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The bioorthogonal reactivity of gold nanoclusters (AuNCs) with macromolecules such as polymers is
strongly influenced by their physicochemical parameters, which govern both reaction selectivity and
kinetics. Using a quartz crystal microbalance with dissipation monitoring (QCM-D), we demonstrate that
the strain-promoted azide—alkyne cycloaddition (SPAAC) reaction between azide-functionalized AuNCs
and dibenzyl cyclooctyne (DBCO)-functionalized polymers in aqueous environments is highly specific
yet proceeds at a relatively slow rate. Under diluted conditions (uM range), this reaction occurs
predominantly at the level of individual nanoclusters, resulting in surface functionalization without
extensive network formation. Optical characterization studies reveal a temperature- and concentration-
dependent enhancement of AUNC photoluminescence upon their SPAAC conjugation with polymers.
Furthermore, increased DBCO density in the polymer correlates with stronger photoluminescence
enhancement, suggesting accelerated SPAAC kinetics and denser polymer coverage, consistent with the

QCM-D observations. The insights gained from this work provide valuable guidance for an efficient
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Accepted 17th August 2025 bioorthogonal coupling between multifunctional AuNCs and polymers under biological conditions.

Moreover, the developed experimental approach offers a versatile platform to investigate the formation
and dynamics of various types of AUNC assemblies, including individual functional clusters and extended
networks by delivering complementary information on kinetics, specificity, and luminescence properties.
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1. Introduction

In the field of targeted medicine such as cancer therapy, the
development of in vivo bioorthogonal reactions—pioneered by
Nobel laureate Carolyn Bertozzi—marked a major break-
through.' These reactions enable selective and biocompatible
chemical transformations within living systems, occurring
between functional groups that are absent in natural biological
processes. Significant progress has since been made in
controlling the kinetics and selectivity of bioorthogonal liga-
tions notably by strain-promoted azide-alkyne cycloaddition
(SPAAC) at the cancer cell surface.” These advances have been
further propelled by the engineering of diverse reactive
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molecules (carbohydrates, antibodies, and peptides). Some
recent reviews summarized the most efficient and safe strate-
gies and their in vivo applications in therapy and diagnostics.>”

In the meantime, there is the emergence of a sub-class of
ultra-small luminescent gold nanoparticles called gold nano-
clusters (AuNCs) for biomedical applications.®” The control of
their size and ligand engineering allows fine-tuning of their
photoluminescence properties, notably in the near infrared
(NIR) for in vivo imaging,**™** as well as their pharmacokinetics,
including high renal clearance,””** and enables the introduc-
tion of targeting modalities."'® In addition, their activation by
light and X-rays at targeted sites has shown promise for cancer
therapy.”* A key feature of AuNCs is the ability to functionalize
their surface with specific ligands, while using their optical
properties as a read out of the local environment.?> On the other
hand, conjugation of AuNC assemblies with synthetic and
natural polymers and polymeric assemblies has opened a new
library of biocompatible AuNCs with unique optical properties,
improved stability and controlled functionality.>*¢

To date, few studies have explored the functionalization of
AuNCs with SPAAC reactive groups. For instance, NMR
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spectroscopy confirmed the successful conjugation of alkyne-
fluorescein to ultra-small gold nanoparticles (<2 nm) di-
splaying azide groups.” Another noticeable example demon-
strated the high SPAAC reactivity of the atomically precise
Au,5(SCH,CH,-p-CeHy-N3);g with strained cyclooctyne, sup-
ported by comprehensive structural and spectroscopic
analyses.”

Despite these advances, the SPAAC functionalization of
AuNCs with macromolecules, such as functional polymers
bearing dibenzocyclooctyne (DBCO) or bicyclononyne (BCN)
groups, remains largely unexplored. Nonetheless, biocompat-
ible DBCO-functionalized polymers exhibit a strong potential
for in vivo click chemistry, especially if they are based on
multifunctional polymer chains synthesized by RAFT-controlled
radical polymerization that are characterized by a precisely
tunable molecular weight and composition. Indeed, the latter
can be used to produce water-soluble and biocompatible poly-
mer chains that can incorporate multiple functionalities, like
various types of ligands, fluorophores or other imaging
reporters and biotargeting entities.*® Furthermore, such poly-
mers are known to passively accumulate in tumors following
injection in vivo thanks to the EPR effect.” In this context, the
modular synthetic platform based on well-defined linear
P(NAM-stat-NAS) (poly(N-acryloylmorpholine-stat-N-acrylox-
ysuccinimide)) copolymers synthesized by RAFT polymerization
is of particular interest.** These polymer chains, with an azeo-
tropic composition of 60 mol% NAM and 40 mol% NAS, bear
regularly spaced activated esters, allowing the introduction of
a controlled number of bioorthogonal groups such as DBCO for
SPAAC. 1t is thus possible to vary both the molecular weight and
the DBCO density of the polymer chains.

This study aims to deepen the understanding of the SPAAC
reaction between azide-functionalized, NIR-emitting AuNCs
and tunable biocompatible polymers bearing DBCO groups
(Scheme 1). A systematic experimental approach, combining
complementary physico-chemical techniques, including
a quartz crystal microbalance with dissipation monitoring
(QCM-D) and photoluminescence spectroscopy, was employed
to investigate key aspects of the SPAAC conjugation process,
such as specificity, binding kinetics and optical properties of
the resulting nanoconjugates.

