also affect the way in which the
oligonucleotide strand binds to GNPs. In future, using this understanding
could aid in developing direct SERS-based sensing methods for disease
detection through identification of mutations in genetic biomarkers of
disease. Based on the present hypothesis, knowledge gaps to fill and future
research directions are suggested, to better understand these adsorption
processes and optimize direct SERS biosensing.

1. Introduction

The recent years have witnessed a significant boost in the applica-
tion of nucleotide-conjugated gold nanoparticles (GNPs).[1–4] Fol-
lowing the pioneering work of Mirkin et al.,[5] researchers have
opened a plethora of avenues where the nucleotide-conjugated
GNPs can be applied, with the majority of applications in
biosensing and drug delivery.[6–12] Therefore, it is crucial to un-
derstand the factors that play a role in the binding of nucleotides
to gold nanoparticles and to identify the best ways to achieve the
bioconjugation without disturbing colloidal stability of GNPs. Re-
searchers have identified different strategies to non-covalently
bind nucleotides to GNPs and result in a stable suspension
for biosensing. Some of these techniques include the low pH
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method,[13–16] the freezing method,[17–22]

the microwave heating-assisted
conjugation,[23] the addition of salt,[24,25]

and the dehydration methods,[26] among
others. However, in most of the reported
studies, the focus of the research has
been on maximizing the loading of
nucleotides on GNPs and very little
emphasis has been placed on mechanis-
tic details that may affect the binding
process. Similarly, there is a great deal
of information on the conformation
of bare nucleotides at different solvent
conditions, but the conformation of
nucleotides in conjugation with GNPs at
varying solution conditions is not well
understood. As a result, there is a huge
gap in interpreting the changes that oc-
cur when these nucleotides bind to GNPs
under varied conditions. In fact, some of
the most interesting phenomena, such
as the formation of supra-molecular

assemblies, arise from non-covalent interactions of very small
nucleotides and metals/metal ions and this has been a topic of
great interest in the scientific community.[27]

Some of the earlier studies provide us with useful insights
about the study of stacking phenomena of short oligonucleotides
(di- and trinucleotides) by observing changes in the UV–vis ab-
sorbance spectra.[28,29] There are studies on self-assembly of nu-
cleotides (protonated, de-protonated, etc.) among themselves but
less is known about the oligonucleotide structures formed in the
presence of GNPs.[30–32] Thus, we aim to contribute in bridg-
ing this gap by providing useful insights into the role of 1) base
homogeneity, 2) strand directionality, and 3) base-stacking of
nucleotides in presence of GNPs. We have utilized the known
fundamental concepts of interaction of nucleobases with gold
nanoparticles and their affinity order to complement and extend
our hypothesis of modes of interaction.[33–37] We try to provide
a set of guidelines to the researchers regarding the suitability of
binding conditions for customized applications.

We are mainly interested in the application of direct surface
enhanced Raman spectroscopy (SERS) for the detection of mu-
tations in nucleotide sequences as a prediction of diseases such
as cancer. Thus, the main motivation for this work arises from
the fact that the way in which nucleotides interact and conform
around the nanoparticles determines their ability to be detected
via SERS. For this study, we chose short 3-mer oligos as model
systems because longer chains are known to exhibit significant
folding and self-assembly and pose a greater steric hindrance
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Figure 1. Characterization of citrate stabilized GNPs a) TEM image showing well-dispersed spherical nanoparticles b) Size distribution of GNPs from the
TEM image analyzed by ImageJ software c) UV–vis spectrum with GNPs plasmon band at 522 nm d) Particle size distribution (DLS) of GNPs showing
an average hydrodynamic diameter of 19 nm.

towards non-covalent interaction with GNPs, thus complicat-
ing the fundamental understanding of the binding process. Al-
though we do observe stacking interactions in small 3-mer oligos
as well, we hypothesize that it is easier to unravel the dynamics of
self-assembly and binding of small oligos to GNPs to begin with,
dedicating our future work to the understanding of the interac-
tions of GNPs with longer sequences.

In this work, we study the interaction of short trinucleotides
with GNPs under different conditions of pH, temperature, and
ionic strength. We also study the time-dependent kinetics of
these interactions. We hope that this work can provide useful in-
sight in the design of probes for DNA detection, in metal ion and
small molecule sensing, and in drug delivery by easing the cellu-
lar internalization of GNPs.

2. Results and Discussion

2.1. Characterization of GNPs

Basic characterization results of GNPs are reported in Figure 1.
The TEM image shown in Figure 1a depicts well-dispersed spher-
ical gold nanoparticles with an average particle diameter of (14.11
± 0.07) nm (analyzed by ImageJ, Figure 1b). The UV–vis absorp-
tion spectrum of GNPs in Figure 1c shows a plasmon band at
522 nm, which is a characteristic of GNPs of similar sizes.[38] The
hydrodynamic diameter, as obtained by DLS, was reported to be

(19.20 ± 0.24) nm with an average polydispersity index of 9.46%
(Figure 1d).

2.2. Choice of Experimental Conditions for Interaction of
Oligonucleotides with GNPs

Since the binding of oligonucleotides to GNPs takes place
through the electron-rich groups, the pH of the medium in which
the interaction takes place is thought to have a significant ef-
fect on the binding. Similarly, temperature and salt concentration
in the solution influence the interactions because these condi-
tions dictate how freely the oligonucleotide chains move in the
solution, ultimately influencing their orientation on the GNP
surface. The interaction of individual nucleosides with GNPs
has long been explored using different techniques.[35,39,40] An
understanding of individual nucleobases interacting with GNPs
can be applied to nucleotides since the primary interaction with
the GNP surface takes place through the base moiety. It is also
known that the nucleotide bases are hydrophilic in the order cy-
tosine > guanine> thymine> adenine while the pentose sugar
and phosphate moiety are more hydrophilic compared to the
nucleobases.[41] Thus, a hydrophilic force of attraction between
GNPs and the oligonucleotides must exist in neutral pH and
room temperature conditions. For this reason, we chose to vary
the pH and ionic strength of the medium to understand the
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interplay of these forces in the binding phenomena. The atomic
numbering of purine and pyrimidine rings has been included in
the Supporting Information (Figure S1, Supporting Information)
to aid the understanding of the interaction of individual atoms of
the purine and pyrimidine ring with GNPs.

