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Hybrid Nanogel-Wrapped Anisotropic Gold Nanoparticles
Feature Enhanced Photothermal Stability

David Esporrín-Ubieto, Cristián Huck-Iriart, Agustin S. Picco, Ana Beloqui,*
and Marcelo Calderón*

Anisotropic gold nanoparticles (AuNPs) are renowned for their unique
properties – including localized surface plasmon resonance (LSPR) and
adjustable optical responses to light exposure – that enable the conversion of
light into heat and make them a promising tool in cancer therapy.
Nonetheless, their tendency to aggregate and consequently lose their
photothermal conversion capacity during prolonged irradiation periods
represents a central challenge in developing anisotropic AuNPs for clinical
use. To overcome this issue, an innovative approach that facilitates the
encapsulation of individual anisotropic AuNPs within thin nanogels, forming
hybrid nanomaterials that mirror the inorganic core’s morphology while
introducing a negligible (2–8 nm) increase in overall diameter is proposed.
The encapsulation of rod- and star-shaped anisotropic AuNPs within
poly-acrylamide (pAA) or poly-(N-isopropylacrylamide) (pNIPAM) nanogels is
successfully demonstrated. The ultrathin polymeric layers display remarkable
durability, significantly enhancing the photothermal stability of anisotropic
AuNPs during their interaction with near-infrared light and effectively
boosting their photothermal capacities for extended irradiation periods. The
outcomes of the research thus support the development of more stable and
reliable AuNPs as hybrid nanomaterials, positioning them as promising
nanomedicinal platforms.

1. Introduction

Tunable gold nanoparticles (AuNPs) have wide-ranging appli-
cations in diagnostics, drug delivery, therapy, and imaging.[1]
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Anisotropic AuNPs have garnered signifi-
cant interest due to their distinct optical
properties, including their capacity to con-
vert light into heat.[2] Adjusting the size
and shape of AuNPs can modulate their op-
tical properties, which are marked by lo-
calized surface plasmon resonance (LSPR);
spherical AuNPs exhibit maximum absorp-
tion in the visible range of the spectra,
while anisotropic AuNPs display excitation
in the near-infrared region.[3,4] This spec-
tral window – spanning 700–1100 nm –
holds significance for photothermal ther-
apy as this range aligns with biologically
transparent wavelengths.[5] Hence, success-
ful therapeutic approaches that leverage the
ability of anisotropic AuNPs to convert light
into confined thermal energy have been
evaluated in animal models.[6–8] Rastine-
had et al., demonstrated the eradication of
prostate tumors in 14/16 patients through
localized injections of gold-coated spheri-
cal silicon nanoparticles followed by irra-
diation with near-infrared light.[9] While
this achievement underscores the notable
photothermal features of AuNPs in disease
treatment, the perhaps more significant

potential of anisotropic AuNPs remains unexplored regarding
clinical translation.

The lack of anisotropic AuNP stability under prolonged light
exposure limits their implementation in localized photothermal

A. S. Picco
Instituto de Investigaciones Fisicoquímicas, Teóricas y Aplicadas
(INIFTA)
Universidad Nacional de La Plata (UNLP) – CONICET
Diagonal 113 y Calle 64, La Plata 1900, Argentina
A. Beloqui, M. Calderón
IKERBASQUE
Basque Foundation for Science
Plaza Euskadi 5, Bilbao 48009, Spain

Small 2024, 20, 2404097 © 2024 The Author(s). Small published by Wiley-VCH GmbH2404097 (1 of 12)

http://www.small-journal.com
mailto:ana.beloquie@ehu.eus
mailto:marcelo.calderonc@ehu.eus
https://doi.org/10.1002/smll.202404097
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmll.202404097&domain=pdf&date_stamp=2024-09-02


www.advancedsciencenews.com www.small-journal.com

Scheme 1. Synthetic scheme for the one-pot in situ encapsulation of a single AuNP Rod within crosslinked nanogels. The procedure involves i) prepa-
ration of Rods with cetyltrimethylammonium bromide (CTAB), ii) full surface grafting with amino-terminated polyethylene glycol (PEG) (MW 5 kDa)
chains, and iii) subsequent acryloylation of the external functional groups and the in situ radical polymerization of either acrylamide (AA) or N-
Isopropylacrylamide (NIPAM) monomers in the presence of N,N´-methylenebis(acrylamide) (BIS) as a crosslinker. iv) Polymeric (pAA or pNIPAM)
growth on the surface of the nanoparticle gives rise to v) complete encapsulation of the Rod within corresponding nanogels.

therapies. Unprotected AuNPs suffer from evaporation and the
subsequent condensation of gold atoms, leading to small satel-
lite clusters emerging around the inorganic core upon laser
irradiation.[10] As a result, anisotropic AuNPs experience a loss
of dimensional attributes, manifesting as a loss in photothermal
conversion capacity;[11] therefore, strategies that protect and sta-
bilize anisotropic AuNPs may widen their application as pho-
tothermal agents.

