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Gold nanoparticles functionalized with xanthate-poly(2-ethyl-2-
oxazoline) (PEtOx-AuNPs) were investigated as thermoresponsive
hybrid nanomaterials with tunable optical and thermal properties. The
PEtOx-AuNPs exhibited changes in surface plasmon resonance (SPR)
and amplified Surface-Enhanced Raman Scattering (SERS) signals
during the reversible lower critical solution temperature (LCST) tran-
sition of the PEtOx ligand. The effect of the PEtOx coating on the
photophysical properties of AuNPs, particularly on heat generation
efficiency upon photoexcitation by Z-scan photothermal lens spec-
troscopy, was investigated. The results demonstrate the potential of
PEtOx-AuNPs for applications in temperature-sensitive drug delivery,
photothermal therapy, nanoscale heat generation, and photonic
devices.

Gold nanoparticles (AuNPs) have attracted great attention of
researchers across diverse fields since their first formulation in
1857 by M. Faraday.' This early experiment with colloidal gold
initiated the development of nanoscience and nanotechnology.
AuNPs possess a range of unique properties that make them
highly valuable in scientific and technological fields. Notably,
AuNPs exhibit particularly strong absorption and scattering of
light within specific spectral bands, a phenomenon attributed
to surface plasmon resonance (SPR) excitation.>® In particular,
SPR enhances the value of AuNPs for biomedical applications
including biosensing, imaging, and photothermal or photody-
namic therapy.*® The optical properties of AuNPs can be tuned
by their size and shape.” AuNPs are generally non-toxic and
more compatible with cell environments than other types of
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nanomaterials used in in vitro and in vivo applications, making
them suitable for use in medical applications such as drug
delivery® and imaging® and as therapeutic agents.* The surface
of AuNPs can be functionalized with various ligands or
biomolecules for targeted drug delivery or specific biomolecular
detection." With advancements in characterization and
manufacturing and the increasing demand for universal, multi-
profile nanomaterials, the decoration of nanoparticles presents
new challenges and opportunities. All these diverse and excep-
tional properties make AuNPs a versatile and powerful tool,
from materials science to medicine.

Nanobiology and nanomedicine are driving the development
of new hybrid functional materials based on biocompatible,*>**
thermoresponsive polymers, which serve as the foundation for
creating temperature-controlled nanoactuators.** Among these
polymers, those exhibiting a Lower Critical Solution Tempera-
ture (LCST) phase transition hold particular significance.

During the LCST transition, polymers undergo a shift from
a hydrophilic to a hydrophobic state, resulting in rapid and
pronounced shrinkage.™ This transformation is reversible and
highly sensitive to temperature changes, making these poly-
mers exceptionally important for applications that require
controlled, temperature-responsive properties. One of the most
versatile and well-tunable thermoresponsive polymers is poly-
oxazoline (POx),'*"” which has gained considerable attention
due to its unique combination of thermosensitive properties,*®
excellent biocompatibility,” and lack of immune response.*
POx enhances circulation time in vivo and is emerging as
a superior alternative among synthetic polymers recently
investigated.”* POx exhibits excellent solubility in both hydro-
philic and hydrophobic solvents and a hydrophilic-lipophilic
balance easily tunable through synthesis by changing the
nature of the acyl group.?> Core-shell nanoparticles with a metal
core (such as Au) and a thermoresponsive polymer shell effec-
tively combine the sensing capabilities of the plasmonic metal
shell with the actuator properties of the polymer shell at the
nanoscale. During the LCST transition, water molecules are
expelled from the space between neighbouring polymer chains,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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causing the polymer chains to contract. Consequently, the
polymer shell surrounding the AuNPs becomes thinner and
denser. Additionally, the hydrophobicity of the polymer shell
above the LCST transition point is expected to induce AuNP
aggregation. Together, these effects are expected to have
a significant impact on SPR and Raman scattering of the poly-
mer enhanced by the plasmonic field.

In this study, we investigated the plasmonic optical heating
and thermoresponsive optical switching phenomena of o-
methyl-w-ethylxanthato-poly(2-ethyl-2-oxazoline) decorated
AuNPs (PEtOx-AuNPs) using newly developed Z-scan photo-
thermal lens spectroscopy (Zscan-TLS),* dynamic light scat-
tering (DLS), light extinction and Surface-Enhanced Raman
Scattering (SERS) methods. Investigation of the heating capacity
of polymer coated AuNPs is a crucial step in developing efficient
platforms for both distributed and localized heat generation.
Among these, polyoxazoline-coated AuNPs stand out due to
their unique thermoresponsive properties, offering broad
potential for applications ranging from photonic devices to
temperature-sensitive drug delivery systems.