The choice of using UV–vis spectrophotometry for our study
stems from the simplicity of this technique and the fact that
the base interactions, stacking and self-assembly of the nu-
cleotides can be derived from the shifts in the UV–vis spectra
of the nucleotides.[32,42–45] With this study, we hope to establish a
groundwork for the study of orientation of nucleotides on SERS
substrates for biosensing.

It is worth pointing out that we noticed changes in the shape of
oligonucleotide absorption spectra in the far UV region with so-
lution conditions and on binding to GNPs (Figure S2, Supporting
Information). There is an early study reporting the absorption of
nucleotides in the far ultraviolet, but no recent reports address-
ing this behavior.[46] We aim to conduct future studies to explore
this behaviour with the help of SERS.

2.3. Interaction of GNPs with Oligonucleotides of Similar Base
Composition

For the ease of interpretation, we define a few terms related to the
changes in UV–vis absorbance spectra of compounds that will be
discussed in the subsequent sections. An increase in absorbance
is termed as ‘hyperchromic’ while a decrease in absorbance is
called ‘hypochromic’. A shift of peak to lower wavelengths is re-
ferred to as ‘hypsochromic’ (i.e., ‘blue shift’), whereas a peakshift
to longer wavelengths is called ‘bathochromic’ (i.e., ‘red shift’).
A summary of the peak shifts is presented in Figure S3 (Sup-
porting Information). Figure 2 reports the UV-vis spectra ob-
tained at varying pH, temperature, and ionic strength for homo-
trinucleotides of all nucleobases. As seen from Figure 2a, bind-
ing of AAA with GNPs at pH 3 is accompanied by a bathochromic
shift with negligible change in the magnitude of absorbance indi-
cating interactions between positively charged protonated bases
of AAA (protonated N1 endocyclic nitrogen atom) with the neg-
atively charged gold nanoparticles. The N─H•••N H bonds be-
tween individual adenine bases in AAA are broken upon proto-
nation and the instability of electrons caused by broken H bonds
is counterbalanced by the partial 𝜋-𝜋 interactions between the
adenine groups.[47] Hyperchromic shift at pH 6 and 9 indicates
binding of AAA with GNPs mainly through Van der Waals forces.
The lack of deprotonation of AAA at pH 9 (pKa for adenine is 9.8)
makes the interactions similar to that at neutral pH, despite the
fact that the electrostatic repulsion between AAA and GNPs may
increase at pH 9.[48] In addition, there is also a role played by Na+

ions at higher pH in the charge neutralization of citrate ions on
the surface of GNPs, although this may be less significant. We
would like to make a point about the low pH conditions that in
addition to the nitrogen-containing functional groups, the phos-
phates, more specifically the oxygen carrying a negative charge
associated with the phosphate (oxygen anion (pKa≈6.3),[49] are
also protonated at pH 3 bringing the phosphate group a greater
ability to bind to GNPs than at neutral or alkaline pH. As a re-
sult, we believe that protonated AAA form regular structures with
GNPs, as shown in Figure S4 (Supporting Information).

The behavior is different when AAA binds to GNPs at dif-
ferent temperatures. Hypochromic and bathochromic shifts in
Figure 2b indicate that AAA forms duplex structures on freezing
with GNPs at -20°C. According to previous reports by Liu et al.,[17]

the oligonucleotides are “aligned and stretched” in the frozen
state and these stretched oligonucleotides bind perpendicular to
the surface of GNPs. It has been observed that when the GNPs-
oligonucleotide solution freezes, the conjugate remains trapped
in the spaces between the ice network due to the partial hydropho-
bicity of oligonucleotides so that the stretched oligonucleotides
bind to GNPs in this restricted environment, possibly leading to
a stronger interaction.[17,18] We would like to point out that the
temperature control experiments were carried out with incuba-
tion of oligonucleotides in as-synthesized citrate stabilized GNPs,
in contrast to the pH and NaCl concentration studies (which were
carried out with GNPs pellet resuspended in water). This is be-
cause of better stability of as-synthesized citrate capped GNPs
with oligonucleotides at low temperatures compared to the ones
that were re-suspended in water. Thus, apart from the effects in-
troduced by temperature, presence of citrate might also play a
role in the interaction of GNPs with oligonucleotides at low tem-
perature. At higher concentrations of NaCl (10 mM and 30 mM),
the spectra of AAA exhibited changes in intensity with no evi-
dent shift in peak position (Figure 2c). At lower concentration
of NaCl (1 mM), the oligonucleotides stiffen and the interaction
of AAA at low ionic strength manifests itself as a hyperchromic
and bathochromic shift. A coating corona of AAA on GNPs has
been shown in the TEM images of Figure S5 (Supporting Infor-
mation).

CCC was found to bind differently to GNPs compared to AAA
(Figure 2d–f). The protonation and deprotonation sites for cyto-
sine are N3 (pKa: 4.6) and N1 (pKa: 12.2), respectively. Stacking of
‘bare’ protonated and semi-protonated CCC at pH 3 can be seen
from the spectral shifts in Figure 2d. A large bathochromic and
hypochromic shift in the UV-vis spectra is consistent with the
behavior of protonated/semi-protonated cytosine assembly.[50,51]

In contrast to AAA, CCC exhibits hypsochromism on binding
to GNPs at pH 6 and 9. Large hypsochromic and hyperchromic
shifts in the spectra of CCC were also seen upon interaction with
GNPs at pH 9. Similar shifts were observed when CCC interacts
with GNPs at low temperatures and different NaCl concentra-
tions (Figure 2e,f). Previous reports indicate that a hypsochromic
shift accompanied by a hyperchromic shift in the spectra of DNA
might be indicative of a strong intercalative binding.[52] While it is
difficult to explain the intercalation of GNPs with short oligonu-
cleotides, it is possible that CCC strands stack together trapping
GNPs between the adjacent bases of the oligonucleotide assem-
bly giving rise to noticeable hypsochromic shifts.

