Nanoscale

Advances

rsc.li/nanoscale-advances

y 2 -‘ : 3 3_ s=z
= = _“__-'-___"' 4 'E_—_ - -:‘:
S -—} b f.-.'l‘ Y 3 : g -:-
_‘ == --'—.:.';— shtue L1 H L [
: — . _‘—_‘t" S " 1 < oy
- ; . s »‘.'
4., :»k(A)J B: +k,;,4b§‘ l _ |
@ l . .
)

Q.lg__

1-k:(Al4 B.-ks AuBs

ISSN 2516- 0230

ROYAL SOCIETY AR o o
OF CHEMISTRY Lok Miomo efal

Fair surface modification with mixed alkanethiols on gold
nanoparticles through minimal unfair ligand exchange

B=%)4Bh—kﬂ B

Volume 6

Number 18

21 September 2024
Pages 4495-4726




Open Access Article. Published on 16 July 2024. Downloaded on 1/20/2026 9:38:54 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale
Advances

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: Nanoscale Adv., 2024, 6,
4583

Received 31st March 2024
Accepted 13th July 2024

DOI: 10.1039/d4na00270a

Fair surface modification with mixed alkanethiols
on gold nanoparticles through minimal unfair
ligand exchangeT

Kun Xiong, 2 Masaharu Nagayama, ©® Kuniharu ljiro® and Hideyuki Mitomo (& *?

Surface modification with functional molecules is essential for introducing various surface properties. As
gold nanoparticles (AuNPs) have extraordinary chemical, physical, and optical properties, control of their
surface, mainly through modification with mixed alkanethiols via Au-S interactions, has attracted much
attention. However, surface modification of AUNPs with mixed alkanethiols to provide a strictly requlated
composition remains challenging. Further, there are very few methods that can easily establish the
nature of ligands and their replacement with similar molecules at nanoparticle surfaces, limiting precise
analyses. Herein, we demonstrate an unfair ligand exchange between oligo(ethylene glycol) (OEG)-
attached alkanethiols as a source of unfair surface modification utilizing programable thermo-responsive
properties of OEG-alkanethiols-modified AuNPs and fair surface modification with mixed OEG-
alkanethiols by minimizing this effect. OEG-alkanethiols-modified AuNPs show an assembly/disassembly
behavior in response to the solution temperature. Assembly temperature (Ta) changes in the presence of
other OEG-alkanethiols, confirming the ligand exchange between alkanethiols in an aqueous solution.
Kinetic analyses indicate that the competitive exchange reaction of these two alkanethiols results in an
unfair ligand exchange, which leads to gradual changes in surface composition. As this ligand exchange
between alkanethiols takes a longer time compared to that from citric acid, which initially covered the
AuNPs, exact surface modification of AuNPs with OEG-alkanethiols is performed by moderate reaction
conditions (25 °C, several to 24 hours). This insight regarding “more prolonged reaction is not always
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Introduction

Surface modification with functional ligands plays an essential
role in providing nanoparticles with desirable properties such
as good dispersibility' and stimuli-responsiveness.*® As gold
nanoparticles (AuNPs) show plasmonic absorption®** and
interparticle plasmon coupling on assembly,>™* the stimuli-
responsive, particularly thermo-responsive, assembly of AuNPs
is anticipated for a wide range of applications.”>™*

To date, synthetic polymers are widely used as stimuli-
responsive ligands. Poly(N-isopropyl acrylamide) (pNIPAM) is
well known as a thermo-responsive polymer showing phase
transition through hydration/dehydration over lower critical
solution temperatures (LCSTs)."”?' Even though synthetic
techniques for polymers have been well-developed, these poly-
mers possess some heterogeneity in molecular sizes and
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better” could be widely applied for surface modifications with various thiol-ligands.

present with various conformations, leading to a broad range of
stimuli-responsiveness on AuNP surfaces. Their large sizes are
also thought to result in large interparticle gaps on AuNP
assemblies, resulting in a weak plasmon coupling effect.*