Results and discussion

Ligand exchange is a versatile technique that can enhance the
stability, functionality, and biocompatibility of AuNPs, broad-
ening their potential applications across fields such as
biomedicine, environmental science, and nanotechnology.***
a-methyl-w-ethylxanthato-poly(2-ethyl-2-oxazoline) ~ (PEtOx)
with a degree of polymerization (DP) of 39, number-average
molecular weight (M,) of 3.9 kg mol™" and dispersity (P) of
1.25 was synthesized via cationic ring-opening polymerization
using methyl p-toluenesulfonate as the initiator. The polymer-
ization was terminated using potassium ethyl xanthogenate
yielding the corresponding end-functionalized polymer.”® The
polymer characteristics were determined through size exclusion
chromatography (SEC), in agreement with MALDI-TOF mass
spectrometry and "HNMR spectra (synthetic details and char-
acterization in Fig. S1 and S2 and Table S1, in the (ESI}).

Citrate buffer stabilized AuNPs, with a diameter of 40 nm
and an optical density of approximately unity, were used for
ligand exchange. This process involved replacing the citrate
ions on the AuNP surface with xanthate-containing PEtOx
ligands to introduce new functional properties (Fig. 1). Free
xanthate- PEtOx ligands were removed from the PEtOx-AuNP
colloid through three cycles of centrifugation and redis-
persion in Milli-Q ultrapure water. Partial ligand exchange
resulted in double stabilization of the AuNP colloid by electro-
static repulsion and steric stabilization, preventing aggrega-
tion.”” The xanthate capping ligand was selected for this study
due to its superior stability against oxidation when compared to
thiol analogues or carboxylic acid-containing ligands. More-
over, the formulation with the xanthate capping ligand exhibits
significant thermal and pH stability.***

The formation of a PEtOx polymer coating around AuNPs
was confirmed through a combination of transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS),
DLS, light extinction spectroscopy and Raman scattering.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic presentation of AUNPs before and PEtOx-AuNPs

after ligand exchange; (b) Au4f core level spectra of PEtOx-AuNPs; (c)
TEM image of citrate stabilized AuNPs (scale bar 18 nm); (d) TEM image
of PEtOx-AuNPs (scale bar 20 nm).

These complementary techniques provided comprehensive
characterization of the polymer shell, while the SPR was used as
a sensor to detect and quantify the temperature-induced LCST
phase transition of the polymer.

XPS measurements were performed on PEtOx-AuNPs after
ligand exchange (see Fig. S4 for the survey spectrum, ESIt). In
the Au4f core level spectra presented in Fig. 1d, the two main
components at 84 and 87.6 eV are attributed to the Au® state.®
The fitting-deconvolution procedure for the Au4f region
revealed an additional pair of components at 85.2 and 88.8 eV
that can be attributed to a Au’* state, typically observed in the
presence of adsorbed thiolated species.*® The adsorption of
xanthate moieties is likely responsible for this oxidized state of
the gold. This hypothesis is corroborated by the analysis of the
S2p core level spectrum (Fig. S4, ESIT), where the binding energy
of the two components (i.e. 163.2 and 164.3 eV) is typical of
physisorbed sulfur atoms®?

The temperature-dependent behaviour of the hydrodynamic
diameter of PEtOx-AuNPs was thoroughly investigated using the
DLS method. The results clearly confirm the presence of
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Fig.2 Temperature dependence of DLS derived PEtOx shell thickness
of PEtOx-AuNPs during the heating—cooling cycle in the temperature
range 20-91-20 °C.
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a polymer shell surrounding AuNPs. Fig. 2 illustrates the vari-
ation in shell thickness as a function of temperature, high-
lighting the LCST transition of the polymer.

The thickness of the PEtOx shell (d;) was determined using
ds =(d — d.)/2, where d is the hydrodynamic diameter of PEtOx-
AuNPs and d. = 40 nm is AuNP's core diameter. The results
indicated that the shell thickness remained constant at 18 nm
during heating in the range 20-60 °C.