Guanine-containing oligonucleotides are known for their com-
plexity, as they form a wide variety of secondary structures under
different conditions.[31,53] At pH 3 and 9, strands of bare GGG as-
sembled together (evidenced by hypochromic and bathochromic
shifts in Figure 2g) but in presence of GNPs, the N(7) and C6 =
O6 carbonyl group of guanine bind to GNPs and lead to the disso-
ciation of the assembled structure (noted by large bathochromic
and hyperchromic shift) at pH 3 and 9. The deprotonated GGG
(at N1 site) causes a larger hyperchromic effect when bound to
gold nanoparticles compared to protonated GGG (at N7 site). To
summarize, assemblies of bare GGG break when combined with
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Figure 2. UV vis absorption spectra of oligonucleotides with similar base composition a–c) AAA d–f) CCC g–i) GGG j–l) TTT, at variable pH (3, 6, 9)
(a, d, f, i), temperature (25 °C, 4 °C, -20 °C) (b, e, g, j) and NaCl concentration (1 mM, 10 mM, 30 mM) (c, f, h, k). The arrows pointing downwards
indicate hypochromism, the letter ‘B’ stands for bathochromism (red shift) while ‘H’ stands for hypsochromism (blue shift). It can be noted that only
CCC exhibits hypsochromism while only GGG shows a change in spectral shape in addition to changes in peak position and intensity.

Adv. Mater. Interfaces 2024, 2400067 2400067 (4 of 13) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

 21967350, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202400067 by C
ochraneItalia, W

iley O
nline L

ibrary on [29/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmatinterfaces.de


www.advancedsciencenews.com www.advmatinterfaces.de

GNPs, as there is a competition between the interaction of gua-
nine strands with each other and with GNPs. Additionally, the
change in shape of the guanine spectra (especially at pH 9) is
indicative of a greater change in the structure of GGG than just
re-distribution of electrons along the purine ring; thus, further
studies are needed to address this behavior. Similar assemblies of
GGG strands formed when they were incubated at low temper-
atures (Figure 2h) (large hypochromic and bathochromic shift)
and at 30 mM NaCl concentration (Figure 2i).

Thymine is not protonated at the studied acidity (pKa for
thymine is less than 2) thus the binding of TTT with GNPs at
pH 3 is possibly due to the displacement of citrate ions by H+,
which facilitates the interaction of C4=O4 of the pyrimidine ring
with the surface of GNPs.[54] The association of TTT with GNPs
at other pH conditions is manifested as an increase in intensity
with no visible spectral shifts, as shown in Figure 2j, which agrees
with reported literature for thymine interactions with GNPs.[55]

However, at pH 9, hypsochromic and hyperchromic shifts in-
dicate interaction of partially deprotonated thymine (pKa: 9.8)
with GNPs. A high hypsochromic and hyperchromic shift of TTT
in association with as-synthesized GNPs at room temperature
emphasizes the role played by citrate ions in the binding pro-
cess (Figure 2k). The interaction of TTT with GNPs at different
NaCl concentrations was characterized by hyperchromicity of the
peaks (Figure 2l).

2.4. Base Position (directionality)-Dependent Association of
Oligonucleotides with GNPs

The substitution of adenine with thymine at different positions
in the AAA strand alters the interaction with GNPs. Substitution
of adenine with thymine at the 5’ and 3’ ends of AAA (TAA (5’)
and AAT (3’)) gives rise to a ‘directionality’ of the strand. The way
in which all the bases are linked together in a nucleotide imparts
polarity to the strand with a 5’ end presenting a protruding phos-
phate and 3’ end containing an exposed hydroxyl group.[56]

The changes in spectra of TAA, AAT, and ATA and a scheme of
their interaction with GNPs are presented in Figure 3. Figure 3a
shows that at pH 6, the interaction of TAA with GNPs results
in hypochromic and bathochromic shift possibly because the 3’
adenine in TAA can form canonical Watson-Crick base pair with
the 5’ thymine of adjacent strand. On the other hand, we find
that the protonation (pH 3) and deprotonation (pH 9) of ade-
nine in TAA hinders the inter-strand stacking (hyperchromic
shift) of TAA while interacting with GNPs (bathochromic shift).
This phenomenon was not observed for AAT binding to GNPs at
pH 6 mostly because in AAT the presence of bulky phosphate
groups with adenine poses a greater steric hindrance towards
pairing compared to TAA. At pH 3, the absorbance of bare AAT
and TAA is seen to reduce, indicating inter-strand interactions
due to base protonation. Additionally, because of the inability
of thymine to be protonated at pH 3, we hypothesize that the
spectral differences observed for 5’-TAA-3’ and 5’-AAT-3’ at pH
3 (larger hypochromism for TAA than AAT) are solely governed
by the protonation of adenine in the oligonucleotide chain. Pro-
tonation of the terminal phosphate at the 5’ end of TAA is eas-
ier compared to that in AAT because adenine at the 5’ end com-
petes with the 5’ phosphate for the protons. Thus, in addition

to adenine, 5’ phosphates are also protonated in TAA, which al-
lows them to come closer to each other and stack with adjacent
strands leading to a more compact structure than in AAT. This
phenomenon may also explain the negligible change in the spec-
tra of AAT and GNP-AAT at pH 3 while a large increase in in-
tensity for GNP-TAA, as shown in Figure 3a,d. It is also worth
noting that AAA showed higher spectral shifts when bound to
GNPs at pH 3 and 9 compared to AAT and TAA. In case of AAT
and TAA, the adenine present at the end of the chain is proto-
nated or de-protonated depending on the pH. The middle ade-
nine in AAT and TAA is joined by thymine at one end and by
the protonated/de-protonated adenine at the other end. The pro-
tonation/deprotonation of the middle adenine may be inhibited
or slowed down (compared to AAA) due to the steric hindrance
caused by thymine at the terminal that stays neutral at the studied
pH conditions.[57]

By varying the temperatures, we observe that TAA still under-
goes stacking with other strands while simultaneously interact-
ing with GNPs at 25 °C and also at freezing conditions (-20°C)
(Figure 3b), while we only observe stacking of AAT while inter-
acting with GNPs at -20°C and not at 25 °C. At 4 °C, hyperchromic
and bathochromic shift is observed for both TAA and AAT inter-
acting with GNPs. Thus, it’s not just temperature reduction but
the process of freezing that causes these oligonucleotide strands
to stack and form clusters of GNPs. It can be proposed that citrate
ions hinder the accessibility of 5’ adenine in AAT due to electro-
static repulsion with the protruding 5’ phosphate group. Thus,
both the 5’ adenine and the 3’ thymine of AAT are less likely
to interact with the adjacent strands as well as with the GNPs.
In case of TAA, the citrate ions hinder the accessibility of the 5’
thymine but the the 3’ adenine can still interact with GNPs and
with the adjacent TAA strands. This interaction manifests itself
as hypochromic spectral shift.

