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Gold nanoparticles (AuNPs), owing to their intrinsic plasmonic properties, are widely used in applications
ranging from nanotechnology and nanomedicine to catalysis and bioimaging. Capitalising on the ability
of AuNPs to generate nanoscale heat upon optical excitation, we designed a nanobiocatalyst with
enhanced cryophilic properties. It consists of gold nanoparticles and enzyme molecules, co-immobilised
onto a silica scaffold, and shielded within a nanometre-thin organosilica layer. To produce such a hybrid
system, we developed and optimized a synthetic method allowing efficient AuNP covalent
immobilisation on the surface of silica particles (SPs). Our procedure allows to reach a dense and
homogeneous AuNP surface coverage. After enzyme co-immobilisation, a nanometre-thin organosilica
layer was grown on the surface of the SPs. This layer was designed to fulfil the dual function of
protecting the enzyme from the surrounding environment and allowing the confinement, at the
nanometre scale, of the heat diffusing from the AuNPs after surface plasmon resonance photothermal
activation. To establish this proof of concept, we used an industrially relevant lipase enzyme, namely
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Introduction

Besides their potential in catalysis and nano-electronics,"* gold
nanoparticles (AuNPs) also display a great potential for biolog-
ical and biomedical applications owing to their high (bio)
chemical stability and non-toxicity.® These applications include
diagnostics,* drug delivery>® bio-imaging” and therapy.*® One of
the main stumbling blocks for the implementation of AuNPs in
industrial processes, however, is their poor colloidal stability
under operational conditions. For example, in a recent report,
Yu et al. demonstrated that, upon visible light irradiation,
AuNPs catalyse multielectron, multiproton reduction of CO, to
methane and ethane.' It was observed, however, that these
AuNPs showed a propensity to aggregation causing a drastic
loss in catalytic efficiency after 10 hours of reaction. It is
therefore of great importance to develop methods allowing to
increase the stability of colloidal AuNPs without hampering
their plasmonic properties.”*™ In this context, immobilised

“Institute of Chemistry and Bioanalytics, School of Life Science, University of Applied
Sciences and Arts Northwestern Switzerland, Hofackerstrasse 30, Muttenz CH-4132,
Switzerland. E-mail: patrick.shahgaldian@fhnw.ch

"Swiss Nanoscience Institute, Klingelbergstrasse 82, Basel CH-4056, Switzerland
(ESD) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d2na00605g

© 2023 The Author(s). Published by the Royal Society of Chemistry

AuNPs have gained substantial interest since their immobili-
sation often suppresses aggregation.'*'® A range of carrier
materials have been used for AuNP immobilisation including
TiO,," Si0,," Ce0,* and zeolites.>*

Surface immobilisation is also a well-established strategy for
the stabilisation of biomolecules such as enzymes.” A large
variety of carriers for enzyme stabilisation have been explored;
among many are gold nanoparticles.> For example, Gherardi
et al. have recently demonstrated that an a-amylase, immobi-
lised on AuNPs, displays higher stability and efficiency than the
soluble enzyme and applied the nanosystems produced to the
cleaning of heritage textiles.”® Breger et al., reporting on the
immobilisation of a phosphotriesterase, demonstrated that the
size of AuNP influences the activity of the immobilised
enzyme.** The photothermal properties of AuNPs have also
been exploited for immobilised enzymes with the aim of
increasing their activity at higher temperatures. For example,
Tadepalli et al. carried out the immobilisation of horseradish
peroxidase onto the surface of AuNPs and nanorods (AuNRs)
followed by the encapsulation of the enzyme within either an
organosilica material®® or a metal organic framework (MOF).>®
The authors showed an increase of enzymatic activity at 25 °C of
10% on AuNPs and of 110% on AuNRs after laser exposure
compared to the enzyme activity without laser irradiation.
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Enzyme activity, stability and substrate promiscuity can also be
improved by controlling the enzyme nano-environment.>”** In
this context, we have focused our efforts on the supramolecular
engineering of enzymes immobilised on the surface of silica
and shielded in organosilica layers of controlled thickness and
chemical composition.**-¢

Among enzymes of interest for industrial applications, cold
active enzymes (CAEs) are of particular significance as they
exhibit catalytic activity at low temperatures.*”** Produced by
psychrophiles, CAEs typically display a relatively high confor-
mational mobility at the active site, which allows reducing the
free energy of activation required to convert the substrate to the
corresponding transition state.***® CAES find applications in
different industries including food, bioremediation, cosmetic
and pharmaceutical.*”***> Consequently, there is substantial
effort invested in the discovery of new natural and engineered
CAEs mainly by means of modern metagenomic methods.*
Besides, scientists have been applying protein engineering
methods to endow mesophilic enzymes with -cryophilic
properties.**