As the temperature increases to 74 °C, the shell thickness
sharply decreases to 13.5 nm, indicating polymer shrinkage
during the LCST transition. Notably, the nanoparticles remain
well-dispersed without aggregation up to this temperature.
Further heating from 74 °C to 91 °C leads to a pronounced
increase in shell thickness to 20 nm, suggesting NP aggregation.
Upon reverse cooling from 91 °C to 82 °C, the final shell
thickness continues to increase slightly to 21 nm. Further
cooling to 74 °C results in a decrease to 19.7 nm, and from 74 °C
to 20 °C, the shell thickness remains nearly constant at
approximately 19 nm at 20 °C. A slight decrease in the shell
thickness from 21 to 19 nm during cooling in the 74-20 °C
range suggests partial disassembly of the aggregates, indicating
a degree of redispersion.

However, the final shell thickness at 20 °C (19 nm) remains
slightly higher than the initial value (18 nm), suggesting that
some aggregates persist in solution.

Considering the non-monotonic temperature behaviour of
the shell thickness during heating, a more precise estimation of
the LCST transition point is obtained from the cooling curve.

This transition point corresponds to the temperature at
which nanoparticle aggregation ceases and the shell thickness
begins to decrease, giving an approximate value of 82 °C.
Notably, the LCST transition occurs over a relatively broad
temperature range of 74-91 °C, highlighting the gradual and
dynamic nature of the LCST phase transition of the polymer
(Fig. 2).

This thermal behaviour is accompanied by significant
changes in the optical extinction spectra of PEtOx-AuNPs. The
formation of the polymer shell around AuNPs is evidenced by
a 5.8 nm red shift in the SPR peak after ligand exchange (Fig. S5
(b), ESIf). This red shift occurs due to the increase in the
dielectric constant of the AuNP environment after polymer
coating. Additionally, the SPR peak exhibits noticeable broad-
ening, indicating larger fluctuations in the dielectric constant in
the PEtOx shell compared to the citrate-stabilized AuNPs.

The temperature dependence of the extinction spectra of
both AuNPs and PEtOx-AuNPs was studied in detail throughout
a 20-91-20 °C heating-cooling cycle. While the extinction
spectrum of citrate-stabilized AuNPs remains largely
unchanged across the investigated temperature range, the
spectrum of PEtOx-AuNPs undergoes significant changes
during both heating and cooling (Fig. S6, ESIt).

Normalization and determination of the shift were per-
formed relative to the corresponding values at an initial
temperature of 20 °C before heating.

The temperature variation significantly affects the SPR peak
during both heating and cooling. This effect is particularly
pronounced in the temperature range of 70-90 °C, which
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corresponds to the LCST transition point of the polymer (Fig. S6
(a and b), ESIt).The polymer extinction peak also exhibits
changes at temperatures near the LCST transition point, but
these changes are less pronounced (Fig. S6 (¢ and d), ESIf)
compared to those observed for the SPR peak (Fig. S6 (a and b),
ESIY).

The LCST transition in the PEtOx shell is clearly detected
both in the temperature dependences of the spectral charac-
teristics of the Au core SPR peak and the peak of the polymer
shell (Fig. 3).

All  temperature-dependent parameters—including the
height of the PEtOx extinction peak, the height spectral posi-
tion, and the width of the SPR peak—exhibit sharp features
within the LCST transition range (76-91 °C), confirming the
occurrence of this transition in the polymer shell of AuNPs.
Based on the dependencies shown in Fig. 3, the LCST transition
point in PEtOx-AuNPs is determined to be 82 °C. Consistent
with the DLS data, light extinction measurements indicate that
the LCST transition occurs over a broad temperature range of
74-91 °C. Furthermore, Fig. 3 shows that the heating-cooling
cycle induces irreversible changes in the height, spectral posi-
tion, and width of the extinction peaks. Therefore, this obser-
vation suggests that the aggregates formed during the LCST
transition upon heating are not fully redispersed and partially
persist in solution upon cooling to the initial temperature.

A detailed discussion of these temperature-dependent
behaviours and the physical mechanisms is provided in the
ESIt. Notably, the temperature-induced changes in the spectral
characteristics of the observed SPR extinction peak in PEtOx-
AuNPs are significantly more pronounced than those previ-
ously reported.”” In summary, our results demonstrate that the
LCST transition in the PEtOx-AuNP shell can be directly detec-
ted without the need for an aggregation-enhancing agent (e.g.,
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Fig. 3 Temperature dependences of extinction peak characteristics
during the heating—cooling cycle in the temperature range of 20-91—
20 °C: (a) PEtOx peak normalized height, (b) SPR peak normalized
height, (c) SPR peak shift, and (d) normalized SPR peak width.
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NaCl), thus simplifying the process of LCST transition
detection.