At different NaCl concentrations (Figure 3c,f), the binding of
AAT and TAA is similar and can be accounted by the fact that
higher salt concentration (30 mM) leads to the compaction of
oligonucleotide chains which in turn makes them more likely to
self-assemble. This behavior is shown by the hypochromic and
bathochromic shift in the spectra of GNPs-AAT (Figure 3c) and
GNPs-TAA (Figure 3f). The stacking of oligonucleotide chains,
increased at higher NaCl concentration mainly due to the Na+,
lowers the electrostatic repulsion between the phosphodiester
backbones and eases the interaction of adjacent chains. These
observations led us to hypothesize that directionality plays a crit-
ical role in the binding process at certain conditions as described
above, and further studies can be conducted with longer oligonu-
cleotides and other techniques (such as SERS) to describe this
phenomenon better.

Similar to bare AAT and TAA, bare ATA strands stack with
each other at pH 3 and 9 (Figure 3g). However, the assembled
structures disintegrate when bound to GNPs, as evident from the
increased spectral intensity. We make a reasoning based on the
competition of oligonucleotides to form canonical base pairs or
bind to GNPs. Researchers have reported that polyA prefers the
gold surface more than the complementary polyT in the same
media because the attractive forces between gold and adenine
overcome the binding energy of polyA-polyT duplexes resulting
in the separation of polyA from the duplex to bind to gold (de-
naturation of the duplex).[58] This preference might explain the
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Figure 3. UV–vis absorbance spectra of TAA a–c), AAT d–f) and ATA g–i) at different conditions of pH (3, 6, 9) (a, d, g), temperature (25 °C, 4 °C, -20 °C)
(b, e, h), and NaCl concentration (1 mM, 10 mM, 30 mM) (c, f, i). j, k) Schematic of interaction of GNPs with AAT (j) and TAA (k) indicating the ease of
stacking of TAA chains compared to AAT due to steric hindrance. l, m) Schematic of orientation of ATA around GNPs. We propose that ATA adapts an
inverse V conformation on GNPs surface.

Adv. Mater. Interfaces 2024, 2400067 2400067 (6 of 13) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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fact that in the absence of GNPs, A- and T-containing oligonu-
cleotides tend to stack through the canonical A—T interactions
but disassemble in the presence of GNPs. This theory does not
hold true under all the solution conditions, and we do observe
stacked structures of ATA even after binding to GNPs at neutral
pH conditions. Another interesting observation in the spectra of
GNPs-ATA at different pH is that they overlap. Overlapping spec-
tra might indicate that the orientation of ATA on GNPs is similar
at acidic, basic, and neutral conditions. We hypothesize that ATA
adapts an inverse ‘V‘ orientation on GNPs with the two terminal
adenines bound to the surface and thymine pointed outwards,
as shown in Figure 3l,m. The reason for this depiction is based
on the higher affinity of adenine to the gold surface compared to
that of thymine and the fact that thymine pointing upwards poses
a greater steric hindrance for the protonation/deprotonation of
bound adenines, rendering the spectra similar at acidic, neutral,
and alkaline pH. Due to the inability of thymine to be protonated
at pH 3,[59] and the fact that both adenine and thymine are not de-
protonated at pH 9, the conformation of ATA on GNPs remains
the same. It is worth mentioning that thymine is much less likely
to interact with adenine of adjacent chains because it is bound
by adenine molecules on both ends and is much more restricted
compared to the thymine in AAT and TAA.

At different temperatures (Figure 3h), ATA showed similar
hypochromic and bathochromic shift at -20 °C indicative of
the stacking of stretched and aligned ATA (unlike the inverse
V conformation) bound to GNPs with other free ATA strands.
The spectrum for GNPs-ATA at 4 °C shows hyperchromic and
bathochromic shifts representing binding of ATA with GNPs
without stacking with adjacent strands.

While the studied oligonucleotides are very short in length,
NaCl can still alter the binding ability of oligonucleotides sig-
nificantly by altering its flexibility and the phosphorus-base
distance.[60] GNPs-ATA showed a bathochromic shift with no
change in peak intensity at 1mM NaCl concentration while
GNPs-ATA exhibited a hypochromic shift with no change in peak
position at 10 mM and 30 mM NaCl concentration (Figure 3i).
This behavior is similar to other reports for nucleotides interact-
ing with carbon nanotube surfaces at different concentrations of
NaCl.[61] It has also been known that at lower concentration of
NaCl, the oligonucleotide chain stiffens and spreads out on the
interacting surface (in this case GNPs) while at higher salt con-
centrations, the oligonucleotide strands undergo self-stacking
and form compact structures.[61] Apart from the conformation
of oligonucleotide chains on GNPs, the grafting density might
also be of interest. Thus, we calculated the number of oligonu-
cleotide strands bound to GNPs (details can be found in Section
S6 (Supporting Information) (Figure S6, Supporting Informa-
tion)) and determined that incubation conditions such as pH 3,
-20 °C and 30 mM NaCl mostly increase the number of oligonu-
cleotide strands bound to GNPs (Figure S6, Supporting Informa-
tion) compared to neutral pH, room temperature, and no salt.

2.5. Colloidal Stability of GNPs Bound to Oligonucleotides

The colloidal stability of GNPs is altered in the presence of
oligonucleotides. Although there have been very detailed re-
ports on the base composition-dependent effect of short oligonu-

cleotides on the colloidal stability of GNPs, these studies mostly
focused on the chemically modified oligonucleotides.[62,63] While
it has been known that short sequences of oligonucleotides act as
capping agents for GNPs and protect the colloid under extreme
conditions, we observed that the capping effect is strongly de-
pendent on the oligonucleotide base composition and interaction
conditions.