On the contrary, small molecular ligands present with
equivalent conformations based on their definite chemical
structure with uniform molecular size, allowing sharp stimuli-
responsiveness. A thin surface coating of AuNPs with small
molecules is also supposed to enhance the plasmon coupling
effects. Alkanethiols are small ligands and are one of the most
widely used molecules for surface modification. They exchange
ligands with the capping molecules without thiol groups, such
as citrate or cetyltrimethylammonium bromide (CTAB), on the
AuNP surface due to robust Au-S bonds,>*2* and then self-
assemble into highly packed, homogeneous, and stable mono-
layers, known as self-assembled monolayers (SAMs) with the aid
of alkyl chains.?*?*® Surface modification with mixed alka-
nethiols affords an easy but reliable way to provide various
tunable surface properties.”>*® For example, the mixture of
alkanethiol molecules with carboxylate and trimethylammo-
nium groups has been applied to precisely tune pH-
responsiveness on AuNP assembly to the tumor acidic micro-
environment for cancer therapy.**** Also, the mixture of
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oligo(ethylene glycol) (OEG)-attached alkanethiol molecules
with hydroxyl and carboxylate groups has been applied to
control protein adsorption on AuNP surfaces.** Nevertheless, it
remains challenging to drive mixed ligand-immobilization on
the AuNP surface in proportion to the mixing ratios in solution
as fair surface modification (or fair ligand exchange). In other
words, such reactions often induce unfair, or uneven, surface
modification, resulting in disproportionate ratios of mixed
ligands at the surface against those in solution.***® Many
researchers attribute this unfairness to differences in the
properties of the ligands, such as charge, polarity, solubility,
and bulkiness, in the ligand exchange from citrate or CTAB to
alkanethiols.>”?*° On the other hand, it has been reported that
alkanethiols (thiolates) immobilized on the Au surface can be
replaced with free alkanethiols in organic solvent.***” It is ex-
pected that this ligand exchange between alkanethiols also
causes unfair surface composition during modification. Despite
their broad applications, no reports provide a clear answer
regarding fair surface modification with mixed ligands from the
perspective of alkanethiol ligand exchange probably due to the
difficulty in the analyses. There are very few methods that can
easily establish the nature of ligands and their replacement with
similar molecules at nanoparticle surfaces.

We have previously reported that surface modification with
OEG-attached alkanethiol ligands, which are biocompatible
molecules, provided thermo-responsive properties to AuNPs,
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Scheme 1 (A) Chemical structures of the OEG-alkanethiol derivatives

used in this study and (B) an illustration of the surface modification of
AuNPs with mixed alkanethiol ligands, providing thermo-responsive
properties. Surface modification includes (i) ligand exchange from
citrates to alkanethiols as an early quick reaction and (i) ligand
exchange between alkanethiols as a late slow reaction. Surface
composition was determined from assembly temperature on heating.
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that is, they could assemble/disassemble in response to
temperature in an aqueous solution through changes in the
surface property, hydrophilic/hydrophobic, via the hydration/
dehydration of the OEG portion, like pNIPAM.**® Further,
precise tuning of this thermo-responsive property has been
programmed via mixing two kinds of OEG-alkanethiols with
different head groups.** However, the ligand composition on
the surface seems not to completely match the mixing ratio of
each ligand, even though the ligands used have similar chem-
ical structures, which could provide an equivalent attachment
rate constant. To clarify this point, in this study, we focused on
the ligand exchange between free OEG-alkanethiols and OEG-
alkanethiols (thiolates) attached to the Au surface, and
demonstrated unfair ligand exchange between OEG-
alkanethiols after the ligand exchange from citric acid by
utilizing programable thermo-responsive properties of OEG-
alkanethiols-modified AuNPs (Scheme 1). Finally, we prepared
thermo-responsive AuNPs with an exact surface composition of
the mixed ligands vie minimizing ligand exchange between
OEG-alkanethiols as a source of unfairness.