2. Materials and methods

2.1. Materials

N,N-Diisopropylethylamine (DIPEA, =99,5%),
dibenzylcyclooctyne-amine (DBCO-NH,), amino propanediol
(APD), diethyl ether (Et,O, =99.5%), tetrachloroauric(m) acid
trihydrate (HAuCl, - 3H,0, 99.9%), sodium borohydride (NaBH,,
99%), sodium hydroxide (NaOH), streptavidin (SAv, M,, = 60 kg
mol "), biotin-EG;,-DBCO (EG: ethylene glycol, M,, = 1102 g
mol "), organic solvents (DMSO, DMF, CHCI; etc.), and
deuterated water were purchased from Sigma-Aldrich. Anhy-
drous N,N-dimethylformamide (DMF, 99.8%) was purchased
from Acros Organics. LA-PEGN; (M,, = 400 g mol ') and LA-
PEGOCH; (M,, = 750 g mol ") (LA: lipoic acid, PEG: poly-
ethylene glycol) were purchased from Interchim. HS-(CH,),1-
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EGg-Biotin (M,, = 694 ¢ mol ') and HS-(CH,);;-EG4-OH (M,, =
380.06 ¢ mol ') were purchased from Prochimia. PBS (10 mM,
pH 7.1, with Ca®>", Mg**, K" and Na" ions) and DMEM (pH 7.2,
with glucose, r-glutamine, HEPES, phenol red free, supple-
mented with 10% FBS) buffers were purchased from Thermo
Fischer. NaCl_HEPES buffer was made using 10 mM HEPES,
150 mM NacCl and adjusted to pH 7.4. Ultrapure deionized water
(resistivity 18.2 MQ cm) was used for all experiments.

2.2. Synthesis of polymer chains displaying DBCO groups

Multifunctional polymers were prepared from reactive copol-
ymer precursors based on N-acryloylmorpholine (NAM) and N-
acryloxysuccinimide (NAS) P(NAM-stat-NAS) that were synthe-
sized by RAFT polymerization following a previously reported
procedure. Two P(NAM-stat-NAS) precursor backbones with
respectively M,, = 18.6 and 91.7 kg mol ', as determined by
SEC-MALLS, were functionalized to present different densities
of DBCO lateral groups (Table S1). Polymers were named
according to the molecular weight of the starting polymer
backbone, followed by the rounded average number of DBCOs
per polymer chain.

Typically, for the 19K-12DBCO polymer (i.e. precursor back-
bone M,, = 18.6 kg mol™ !, 12 DBCOs per chain), P(NAM-stat-
NAS) copolymer (M, = 18.6 kg mol™"; P = 1.09; 1.34 umol; 1
eq.) was dissolved in anhydrous DMF (1 mL). A solution of
DBCO-NH, (17 pmol; 12.63 eq.) in anhydrous DMF (250 puL) was
then added, along with DIPEA (68 umol). The reaction medium
was stirred for 2 hours at room temperature, protected from
light, before the polymer was precipitated in cold diethyl ether
and dried under vacuum. After re-solubilization in DMF, 10 mL
of borate buffer (0.5 M, pH 8) was added for hydrolysis of the
remaining activated ester groups. The mixture was stirred for 24
hours before addition of APD (6.7 umol) and stirred for another
24 hours. The resulting polymer was purified by ultrafiltration
(10 kba MWCO; Millipore Amicon) against deionized water and
then recovered by freeze-drying. Other polymers were synthe-
sized following the same procedure by adjusting the molecular
weight of the starting polymer as well as the DBCO-NH, stoi-
chiometry and characterized by '"H NMR (Fig. S1-S3).

2.3. Synthesis of AuNCs functionalized with azide groups

The AuNCs were synthesised by the sodium borohydride
reduction of the tetrachloroauric(u) salt in the presence of LA-
PEGN; or LA-PEGOCH; ligands as reported.®* Briefly, 12 mg of
LA-PEGN; (3 x 107> mol, 3 eq.) or 21 mg of LA-PEGOCH; (3 x
10~° mol, 3 eq.) was dissolved in 10 mL of water and stirred at
350 rpm at room temperature before adding 100 uL NaOH (1
M). Following this, 200 pL, HAuCl, (1 x 10~> mol, 1 eq.) was
added corresponding to a molar ratio of Au:ligand = 1:3 and
stirred for 5 minutes. 200 pL of freshly prepared NaBH, (2 X
10~ mol, 2 eq.) was added dropwise to the mixture under
vigorous stirring. The solution changed from yellowish to light
brown immediately after the addition of the reducing agent.
The mixture was then stirred for 16 hours at room temperature.
The solution was then purified to remove free ligands by four
cycles of centrifugation/filtration using a 3 kDa ultra centrifuge

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic representation of SPAAC conjugation between AuNCs and multifunctional polymers: (A) AuNCs stabilized with LA-PEGN3

(LA: lipoic acid, PEG: polyethylene glycol, average number of PEG units, n

=4-6), (B) structure of DBCO-functionalized polymer chains (NAM: N-

acryloylmorpholine), and (C) SPAAC reaction between azide-functionalized AuNCs and DBCO-bearing polymers.

filter (Amicon, UFC9003). The resulting solution was stored at
4 ©°C until further use. The obtained Au-PEGN; and Au-
PEGOCH; nanoclusters, stabilised with LA-PEGN; and LA-
PEGOCH;, respectively, were characterized by "H NMR, 'H
DOSY NMR, TEM, MALDI-Tof, PAGE, FT-IR, absorbance and
fluorescence spectroscopy.