It was found that the oligonucleotides with similar bases are
more efficient in capping the colloidal GNPs at conditions where
bare GNPs aggregate, such as low temperature, acidic pH, and
high salt concentrations. The color of GNP solution changes de-
pending on the oligonucleotide sequence, as shown in Figure
S7 (Supporting Information). The oligonucleotides AAA, CCC,
GGG, and TTT protect the GNPs from aggregating under ex-
treme conditions of temperature and salt concentration (-20 °C
and 30 mM NaCl) (Figure S8, Supporting Information). On the
contrary, oligonucleotides AAT, TAA, and ATA were not as effec-
tive as capping agents and their interaction with GNPs at pH 3,
-20 °C and high salt concentrations led to aggregation, (Figure S9,
Supporting Information). This is likely due to the inter-strand A-
T interactions that bring the GNPs close together (as mentioned
before) leading to their collapse under harsh solution conditions.
The red shifts observed in the spectra are due to the coupling
of plasmonic oscillations from individual gold nanoparticles as
they assemble.[21] Future possibilities exist in probing the SERS
activity of GNPs assemblies formed by oligonucleotides at these
conditions for biosensing.

We would like to point out that there is a difference between
complete aggregation and assemblies of GNPs that still main-
tain their colloidal stability. For instance, as shown in Figure
4, the particle size distribution for oligonucleotides of similar
base composition (obtained by DLS) bound to GNPs is higher
at extreme conditions of pH, temperature, and NaCl concentra-
tion but the GNPs still maintain their colloidal stability and dis-
play a sharp plasmon band, unlike for the aggregated GNPs for
which the localized surface plasmon resonance (LSPR) band is
flat and shifted to even higher wavelengths (Figure S8, Support-
ing Information). The presence of small clusters of GNPs are
evident in the TEM images shown in Figures 4 and S10 (Sup-
porting Information) when GNPs are associated with oligonu-
cleotides of similar base composition but aggregation can be seen
in the presence of oligonucleotides of dissimilar base composi-
tion. The increase of NaCl concentration to 30 mM leads to aggre-
gation of GNPs as a result of short-range London forces.[64] The
homo-oligonucleotides protect the GNPs at high concentration
of NaCl by electrostatic repulsion due to the phosphate backbone
of oligonucleotides. It can be inferred that the charge neutraliza-
tion of phosphate groups of homo-oligonucleotides is not suffi-
cient to cause GNP aggregation as the repulsive forces of similar
bases along the strand are sufficient to keep the GNPs suspended
in the colloid. However, due to dissimilar bases in the oligonu-
cleotide chain in case of ATA, TAA, and AAT, the protonation of
phosphate groups at low pH disrupts the electrostatic forces of
repulsion enough to disturb the stability of the colloid and cause
aggregation.[65] The particle size distribution of GNPs at differ-
ent conditions in shown in Figure S11 (Supporting Information).
The zeta potential values for GNPs-oligonucleotide conjugates at
different conditions (Figure S12, Supporting Information) give
an indication of the colloidal stability of GNPs-oligonucleotide
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Figure 4. Change in the size of GNPs on binding to oligonucleotides of different composition at a) pH 3, 6 and 9 b) temperatures 25°C, 4°C and -20°C,
and c) NaCl concentration 1 mM, 10 mM and 30 mM. TEM images of d, g, j) GNPs+AAA (e, h, k) GNPs+ GGG f, I, l) GNPs+ATA at different conditions
(d–f) pH 3 (g–i) -20°C (j–l) 30mM NaCl. The GNPs protected from harsh conditions of pH, temperature and salt concentration by AAA and GGG (and
other oligonucleotides of similar base composition as shown in Figure S10, Supporting Information) but aggregate with TAA (and other oligonucleotides
of dissimilar base composition). Note that the aggregated nanoparticles (particle size > 500 nm) have not been considered for the DLS measurements
as these particles settled down at the bottom of the cuvette during measurements.

conjugates. Interestingly, it appears that, under the 200 V needed
to carry out the measurement, the GNP-oligonucleotide conju-
gates experience varying degrees of instability, even when the sys-
tem is left undisturbed, indicating that, under strong chemisorp-
tion conditions, these conjugates are extremely sensitive to ap-
plied electric fields.

2.6. Kinetics of Binding of Oligonucleotides to GNPs

A time-dependent study of the interaction of oligonucleotides
with GNPs from the first instance of addition showed that, in
some cases, the association phenomenon is faster in the begin-
ning and then slows down afterwards due to GNPs surface satu-
ration. For some other oligonucleotides, the association process
was slower and almost constant throughout the studied time-
frame. The kinetic spectra of association of oligonucleotides with
GNPs have been reported in the Supporting Information (Figure
S13, Supporting Information).

Due to the intricacies involved in the interpretation of ki-
netic spectral profiles, we employed a multivariate curve reso-
lution (MCR) to deconvolute the spectral overlap for each com-
ponent that appears and disappears during the binding process.
We selected a 3-component model based on the reasoning that

three species must be present in the system i.e. GNPs, oligonu-
cleotides, and GNPs-oligonucleotide conjugate. Additionally, the
spectra extracted by the MCR algorithm were rather similar to
their actual counterparts as measured by UV–vis spectropho-
tometer (Figure S14, Supporting Information), thus confirming
the matching of the chemical species with the modelled MCR
components. Figure 5 shows the resolved concentration of each
species with time as extracted by the MCR algorithm.

The GNPs+oligonucleotides combinations that did not show
indications of stacking (based on the known tendency of bases
to stack together and hypochromic and bathochromic shift in
the spectra) were modelled by a 3-component model (AAA, AAT,
ATA, TTT). We used a 4-component model for systems that
showed a tendency to form aggregates (Figure S15, Supporting
Information).