Results and discussion
Thermo-responsive AuNPs modified with OEG-alkanethiols

First, we prepared AuNPs modified with a single kind of OEG-
alkanethiol, C2-, C1-, or OH-EG6-C11-SH. The AuNP (diameter
of 10 nm) surfaces were modified with OEG-alkanethiols via
ligand exchange reaction in water according to the method
described in our previous paper.*® Extinction spectra, size
distribution, and zeta-potential changes support successful
surface modification (Fig. S1 and Table S1%).***° Then, we
confirmed their thermo-responsive surface property changes by
extinction spectral and DLS analyses, as these cause the
assembly/disassembly of AuNPs. Large spectral changes (a peak
shift of more than 150 nm) over 35 °C supported the interpar-
ticle plasmon coupling among 10 nm AuNPs@C2-EG6-C11-SH,
indicating the thermo-responsive assembly of AuNPs occurred
(Fig. 1A, S2-blue). DLS measurements showed that their size
changed from ca. 10 nm to ca. 100 nm abruptly between 36 and
37 °C (within 1 °C), indicating their assembly formation via the
surface  hydrophobicity change with sharp thermo-
responsiveness (Fig. 1B, 1E-blue). The assembly temperature
(Ts) was determined from DLS as 36.5 °C, as DLS simply
provides assembly information, while plasmon shifts include
complex information. Similarly, the T, of 10 nm AuNPs@C1-
EG6-C11-SH was determined to be 76.5 °C (Fig. S3Af). In the
case of AuNPs@OH-EG6-C11-SH, no AuNP assembly was
observed within 80 ©°C, indicating their T, is over 80 °C
(Fig. S3BY).*® Here, we compared thermo-responsive properties
of our OEG-alkanethiol-modified AuNPs to those of conven-
tional polymer (thiol-terminated pNIPAM; MW = 6000)-modi-
fied AuNPs. The 10 nm AuNPs@pNIPAM showed a smaller red-
shift (ca. 80 nm) on assembly formation by spectral analyses,
indicating polymers provide larger gap distances on assembly
due to their larger molecular sizes (Fig. 1C, S2-red). DLS results
showed their size was ca. 30 nm at the lower temperature as
dispersed state due to their larger surface ligands and changed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Thermo-responsive phenomena of AuNPs modified with (A, B)
C2-EG6-C11-SH and (C, D) pNIPAM-SH upon heating. (A, C) Extinction
spectra and (B, D) size distribution determined by DLS. (E) Size changes
of AUNPs@C2-EG6-C11-SH (blue) and AuNPs@pNIPAM-SH (red) upon
heating. Thermo-responsive properties of AUNPs@pNIPAM-SH were
measured in 20 mM NaCl aqg. Black arrows in (A) and (C) indicate
plasmon peak shifts.

to ca. 300 nm (as assembled) between 30 and 34 °C, indicating
their T, was ca. 32 °C across a broader response range of ca. 4 ©
C, even though their polymer chain length was relatively low
(Fig. 1D, 1E-red). It has been reported the oligo-NIPAM solution
shows thermo-responsive properties (clouding temperature) at
a high concentration, and a higher concentration provides
a sharper responsiveness,'® supporting the notion that the use
of small molecules at high density is a better approach than that
of polymers. These results indicate our OEG-alkanethiol-based
AuNPs have better potential.

Ligand exchange between alkanethiols on AuNPs

To investigate ligand exchange between alkanethiols on AuNP
surfaces (Scheme 1B(ii)), AuNPs@C2-EG6-C11-SH was mixed
with free alkanethiol derivatives. AuNPs showed unique spectral
changes in the presence of free OH-EG6-C11-SH ligands
(Fig. 2A). The peak shift profile upon heating is shown in
Fig. 2B. Although AUNP@C2-EG6-C11-SH, as original particles,
only showed a red-shift over 35 °C (Fig. 2B-blue), in the presence
of the external OH-EG6-C11-SH ligands, they show not only
a red-shift over 35 °C, which is same as the result as for the
original particles, but also a blue-shift over 60 °C, indicating
their return to a dispersed state upon heating (Fig. 2B-red). To

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Extinction spectra of AUNPs@C2-EG6-C11-SH upon heating in
the presence of OH-EG6-C11-SH. (B) Extinction peak shifts at each
temperature of AuNPs@C2-EG6-C11-SH in the absence of free
ligands (blue), in the presence of free OH-EG6-C11-SH (red), and in the
presence of OH-EG6-C12 as an OEG-alkanethiol derivative (green).
Arrows in (A) and (B) indicate plasmon peak shifts.

investigate this phenomenon, these AuNPs, after the measure-
ment, were purified by centrifugation to remove free ligands in
the solution and then analyzed. These AuNPs showed no spec-
tral shift on heating up to 80 °C (Fig. S4A¥). DLS analysis also
supported that AuNPs didn't assemble in this temperature
range (Fig. S4Bt). The above findings indicated that the thermo-
responsiveness had been changed with the aid of the free
alkanethiol ligands. On the contrary, in the presence of OH-
EG6-C12 molecules, which have a similar chemical structure
to the OH-EG6-C11-SH ligand but no thiol group, the spectra
and DLS measurement showed unchanged thermo-
responsiveness (Fig. 2B-green, S4C, and Dt). These results
suggested that the free alkanethiols of OH-EG6-C11-SH replaced
the immobilized C2-EG6-C11-SH on the AuNP surface, as our
previous research showed the 7, significantly increases on
increases in the surface composition of OH-EG6-C11-SH.* In
the same way, the addition of C1-EG6-C11-SH to AuUNPs@C2-
EG6-C11-SH also caused changes in thermo-responsive prop-
erties (Fig. S51). The T4 of 51.5 °C is higher than that of the
original particles of AuNPs@C2-EG6-C11-SH (36.5 °C), but
lower than that of AuNPs@C1-EG6-C11-SH (76.5 °C), suggesting
that the free alkanethiol ligands of C1-EG6-C11-SH partially
replaced the immobilized C2-EG6-C11-SH.