2.4. Conjugation of AuNCs with polymers

The conjugation was performed by the subsequent addition of
polymer and nanocluster stock solutions (103 and 71 uM,
respectively, both prepared in water) to PBS. The volumes of
stock solutions were adjusted to tune the polymer : AuNC molar
ratio in the range from 10:1 to 1: 10 which corresponds to the
final polymer and nanocluster concentrations varied in the
range from 1 to 20 pM and from 1 to 40 puM, respectively. In
a typical experiment with the polymer : AuNC molar ratio equal
to 10:1 (at 10 uM polymer concentration), 117.2 pL of polymer
stock solution (103 pM) was added to 1.07 mL of PBS. This
mixture was sonicated for 3 minutes to ensure uniform
dispersion of the polymer. Subsequently, 16.8 pL of Au-PEGN;
(71 uM) was added dropwise to the polymer solution. The
resulting mixture was vortexed briefly and kept undisturbed for
prescribed times (5, 10, 30, 60, and 90 minutes). In addition to
the polymer:AuNC ratio, several parameters were tuned
including polymer characteristics (molecular weight and DBCO

© 2025 The Author(s). Published by the Royal Society of Chemistry

density), temperature (25 or 37 °C) and medium (PBS or DMEM
with 10% serum).

2.5. Transmission electron microscopy (TEM)

Metal core sizes of AuNCs were characterized using a JOEL JEM
2100 Plus TEM at an accelerating voltage of 200 kV. The samples
were prepared by drop-casting AuNC dispersion onto a carbon-
coated copper grid, followed by rinsing to remove salts present
in the buffer and drying. The average particle sizes estimated on
at least 200 nanoclusters were determined using Image]
software.

2.6. Nuclear magnetic resonance (NMR)

The 'H NMR and 'H DOSY NMR experiments were performed
using a Bruker AVANCE III spectrometer operating at 400.13
MHz using deuterated PBS. A 5 mm Z-gradients BBIDiff probe
was used for 'H DOSY experiments. The standard LEDBPGP2S
pulse Bruker sequence is used to acquire the "H DOSY spectra.
The gradient pulse duration (6) was individually optimized for
each sample, ranging from 1000 to 5000 ps. A diffusion delay of
100 ms was used. In all experiments, gradient strengths were
linearly incremented from 5.266 to 157.973 G cm ' over 30
steps, employing smooth square-shaped pulses (SMSQ10.100).
Each measurement consisted of sixty-four scans. Free induction
decays (FIDs) were processed using Fourier transformation with

Nanoscale Adv., 2025, 7, 6929-6940 | 6931
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a 2 Hz Lorentzian line broadening, applying automatic baseline
correction in TopSpin software (Bruker). The experimental
signal amplitude (I) as a function of gradient strength for
a single component is described by the Stejskal-Tanner
equation®

[ = e rer(a-§-3)

where, I, is the amplitude at zero gradient (reference ampli-
tude), D is the diffusion coefficient, v is the gyromagnetic ratio
of the nucleus under observation, g is the gradient strength, ¢ is
the gradient pulse length and 4 is the diffusion time.
Depending on the number of components contributing to the
signal and on the dispersity of the samples the values of diffu-
sion coefficients can be extracted by mono, multi-exponential or
Inverse Laplace Transform fitting of the curves. ILT was
preferred here and Dynamic Center software (Bruker) was used
for processing. The D is related to the hydrodynamic diameter
(Ry) by the Stokes-Einstein equation (assuming molecules as
spherical):

ks T
RH == B
3Dmy

where kg is the Boltzmann constant, T is the temperature and 7
is the viscosity of the solvent (here, we assumed the 74 pgs to be
the same as np o = 1.232 x 10~ Pa s at 298 K).*

2.7. Matrix-assisted laser desorption ionization-time of
flight (MALDI-tof)

The average molecular weight of the AuNCs was determined by
MALDI-tof in positive mode using an Autoflex Speed mass
spectrometer (Bruker Daltonics). Samples were prepared by di-
ssolving the nanoclusters in water in the concentration range of
0.25-0.50 g L', o-Cyano-4-hydroxycinnamic acid (HCCA) di-
ssolved in TA30 (water/acetonitrile; 70/30 v/v with 0.1% tri-
fluoroacetic acid) was used as a matrix. Matrix and sample
solutions were mixed at a 1:1 v/v ratio in water. 1 pL of the
mixture was deposited onto the MALDI sample plate and dried,
followed by the MALDI-tof analysis.

2.8. Fourier transform infrared (FT-IR) spectroscopy

The FT-IR spectra of freeze-dried AuNCs were collected on
a Thermo Scientific Nicolet iS10 spectrometer in the range from
600 to 4000 cm " with an average of 32 scans for each spectrum.
A blank spectrum was measured in air and subtracted from all
sample spectra to eliminate atmospheric contributions.

2.9. Absorption and emission spectroscopies

Absorbance spectra were recorded on a ThermoScientific
Evolution 201 UV-visible spectrophotometer. The baseline
recorded for solvent alone was subtracted from all absorbance
spectra. The photoluminescence (PL) spectra of AuNCs and
polymers conjugated to AuNCs were recorded on a Horiba
Fluoromax-4 spectrofluorometer between 470 and 850 nm while
exciting at 450 nm wavelength and on an FLS-1000 Edinburgh
Instrument equipped with an InGaAs detector between 850 and
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1400 nm while exciting at other wavelengths (550, 690 and 780
nm). The excitation spectra were recorded in the range from 350
to 900 nm at the emission wavelength of 1000 nm. The fluo-
rescence signal was corrected by removing the wavelength
sensitivity of detectors. In addition, the reference detector was
used to remove the temporary fluctuations caused by the lamp.
To determine the PL emission enhancement, two parallel
samples were prepared and measured: AuNCs alone and
polymer-conjugated AuNCs. The emission spectra were recor-
ded for both sets at identical time intervals, and at each time
point, the PL enhancement was calculated as the ratio of the
integrated area under the emission curve of the conjugated
AuNCs to that of the AuNCs alone. The area under the emission
curves was calculated using Origin Pro software. Measurements
were performed with 300 uL of samples at 20 °C in a quartz
cuvette (optical path length = 1 cm).