The concentration of GNPs-AAA increases over time (blue
line), more rapidly after 10 minutes, while free AAA (red line)
and free GNP concentration (yellow line) exhibit a marked de-
cline in concentration proportionally after around 10 minutes
(Figure 5a). The transition point of 10 minutes marks the starting
of accelerated association of AAA with GNPs.

The spectral changes in AAT on association with GNPs is more
rapid and a maximum shift of 5 nm at t = 0 min indicates instan-
taneous adsorption (Figure 5b). The shifts decreased at longer

Adv. Mater. Interfaces 2024, 2400067 2400067 (8 of 13) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. Resolved 3-component concentration profiles (preprocessing: SNV+offset) obtained after MCR data analysis for the UV vis absorbance kinetic
profiles of binding of different oligonucleotides with GNPs for 60 minutes a) GNPs+AAA b) GNPs+AAT c) GNPs+TAA d) GNPs+ATA e) GNPs+CCC
f) GNPs+GGG g) GNPs+TTT.

durations, similar to what observed for other oligonucleotides.
At t = 2 min, a rapid decline in the free AAT concentration (red
line) and rapid increase in GNPs concentration (yellow line) are
observed. A decrease in AAT concentration without the forma-
tion of conjugates indicates stacking of AAT with each other. At
this stage, AAT strands prefer to stack with each other rather than
forming conjugates with GNPs. After t = 2 min, the AAT un-
stacks and binds to GNPs. While some of the strands bind to
GNPs, the others remain free in the solution. Over time, the con-
centration trends indicate gradual dissociation of the conjugate.

For GNPs+TAA, the resolved profiles are similar to
GNPs+AAT (Figure 5c). Until t = 1 min, no conjugate is
formed despite the decrease in free TAA concentration, which
is followed by unstacking and association of individual strands
with GNPs. The presence of a hump in the spectra of free TAA
after 30 minutes indicates that TAA dissociates and is released as
free TAA. It is unlikely that TAA dissociates from the GNPs+TAA
conjugate because of the fact that the conjugate concentration
still increases, and free GNPs reduce after 30 minutes. Thus,
the only way that free TAA concentration rises suddenly is by
the dissociation of stacked TAA assemblies. This behavior is

more clearly depicted by the 4-component system presented
in the Supplementary Information (Figure S15a, Supporting
Information). The major difference shows up in the initial 2
minutes and later stages.

The MCR-resolved concentration profiles of the 3-component
model for GNPs association with ATA are shown in Figure 5d. An
initial rapid binding of ATA with GNPs is indicated by a rise in
GNPs+ATA concentration (blue line), and a proportional decline
in free GNPs and ATA concentration. Some dissociation of ATA
from GNPs over time is shown by a gradual downward trend for
GNPs+ATA and a gradual upward trend for free GNPs and free
ATA.

Figure 5e shows the MCR-resolved profiles for the kinetics of
interaction of CCC with GNPs. Until t = 4 min, free GNPs con-
centration reduce and conjugate concentration increase (blue).
However, the concentration of CCC goes down for a short while
and then starts to reduce. To probe this behavior, we consider
the four-component analysis of this system, shown in the Figure
S15b (Supporting Information).

From Figure S15b (Supporting Information), we see that the
conjugate concentration suddenly spikes up (blue) at t = 3 min.

Adv. Mater. Interfaces 2024, 2400067 2400067 (9 of 13) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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The changes that take place in the system for the first 3 min-
utes can be noted from the spectra of other species: the concen-
tration of GNPs reduce, free CCC increases, and a third species
is formed which is most likely the stacked CCC. It appears that
the initial conjugates are formed with GNPs interacting with
stacked CCC and then, as the CCC strands dissociate, some of
them contribute to the free CCC and some to the formation of
conjugates.

The resolved MCR kinetic profiles for GNPs+GGG are shown
in Figure 5f. For GGG, in addition to a large spectral shift (around
13 nm), for the first instance of addition of GGG to GNPs (t = 0
min), it can also be noticed that the shoulder peak of GGG is al-
most absent when it comes in contact with GNPs, while it is seen
to evolve over time becoming more prominent after overnight
incubation (Figure 2l, solid blue curve). This behavior indicates
a structural change in GGG and the formation of inter-strand
assemblies that disintegrate over time as the strand interacts
with GNPs. Further studies are needed to describe the structural
change of GGG over time. The first region of changes in GGG in-
dicate formation of GNPs+GGG (increase in solid blue line) and
decrease in free GNPs (yellow line) and GGG (red line). The sec-
ond region marks the dissociation of the GNPs+GGG conjugate,
indicated by an increase in free GNPs (yellow line). Again, the
concentration of free GGG still keeps on reducing, indicating the
formation of assemblies of GGG rather than that of GNPs-GGG
conjugates. At t = 4 min, the trend again reverses and GGG binds
to GNPs rather than forming inter-strand assemblies, as evident
by the increase in conjugate concentration and a reduction in free
GNPs and GGG concentration. A 4-component resolved profiles
for GNPs+GGG kinetics is shown in Figure S15c (Supporting In-
formation). The spectrum of TTT changes rapidly on association
with GNPs, which is likely due to the low affinity of thymine to
GNPs (Figure 5g). The concentrations stabilize after 20 minutes
and no association/dissociation of TTT from GNPs takes place
after that.

These findings serve as important design considerations for
applications such as biosensors where the detection of different
nucleotide sequences is dependent on the time of interaction.

To summarize, the chemical mechanism of interaction of
oligonucleotides with GNPs can be mainly explained by the
base affinity and charge of oligonucleotides. Protonated oligonu-
cleotides (at low pH) are more capable of forming hydrogen
bonds than their neutral counterparts, thus exhibiting a stronger
binding with GNPs. The base affinity for binding to GNPs is
based on the ease of accessibility of electrons of the base (aro-
matic nitrogen, exocyclic amino and keto groups) to GNPs.[66]

As already mentioned in section 2.3, adenine interacts with
gold by the N6 (amino) and N7 (imino) groups; cytosine binds
through the N3 and oxygen of the keto group (O2) in the purine
ring; guanine binds through the N7 and O6 of pyrimidine ring
while thymine binds by O4 (in close proximity to CH3 group of
the purine ring). For a more detailed explanation on the bind-
ing of bases and nucleotides to GNPs, the readers are invited
to refer to excellent reviews on the interaction of GNPs with
nucleotides.[67,68] As discussed earlier, the interactions are not
solely GNPs+oliogonucleotide but there are also inter-strand
base-base interactions depending on the solution conditions and
flexibility of the oligonucleotide chain (as in case of AAT, TAA
and ATA).