To further confirm the ligand exchange between the alka-
nethiol ligands, we added free C2-EG6-C11-SH into the above
samples (Fig. S61). The non-thermo-responsive AuNPs shown in
Fig. S4A and B were purified and then incubated with free C2-
EG6-C11-SH at 85 °C for 30 minutes. After purification, DLS
measurement showed that the T, had fallen from immeasur-
able value (>90 °C) to 40.5 °C, which is close to the original T,.
This indicates that the free C2-EG6-C11-SH replaced the
immobilized OH-EG6-C11-SH and the surface composition
returned to the original. This result strongly supports the idea
that the ligand exchange between alkanethiols is reversible.

It is well-known that alkanethiol SAMs on a flat gold film are
stable.>**® Here, we confirmed the stability of OEG-alkanethiol
SAMs on the curved surfaces of AuNPs to investigate the rela-
tionship between their stability and ligand exchange. The
AuNPs@C2-EG6-C11-SH was heated from 25 to 85 °C followed
by cooling from 85 to 25 °C in four cycles during spectroscopic
measurement. The spectra and DLS analyses showed no change

Nanoscale Adv., 2024, 6, 4583-4590 | 4585
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in their responsive temperature (T,) in response to four heating
cycles (Fig. S77). As our previous study showed that T, depends
on the local density of the OEG-portion in alkanethiol ligands,*
this unchanged T, indicates the unchanged local OEG density
at the AuNP surface without detachment, supporting the
excellent stability of OEG-alkanethiol SAMs. These findings
indicated that free alkanethiols could replace alkanethiols in
highly packed SAMs on AuNP surfaces even though they are
stably immobilized, suggesting molecular replacement like that
of a Newton's cradle.

Kinetic aspects of ligand exchange between alkanethiols

To obtain detailed information on the alkanethiol exchange
reaction, time course experiments were performed. For
instance, we added free C2-EG6-C11-SH ligands to the
AuNPs@OH-EG6-C11-SH and then incubated them at various
temperatures. After various incubation times, AuNPs were
quickly cooled down and then purified at 4 °C, followed by DLS
measurement. The T, dramatically decreased to ca. 50 °C after 5
minutes of incubation at 85 °C in the first stage, and then,
interestingly, the T, began to increase with time during the
second stage (Fig. S87). These T, changes are translated to the
ligand contents at the AuNP surface based on Fig. 5B, shown
later as a linear calibration curve, and the results are plotted as
the original ligand content at the surface (Fig. 3A). In the first
stage, C2-EG6-C11-SH dominantly replaces the immobilized
OH-EG6-C11-SH ligands due to the presence of only free ligands
in the external solution, causing the considerable reduction in
Ty (i.e., replacement with C2-EG6-C11-SH) within a short time
(Fig. 3A and 3D-blue). It is worth noting that the ligand content
of ca. 20% at 5 min is close to the calculated ligand molar ratio
in the system, originally 15-18 uM of OH-EG6-C11-SH at the
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Fig. 3 Dynamic changes in the content of original ligands at the AuNP
surface for the time-course experiment at 85 °C of (A) 10 nm AuN-
Ps@OH-EG6C11-SH in the presence of C2-EG6-C11-SH, (B) 10 nm
AuNPs@C1-EG6-C11-SH in the presence of C2-EG6-C11-SH, and (C)
10 nm AuNPs@C2-EG6-C11-SH in the presence of C1-EG6-C11-SH.
(D) Schematic illustration of this ligand exchange reaction. Yellow
highlights in (A), (B), and (C) indicate the expected ligand content for
fair ligand exchange as the molar ratio of the ligands in the system.
Error bars represent SD (n = 3).
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AuNP surfaces and 75 uM of C2-EG6-C11-SH in solution as free
ligands. In the second stage, ligand contents at the AuNP
surface change in an inverse manner, indicating the ligand
exchange from C2-EG6-C11-SH to OH-EG6-C11-SH predomi-
nantly occurred under competition between OH-EG6-C11-SH
and C2-EG6-C11-SH (Fig. 3A and 3D-green). This ligand
exchange reaction in the second stage leads to a deviation from
ca. 20% of evenly modified ligand content at the AuNP surfaces
to an uneven ligand content of over 60%. For the binding sites
of alkane-thiols, it is known that AuNPs possess several facets,
such as (111) and (100), with varied stability of thiolates on
them.®* This may provide any effect on the ligand exchange
reaction. However, our results show that the ligand exchange
ratio at the surface is large and heading to the ligand ratio in the
solution (Fig. 3), suggesting whole ligand molecules are
replaceable, even though there might be some difference
depending on the facets. This corresponds to the claim that the
NP surface properties approximate those of SAMs on planar
surfaces in the NP size larger than several nm.**