Herein, we report a design strategy allowing for the plas-
monic photoactivation of enzymes co-immobilised with AuNPs
on the surface of silica particles (SPs) and shielded in an orga-
nosilica layer of controlled thickness. To that end, we developed
a method that allows the efficient immobilisation of gold
nanoparticles on the surface of SPs. The hybrid systems
produced combine the advantages of the photothermal prop-
erties and the enhanced stability of immobilised AuNPs along
with an improved endurance of the shielded enzyme at low
temperatures. This work represents, to the best of our knowl-
edge, the first example of a synthetic strategy allowing to
chemically enhance the cryophilic properties of a natural bio-
catalyst. Besides, it provides an efficient method for the
immobilisation of AuNPs on oxide surfaces.

Results and discussion
Nanbiocatalyst synthesis and characterisation

To design a nanobiocatalyst that can be photothermally acti-
vated at low temperatures, our proposed design is as follows.
Enzyme and AuNPs are co-immobilised onto silica particles
(SPs) and embedded in an organosilica shell of controlled
thickness. This shell is expected to provide a structural stabili-
sation of the enzyme and to allow confining photothermal
energy emitted by AuNPs upon light excitation. The shielding
layer is transparent to visible light and is expected to allow SPR
activation of embedded AuNPs. As a model enzyme, we decided
to use Lipase B from Candida Antarctica (CalB), which is an
enzyme of interest for a variety of applications.*

Our synthetic strategy is presented in Fig. 1a. First, SPs were
synthesized using a modified protocol*® derived from the Stober
method.*” Scanning electron micrographs of the SPs produced
revealed homogeneous particles, spherical in shape and with an
average diameter of 284 + 8 nm (statistical analysis carried out
on at least 100 SPs; ESI, Fig. S31). AuNPs with citrate as
a capping agent were synthetized following the Turkevich
method.*® Those nanoparticles were fully characterised by
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atomic force microscopy (AFM), scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and UV-vis
spectroscopy (ESI, Fig. S17). A statistical analysis of the AuNPs
diameter was performed measuring ca. 600 nanoparticles from
TEM micrographs; the results revealed an average diameter of
18 + 1 nm and a polydispersity index of 0.06.
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Fig. 1 General synthetic strategy (a) allowing the sequential co-
immobilisation of AUNPs (SP—Au) and CalB enzyme (SP—Au-CalB) on
the surface of SPs and shielding in an organosilica layer produced via
the hydrolysis and polycondensation of aminopropyl-triethoxysilane
(APTES) and tetraethylorthosilicate (TEOS) to yield SP—Au-CalBgs.
Amino-modification of silica with APTES (b) highlighting the formation
of amine-rich islands at the surface of silica. Covalent strategy (c)
allowing the sequential conjugation of AuNPs and CalB on ATPES-
MPTES-modified silica particles, prior to protection layer growth (not
shown).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Taking into consideration that the AuNPs will be eventually
entrapped within an organosilica shield, we initially explored
the possibility to avoid covalent cross-linking and to immobilise
the AuNPs via electrostatic interactions. Considering the nega-
tive charge of citrate-capped AuNPs, we decided to chemically
modify the surface of the silica to introduce positively charged
(at neutral pH) primary amino functions. This was achieved by
reacting silica particles with (3-aminopropyl)triethoxysilane
(APTES) at increasing concentrations (2.6, 7.8 and 26 mM) for
90 min. The {-potential of the so-modified particles (ESI, Table
S1t), showed an increase of the charge on the surface of the
nanoparticles from —55 mV for the bare SPs to —46.0, —19.2 and
—9.9 mV when the concentration of APTES was 2.6, 7.8 and
26 mM, respectively. It is known that surface silanisation typi-
cally occurs through a sequential process, namely: (i) silane
hydrolysis and polycondensation (yielding mainly linear oligo-
mers in acidic or neutral conditions), (ii) adsorption of the
newly formed oligomer onto the silica surface (mainly through
hydrogen bonding) and (iii) polycondensation with the surface
silanol functions (Fig. 1b).** It is therefore expected that even if
the net charge of the SPs produced remained negative, it dis-
played enough positively charged domains to allow for elec-
trostatic adsorption of negatively charge AuNPs. This was
confirmed by SEM investigations carried out on the amino-
modified SPs produced further incubated for 15 h with AuNPs
(0.310 mg mL™"; Fig. 2a—c). Indeed, the electron micrographs
revealed an increasing surface coverage of AuNPs at the surface
of SPs displaying increasing ¢-potential values. While this
electrostatic strategy was successful to immobilise AuNPs on
the surface of SPs, it fell short when it came to co-immobilise
the enzyme on the surface of the SPs. Indeed, applying an