3. Conclusion

GNPs-oligonucleotide conjugates have been used for the detec-
tion of pathogens by binding to complementary DNA inside
cells, for the recognition of platelet-derived growth factors (an-
ticoagulation), protein kinases and telomerases, for the detec-
tion of drugs (like cocaine) in body fluids, and so forth.[69] In
addition to sensing, GNPs-DNA conjugates have also been stud-
ied as anti-coagulant drugs[70] and for the targeted treatment
of cancer,[71,72] bacteria[73] and viruses.[74,75] We have explored
some of the factors that have a direct effect on the binding of
oligonucleotides with GNPs and compared the differences in in-
teraction of oligonucleotides with GNPs at different conditions
of pH, temperature and NaCl concentration. The ability of in-
dividual bases to be protonated/deprotonated governs the over-
all interaction of the oligonucleotide chain to GNPs. We also
observed the differences in behavior on lowering the incuba-
tion temperature to 4 °C and freezing (-20 °C). We believe that
the binding at -20 °C is mostly caused by the phase transition
from liquid to solid and the restricted space of interaction of
oligonucleotides with GNPs. We aim to conduct further stud-
ies to explore the binding at -20 °C by SERS. For different NaCl
concentrations, we found that increasing the NaCl concentra-
tion to 30 mM gives rise to higher spectral shifts compared
to lower concentrations indicating better binding at higher salt
concentrations.

Under the studied conditions, we found some interesting ob-
servations that can be employed for designing a SERS based
biosensor, which is dependent on the orientation of the target an-
alyte on the substrates. Firstly, we found that the oligonucleotides
with similar base composition (like AAA, CCC, GGG, TTT) are
capable of protecting the colloidal stability of GNPs at extreme
pH and temperature conditions (pH 3 and -20 °C) while oligonu-
cleotides with dissimilar bases are unable to provide such ef-
fect. Secondly, we found that the directionality of strand plays
an important role in the interaction of oligonucleotides with
GNPs (TAA interacts differently with GNPs compared to AAT).
Lastly, the spectral shifts arising from the interaction of oligonu-
cleotides with GNPs initially (t = 0 min) may be very differ-
ent from their behavior in stable conditions (overnight incuba-
tion). Thus, depending on the targeted application, one might
prefer the time frame in which the oligonucleotides exhibit high-
est spectral shifts (indicating strong binding with GNPs) or wait
for the time when there is negligible association/dissociation of
oligonucleotides on GNPs (stable suspension). For drug delivery
and nucleotide detection by probe hybridization, freezing condi-
tions (-20 °C) might work well due to high DNA loading density
(vertical orientation of oligonucleotides on GNPs) and accessibil-
ity of all the bases for hybridization. But for applications such as
direct SERS-based biosensing, we would like the oligonucleotide
chains to lay flat on the GNPs surface, and for this reason, low
pH, neutral conditions (pH 6 and room temperature) and high
salt concentration (30 mM NaCl) would work better. Experiments
involving the combination of different solution conditions would
be required to complement our present understanding of confor-
mation of oligonucleotides on GNPs. Eventually, the nucleotide
conformation on GNPs can be tailored to suit specific applica-
tions such as SERS based biosensing, which is the future goal of
this research.
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4. Experimental Section
Materials: Oligonucleotides, with sequences listed in the (Table S1,

Supporting Information) were purchased from BioFab Research (Rome,
Italy). The lyophilized oligonucleotide powder was resuspended in molec-
ular biology grade water to obtain 100 μM stock solutions. Oligonucleotide
concentration was determined by measuring the absorbance at 260 nm
with molar extinction coefficients provided in the (Table S1, Supporting In-
formation). Tetrachloroauric(III) acid trihydrate 99% (HAuCl4), trisodium
citrate (Na3C6H5O7), sodium chloride (NaCl), hydrochloric acid (HCl),
and sodium hydroxide (NaOH) were obtained from Sigma-Aldrich, Eu-
rope.

Preparation of Gold Nanoparticles (GNPs): GNPs were synthesized by
the standard Turkevich method.[76] Briefly, trisodium citrate solution (2.5
mM, 52.5 ml), preheated to reaction temperature, was quickly added to
a boiling solution of HAuCl4 solution (0.25 mM, 60 ml). The solution
changed color from colorless to dark purple in 20 minutes and then to
brilliant red in 45 minutes. The reaction was allowed to proceed for a total
of 60 minutes, after which the solution was removed from stirring, cooled,
and stored in glass vials covered with aluminium foil at room temperature
for future use.

The morphology of GNPs was studied by Transmission Electron Mi-
croscopy (TEM) TALOS F200X, Thermo Scientific), equipped with a Field
Emission Gun (FEG) emitter, operated at 200kV of accelerating voltage.
Images were acquired in Bright-Field TEM mode by means of a 16Mpx
CMOS camera (Ceta, Thermo Scientific), using a 30 micrometers objec-
tive aperture. Samples for TEM were prepared by drop casting 10 μL of di-
lute GNPs (10-fold dilution) on a continuous ultrathin carbon film-coated
lacey carbon supported copper grid with a grid size of 400 mesh (Merck,
Italy) and placing the grids in a closed dish with a drop of water inside the
dish so that the evaporation occurs very slowly to reduce the coffee-ring
effect. The samples for observing the oligonucleotide coating on GNPs
were prepared in lacey carbon coated copper grid to obtain a better back-
ground required for visualizing the coating. In the latter case, the samples
were drop casted onto a lacey carbon grid supported on a tweezer (image
shown in Figure S16, Supporting Information). The particle size distribu-
tion of gold nanoparticles was studied by a Litesizer 500 Anton Paar Dy-
namic Light Scattering (DLS) instrument by placing 1 ml of the sample in a
disposable cuvette in the back-scattering mode at an angle of 175°. A Cary
3500 UV–vis spectrophotometer was used for measuring the absorbance
of samples. The concentration of as-synthesized GNPs was estimated to
be 0.67 nM based on the absorbance at 520 nm and an extinction coeffi-
cient of 8.78 × 108 M−1cm−1 for 19 nm GNPs.[77]