Organic polymeric matrices shield and stabilize AuNPs;
for example, drug delivery strategies have employed multiple
AuNPs embedded in preformed thermoresponsive nanogels
based on poly-N-isopropylacrylamide (pNIPAM)-grafted thio-
lated chitosan.[12] Laser exposure for 10 min decreased the
photothermal conversion efficiency from a temperature change
of 9 to 5 °C (representing a 1.8-fold reduction), likely due to the
high density of the protective nanogel, underscoring the need to
fabricate thin-shell protective layers. In a related study, Contreras-
Cáceres et al. encapsulated individual AuNPs within thermore-
sponsive microgels based on the in situ growth of crosslinked
pNIPAM,[13] which required the prior encapsulation of AuNPs
within polystyrene particles to ensure sufficient stability and pre-
vent aggregation during microgel polymerization; however, the

resultant material exhibited an egg-like shape, significantly over-
passing the AuNP’s initial dimensions. Thus, reported method-
ologies remain limited regarding the controlled deposition of
polymeric networks over the surface of inorganic particles; as
a result, the final optical properties of the material cannot be
anticipated.[14] Developing methodologies that preserve the mor-
phology remains particularly interesting for anisotropic AuNPs
to safeguard their robust plasmonic features.[15]

In this study, we devised a protocol that stabilizes anisotropic
AuNPs while preserving their dimensions and, thus, their op-
tical features. Our strategy envisaged one-pot in situ polymeric
growth that provides for AuNP encapsulation within the resul-
tant nanogel. The in-depth characterization of our hybrid nano-
materials revealed the encapsulation of single anisotropic AuNPs
within nanogels with a 2–8 nm thickness, which preserves their
original size and shape. Notably, the optical properties of rod- and
star-shaped anisotropic AuNPs remained intact, while showing
excellent stability against prolonged near-infrared-light irradia-
tion. We believe that the creation of AuNP-nanogel hybrid nano-
materials can improve the prospects of AuNPs as photothermal
agents in the clinic and offer a new avenue for exploring novel
functionalization strategies for inorganic nanoparticles.
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2. Results and Discussion

2.1. Synthetic Methodology to Wrap Gold Nanoparticles

2.1.1. Optimization of the Encapsulation Protocol

We took inspiration from our previously reported methodol-
ogy that successfully wrap individual enzymes within acrylic
monomers upon free radical polymerization for our strategy to
decorate individual AuNPs within a thin nanogel layer.[16] We en-
visaged that the growth of a crosslinked polymeric network from
the nanoparticle surface would induce the embedding of the inor-
ganic component within a nanogel shell. We anticipated several
challenges, such as interparticle aggregation and the loss of col-
loidal stability during synthesis; for this reason, we envisioned a
procedure involving several synthetic steps (Scheme 1; Schemes
S1–S3, Supporting Information).

As a proof-of-concept, we extensively explored each step us-
ing spherical isotropic AuNPs (SPhs), which are more eas-
ily produced at high concentrations than anisotropic AuNPs.
We carefully assessed parameters such as bifunctional linker
composition and length, reagent concentration, reaction times,
temperatures, and solvents to reach the optimal parameters
described in Table 1 (Supporting Information provides addi-
tional details). Then, we employed the optimal parameters to
encapsulate anisotropic AuNPs and 40 nm SPhs. Briefly, we
grafted the surface of AuNPs (Scheme 1i) with bifunctional
thiolated-polyethylene glycol-amine (PEG) (Scheme 1ii) to pro-
vide nanoparticle stability and enable subsequent steps.[17,18] We
determined PEG-amino (MW 5.0 kDa) grafting as the most con-
venient approach to avoid nanoparticle aggregation and enhance
long-term colloidal stability (Table S1, Supporting Information).
Next, we reacted grafted amino-functionalized linkers with N-
acryloylsuccinimide (NAS) to activate the nanoparticle surface
(Scheme 1iii).[19] Acryloyl groups serve as anchoring points to
build the polymeric network around the AuNP surface, and we
achieved optimal results upon 2 h of incubation at room tem-
perature with 0.02 mM NAS (Table S2, Supporting Information).
Finally, we subjected activated AuNPs to in situ radical polymer-
ization (Scheme 1iv,v); we finely tuned the protocol to weave
thin crosslinked layers of polyacrylamide (pAA) or pNIPAM
nanogels around individual nanoparticles, avoiding the aggrega-
tion/encapsulation of multiple nanoparticles within the nanogel
(Table S3, Supporting Information). We selected optimized con-
ditions following comprehensive physicochemical characteriza-
tion, which included transmission electron microscopy (TEM),
scanning electronic microscopy (SEM), UV–vis spectroscopy, dif-
ferential scanning calorimetry (DSC), gel permeation chromatog-
raphy (GPC), and atomic force microscopy (AFM) (Figure 1;
Figures S1–S6, Supporting Information).