This approach enabled us to conduct a SERS study of plas-
monic photothermal nanoparticles, focusing on the changes
induced by the LCST transition. The Raman spectra of PEtOx-
AuNPs reveal that the vibrational spectrum of the studied
samples contains frequency characteristic of xanthate-POx**3¢
in the spectral regions of 2800-3200 cm ™" (stretching vibrations
of the C-H bond in the CH, and CH; groups) and 1200-
1700 cm ™" (stretching vibration of the C=0 bond and defor-
mation vibrations in the CH; and CO-CH, groups), as shown in
Fig. 4 and S6, ESIT. The frequencies of these vibrational modes
are listed in Table 1. The intensity of the spectrum of PEtOx is
relatively weak, with only high-frequency peaks in the 2800-
3200 cm™' region being clearly detected, while the low-
frequency peaks (1200-1700 cm ') are not observed (Fig. S7,
ESIT).

In contrast, the intensity of the PEtOx spectrum in the PEtOx-
AuNP system increases sharply, with low-frequency peaks being
reliably detected (Fig. S7, ESIt). This effect is attributed to SERS,
which is a consequence of the enhancement of the Raman
spectrum of the polymer in the plasmonic field of the Au core,
confirming the formation of a polymer shell around the AuNPs.
Notably, the intensity of low-frequency peaks increases signifi-
cantly more than that of the high-frequency peaks. This
phenomenon is a consequence of the fact that low-frequency

PEtOx-AuNPs
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Fig. 4 Raman spectra of PEtOx-AuNPs on an Al substrate before and
after heating—cooling 20-91-20 °C cycles.

Table 1 Characteristic xanthate-PEtOx vibrational modes in PEtOx-
AuNPs

Vibration Wavenumber (cm™")
v (CHj)as 2977
v (CHy)as 2940
v (CH,)s 2845
v (CO)Amide I 1600
6 (CH,) 1460
6 (CO-CH,) 1355

© 2025 The Author(s). Published by the Royal Society of Chemistry
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peaks are closer to resonance than high-frequency peaks,
which leads to their stronger plasmon enhancement.

The heating—cooling cycle, involving the LCST transition
followed by aggregation in the PEtOx-AuNP system, induces two
effects.

First, the intensity of the SERS spectrum of the polymer
increases substantially (Fig. 4), which is due to the intensifica-
tion of the plasmon enhancement occurring during the LCST
transition in the polymer shell. Indeed, when the polymer
shrinks during the LCST transition, the thickness of the poly-
mer shell decreases, as a result of which the polymer chains are
located closer to the Au core where the plasmon field is
stronger, which leads to an increase in the enhancement of the
polymer SERS. In addition, in the narrow gaps between NPs
densely arranged in aggregates, plasmonic hot spots arise, in
which the SERS enhancement is much higher than near the
surface of isolated NPs. The formation of plasmonic hot spots
near the densely arranged metal NPs in the aggregates is a well-
established phenomenon in plasmonics.*”** Second, the
Raman spectrum undergoes a significant transformation, with
peak broadening in the high-frequency range, leading to a loss
of the fine spectral structure.

Meanwhile, changes are also observed in the low-frequency
range (Fig. 4). Specifically, the relative intensities of the peaks
corresponding to C=O0 stretching and CO-CH, deformation
vibrations increase significantly, with a particularly pronounced
effect observed for the CO-CH, vibration.

In addition to peak broadening, a considerable redistribu-
tion of intensities was observed. These changes not only
confirm the formation of a PEtOx shell around the AuNPs but
also indicate substantial structural transformations within the
PEtOx-AuNP system due to the LCST transition in the polymer
shell.

The structural and optical changes observed in the Raman
spectra of PEtOx-AuNPs following the LCST transition highlight
the dynamic interactions between the polymer shell and the
AuNP core. These results underscore the multifunctional nature
of PEtOx-AuNPs, where both optical sensitivity and thermal
responsiveness are crucial for practical applications. To eval-
uate the photothermal properties, particularly the plasmonic
optical heating of these hybrid nanoparticles, we investigated
their photothermal efficiency (PTE) using a continuous-wave
532 nm laser, analysing the correlation between optical
absorption and heat generation.