Fig. 2 Representative scanning electron micrographs of SPs, reacted
with increasing concentrations of APTES [2.6 (a), 7.8 (b) and 26 (c) mM]
and reacted with AuNPs at a concentration of 0.310 mg mL™%. In (d),
are shown SPs reacted with 26 mM of AuNPs and with glutaraldehyde
(0.1%, v/v). All scale bars represent 200 nm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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established crosslinking reaction using glutaraldehyde, the
surface coverage drastically decreased (Fig. 2d). The release of
the AuNPs was attributed to the suppression of positive charges,
upon the formation of imine bonds with surface amines,
resulting in the release of the electrostatically bound AuNPs.
This prompted us to explore a different surface modification
approach.

In the second immobilisation approach, we explored a cova-
lent conjugation approach. It is based on the introduction, at
the surface of SPs, of both amines, for further enzyme bio-
conjugation, and thiol moieties for further covalent anchoring
of AuNPs through S-Au bonds. To that end, bare SPs were
reacted with (3-mercaptopropyl)-trimethoxysilane (MPTES, 23
mM) and APTES (26 mM) for increasing reaction durations (1.5,
3.5 and 20 h). Reactions were stopped by centrifugation and the
so-modified SPs were washed with water and further reacted
with AuNPs-citrate for 15 hours; representative micrographs are
shown in Fig. 3.

From Fig. 3, for a silanisation reaction of 1.5 h, the systems
produced displayed a high density of AuNPs without any major
change in the morphology of the SPs. After 3.5 h reaction, the
surface of the SPs appeared somewhat inhomogeneous; this
effect is more pronounced after 20 h of reaction. This
morphology change is attributed to polycondensation of MPTES
and APTES forming an organosilica layer on the surface of
silica. From this set of results, we decided to proceed with SP-
Au produced with MPTES and APTES (1.5 h reaction). The
AuNPs immobilisation yield was quantified by measuring,
spectrophotometrically, the amount of AuNPs left in the liquid
phase of the reaction mixture after reaction. It was as high as
97%, corresponding to 94 pg of AuNPs per mg of SPs (ESI,
Fig. S2at). UV-vis measurements carried out on SP-Au revealed

Fig. 3 Covalent AuNPs immobilisation on SPs reacted first with
a mixture of APTES and MPTES for 1.5 (a), 3.5 (b) and 20 hours (c); and
consecutively reacted with AuNPs during All scale bars represent
200 nm.
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a bathochromic (red) shift of the SPR band from 520 to 534 nm,
suggesting a drastic change experienced by AuNPs upon
immobilisation (ESI, Fig. S2bt).>*** An apparent increase of
absorbance was also measured; this was explained by light
adsorption of SPs in the visible range.

Next, enzyme immobilisation was performed by reaction of
SP-Au with glutaraldehyde (0.1%, v/v) in water for 30 min and
subsequent reaction (after SP-Au washing) with CalB (0.1 mg
mL ') in potassium phosphate buffer (pH 6.2) supplemented
with polysorbate 80. The cross-linking reaction was stopped by
centrifugation; the immobilisation yield, measured by means of
a bicinchoninic acid assay (BCA) performed on the liquid phase
of the reaction, was 66% (ESI, Table S2t). We also confirmed
spectrophotometrically the absence of AuNPs loss in the liquid
phase; the UV-vis adsorption spectra of SP-Au with immobilised
CalB (referred to as SP-Au-CalB) did not display any significant
change when compared to SP-Au (ESI, Fig. S21). Similarly, SP-
CalB were produced omitting the addition of AuNPs. The last
synthetic step was the growth of protective organosilica layer on
the surface of SP-Au-CalB to produce SP-Au-CalBgs. This was
achieved by reaction with a mixture of APTES and tetraethy-
lorthosilicate (TEOS) following a protocol previously pub-
lished.* Similarly, as control systems, were produced SP-CalBgg
applying the same synthetic procedure. The particles produced
were characterised by SEM and cryogenic transmission electron
microscopy; Fig. 4.