2.10. Polyacrylamide gel electrophoresis (PAGE)

For PAGE experiments, stacking and separating gels were
prepared from 25.0 wt% acrylamide and 2.5 wt% bis-
acrylamide, respectively. The eluting buffer was a mixture of
glycine (14.4 g) and tris(hydroxymethyl)aminoethane (3.0 g)
dissolved in 100 mL of water and adjusted to pH 7. After adding
1 uL glycerol per 10 pL of AuNCs (4 g L"), the samples were
loaded into the wells of the stacking gel (10 pL per well). The
electrophoresis was performed at a constant voltage of 130 V
using a Mini PROTEAN Bio-Rad (Hercules, CA, USA) for 2 hours.
The AuNCs were then detected by NIR-II imaging.

2.11. NIR-II imaging

NIR-II imaging was performed using a NIR-II Princeton camera
640ST (900-1700 nm) coupled with a laser excitation source of
808 nm (120 mW cm?). A short-pass excitation filter (at 1000 nm,
Thorlabs) and a long-pass emission filter (at 1064 nm, Semrock)
coupled with a 50 mm lens (Navitar) with a numerical aperture
of 4 were used.

2.12. Quartz crystal microbalance with dissipation
monitoring (QCM-D)

Specificity, kinetics and stoichiometry of click conjugation were
studied on surfaces using a QCM-D. QCM-D measurements
were performed with a Q-Sense E4 system equipped with Q-
Sense flow Modules (Biolin Scientific) on gold-coated quartz
crystals (Quartz Pro). The flow rate was fixed to 20 pL min "
using a peristaltic pump (Ismatec, IPC 4). The shifts in
frequency (Af) and dissipation (AD) were recorded at 24 °C,
except for the experiment to evaluate the effect of temperature
(37 °C). The QCM-D data were collected for six overtones (i = 3,
5, 7, 9, 11 and 13) along with the fundamental resonance
frequency (4.95 MHz) using QTools software. The changes in Af
and AD of the fifth overtone (i = 7) are presented; all other
overtones would have provided qualitatively equivalent
information.

To study the click reaction on surfaces, gold-coated QCM-D
sensors were functionalized with DBCO groups as follows.
First, biotinylated self-assembled monolayers (b-SAMs) were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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formed on gold surfaces ex situ following a previously developed
protocol.**** Briefly, the gold surface was rinsed with water,
dried with an air gun and exposed to UV-ozone treatment (20
min). The surface was then immersed in a mixture of HS-
(CH_,)11-EG¢-biotin and HS-(CH,);;-EG4-OH thiols at a 1: 9 ratio
(1 mM total concentration) in ethanol overnight. Next day, the
functionalized surfaces were rinsed with ethanol to remove
excess thiols and dried. The gold crystals were then mounted to
QCM-D chambers and exposed to a flow of NaCl_HEPES buffer.
After obtaining a stable baseline, streptavidin (SAv, 10 pg.mL ™"
in NaCl_HEPES buffer), followed by biotin-EG;,-DBCO (20
ng.mL ™" in NaCl_HEPES buffer), was injected to generate the
DBCO monolayer. After rinsing with NaCl_HEPES buffer, the
running medium was changed to PBS and the functionalized
surface was exposed to (i) Au-PEGN; or Au-PEGOCH; (1 uM)
followed by the injection of polymers (10 pM) displaying DBCO
or (ii) to polymer : cluster mixtures at different ratios.

3. Results and discussion

We conducted a systematic study to investigate the efficiency of
bioorthogonal click conjugation between AuNCs and multi-
functional polymers and how it was affected by different
parameters including the polymer:AuNC ratio, polymer
molecular weight and DBCO density, temperature, reaction
medium and reaction time. After characterization of the
synthesized polymers and AuNCs, we used a QCM-D to evaluate
the specificity, stoichiometry and kinetics of their SPAAC
conjugation with polymers. Then, the optical properties of the
obtained conjugates were evaluated using UV-visible and pho-
toluminescence spectroscopy, providing further insights to the
kinetics and efficiency of the click reaction.

3.1. Characterisation of multifunctional polymers

To study the influence of the polymer chain molecular weight
and DBCO density on SPAAC conjugation, two P(NAM-stat-NAS)
reactive precursors with M, = 18.6 and 91.7 kg mol " were
synthesized by a RAFT-controlled radical polymerization and
characterized by "H NMR (see Materials and methods, Fig. S1).
These precursors were then reacted with various amounts of
a DBCO amino-derivative (DBCO-NH,) and the coupling yield
was determined by "H NMR (Fig. S2). The very efficient DBCO
coupling onto the polymer was clearly evidenced by the
appearance of broad peaks at 5.1 and 7-8 ppm, corresponding
respectively to one of the —-CH,- protons of the cyclooctyne and
to the aromatic protons of the DBCO group. This allowed
determination of the average number of DBCO units per poly-
mer chain (nppco) (Table 1). After hydrolysis of the remaining
activated esters, terpolymers presenting NAM, DBCO-
functionalized and acrylic acid units were obtained (Scheme
1). Importantly, although DBCO units are quite hydrophobic,
the resulting polymer chains were water-soluble within the
studied DBCO density range, thanks to the predominance of
negatively-charged carboxylate groups from acrylic acid units.
Details of the synthesized polymers, including abbreviation,
DBCO density, and molecular weight are provided in Table 1.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 List of polymers used with respective numbers of DBCO and
COO™ units per polymer chain and molecular weights