TEM analysis confirmed the successful encapsulation of SPh
within thin films (2–3 nm thickness) of a pAA nanogel at an
acrylamide-to-SPh molar ratio of 30000:1 (SPh@pAA; Figure 1A;
Figure S1, Supporting Information). While higher ratios led to
SPh aggregation, lower acrylamide concentrations gave rise to
incomplete SPh encapsulation (Figure S2A,B, Supporting In-
formation). When using pNIPAM nanogels (SPh@pNIPAM),
complete SPh encapsulation required an N-isopropylacrylamide-
to-SPh ratio of 5000000:1 (Section S3.1.2-c.2, Supporting
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Figure 1. Selected characterization results for PEGylated and nanogel-encapsulated SPh nanoparticles. A) TEM image of SPh@pAA with nanogel
thickness highlighted (scale bar 10 nm) (inset showing scheme for SPh). B) Normalized extinction spectra showing localized surface plasmon res-
onance (LSPR) wavelength for SPh@PEG, SPh@pAA, and SPh@pNIPAM. C) Differential scanning calorimetry thermograms comparing SPh@PEG
and SPh@pNIPAM. D) Chromatograms obtained by GPC normalized at 530 nm for SPh@PEG, SPh@pAA, and SPh@pNIPAM.

Information provides detailed information). Our findings re-
vealed that the increased size of SPh nanoparticles did not sig-
nificantly affect their optical properties, as demonstrated by UV–
vis measurements (Figure 1B; Figures S2C–E and S3, Support-
ing Information). DSC revealed the thermal responsiveness in-
duced by the inclusion of pNIPAM in SPh@pNIPAM; we ob-
served a notable shift from 29 to 35 °C in the DSC peak for non-
encapsulated SPh nanoparticles and SPh@pNIPAM, respec-
tively (Figure 1C; Figure S4, Supporting Information). Interest-
ingly, GPC analysis revealed that SPh@pAA and SPh@pNIPAM
eluted before PEGylated SPh nanoparticles (SPh@PEG) due to
an increase in molecular weight (Figure 1D; Figure S5, Sup-
porting Information). Furthermore, AFM results (Figure S6,
Supporting Information) demonstrated a deeper penetration
of the tip in terms of height and increased adhesion for en-
capsulated SPh nanoparticles. This result suggests a greater
quantity of polymer present in the case of nanogels. There-
fore, the characterization of nanogel-encapsulated SPh nanopar-
ticles confirmed the successful formation of a thin polymer
layer around individual nanoparticles under optimized synthesis
conditions.

2.1.2. Synthesis and Encapsulation of Rod- and Star-Shaped
Anisotropic AuNPs Within Nanogels

After successfully encapsulating individual SPh nanoparti-
cles, we aimed to encapsulate rod-and star-shaped anisotropic
AuNPs based on this optimized procedure. The scale employed
obliged us to perform several synthesis batches for each de-
sired hybrid nanomaterial to achieve sufficient material for
characterization.[17,18] We collected batches with only slight vari-
ations in the maximum extinction measured in the visible
spectrum. Rod-shaped anisotropic AuNPs displayed maximum
absorption peaks at ≈715 nm (within the near-infrared re-
gion) and 515 nm, consistent with a predicted axial length of
40 nm and a longitudinal length of ≈10 nm.[17] Star-shaped
anisotropic AuNPs displayed broad extinction from the vis-
ible to the near-infrared region – 600 to 1000 nm – with
maximum absorption at 800 nm corresponding to particles
with an average diameter of 40 nm (according to reported
information).[18]

We slightly modified the encapsulation protocol to ensure
the stability of rod-shaped (Rod@pAA and Rod@pNIPAM) and

Small 2024, 20, 2404097 © 2024 The Author(s). Small published by Wiley-VCH GmbH2404097 (4 of 12)
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Figure 2. Normalized extinction spectra showing the localized surface plasmon resonance (LSPR) wavelength for rod- and star-shaped anisotropic
AuNPs@PEG before (dotted lines) and after encapsulation (continuous lines) within A) pAA and B) pNIPAM nanogels.

star-shaped (Star@pAA and Star@pNIPAM) anisotropic AuNPs;
specifically, we employed a prolonged incubation (up to 48 h) with
thiolated PEG-amine (with a molar ratio 50000:1 HS-PEG5k-
NH2:AuNPs) for stabilization (compared to the protocol for SPh
encapsulation) to achieve complete encapsulation due to the in-
creased surface area and the presence of spikes (Table 1). The re-
maining synthetic conditions were comparable (with a molar ra-
tio of 180000:1 NAS:AuNPs; 30000:1 AA:AuNPs; and 5000000:1
NIPAM:AuNPs) (Supporting Information provides additional de-
tails).