The SP-Au-CalByg had a diameter of 320 nm consistent with
the growth of an organosilica layer. This value corresponds to
a protection layer thickness of 18 nm, confirming the shielding
of the immobilised CalB and AuNPs. Moreover, the AuNPs on
the surface of the SPs were no longer visible after shielding (SP-
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Fig.4 SEM micrographs of SP—Au—CalBgs (a), size distribution of bare
SPs (red bars) and SP-Au—CalBgs (grey bars) measured on 100 parti-
cles (b). Cryo-EM micrographs of SP—Au-CalB (c) and SP-Au-CalBos
(d). Scale bars represent 200 nm (a) and 100 nm (c and d).
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Au-CalBpg) and the particles surface appeared rough. The
presence of the AuNPs underneath the layer is also confirmed
from cryo-EM microscopy experiments, where a uniform
coverage of gold nanoparticles on the surface of SP-Au-CalB
and SP-Au-CalBos was observed. This confirmed that the
immobilisation of CalB and the growth of the layer did not
displace the covalently immobilised AuNPs. As a control for the
enzymatic activity experiments, SP-CalBps particles were
prepared omitting the AuNPs (ESI, Fig. S3 and Table S31).

Biocatalytic activity and photothermal activation

To demonstrate the possibility to photoactivate immobilised
CalB through SPR excitation, we carried out a thorough activity
study of SP-Au-CalBgs. It was expected that, upon light irradi-
ation at the SPR wavelength (535 nm), the AuNPs converted
light into heat, thus increasing the temperature in their
surrounding where the enzyme was shielded. Therefore, the
enzyme would experience a higher temperature in its local
environment while being placed inside a bulk solution at low
temperature. The experimental set-up used for laser irradiation
at controlled temperature included a laser (532 nm, 500 mW)
connected, through an optical fiber (diameter 600 pm), to
a thermostatic cuvette holder where the sample was magneti-
cally stirred. The esterase activity of CalB was determined via
the enzymatic hydrolysis of p-nitrophenyl butyrate (pNPB).
Reaction kinetics were measured at —10, —5, 0 and 10 °C; Fig. 5
and 6. We also confirmed the stability of the substrate under the
reaction conditions (ESI, Fig. S47).

From Fig. 5, activities of both SP-CalB and SP-CalBog
remained mainly unchanged upon light excitation. When
AuNPs were co-immobilised on the surface of SPs (SP-Au-CalB);
an activity increase of 37% was measured. This effect was also
observed when both soluble enzyme and AuNPs were mixed in
solution, with a moderate increase in activity of 18%. In the
presence of the organosilica shield, the enzyme co-immobilised
with AuNPs (SP-Au-CalBqs) showed an activity increase as high
as 107%. This result confirmed that the organosilica shield
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Fig. 5 Enzymatic activity (oNPB hydrolysis) measured spectrophoto-
metrically after reactions carried out in dark conditions (white bars) or
under irradiation (535 nm, black bars) for SP—CalB, SP-CalBgs, SP-
Au-CalB, SP—Au-CalBgs and a physical mixture of AUNPs and CalB at
10 °C. Values shown are obtained from single measurements.
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Fig. 6 Enzymatic activity of SP-Au—-CalBos measured in dark condi-
tions (white squares) and under 615 mW irradiation (black triangles) at
increasing temperatures (—10 to 10 °C). Values shown are obtained
from single measurements.

limited heat transfer to the buffer and allowed for a stronger
photothermal activation. From Fig. 6, it can be observed that
the activity of SP-Au-CalBgg for all the measured temperatures
(at =10, —5, 0 and 10 °C) has increased with the most high-
lighted values at —10 °C with 300% and at 10 °C with 107%
enhancement.

Conclusions

In this work, we reported a convenient method for the stable
immobilisation of AuNPs onto silica nanoparticles. This
method was used to co-immobilise AuNPs and CalB enzyme
molecules on the surface of SPs and shielded with an organo-
silica layer. Photoactivation experiments confirmed the possi-
bility to photoactivate such immobilised enzymes, through the
plasmonic photoactivation of immobilised AuNPs. The shield-
ing layer, in those systems, allows confining thermal energy in
the surrounding of the enzyme. We expect our approach to be
versatile in that it can be applied to a large variety of enzymes.