Polymer name NpBCO Ncoo- M, (kg mol™)
19K-0DBCO 0 48.3 13.8
19K-12DBCO 12.1 36.2 16.6
19K-24DBCO 24.2 24.1 20.0
92K-0DBCO 0 239.8 68.2
92K-46DBCO 45.7 194.1 80.0
92K-93DBCO 92.9 146.9 92.2

The final polymers were also analysed by "H NMR in deuterated
PBS (Fig. S3) and the accessibility and reactivity of the DBCO
groups for SPAAC in aqueous media were further confirmed by
coupling tests with an azido fluorescent dye, AlexaFluor 647
(AF647-N3), in PBS. Indeed, size-exclusion chromatography with
UV-vis detection (SEC-UV) demonstrated that SPAAC coupling
yield was >80% after 2 hours (Fig. S4).

3.2. Physico-chemical characterisation of AuNCs

The structural properties of Au-PEGN; nanoclusters were char-
acterized by TEM, NMR, MS, PAGE and FT-IR. HR-TEM char-
acterization showed that Au-PEGN; nanoclusters have an
average metal core size of 2.1 + 0.4 nm (Fig. 1A and Table 2).
The average diffusion coefficient of Au-PEGN; nanoclusters, as
determined by DOSY NMR was (5.9 + 0.2) x 10~ m* s™*
(Fig. 1B), corresponding to a hydrodynamic diameter of 3.0 +
0.2 nm (Table 2). Mass spectra indicated a molar mass particle
distribution M, = 6-10 kg mol ', dominated by the poly-
dispersity in number of gold atoms** (Fig. S5, Table 2). PAGE is
a technique that is used to separate molecules based on their
size and charge, allowing the characterization of molecular
weight and purity, and this technique further confirmed a rela-
tively broad size distribution of Au-PEGN; (Fig. S6A). The pres-
ence of azide groups in Au-PEGN; was confirmed from the FT-IR
spectrum showing the band at 2135 cm ', consistent with
values reported in the literature®* (Fig. 1C and Table S1). In
comparison to the free ligand, the "H NMR spectrum of the Au-
PEGN; nanoclusters exhibited significantly broadened peaks
(with a small chemical shift and loss of multiplicity), indicating
that the ligands were indeed in interaction with the gold surface
and not free in solution (Section S2.1).

The optical properties of Au-PEGN;3; nanoclusters were
further characterized by UV-visible absorbance and photo-
luminescence spectroscopy. The characterization of Au-PEGN;
reveals a typical absorbance profile of AuNCs with weakly
defined absorption shoulders at 520 and 700 nm*® (consistent
with the excitation spectra, Fig. S6B), which could be attributed
to the inter- and intra-electronic transitions in the metal core
and between the metal surface and the ligands.*® Photo-
luminescence emission spectra display a large Stokes shift and
a NIR signal, with a broad emission band centered at 789 nm
when excited at 450 nm (Fig. 1D), as previously reported for
pegylated AuNCs.*”*® The PL emission profile of Au-PEGN; (1
uM) remains stable over time (90 min) in PBS (Fig. S6C). These
nanoclusters also emit in the NIR-II region with

Nanoscale Adv., 2025, 7, 6929-6940 | 6933
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Fig. 1 Characterization of Au-PEGN3 nanoclusters. (A) The characteristic TEM image and average particle size distribution of Au-PEGNsz from
TEM analysis using 274 particles. (B) *H-DOSY NMR of Au-PEGN5 (30 uM) dispersed in deuterated PBS at 298 K, plotted as log(diffusion coef-
ficient, D) vs. *H NMR chemical shifts associated with specific protons of the ligands. The average D of water molecules in the sample is 1.66 x
107° m? s7! and that of Au-PEGN; is represented inside the black dotted rectangle with a mean value of 5.9 x 107 m? s™X. The measured D
value reflects the translational mobility of Au-PEGN3 and was used to calculate the hydrodynamic diameter (see Table 1). (C) The FT-IR spectra of
Au-PEGN3 with characteristic shifts of 3436 cm ™ (O—H/N—H stretching), 2969 cm* (C-H stretching), 2135 cm* (N5 stretching), 1721 cm ! (C=
O stretching), 1458 cm~* (C-N stretching) and 1234 cm~* (C—H in-plane bending). (D) Absorbance (red) and emission spectra (Aeyc. = 450 nm,

blue) of Au-PEGNs (1 uM) in PBS. The arrows (around 520 and 700 nm) indicate the characteristic absorption bands of Au-PEGN3.

photoluminescence up to 1300 nm upon both visible and
infrared excitations (Fig. S6B and D).

For control experiments, nanoclusters were synthesized with
methoxy-terminated LA-PEG ligands (Au-PEGOCH;) and sub-
jected to a similar set of characterization studies. These nano-
clusters exhibited a slightly smaller size compared to Au-PEGN3,
which is confirmed by TEM and DOSY NMR analysis (Fig. S7
and Table 2). Mass spectrometry revealed similar polydispersity
in molecular weight distribution for the AuNCs, ranging from 6
to 11 kg mol " (Fig. S8 and Table 2). As expected, in contrast to
Au-PEGN3;, the azide peak was not observed in the FT-IR spec-
trum of Au-PEGOCH; (Fig. S9A). Au-PEGOCH; displayed optical

properties comparable to those of Au-PEGNj;, including emis-
sion in both the NIR-I and NIR-II regions (Fig. S9B-D).