2.1.3. Analysis of the Optical Properties of AuNP-Nanogel Hybrid
Nanomaterials

We aimed to stabilize anisotropic AuNPs without affecting their
optical properties; typically, the complete encapsulation of AuNPs
within a polymer layer results in a noticeable shift in the
plasmonic band, manifested by a wavelength variation of sev-
eral nanometers.[20–23] This shift of the plasmon band maximum
suggests an irreversible impact on the optical properties of the
nanoparticles. Encouragingly, Figure 2 reports a lack of signifi-
cant plasmon shift compared to unencapsulated rod- and star-
shaped anisotropic AuNPs, indicating the absence of aggrega-
tion and the maintenance of the original optical properties for
Rod@pAA and Star@pAA (Figure 2A) or Rod@pNIPAM and
Star@pNIPAM (Figure 2B). Thus, we conclude that our ap-
proach conserves the optical features of rod- and star-shaped
anisotropic AuNPs after nanogel encapsulation.

2.2. Structural Characterization of AuNP-Nanogel Hybrid
Nanomaterials

The elucidation of the core-shell configuration of AuNP-nanogel
hybrid nanomaterials remains challenging due to the inorganic
nature of the nanoparticle and the relative thinness of the organic
polymer layer. Here, we thoroughly characterized AuNP-nanogel
hybrid nanomaterials to confirm the presence of a thin polymeric
layer.

2.2.1. Small-Angle X-ray Scattering Characterization of
Nanogel-Encapsulated Anisotropic AuNPs

We employed small-angle X-ray scattering (SAXS) to investi-
gate whether the nanogels retain the shape congruence of the
anisotropic inorganic core in solution and, additionally, to verify
the existence of the encapsulating organic polymeric layer.

Figure 3A,B depicts SAXS patterns and Normalized Kratky
representation curves obtained for Rod@pAA, Rod@pNIPAM,
and PEGylated rod-shaped anisotropic AuNPs (Rod@PEG). We
employed cylindrical and cylindrical core-shell models to fit the
data derived from Rod@PEG and Rod@pAA/Rod@pNIPAM.[24]

SAXS patterns obtained for Rod@PEG fit well with the charac-
teristic features typically observed for cylindrical structures, with
two subtle inflection points at q ≈0.29 and ≈0.11 nm−1, that cor-
responded to the transverse and longitudinal axis of the rod, re-
spectively. These data provide an adjusted diameter of 12.2 nm
and a length of 40 nm (with a size polydispersity of 10%) for
Rod@PEG. From these data, we aimed to determine the shell
thickness of the nanogel-encapsulated rod-shaped anisotropic
AuNPs. We fixed the electron densities applied for the gold
and polymer layer during the fitting to 𝜌(Au)/𝜌(H2O) ≈10 and
𝜌(polymer)/𝜌(H2O) ≈1.5, respectively. As shown in Figure 3A,
the rod encapsulated by both nanogels presented similar fea-
tures, albeit with a slight shift toward smaller angles, suggest-
ing a change in the overall hybrid size (≈0.6 nm−1 for Rod@pAA
and ≈1.4 nm−1 for Rod@pNIPAM). As we previously discounted
the aggregation of the gold cores (Figure 2), we attributed the
observed shift to the polymeric shell formed around rod-shaped
anisotropic AuNPs; therefore, the data provide an adjusted shell
thickness of 1.5 and 7.0 nm for Rod@pAA and Rod@pNIPAM,
respectively. The features observed in the Kratky plots (Figure 3B)
align with fitting results. Samples present a main peak located at
q ≈0.19 nm−1 and a shoulder at q ≈0.8 nm−1. While Rod@pAA
exhibits a Kratky plot similar to Rod@PEG, Rod@pNIPAM
presents a clear shift of the main features toward lower q-values.
This result indicates a thicker pNIPAM shell formed around the
rod than pAA, consistent with the fitting results.

Figure 3C,D presents the SAXS curves obtained for
Star@pAA/Star@pNIPAM and Star@PEG. The SAXS curves

Small 2024, 20, 2404097 © 2024 The Author(s). Small published by Wiley-VCH GmbH2404097 (5 of 12)
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Figure 3. SAXS data for AuNP-nanogel hybrid nanomaterials. A) SAXS patterns (log-log scale) of Rod@PEG, Rod@pAA, and Rod@pNIPAM in stacked
representation. Black lines depict adjusted curves using models noted in the main text. The double arrow indicates a slope between the two inflec-
tion points of ≈1 due to the 1D geometry of the rod. B) Normalized Kratky representation of SAXS patterns obtained for Rod@PEG, Rod@pAA, and
Rod@pNIPAM (stacked curves). C) SAXS patterns (log–log scale) of Star@PEG, Star@pAA, and Star@pNIPAM samples in stacked representation.
Black lines correspond to adjusted curves using models mentioned in the main text. D) Normalized Kratky representation of SAXS patterns obtained
for Star@PEG, Stars@pAA, and Star@pNIPAM (stacked curves).