What causes this inversion of the changes in ligand content;
that is, the unexpected increase in T,? Ligand exchange reac-
tions include attachment and detachment. The equivalent
attachment rate constant are expected from their similar
chemical structures. Thus, the preferred replacement of C2-
EG6-C11-SH with OH-EG6-C11-SH is supposed to result from
a difference in detachment rate constant due to their thermo-
dynamic stability. We have reported that free OH-EG6-C11-SH
micelles show a clouding temperature of 59 °C, but OH-EG6-
C11-SH attached on 5 nm AuNPs do not show thermo-
responsive assembly formation up to 70 °C,*® suggesting the
improved thermodynamic stability of alkanethiols attached on
the surface. That paper also reports that increased hydropho-
bicity at the terminus leads to a lower T, on AuNPs and clouding
temperature as micelles. C2 (ethoxy)- and iC3 (isopropoxy)-
terminated ligands showed a 31 and 18 °C difference between
Th, on 5 nm AuNPs and clouding temperature as micelles,
respectively. This finding supports the notion that a more
significant stabilizing effect can be obtained via immobilizing
OEG-ligands with a more hydrophilic terminus. This also indi-
cates the competitive ligand exchange between two ligands with
different stabilizing effects on the surface attachment causes
the unfair surface composition. To support this idea, we
construct a mathematical model and calculate the numerical
simulation (Fig. 4A). Here, the detachment rate constant was set
as ku for ligand A and kg for ligand B. In the model for Fig. 34,
ligands A and B are the OH-terminated and C2-terminated
ligands, respectively. Somehow, only when k, was set as
a parameter depending on the surface ligand content of each
molecule at the AuNP surface, we could obtain well-fitted curves
of an overshooting-type as a potential mathematical model
(Fig. 4B). Although the mechanism on this unfair ligand
exchange remains uncertain, these results also support the
importance of kinetic aspects, such as the detachment rate
constant. In the same way, AuNPs@C1-EG6-C11-SH also
showed a quick decrease in T} (i.e., corresponding to the ligand
content at the AuNP surfaces) at 85 °C for 5 minutes in the
presence of C2-EG6-C11-SH, followed by a small increase,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 (A) The mathematical model of the ligand exchange reaction on
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gold nanoparticle surface, respectively. A, and By, correspond to the
bulk concentration of ligand A and ligand B. kg is the maximum
desorption rate of ligand A, e corresponds to the time constant, gas is
a positive constant. (B) The numerical result of the mathematical
model (A) for initial data As(0) = 1.0, B(0) = 0.0, A,(0) = 0.0, B,(0) = 4.0,
and ka(0) = 0.5. The red solid line shows the time evolution of the
concentration ratio As/(As + Bs). The blue solid line shows the time
evolution of the concentration ratio B¢/(As + Bs) where all parameters
aregas =15 e=0.1 ko =0.1, kg =0.5.
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Fig. 5 Controlled surface properties of the assembly temperature via
fair surface modification of citric acid-coated AuNPs with alkanethiols.
(A) Schematic illustration of this study. Assembly temperature of 10 nm
AuNPs modified with a mixture of (B) C2-EG6-C11-SH and C1-EG6-
C11-SH and (C) C2-EG6-C11-SH and OH-EG6-C11-SH. Error bars
represent SD (n = 3). The x-axes in (B) and (C) represent the mixed
ligand ratio used for the surface modification.