3.3. Efficiency of nanocluster/polymer conjugation

We used a QCM-D to characterize specificity, stoichiometry and
kinetics of bioorthogonal conjugation between Au-PEGN;
nanoclusters and polymers displaying DBCO. In order to attach
Au-PEGN; nanoclusters, the planar gold surface was function-
alized with a DBCO layer in several steps described in the
Materials and Methods section and summarized in Fig. S10A.
Mixed biotinylated SAMs having EG chains at their extremity

Table 2 Table summarising the physicochemical parameters of Au-PEGNz and Au-PEGOCH3 nanoclusters with the core size, hydrodynamic
diameter and average molecular weight determined from TEM, NMR DOSY and MALDI-MS analyses, respectively. Examples of TEM and DOSY

data are shown in Fig. 1, and MALDI-MS is shown in Fig. S5

Hydrodynamic diameter Molecular weight

Core size (nm) (nm) (kg mol ™)
Cluster TEM DOSY MALDI-MS
Au-PEGN; 2.1+04 3.0 £0.2 6-10
Au-PEGOCH;3 1.8 £ 0.5 2.6 £0.2 6-11
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(Fig. S10B) were used to suppress non-specific binding to the
surfaces,* while streptavidin chemistry allowed formation of
well-organized and oriented to the solution DBCO layer.** The
synthesis of biotinylated SAMs was performed ex situ using
previously established protocols.*® The formation of the SAv
monolayer and the subsequent attachment of biotin-EG,-
DBCO (Fig. S10C) was monitored in situ using a QCM-D. As
shown in Fig. S10D, SAv rapidly binds to saturation when
exposed to 10% biotinylated SAMs. The response is character-
ized by a frequency shift of —23.0 & 1.5 Hz and a negligible shift
in dissipation, indicating the formation of dense and rigid
protein monolayers, in agreement with previous reports.** The
subsequent injection of biotin-EG;,-DBCO results in an addi-
tional frequency shift of —1.4+1 Hz. As quantified in previous
studies,* an average of 1.8 biotin-binding sites remain available
per SAv attached under these specific conditions (biotin fraction
in SAM, SAv concentration, incubation time, buffer, etc.), indi-
cating that approximately two DBCO ligands are attached to
each SAv in the resulting monolayer. The specificity of binding
to SAMs was evaluated using SAMs without biotin, i.e. made of
100% HS-(CH,)1;-EG4-OH. As expected, none of the building
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blocks (SAv, biotin-EG;,-DBCO, Au-PEGN; or 19K-12DBCO)
bound to the SAMs lacking biotin, confirming the absence of
non-specific interactions (Fig. S11).

To access the specificity of bioorthogonal conjugation, the
DBCO-functionalized layer was exposed to Au-PEGN; nano-
clusters. These rapidly bound to saturation, resulting in
a frequency shift of Af = —10.0 £ 1.5 Hz (Fig. 2). The small
change in dissipation (AD = 0.8 + 0.5 x 10~ °) indicates the
formation of rigid monolayers. This Au-PEGN; monolayer was
subsequently exposed to two types of polymers: 19K-0DBCO
(without DBCO) and 19K-12DBCO (with 12 DBCOs on average
per chain). Upon injection of 19K-0DBCO, no detectable change
in frequency and dissipation was observed, confirming the
absence of non-specific interactions between the polymer and
Au-PEGN;. In contrast, the injection of 19K-12DBCO produced
a frequency shift of —9.0 £ 1.3 Hz, indicating effective binding
due to the presence of DBCO moieties. The negligible dissipa-
tion shift suggests a relatively collapsed conformation, likely
due to the hydrophobic nature of DBCO groups. Similar
behavior was observed for the higher molecular weight polymer
92K-46DBCO (with 46 DBCOs), at a comparable DBCO density

A i;}
é a. 19K-0DBCO @ b. 19K-12
/*’j:. L
£
1}
@ ‘JJ' y .’)‘ *'1//1,\/\‘
Au-PEGN; \ 5 ‘ 5 ‘Jﬁgﬁu
PO XXX XVKVXY)
B Au-PEGN, 19K-0DBCO 19K-12DBCO
| I
- - 0
0
25 g
5k =
10
-10} i
@b. 15
20 40 60 80 100 120 140 80 100 120 140
Time (min) Time (min) Time (min)
Af (Hz) -10+ 1.5 Af (Hz) 0 Af (Hz) 9+ 13
AD (10) 0.8+ 0.5 AD (10°) 0 AD (10) 0
n 11 n 2 n 4

Fig.2 QCM-D characterization of the specificity of bioorthogonal conjugation. (A) Schematic of the subsequent addition of ® Au-PEGN= (1 uM)
and @ a. 19K-0DBCO (10 pM) or b. 19K-12DBCO (10 uM) to the surface functionalized with DBCO. (B) Representative QCM-D responses
together with the tables summarizing Af (red) and AD (blue) shifts determined after rinsing. Values are shown as mean + SEM determined from n
measurements. The arrows at the top of the QCM-D profile indicate the start and incubation duration with each sample as specified, with PBS

being flushed over the sensor surface during the remaining periods.
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per chain (Fig. S12). Additional control experiments confirmed
the specificity of interactions: neither Au-PEGN; nor 19K-
12DBCO bound to surfaces lacking DBCO (Fig. S13A). Simi-
larly, Au-PEGOCH; nanoclusters (lacking azide groups) and
19K-12DBCO showed no binding to surfaces presenting DBCO
(Fig. S13B and C). Together, these findings confirm the high
specificity of the SPAAC reaction between Au-PEGN; nano-
clusters and DBCO-functionalized polymers.