Experimental

Materials

Tetraethyl orthosilicate (TEOS, = 99%), (3-aminopropyl)trie-
thoxysilane (APTES, = 98%), ammonium hydroxide (ACS grade,
28-30%), ethanol (ACS grade, anhydrous), glutaraldehyde
(grade I, 25% in water), 4-nitrophenyl butyrate (pNPB, = 98%)
and gold(m) chloride hydrate were purchased from Merck
(Switzerland) and used as received. BCA protein assay kit was
purchased from Bio-Rad (Switzerland). 3-Mercaptopropyl-
triethoxysilane 97% (MPTES) was purchased from ABCR (Ger-
many). SPs were prepared using the procedure previously
published.*®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Gold nanoparticles synthesis

AuNPs were synthetized following the Turkevich method.*
Briefly, sodium citrate tribasic dihydrate (2.5 mL, 34 mM) was
added in water (100 mL) at 90 °C. After 5 min was a solution of
gold(ur) chloride hydrate (1 mL, 25 mM) added and reacted until
the colour of the solution changed from yellow to dark red. The
solution was left to cool down to 20 °C. Sucrose was added to the
AuNPs solution (final concentration 5% (w/v)); the solution was
stirred until full sucrose dissolution. The solution was conse-
quently snap-frozen in liquid nitrogen and freeze-dried. The
AuNPs were subsequently resuspended in water (10 mL) and
stored at room temperature. The AuNPs before and after freeze
drying were analysed by UV-vis spectroscopy (ESI, Fig. S17).

SPs surface modification and AuNPs immobilisation

In order to electrostatically immobilise AuNPs, the surface of
SPs was chemically modified to introduce primary amine
functions. The silica particles (18 mL, 3.2 mg mL ', diameter of
284 + 8 nm) where reacted during 90 min with (3-aminopropyl)
triethoxysilane (APTES) at increasing concentrations (2.6, 7.8
and 26 mM). After removing unreacted APTES, the amino-
modified SPs were further incubated with 0.310 mg mL ™" of
AuNPs for 15 h and characterised by SEM. An aliquot of the
solution was taken (1.5 h, 3.5 h and 15 h), centrifuged (3220 x g,
5 min) and the supernatant was analysed by UV-vis spectroscopy
(ESI, Fig. S57) to evaluate the AuNPs immobilisation yield.

For the covalent immobilisation of AuNPs, SPs (18 mL,
3.2 mg mL ") were reacted under magnetic stirring (20 °C, 400
rpm) with MPTES (23 mM, 10 min) and APTES (26 mM) for
1.5 h. The SPs so modified were then centrifuged (3220 x g, 10
min), the supernatant was discarded, and the white pellet ob-
tained was resuspended in ethanol. After two similar washing
cycles in ethanol, the modified SPs were washed once and
eventually resuspended in water (18 mL). The suspension was
stored in a water bath (20 °C, 20 h) prior to use. Mercapto- and
amino-modified SPs suspension (10 mL) was incubated with the
AuNPs solution (0.310 mg mL™") under magnetic stirring at
room temperature (100 rpm, 20 h). The SP-Au solution was then
centrifuged (3220 x g, 5 min), the supernatant was kept for
determining the AuNPs immobilisation yield via UV-vis
measurement and the particles were resuspended in water (10
mL). The washing cycle in water was repeated trice.

CalB immobilisation on SPs-Au and on SPs

CalB was co-immobilised on the SPs-Au using glutaraldehyde
as cross-linker. Amino-modified SPs-Au (10 mL) where reacted
with glutaraldehyde (0.1% (v/v)) under stirring (20 °C, 30 min,
400 rpm). The suspension was then centrifuged (3220 x g, 5
min), the supernatant was discarded, and the pellet was
resuspended in water. After two washing cycles in water, the
particles were resuspended in a potassium phosphate buffer
(10 mM, 9 mL, pH 6.2) containing polysorbate 80 (8 mg L™%).
The same procedure was followed for the immobilisation of
CalB on SPs omitting the AuNPs.

Nanoscale Adv., 2023, 5, 81-87 | 85
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A solution of CalB (1 mL, 1 mg mL™ ') was added to the SPs-
Au and incubated under stirring (20 °C, 1 h, 400 rpm). After the
enzyme immobilisation an aliquot (1 mL) was removed from the
solution, it was centrifuged (350 x g, 10 min), the supernatant
was kept for protein quantification assay by means of bicin-
choninic acid assay (BCA) assay and the pellet was resuspended
in potassium phosphate buffer (10 mM, pH 7.4). The concen-
tration of the unbound enzyme was extrapolated from the
bovine serum albumin (BSA) calibration curve (ESI, Table S27).