indicating that there was a slight preference for C1-EG6-C11-SH
to replace C2-EG6-C11-SH (Fig. 3B and S97). The degree of the
inverse increase in ligand content at the AuNP surfaces in this
second stage of the reaction showed a good correlation with the
difference in hydrophobicity at the ligand terminus. On the
contrary, ligand content at the AuNP surfaces of AUNPs@C2-
EG6-C11-SH in the presence of C1-EG6-C11-SH also quickly
decreased for the first 5 minutes, and then continuously
decreased to equilibrium without inverse changes. This result
further supports the idea of a preferred ligand exchange from
C2-EG6-C11-SH to C1-EG6-C11-SH (Fig. 3C and S107). These
kinetic analyses provide further support that the unfair ligand
exchanges occurring in the competitive exchange reaction stage

© 2024 The Author(s). Published by the Royal Society of Chemistry
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are related to their thermodynamic stability caused by the
hydrophobicity of the ligand terminal, even when the differ-
ences are minor, such as hydroxy, methoxy, or ethoxy.

On heating at 55 °C, AuNPs@OH-EG6-C11-SH showed the
decrease in ligand contents at the surface to be ca. 20% of the
minimum produced by a 1 hour reaction in the presence of C2-
EG6-C11-SH, followed by a slow increase (Fig. S11At). The rate
of change in surface ligand content was slower than that on
heating at 85 °C. For heating at 25 °C, it took over 10 days to
reach equilibrium, showing a temperature-dependent rate
constant as expected (Fig. S11B}). AuNPs@C1-EG6-C11-SH in
the presence of C2-EG6-C11-SH also showed similar changes in
thermo-responsive assembly/disassembly at various heating
temperatures, except for a relatively shorter time to reach
equilibrium (Fig. S127). This point could be related to the lower
detachment constant of OH-EG6-C11-SH molecules with better
thermodynamic stability. These results suggest that unfair
ligand exchange between alkanethiols depends on thermody-
namic regulation and is expected to be controlled by selecting
appropriate reaction conditions, such as temperature and time.
In other words, these are thought to be the key to fair surface
modification.

Surface modification with a minimal unfair ligand exchange

To realize fair surface modification with mixed ligands, we
considered minimizing the unfair ligand exchange under
appropriate reaction conditions. As a lower reaction tempera-
ture induces a slower ligand exchange and reduces the risk of
competitive exchange between alkanethiols, we chose a reaction
temperature of 25 °C. First, to confirm an adequate reaction
time for full alkanethiol attachment by ligand exchange from
citrate to alkanethiols, we mixed citrate-coated 10 nm AuNPs
with C2-EG6-C11-SH and incubated them at 25 °C for 1, 3, and
24 hours. The results showed no significant change in T, for all
incubation times, suggesting that alkanethiol modification had
finished within a few hours (Fig. S137). Similarly, citrate-coated
AuNPs were mixed with a mixture of C2-EG6-C11-SH and OH-
EG6-C11-SH at the same concentration. AuNPs@(50% C2-EG6-
C11-SH + 50% OH-EG6-C11-SH) also showed the same T, of
70-71 °C for all incubation times (3, 6, and 24 hours), sug-
gesting full ligand attachment for SAM and negligible unfair
ligand exchange occurred in this time range (Fig. S14Af).
Further incubation of these AuNPs over 20 days caused
a significant increase in T, due to unfair ligand exchanges
(Fig. S14Bt). This result supports the idea that unfair ligand
exchange is negligible for at least several days at 25 °C. When
AuNPs®@(50% C2-EG6-C11-SH + 50% OH-EG6-C11-SH) prepared
at 25 °C, having a T, of 70 °C, were further incubated at 85 °C,
their T, was increased on incubation for 3 hours (Fig. S157).
These results strongly support our notion that moderate reac-
tion conditions, such as several hours to one day at 25 °C, are
suitable for surface modification.

To confirm fair surface modification with mixed ligands
under moderate reaction conditions, citrate-coated 10 nm
AuNPs were modified with a mixture of C2-EG6-C11-SH and
C1-EG6-C11-SH at various mixing ratios at 25 °C for 24 h
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(Fig. 5A). These AuNPs showed apparent shifts in T, between
36.5 °C for 100% C2-EG6C11-SH and 77.2 °C for 100% C1-EG6-
C11-SH (Fig. 5B and Table S2t). This showed a good linear
relationship, in which the correlation coefficient value of R* is
infinitely closer to 1, between T, and the ligand mixing ratio
(as the content of C2-EG6-C11-SH in this system), indicating
that the actual composition of alkanethiols on the AuNP
surface is in accordance with the ratios of the ligands applied
for surface modification. Similarly, the T, of C2-EG6-C11-SH
mixed with OH-EG6-C11-SH also showed an excellent liner
relationship, although the T, was not totally determined due
to the limitations in temperature range, when the OH-EG6-
C11-SH content is over 50% (Fig. 5C). These results indicate
fair surface modification with mixed ligands was performed
via minimization of the unfair ligand exchange between
alkanethiols.