3.4. Stoichiometry and kinetics of nanocluster/polymer
conjugation

To investigate the stoichiometry of bioorthogonal conjugation,
i.e., to determine the extent of the AuNC azide groups involved
in conjugation, the DBCO-coated surface was exposed to
mixtures of 19K-12DBCO and Au-PEGN; pre-incubated at a 10 :
1 molar ratio for one hour (at concentrations of 10 and 1 uM,
respectively, Fig. 3A). The binding kinetics of these conjugates
to the DBCO surface were slower than those of Au-PEGNj; alone
(Fig. 3B). It showed that, under these diluted conditions, some
azide reactive groups are still accessible at the AuNC surface
after the incubation time, although there is an excess of poly-
mer DBCOs. Considering that SPAAC conjugation on model
surfaces is specific (Fig. 2, S11-S13), polymer attachment
resulted in a partial occupation and a reduced accessibility of
the cluster azides, leading to the reduced binding rate. Subse-
quent exposure of the immobilized conjugates to additional
polymer resulted in lower binding than that observed for an Au-
PEGN; monolayer (Af = —3.0 £ 1 Hz, Fig. 3A), confirming the
reduced availability of azide moieties due to prior polymer
attachment. Similar trends were observed for higher molecular
weight polymers, such as 92K-46DBCO (92 kg mol ', 46 DBCO
per polymer, Fig. S14), supporting the conclusion that the
SPAAC reaction occurs between Au-PEGN; and DBCO-bearing
polymers. Interestingly, regardless of whether the polymers
(19K-12DBCO : Au-PEGN; molar ratio = 10:1, Fig. 3) or the
nanoclusters (or 19K-12DBCO : Au-PEGN; molar ratio = 1:8,
Fig. S15) were in excess, the final frequency and dissipation
shifts after ~1 hour of incubation were similar and closely
matched those obtained with pure Au-PEGN; nanoclusters
under similar conditions. Additional experiments with 19K-
24DBCO polymers (higher DBCO density) reinforced these
findings, showing slower binding kinetics (consistent with
higher azide occupancy) but similar final QCM-D shifts
(Fig. 3B). These results suggest that, under the studied condi-
tions, the SPAAC reaction leads predominantly to the func-
tionalization of individual nanoclusters, as schematized in
Fig. 3A, rather than the formation of extended nanocluster
networks. Indeed, if extensive 3D assemblies were formed,
significantly larger QCM-D shifts would be expected compared
to those measured for monolayer binding.

Regarding conjugation kinetics, the fact that additional
polymer binding is still possible after one hour of pre-
incubation (despite polymer excess) indicates that the SPAAC
reaction proceeds relatively slowly at those concentrations
(Fig. 3A). To quantify this, we varied the pre-incubation time of
Au-PEGN; and 19K-12DBCO mixtures (0-60 minutes), while
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keeping other parameters the same (concentrations of polymer
and AuNCs are 10 and 1 uM, respectively) and then immobilized
the resulting conjugates on the DBCO-coated surface. Subse-
quent exposure to additional polymer allowed assessment of
residual binding capacity. Experiments conducted at 24 and
37 °C (Fig. 3C) showed a clear decrease in additional binding
with increased pre-incubation time, confirming the slow
kinetics.

One possible explanation for the slow kinetics would be the
limited accessibility of polymer DBCO groups, which may be
buried within the polymer coil because of hydrophobic effects.
As shown in Fig. 2B, 19K-12DBCO polymers form rigid layers
upon binding to Au-PEGNj;, suggesting a compact conforma-
tion. Furthermore, as shown in Fig. 3A, Au-PEGN; nanoclusters
could not bind to pre-formed conjugates immobilized on the
surface, whereas additional 19K-12DBCO polymers still could,
even when the initial polymer was in excess. Similar results were
observed for 92K-46DBCO (Fig. S15). This asymmetry implies
that azide groups on nanoclusters are more accessible than the
hydrophobic DBCO groups on the polymers, where the latter are
a limiting factor slowing down the SPAAC reaction.

In summary, QCM-D analysis confirms that the bi-
oorthogonal SPAAC reaction between azide-functionalized gold
nanoclusters and DBCO-functionalized polymers in aqueous
solution is highly specific and relatively slow. At the studied
range of concentrations (1-10 uM), the reaction leads to nano-
cluster functionalization rather than formation of their
network.

3.5. Optical properties of nanocluster/polymer conjugates

Changes in the optical properties of Au-PEGN; nanoclusters
upon their mixing with 19K-12DBCO and 92K-46DBCO poly-
mers were investigated in solution using UV-visible and pho-
toluminescence (PL) spectroscopy (Fig. 4 and S16). The UV-
visible spectra of mixtures, pre-incubated for 1 hour at a 10:1
polymer-to-nanocluster ratio, are shown in Fig. 4A and S15A,
together with the spectra of each component alone. The overall
shape of the absorbance spectrum of Au-PEGN; remained
unchanged after conjugation with DBCO-functionalized poly-
mers, indicating that the core structure and electronic proper-
ties of the nanocluster were preserved. A slight increase in
absorbance intensity may indicate the presence of a minor
fraction of nanocluster aggregates. This was further examined
by TEM for the 19K-polymer system, revealing that the core size
of the nanoclusters remained largely unaffected by conjugation
with either 19K-12DBCO or 19K-24DBCO, even in the presence
of a ten-fold excess of polymer (Fig. S17). These results confirm
that the SPAAC reaction does not promote the formation of
large-scale nanocluster assemblies at low concentration, in
agreement with the QCM-D data (Fig. 3).