Association of Oligonucleotides with Gold Nanoparticles: To assess the
interaction of oligonucleotides with GNPs, the following conditions were
used: pH (3, 6, 9), temperature (4°C, 25°C, -20°C) and salt concentration
(1 mM, 10 mM, 30 mM). For sample preparation, the pH of nuclease
free water was adjusted to 3, 6, and 9 and the GNPs pellets, obtained by
centrifugation at 10,000 rpm for 10 minutes, were resuspended in water
at different pH. The pH of water was adjusted by using 0.5 M HCl and
0.5 M NaOH. For the variation of salt concentration, 1mM, 10 mM and
30 mM NaCl solutions were first prepared in water followed by the ad-
dition of GNPs pellet as described earlier. The concentration of oligonu-
cleotides in solution was determined through theBeer-Lambert law using
the absorbance at 260 nm and extinction coefficients based on the nearest-
neighbor rule.[78] Oligonucleotides were added to 1 mL of GNPs at differ-
ent pH and salt conditions to a final concentration of 5 μM and incubated
overnight (16 h). The concentration of gold nanoparticles was kept con-
stant for all the measurements (approximately 0.67 nM). For the temper-
ature control experiments, oligonucleotides were incubated with 1 mL of
as-synthesized GNPs at 21 °C, 4 °C, and -20 °C. Bare oligonucleotides and
GNPs were also prepared in 1 mL water at different pH, salt concentration,
and temperature as control samples.

The extinction spectra were obtained with a Cary 3000 UV–vis spec-
trophotometer at room temperature in the range of 200–800 nm and a
data interval of 1 nm. The measurements were recorded by placing 700
μL of solution in a clean quartz cuvette of 1 cm optical path length. The
hydrodynamic diameter obtained by DLS was plotted as a function of rela-

tive frequency weighted intensity (%) obtained from three measurements.
Note that for the samples at pH 3, it was not possible to obtain a rea-
sonable measurement of particle size distribution by DLS for most of the
oligonucleotides due to rapidly changing dynamics of the system inside
the cuvette, mostly caused by the aggregation of GNPs. Thus the mea-
surements for pH 6 and 9 was only presented.

Kinetics of Binding of Oligonucleotides to GNPs: A time dependent inter-
action analysis was conducted to determine how fast the oligonucleotides
bind to GNPs. It was observed that the spectral changes due to binding
were more rapid in the first hour (>50% ∆I) and then gradually slowed
down depending on base composition. To set a standard timeframe of ob-
servation for all samples, the time point was chosen at which the changes
in spectral intensity were <10% for at least 15 minutes. For most of the
samples, this time point was around 60 minutes and thus the UV-vis ab-
sorbance spectra were collected from 0–60 min. The resulting complex
spectral profiles were processed by Multivariate Curve Resolution Algo-
rithm (MCR),[79] which s a data decomposition method based on Beer’s
Law generally used for mathematically deconvoluting mixtures of overlap-
ping signals originating from different chemical compounds/phenomena
described by the spectra. MCR is conceptually similar to Principal Compo-
nent Analysis (PCA),[80] and can be seen as a “constrained” version of it.
The possibility of constraining the model allows to obtain a pure spectral
profile and a vector of relative concentrations (one concentration value for
each sample) for each resolved component. The main idea behind MCR is
that if the number of modelled components matches the complexity of the
system (i.e., its chemical rank), then each modelled component should be
interpretable as one chemical compound/phenomenon occurring within
the studied system. MCR assumes that each component’s spectrum or
profile is known, and it aims to find their proportions in the observed data,
by applying Beer’s Law using a decomposition equation and solving it by
the alternating least squares procedure.[79]

In this study, MCR was applied to each individual oligonucleotide spec-
tral dataset, all organized as follows: Each column corresponding to the
spectral absorbance at a specific wavelength, and each row correspond-
ing to a measurement done at a specific time point. In this way, the re-
solved pure concentrations can be interpreted as they evolve over time.
For all MCR models the non-negativity constraint was applied to both the
concentrations and the profiles, using in both cases the fast non-negative
least squares algorithm,[81] with a maximum number of iterations set to
1000. For all datasets the MCR models from 2 to 4 components were built
and inspected to determine the chemical rank of the data. The expected 3
chemical components appeared to be well modelled with the correspond-
ing 3-components MCR model in all cases, to the results discussed will
mainly be referred to the 3-components models. In the few cases when
models with a different number of components provided equally plausible
solutions,[82] 4-components models were discussed, based on the chem-
ical knowledge.

The data were pre-processed prior to MCR modelling using the same
approach: first, the Standard Normal Variate (SNV),[83] normalization was
applied to each spectrum to remove possible scattering effects, then an
offset to bring the whole dataset back to positive values was added. The
former step was employed to ensure that the non-negativity constraint im-
posed during MCR modelling could yield interpretable resolved spectral
profiles: this was particularly important when modelling spectral data, as
both the spectral profiles and the concentrations were expected to be posi-
tive, just like the chemical mixtures in the real world. The averaging time of
spectra collection was reduced to 0.004 s to capture the maximum number
of spectra possible within the detection limits of the instrument over the
defined timeframe. As a result of lower averaging time, the MCR curves
had to be smoothed to improve the signal quality.

Data Processing and Representation: The spectral shift (nm) and per-
centage change in intensity (%∆I) were quantified by dividing the entire
spectra (baseline corrected) into two regions: Oligonucleotide (230-300
nm) and GNP (400-800 nm). The %∆I for each of the conjugated samples
were calculated with respect to their bare counterparts. Baseline correc-
tions were done in Origin 8.0 using the user-defined point selection for
the baseline. The peak positions (nm) and relative change in absorbance
before and after the baseline correction remained unchanged. The error
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bars were reported as standard deviation of triplicate measurements, un-
less otherwise stated.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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