Until now, surface modification of gold surfaces with alka-
nethiols has been widely performed and a long reaction time
has been applied for the preparation of well-packed mono-
layers. The idea that a more prolonged reaction is better has
been the prevailing view.*® Here, we showed the unfair ligand
exchange between alkanethiols occurred over a long reaction
time, even though alkanethiol SAMs possess a good stability. As
this unfair exchange reduces the controllability or tunability of
surface properties with mixed ligands, fair surface modification
is desirable. Based on this fact, we have succeeded in perfect
tuning of the thermo-responsive properties via well-controlled
surface modification with mixed OEG-alkanethiols. As this
study only investigated the combination of 10 nm AuNPs and
OEG-alkanethiol derivatives and kinetic parameters are ex-
pected to change depending on the surface curvature and
molecular packing on AuNPs, we need to tune appropriate
reaction conditions for each sample. However, this insight
regarding fair surface modification with mixed alkanethiols on
gold nanoparticles through minimal unfair ligand exchange is
expected to be widely applied to surface modifications with
mixed ligands.

Conclusions

In this study, we investigated the fair surface modification of
the citrate-coated AuNPs with mixed OEG-alkanethiols. As this
surface modification includes not only ligand exchange from
citric acid to alkanethiols but also exchange between free
alkanethiols and those immobilized on the AuNP surfaces, we
clarified the kinetic aspects of both these exchange reactions
based on their thermo-responsive properties. First, the latter
reaction was investigated. Notably, ligand exchanges between
alkanethiols occurred and slowly led to the unfair surface
composition; e.g., over a few hours at 85 °C or 20 days at 25 °C.
On the contrary, the former ligand exchange from citric acid to
alkanethiols was quickly completed within a few hours at 25 °C.
This is a crucial insight for fair surface modification with mixed
OEG-alkanethiols on the citrate-coated AuNPs via minimal
unfair ligand exchange between alkanethiols under moderate
reaction conditions, such as for ~24 hour at 25 °C, despite the
conventional idea that is a longer reaction time is better for
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well-packed SAM formation with alkanethiols on Au surfaces.
Further, exchange reactions between alkanethiols allow us to
reprogram the surface properties of alkanethiol-modified
AuNPs. The insights obtained from this study can lead to not
only precise tuning but also reprogramming of surface prop-
erties on gold surfaces with SAMs.

Experimental section
Materials

Citrate-protected AuNPs in aqueous solution (10 nm in diam-
eter) were purchased from BBI Solutions (UK). OEG-Alkanethiol
ligands having an oligo(ethylene glycol), alkyl tail, and thiol
group with methyl and ethyl head (referred to as C1-EG6-C11-
SH and C2-EG6-C11-SH, respectively), were purchased from
ProChimia Surfaces, Sp. z o. o. (Poland). Alkanethiol ligands
with a hydroxyl head, referred to as OH-EG6-C11-SH, and 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, buffer)
were purchased from DOJINDO LABORATORIES (Japan). The
OEG-alkanethiol derivative, OH-EG6-C12, was purchased from
Tokyo Chemical Industry Co., Ltd. (Japan). Bis(p-sulfonate
phenyl)phenylphosphine dihydrate dipotassium salt (BSPP)
and thiol-terminated poly(N-isopropylacrylamide) with carbox-
ylic acid (pNIPAM, Mn = 6000) were purchased from Sigma-
Aldrich Co. LLC (USA). Tris(2-carboxyethyl) phosphine (TCEP-
HCl, reducing agent) was purchased from Thermo Fisher
Scientific Inc. (USA). All commercially available reagents were
used without further purification.

Surface modification of AuNPs with alkanethiols

The citrate-protected 10 nm AuNPs (9.4 nM) were concentrated
up to 94 nM by centrifugation (20 000g for 45 min) and subse-
quent removal of the supernatant (900 pL). The concentrated
AuNPs (100 pL) were mixed with the aqueous solution of the
OEG-alkanethiol ligands such as C2-EG6-C11-SH with excess
amounts (4 mM, 100 pL) containing TCEP as a reductant. After
the addition of an aqueous solution of HEPES buffer (pH = 8.0,
10 mM) up to 1000 pL, the AuNPs were incubated for 24 hours at
25 °C. To remove the residual alkanethiol ligands and citrate,
the modified AuNPs were washed 3 times by centrifugation
(20 000g for 45 min), followed by the removal of the supernatant
(900 pL) and the addition of HEPES buffer up to 1000 pL. The
successfully modified AuNPs are referred as AuNPs@C2-EG6-
C11-SH.