possess two distinctive regions compatible with a non-regular
star (bumps at lower [ from overall size contribution] and higher
angles [ from the edges of the star]). Representation through
a geometrical analytical model remains challenging consider-
ing the shape of these nanoparticles; therefore, we used the
Beaucage model to fit the obtained data.[25] This model uses
levels with contributions stemming from their radius of gyration
(Rg) and Porod exponent; therefore, we can fit star-shaped
nanoparticles using two levels, a larger one for the overall size
of the star and a smaller one for the spikes (as shown by the
inset TEM image in Figure 3C). The black lines in Figure 3C
represent the best fits obtained for Star@pAA, Star@pNIPAM,
and Star@PEG. Thus, Star@PEG can be adjusted by applying
an Rg of ≈21.3 and ≈5.0 nm; Star@pAA with a Rg of ≈25.3 and
≈5.6 nm; and Star@pNIPAM with a Rg of ≈22.1 and ≈5.1 nm.
Size analysis results provided a diameter of ≈42.6, ≈50.6, and
≈44.2 nm for Star@PEG, Star@pAA, and Star@pNIPAM.
Kratky plots of these samples (Figure 3D) also provide valuable

information regarding the distribution of the polymeric network
over the irregular surface of star-shaped anisotropic AuNPs. If
the polymeric network grows homogeneously over the surface,
maintaining shape congruence, the peak of Star@PEG at lower q
values (i.e., ≈0.09 nm−1) will shift to lower values;[26] meanwhile,
if the polymeric network accumulates into the spaces between
edges, the shoulder at ≈0.28 nm−1 will be affected.[27] This
latter case would prompt the loss of the initial shape, potentially
leading to the formation of a spherical-like external shell in
solution. Unlike the results for Rod@pAA and Rod@pNIPAM,
we found significant differences when comparing the Kratky
representation of Star@pAA and Star@pNIPAM, most likely
due to the thin polymeric layer achieved for Rod@pNIPAM. As
for Star@pAA, noticeable shifts toward lower q-values (Δq ≈

0.02 nm−1) were observed for both the peak and shoulder. These
findings indicate comprehensive coverage of the nanoparticle,
with a significant accumulation between the spikes, suggesting
the presence of a thick layer surrounding the nanoparticle.

Small 2024, 20, 2404097 © 2024 The Author(s). Small published by Wiley-VCH GmbH2404097 (6 of 12)

 16136829, 2024, 48, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202404097 by U
niversidad D

el Pais V
asco, W

iley O
nline L

ibrary on [02/12/2024]. 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.small-journal.com


www.advancedsciencenews.com www.small-journal.com

In conclusion, SAXS measurements confirmed polymer
growth on the surface of rod- and star-shaped anisotropic AuNPs,
with the robust fitting of applied models providing evidence for
the maintenance of morphology after encapsulation.

2.2.2. Transmission Electron Microscopy Characterization of
Nanogel-Encapsulated Anisotropic AuNPs

The accurate observation of AuNP-nanogel hybrid nanomateri-
als represents a challenging task due to the minuscule thick-
ness of the polymeric layer wrapping the AuNPs, coupled with
the anisotropic nature of AuNPs, which could potentially hin-
der complete encapsulation. Achieving complete coverage would
substantially enhance photothermal therapy techniques utilizing
anisotropic AuNPs.[28–30] Here, we assessed the presence of a
nanogel shell surrounding anisotropic AuNPs (conserving their
geometric configuration) by TEM; overall, our approach sup-
ported the complete encapsulation of AuNPs (Figure 4).

While we could not observe grafted linear PEGs on Rod@PEG
(Figure 4A), we did detect a thin organic coating ranging from 0.6
to 2 nm in thickness for Star@PEG (Figure 4B), likely due to the
formation of a more dense polymer layer. This observation agrees
with a previous study describing how AuNPs coated with 5 kDa
PEG ligands displayed an increase in organic layer thickness of
≈2 nm.[31] Upon polymerization and subsequent in situ encap-
sulation, Rod@pAA possessed a uniform organic layer of ≈3 nm
(Figure 4C) across the nanoparticle surface, providing a fully en-
capsulating nanogel shell; meanwhile, Star@pAA possessed a
more compact polymeric layer with a thickness of ≈2 nm on
spikes and 4–6 nm on spike junctions, which confirms the com-
plete encapsulation of AuNPs by pAA (Figure 4D). TEM images
corresponding to Rod@pNIPAM and Star@pNIPAM displayed
comparable features, although slightly thicker (Figure 4E,F);
therefore, the TEM study confirmed the formation of densely
packed organic shells due to nanogel crosslinking.