PEtOx-AuNPs and AuNPs were analysed using Zscan-TLS***
following established procedures** and are summarised in the
ESIf. Multiple measurements at varying laser powers were
conducted to minimize measurement errors.>® Zscan-TLS is
a technique used to measure the optical properties of materials
by detecting changes in the refractive index caused by local
heating of the sample, typically induced by a focused laser beam
(Fig. S8, ESI{).

Only the light absorbed by PEtOx-AuNPs and AuNPs is con-
verted into heat inside the surrounding medium. The photo-
thermal efficiency (PTE) (Table 2) quantifies the fraction of light
thermally absorbed relative to the total extinction (non-
transmitted light) of the solution. Theoretically, this depends

Nanoscale Adv., 2025, 7, 4018-4023 | 4021
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Table 2 Characterization of citrate stabilized AuNPs and PEtOx-
AuNPs

Sample ¢-potential, mv* Amax, NM? PTE%®
AuNPs —35 528 83
PEtOx-AuNPs —24 536 91

“ C-Eotential values are represented as mean =+ standard deviation (n =
3). ” By UV-vis spectroscopy. ¢ By Zscan-TLS.

on experimental factors such as nanoparticle size, shape,
composition, concentration, and wavelength.> Quantitative
insights into these properties can be obtained through theo-
retical approaches such as using Mie's theory, which calculates
scattering, extinction, and absorption of nanoparticles of
various shapes. However, theoretical procedures are often
complex, and the results of these calculations are not always
experimentally validated, highlighting the importance of
experimental measurements. Techniques, such as light scat-
tering spectroscopy, thermal lensing spectroscopy, and extinc-
tion spectroscopy, remain essential for characterizing AuNPs.
Hybrid PEtOx-AuNPs exhibit enhanced photothermal effects
compared to AuNPs. PEtOx coating can act as a thermores-
ponsive shell that modifies the local refractive index and
thermal conductivity around the AuNPs. Upon heating, the
polymer undergoes a conformational change near its LCST,
potentially facilitating more efficient heat dissipation into the
surrounding medium due to a reduction in hydration and
increased polymer compaction. This dynamic behavior may
contribute to the observed enhancement in photothermal effi-
ciency in Z-scan measurements. From an optical standpoint at
the nanoscale, the PEtOx layer—having a refractive index
intermediate between that of gold and water—can act as an
impedance-matching medium, facilitating more efficient
coupling of optical energy into the system. This index gradient
may reduce scattering losses and enhance absorption, effec-
tively favoring photothermal conversion over radiative loss. The
LCST of the PEtOx polymer ligand plays a critical role in this
enhancement, by influencing the dielectric environment
around the AuNPs, which slightly tunes the SPR of the nano-
particles. As a result, the core-shell configuration of the PEtOx-
AuNPs optimizes their photothermal properties, increasing
their efficiency by approximately 10%, making them more
effective for applications that rely on efficient heat generation.

Conclusions

In this study we successfully functionalized AuNPs through
a straightforward ligand exchange method. This was confirmed
by UV-vis measurements, which showed a distinct spectral shift,
and {-potential measurements that quantitatively assessed the
change in surface charge. TEM images further confirmed
changes in densities around AuNPs. The temperature-
responsive PEtOx coating effectively alters the local dielectric
environment of the AuNPs, fine-tuning their SPR. This coating
also generates a tunable SERS signal based on the LCST
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transition, offering exciting possibilities for dynamic sensing
applications.

For the first time, we employed Zscan-TLS to evaluate the
photothermal efficiencies of hybrid AuNPs, focusing on the heat
generation efficiency upon photoexcitation. Notably, PEtOx-
AuNPs exhibited the highest photothermal efficiency enhance-
ment compared to AuNPs, attributed to the thermosensitive
polymer layer. This layer modulates the local refractive index,
shifting the plasmonic resonance and enhancing light absorp-
tion and heat generation. The functionalization of AuNPs with
PEtOx shows great promise for reducing immunogenicity,
making these AuNPs ideal candidates for biomedical applica-
tions such as photothermal therapy, imaging, or nanoscale heat
generation.

Looking forward, functionalizing PEtOx-AuNPs with fluo-
rescent molecules or quantum dots could enable temperature-
controlled modulation of absorption, fluorescence, and
Raman scattering. This opens up new opportunities for PEtOx-
AuNPs as a powerful platform for the development of
temperature-controlled optical switches.

Overall, this work underscores the versatility of PEtOx-AuNPs
and sets the stage for their integration into next-generation
optical and biomedical technologies, positioning them as
a powerful platform for both scientific exploration and practical
applications.
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