SP-Au-CalB and SP-CalB shielding

CalB (63 ug mL ') was immobilised according to the procedures
described above. Consequently, the shielding was performed
following the method previously published.** TEOS (0.450
mmol) was added to the CalB-SPs and to the SP-Au-CalB
suspension and allowed to react in a water bath (20 °C, 1 h, 400
rpm). Subsequently, APTES (0.090 mmol) was added to the
reaction mixture. The polycondensation reaction was stopped
after 18 h by washing the particles three times in potassium
phosphate buffer (10 mM, pH 7.4) and stored at 20 °C for 18 h.
The particles suspension was finally stored (4 °C) for further
analysis.

CalB activity assay and irradiation of Gold nanoparticles

The enzymatic activity of CalB was determined using
a commercial colorimetric assay (Sigma - enzymatic assay of
lipoprotein lipase (EC 3.1.1.34)) with some modifications. A
solution of p-nitrophenyl butyrate (pNPB) (30 mM, 900 uL) in
phosphate buffer (10 mM, pH 7.4), Triton X-100 (5% (v/v)) and
isopropanol (10% (v/v)) was added in a poly(methyl methacry-
late) (PMMA) cuvette and incubated at the used temperatures
(5 min at 10, 0, —5, —10 °C) under stirring. The cuvette was
placed inside a qpod device (Ocean Optics, qpod) connected
with a temperature controller. Afterwards the enzyme solution
(63 pg mL™", 100 pL) was added to the substrate solution, the
laser (MGL-H-532nm-500mW-17111070). The laser was con-
nected to the cuvette holder with an optical fiber (Ocean Optics,
UV-vis, 600 um). The reaction was stopped (every 10 min) by
centrifugation (16 100 x g, 1 min, 200 pL). The amount of
produced p-nitrophenol (pNP) was determined by measuring
the absorbance of the solution (410 nm, 200 pL) in a 96 well-
plate using a Synergy H1 (BioTek). The catalytic activities were
calculated using the molar extinction coefficient of p-nitro-
phenol (es1onm = 4469 M~ cm™') measured by preparing
a standard curve using the same buffer. The activity assay was
carried out at pH7.4 to avoid spontaneous hydrolysis of the ester
in alkaline conditions (in which the extinction coefficient of p-
nitrophenol is higher).

The activity of the soluble enzymes, of the immobilised and
of the protected enzymes were tested as described under laser
irradiation and in dark conditions (without laser irradiation) as
control experiments using the same concentration of enzyme.
For all the reactions carried at lower temperature than 0 °C the
gpod holder was connected to a flux of air to avoid humidity
formation on the walls of the cuvette.
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Scanning electron microscopy and particle size measurement

Particles were imaged using a Zeiss SUPRA® 40VP scanning
electron microscope. A drop (2 pL) of each sample was spread
on silicon wafer substrates and sputter-coated with a gold-
platinum alloy for 15 s at 15 mA. Micrographs were acquired
using the InLens mode with an accelerating voltage of 10 kV.
Particle sizes were measured on micrographs acquired at
a magnification of 150 000x using the ®AnalySIS software
package. More than 100 measurements were carried out for
each sample.

Cryo-transmission electron microscopy (Cryo-TEM)

A 4 pL aliquot of sample was adsorbed onto a holey carbon-
coated grid (Lacey, USA), blotted with Whatman 1 filter paper
and vitrified into liquid ethane at —178 °C using a Leica GP
plunger (Leica, Austria). Frozen grids were transferred onto
a Talos electron microscope (FEI, USA) using a Gatan 626 cryo-
holder. Electron micrographs were recorded at an accelerating
voltage of 200 kV and a nominal magnification of 730 00x, using
a low-dose system (20 e~ A~2) and keeping the sample at low
temperature. Micrographs were recorded on a CETA camera.

Transmission electron microscopy (TEM)

2 uL of 20.03 mg mL~ " AuNP solution was placed onto standard
3.5 mm copper grids (200 mesh) with Formvar coating and
dried at room temperature overnight. Images were taken with
a Zeiss EM 900 transmission electron microscope, equipped
with an AMT XR280 cMOS camera at an acceleration voltage of
50 kv.
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