We consistently found similar outcomes for SAXS and TEM,
which provided comparable diameters for the AuNP-nanogel hy-
brid nanomaterials. These results indicate that nanogel swelling
remains limited, likely due to a high density of crosslinkers; how-
ever, despite the variations observed among the techniques, all re-
sults converge toward a consistent trend. Any discrepancies may
stem from the underlying physical principles inherent to each
measurement, and the interpretation of each outcome may be
challenging, given the intricate topology of the nanoparticle.

2.2.3. Thermoresponsive Characterization of Anisotropic AuNPs
Encapsulated by pNIPAM Nanogels

The in situ formation of a pNIPAM shell surrounding anisotropic
AuNPs can be determined by corresponding DSC thermograms,
as according to the reported literature, pNIPAM and HS-PEG5k
display a peak at 33–34 °C.[32,33] These values derive from the in-
trinsic transition temperature for pNIPAM, but as a consequence
of a conformational change of their chains (from coiled to globu-
lar) for PEG; however, the presence of AuNPs can alter this peak
(depending on shape and concentration).[34] The encapsulation
of rod-shaped anisotropic AuNPs within a pNIPAM nanogel in-
duced a shift of an exothermic peak from 33.49 °C (Rods@PEG)

to 34.64 °C (Rods@pNIPAM), with an associated drop in the
crystallization enthalpy from −57.71 to −50.04 mJ g−1, respec-
tively (Figure 5A). These values indicate a significant change in
the transition phase of nanoparticle-grafted polymers, most likely
due to the presence of thermoresponsive pNIPAM in this hybrid
nanomaterial. This thermoresponsive polymer employs a portion
of the energy required to generate the DSC peak to change its
conformation, leading to a more positive crystallization enthalpy;
consequently, the transition of the material toward a more orga-
nized state requires a significant amount of energy. Similarly,
analysis of star-shaped anisotropic AuNPs within a pNIPAM
nanogel revealed enthalpy values of−77.11 mJ g−1 for Star@PEG
and −58.80 mJ g−1 for Star@pNIPAM (Figure 5B), suggesting a
less exothermic process in the presence of the pNIPAM shell,
likely due to the thermoresponsive nature of the polymer. The
findings agree with existing literature, which consistently de-
scribes negative heat flow values for PEGylated AuNPs and pos-
itive values for pNIPAM-coated AuNPs;[34,35] furthermore, previ-
ous DSC studies have indicated that PEG reduces the enthalpy of
pNIPAM.[36] These findings confirm the successful synthesis of
thermoresponsive AuNP-nanogel hybrid nanomaterials with tai-
lored properties, which could have diverse applications in various
fields.

2.3. AuNP-Nanogel Hybrid Nanomaterial Stability During
Laser-Into-Heat Conversion Upon Laser Irradiation

The stabilization techniques typically employed for AuNPs dur-
ing laser irradiation often encounter a bottleneck (as described
above), adversely affecting their inherent optical properties; in
this context, we introduced our hybrid nanomaterial approach as
a promising enhancement. We thoroughly evaluated the ability of
our AuNP-nanogel hybrid nanomaterials to function as efficient
light-to-heat converters, a critical characteristic for their poten-
tial application in photothermal therapy. AuNP-nanogel hybrid
nanomaterials must consistently maintain their plasmon band
within the near-infrared wavelength after irradiation to ensure
their therapeutic effectiveness. Incorporating anisotropic AuNPs
into nanogels may hinder AuNP aggregation and modification
of morphological traits (e.g., a shift toward a spherical shape);
overall, these common phenomena have been extensively docu-
mented and compromise optical properties.[37,38]

We irradiated nanogel-encapsulated rod- and star-shaped
anisotropic AuNPs with a 785 nm laser at an 1980 mW cm−2 in-
tensity. We monitored the solution temperature using a thermal
camera; each experiment consisted of a 30-min laser exposure
followed by a 30-min gap repeated three times (a 3-h experiment).
We subjected our AuNP-nanogel hybrid nanomaterials to pro-
longed laser irradiation to demonstrate their ability to maintain
high-temperature conversion over extended periods, pushing the
characterization and stability tests to the limit; this characteristic
could ensure the effective ablation of tumors in a hypothetical
photothermal therapy scenario.

Upon exposure of our AuNP-nanogel hybrid nanomaterials to
laser irradiation (Figure 6A–C shows a representative example),
we recorded heating curves (Figure 6D,E) and UV–vis spectra
(Figure 6F,G) before and after irradiation (Table 2 provides a sum-
mary of the data). We employed SPh@PEG with diameters of 14
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Figure 4. Transmission electron microscopy images of A) Rod@PEG, B) Star@PEG, C) Rod@pAA, D) Star@pAA, E) Rod@pNIPAM, and F)
Star@pNIPAM. Polymeric thicknesses highlighted in nm. Scale bars = 10 nm.

and 40 nm as a negative control; SPh@PEG maintained their
structural integrity according to the UV–vis measurements, as ir-
radiation did not alter the plasmonic band, although (as expected)
we did not measure any significant photothermal conversion ca-
pacity at 530 nm (Figure S8, Supporting Information).