Surface modification of AuNPs with pNIPAM

BSPP was added to the citrate-protected 10 nm AuNPs (9.4 nM)
to a concentration of 5 mM and subsequently incubated at room
temperature overnight with shaking. The incubated AuNPs
(1000 pL) were mixed with an aqueous solution of the pNIPAM
(4 mM, 100 pL) containing TCEP and then incubated for 3 hours
at 85 °C. Then, the modified AuNPs were washed 3 times by
centrifugation (20 000g for 45 min), followed by the removal of
the supernatant (900 pL) and the addition of NaCl solution (20
mM) up to 1000 pL.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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UV-vis/NIR extinction spectrum measurement

The dispersed AuNP solution (3 mL, ca. 3 nM) was poured into
a glass cuvette with a screw-cap to avoid solvent evaporation
during measurements. UV-vis/NIR spectrum measurement were
then performed with a spectrometer V-770 with PAC-743R
automatic 6 position Peltier cell changer (JASCO Corp.,
Japan). The temperature-change measurements of the AuNP
spectra were performed at each temperature (in 5 °C intervals)
with changes at a rate of 1 °C min~ " followed by a waiting time
of 5 minutes.

Dynamic light scattering (DLS) measurement

The size distribution of the AuNPs was measured with a Zeta-
sizer Nano ZS (Malvern Panalytical Ltd, UK). The emission
wavelength for the measurement was 633 nm (4 mW He/Ne
Laser). The temperature-change measurements for the AuNP
sizes were performed at each temperature with a waiting time of
2 min. The assembly temperature was defined as the middle
temperature between the temperature at which the size of the
AuNPs showed a significant change and the highest tempera-
ture at which the AuNPs remained dispersed from a volume
distribution as this helps to get an idea of the quantity of
aggregation.

Calculation of immobilized ligand concentration at the AuNP
surface

The ligand density on the particle surface was set at 5-6 mole-
cules nm>.*® The surface area of a spherical gold nanoparticle
can be calculated by S = 47R?, where R is the radius of the
sphere. From the calculated surface area, the number of ligands
immobilized on a 10 nm AuNP was 1570-1880. From the AuNP
concentration of 9.4 nM, the concentration of immobilized
ligands was supposed to be 15-18 pM.

Ligand exchange between alkanethiols on AuNPs

A free OH-EG6-C11-SH (1 mM, 10 pL) alkanethiol was added
into the concentrated 10 nm AuNPs@C2-EG6-C11-SH (94 nM,
100 pL), followed by the addition of HEPES buffer up to 1000 pL.
The extinction spectra of this mixture were measured by
a UV-vis/NIR spectrometer on heating from 25 to 85 °C. Next,
these AuNPs were washed 3 times by centrifugation (20 000g for
45 min), followed by spectrum measurement again. The size
distribution on thermo-responsive assembly was measured by
DLS. As a control, the OEG-alkanethiol derivative, OH-EG6-C12,
without a thiol group was added into AuNPs@C2-EG6-C11-SH
and measured by spectrometer and DLS. The peak wave-
lengths of spectra at every temperature of the above AuNPs were
plotted for analysis of the effect of free ligands on their thermo-
responsive temperature.

Time-course experiment of the ligand exchange reaction

Kinetics of the ligand exchange were evaluated from a time-
course experiment. Concentrated 10 nm AuNPs@OH-EG6-
C11-SH (94 nM, 100 pL) was mixed with free C2-EG6-C11-SH
(1 mM, 75 pL), followed by the addition of HEPES buffer up to
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1000 pL. Then, these AuNPs were incubated at 85 °C for 3, 5, 30,
60, or 180 minutes. After incubation, AuNPs were quickly cooled
down in an ice bath and purified at 4 °C via centrifugation three
times (20 000g for 45 min). Assembly temperature (7,) was
determined by DLS measurement. Then, the ligand content of
at the AuNP surface was calculated based on the calibration
curve, which is a linear relationship between the surface ligand
content and T, as shown in Fig. 4B.
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