We revealed significant disparities when plotting the heating
curves for nanogel-encapsulated rod- and star-shaped anisotropic

AuNPs. We first observed that non-encapsulated anisotropic
AuNPs underwent a noticeable decrease in the efficiency of laser-
to-heat conversion. In the first cycle of irradiation (Figure 6D,
blue discontinuous line), non-encapsulated rods achieved a re-
markable temperature peak of 63 °C; however, this efficiency
decreased in subsequent cycles (particularly by the third cycle),
resulting in a maximum temperature of 47 °C. In the case of

Small 2024, 20, 2404097 © 2024 The Author(s). Small published by Wiley-VCH GmbH2404097 (8 of 12)
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Figure 5. Differential scanning calorimetry thermograms for A) Rod-shaped and B) Star-shaped AuNPs grafted with PEG or encapsulated by pNIPAM.
Isotherms were performed at a heating rate of 10 °C min−1 under N2 flow at 50 mL min−1.

non-encapsulated stars, we observed a reduction of 5 °C between
the first and the third cycles (Figure 6E, pink discontinuous line).
We observed maximum achieved temperatures that agreed with
the reported literature.[39] Encapsulating AuNPs within nanogels
to form hybrid nanomaterials could significantly enhance stabil-
ity when subjected to laser irradiation, which relies on the char-
acteristics of the polymers employed. Rod@pAA (Figure 6D, red
line) and Star@pAA (Figure 6E, orange line) exhibited high pho-
tothermal conversion efficacy across all three irradiation cycles.
Throughout these cycles, we observed a minor variation of 1 °C
from the maximum, which indicates a consistent and stable re-
sponse to the laser irradiation and makes the pAA nanogel an ex-
cellent choice for this application. Conversely, the heating curves
yielded unexpected results when we used a pNIPAM nanogel for
encapsulation. The temperature fluctuated during the three ir-
radiation cycles for Rod@pNIPAM (Figure 6D, green line) and
Star@pNIPAM (Figure 6D, purple line) – Rod@pNIPAM expe-
rienced a significant drop of 24 °C (from 58 to 34 °C) during
the second irradiation cycle while Star@pNIPAM experienced
an even more substantial drop of 37 °C (from 65 to 28 °C) during
the first heating cycle. Star@pNIPAM recovered the temperature
drop to 51 °C during the second heating cycle, and we observed
a rapid increase of 17 °C (from 53 to 70 °C) during the third heat-
ing cycle. To further validate these fluctuations, we prepared a
fresh batch of hybrids and replicated the experiment. The corrob-
orating results (Figure S8, Supporting Information), affirm our
initial observations. These results may be attributed to the ther-
moresponsive behavior of pNIPAM – the hydrophobic nature of
pNIPAM may decrease the aqueous dispersability of the hybrid
nanomaterial as the temperature increases above the transition
temperature, which in turn decreases photothermal conversion
efficacy. These fluctuations suggest that a pNIPAM nanogel may
not maintain consistent photothermal conversion under laser ir-
radiation to the same degree as pAA nanogels.

We also evaluated the plasmon band of nanogel-encapsulated
rod- and star-shaped anisotropic AuNPs to assess the impact of
irradiation on the morphology of these hybrid nanomaterials.
The plasmon bands of unencapsulated rods and stars experi-
enced hypsochromic shifts of 50 nm (Figure 6F, blue lines) and

99 nm (Figure 6G, pink lines) after irradiation, which agrees
with earlier reports of the deterioration of anisotropic PEGy-
lated AuNPs into spherical aggregates after prolonged exposure
to laser radiation.[40]

Significant efforts have recently aimed to safeguard
anisotropic AuNPs during laser exposure; for instance, a
protective polypyrrole shell enhanced the stability and laser-to-
heat conversion efficiency of AuNPs by 20%.[41] Unfortunately,
this shell caused a hypsochromic shift in the plasmonic band,
affecting the optical properties and indicating limited control
over synthesis. Coating AuNPs with a silica shell represents a
common method to improve stability under laser irradiation;[40]

however, the plasmonic band shifts slightly after 3 min of ex-
posure to a 1064 nm laser, suggesting the unsuitability of this
method for long-term experiments due to reduced photothermal
efficiency. These findings underscore the limitations of tradi-
tional stabilization methods that use linear polymers to maintain
the shape of AuNPs during irradiation. In our study, the en-
capsulation of anisotropic AuNPs within nanogels prompted
a significant improvement in the preservation of nanoparticle
shape. Plasmon bands (denoted with “_B” to indicate before
irradiation a “_A” for after irradiation) shifted only 7 nm for
Rod@pAA (Figure 6F, red lines) and 71 nm for Star@pAA
(Figure 6G, orange lines) compared to unencapsulated rod and
star analogs. Surprisingly, we observed no plasmon band shift
for Rod@pNIPAM (Figure 6F, green lines) and only a 21 nm
shift for Star@pNIPAM (Figure 6G, purple lines), indicating
that pNIPAM holds great promise in protecting nanoparticle
morphology. Overall, the UV–vis spectra after irradiation high-
lighted how nanogel encapsulation of anisotropic AuNPs to form
hybrid nanomaterials prompted a significant improvement in
morphological preservation.

3. Conclusion

We fine-tuned the synthetic procedure to encapsulate individual
gold nanoparticles based on the on-surface radical polymeriza-
tion and growth of thin pAA and pNIPAM nanogels. Optimized
conditions could be applied to successfully synthesize ultra-thin
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Figure 6. Photothermal conversion capacity of AuNP-nanogel hybrid nanomaterials. A–C) Thermal camera images at selected times of Rod@pAA during
laser irradiation as a representative example. D) Heating curves for Rods during laser irradiation. E) Heating curves for Stars during laser irradiation.
F) Normalized extinction spectra showing the localized surface plasmon resonance (LSRP) wavelength for Rods, indicating “_B” for spectra before
irradiation and “_A” for spectra after irradiation. G) Normalized extinction spectra showing the localized surface plasmon resonance (LSRP) wavelength
for Stars, indicating “_B” for spectra before irradiation and “_A” for spectra after irradiation.
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Table 2. Summary of relevant data from laser irradiation analysis of mate-
rials.

Material ΔT [°C]a) Hypsochromic shift
[Δ𝜆 = nm]b)

Rod 16 50

Rod@pAA 1 7

Rod@pNIPAM 2 0

Star 5 99

Star@pAA 1 71

Stars@pNIPAM 4 21
a)

Difference between the maximum temperature achieved from the first to the third
irradiation curves;

b)
Determined by UV–vis spectroscopy.

nanogels that encapsulated a single anisotropic AuNP, increasing
the total thickness to 2–8 nm. Complete characterization of hy-
brids confirmed the presence of a polymer nanogel on the particle
surface. High-resolution TEM revealed an anisotropic nanogel
thickness shell ranging from ≈2 to 8 nm for star-shaped nanopar-
ticles, characterized by enhanced polymer accumulation between
spikes. Conversely, rod-shaped nanoparticles exhibited a uniform
yet anisotropic shell thickness spanning ≈2–3 nm. The absence
of a non-plasmonic shift in the optical properties indicated the
presence of a sufficiently thin polymeric shell to exert negligible
optical influence. Furthermore, employing sophisticated SAXS
models, we confirmed the presence of the thin polymeric shell
and the maintenance of shape congruence in solution.

Upon near-infrared laser irradiation, AuNP-nanogel hybrid
nanomaterials exhibited enhanced AuNP stability and efficient
light-to-heat conversion, even over extended irradiation periods.
Notably, pAA nanogels displayed optimal photothermal conver-
sion efficiency, while pNIPAM nanogels provided superior AuNP
protection, as observed by their plasmonic shift after laser irradi-
ation. Overall, our findings suggest that our ultra-thin pAA and
pNIPAM nanogels represent promising candidates for the pro-
tection of anisotropic AuNPs during laser irradiation; all tested
materials reduced the plasmon band shift while maintaining the
photothermal capacity of the inorganic core. Indeed, our study
demonstrates the superior efficacy of thin nanogels over com-
monly employed PEG-ligand protection for AuNPs. Specifically,
our investigation revealed that the rod-shaped hybrid exhibited
the most favorable characteristics for photothermal therapy. No-
tably, we observed no shift in the plasmonic band when utilizing
pNIPAM-based nanogels and only a minimal 7 nm shift with
pAA-based nanogels compared to a significant 50 nm shift ob-
served with PEG as the protective ligand. These findings describe
remarkably enhanced stabilization values of 50-fold and 7-fold,
respectively.

In summary, our synthetic methodology offers a promising ap-
proach to stabilize AuNPs for biomedical applications. By graft-
ing the surface of nanogels with various monomers, we antic-
ipate that our materials will withstand complex biological me-
dia, thereby enhancing AuNP stability under hazardous biologi-
cal conditions such as those involving protein interactions or the
mucus layer. The influence of morphology on AuNP fate remains
largely unexplored as most reported systems report a spherical
morphology; hence, our synthetic methodology could enable the

systematic analysis of how AuNP geometry impacts the interac-
tions between AuNP-nanogel hybrid nanomaterials and biologi-
cal barriers.
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