PL emission spectra recorded for Au-PEGN; before and after
1-hour incubation with a ten-fold excess of 19K-12DBCO
(Fig. 4B) show a 1.7-fold increase in PL intensity and a 20 +
2 nm blue shift of the emission peak (inset, Fig. 4B). Similar
results were observed upon conjugation with 92K-46DBCO
polymers: 1.8-fold PL enhancement with a blue shift of 18 £+

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Characterization of kinetics and stoichiometry of bioorthogonal conjugation using QCM-D. (A) Schematic representation of interactions
studied on DBCO-coated surfaces and reflected in Af (red) and AD (blue) shifts (overtone i = 7) during the injection of @ the mixture of 19K-
12DBCO and Au-PEGNs (at a polymer : AUNC molar ratio of 10 : 1; [polymer] = 10 uM; [AuNC] = 1 uM), followed by the subsequent injection of @
Au-PEGN3 (1 uM) and ® 19K-12DBCO (10 uM). Values in the table represent the mean + SEM from n measurements. The arrows at the top of the
QCM-D profile indicate the start and incubation duration with each sample as specified, while a working buffer (PBS) was flushed over the sensor
surface during the remaining periods. (B) The overlay of QCM-D profiles obtained during the exposure of DBCO-coated surfaces to the Au-
PEGN3 : 19K-12DBCO mixtures at different ratios, with a pre-mixing time of 60 min. (C) Frequency shifts obtained at 24 and 37 °C during the
injection of 19K-12DBCO (10 pM) (in step ®) to surface pre-exposed to the mixtures of Au-PEGN3z and 19K-12DBCO (in step @) while varying the

time of their pre-mixing.

2 nm (Fig. S16B). The observed blue shift is likely due to
modifications in the nanocluster surface chemistry following
polymer conjugation, which can alter the electronic energy

© 2025 The Author(s). Published by the Royal Society of Chemistry

levels and surface trap states.’”** Further experiments were
conducted by varying the concentration of Au-PEGN; while
keeping the polymer concentration constant (10 pM). The
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Fig. 4 Optical properties of nanocluster/polymer conjugates. The characteristic (A) absorbance and (B) PL emission spectra (Aexc = 450 nm) of
19K-12DBCO (black), Au-PEGN; (red) and the mixture of 19K-12DBCO : Au-PEGNz at a 10 : 1 ratio (green) (concentrations of Au-PEGN3 and 19K-
12DBCO used are 1 and 10 uM, respectively). The inset in (B) shows the blue shift (~20 £ 2 nm, n = 3) of the PL emission maximum upon mixing
Au-PEGNz with 19K-12DBCO. (C) PL enhancement recorded for Au-PEGNs: 19K-12DBCO mixtures at different Au-PEGN3z concentrations
keeping 19K-12DBCO concentration fixed to 10 uM. Absorbance and PL emission experiments were done at 25 °C in PBS; all mixtures were pre-
incubated for 1 hour. (D) PL enhancement recorded for the mixtures of 19K-12DBCO : Au-PEGN3 at a 10 : 1 ratio as a function of pre-incubation
time in PBS or DMEM with 10% serum at 25 (pink) or 37 °C (yellow); [Au-PEGN3] =1 uM, [19K-12DBCO] = 10 uM, number of experiments averaged
= 2. Control system based on Au-PEGOCHj5 is shown in gray. (E) The PL enhancement for the mixtures of 19K-12DBCO : Au-PEGN3 at tunable
ratios and DBCO density plotted as a function of their pre-incubation time; experiments are done at 25 °C in PBS (number of experiments
averaged = 2). A table summarizing the studied mixtures is shown next to the graph.

dependence of PL enhancement on nanocluster concentration
and on the nanocluster-to-polymer ratio is shown in Fig. 4C for
19K-12DBCO and in Fig. S16C for 92K-46DBCO. Regardless of
polymer molecular weight, maximum PL enhancement was
consistently achieved under conditions of polymer excess. This
trend was reproduced in complementary experiments where
polymer concentration was varied while keeping the nano-
cluster concentration fixed (Fig. S18).

Varying the pre-incubation time confirmed the QCM-D
observations: the reaction proceeds slowly, with no plateau in
PL intensity reached even after 1 hour (Fig. 4D and S15D). An
increase in temperature from 25 to 37 °C resulted in a notice-
able enhancement in PL intensity, consistent with the higher
conjugation kinetics observed in QCM-D experiments under the

6938 | Nanoscale Adv., 2025, 7, 6929-6940

same conditions (Fig. 3). The influence of the surrounding
medium was also examined by comparing PL responses in PBS
and in DMEM supplemented with 10% serum. PL enhancement
was comparable in PBS and DMEM, but significantly lower in
DMEM containing 10% serum (Fig. 4D and S19). The results
demonstrate that bioorthogonal conjugation can occur in bio-
logically relevant environments. The lower PL enhancement
observed in the presence of serum likely reflects non-specific
interactions with biomolecules, which may alter the local
environment around the nanoclusters or interfere with the
conjugation efficiency.

As for the origin of the PL enhancement, the combined
QCM-D, UV-visible, and TEM data suggest that the observed
increase arises from surface functionalization of individual

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanoclusters rather than from the formation of assemblies. The
enhancement is thus attributed to changes in the nanocluster's
nano-environment,*>** particularly to the presence of a polymer
inter-layer between the nanocluster surface and the
surrounding solution that could lead to the rigidification of the
AuNC ligand shell, resulting in the suppression of non-radiative
pathways. This mechanism is supported by previous studies
showing that ligand rigidification has a stronger effect on
emission properties than dielectric changes alone.**** Control
experiments using Au-PEGOCH; under identical conditions
showed negligible PL changes, confirming that the enhance-
ment is specific to azide-DBCO conjugation and does not occur
because of the presence of free polymers in solution (Fig. 4D
and S15D, grey curves). This conclusion is further supported by
the observation that higher DBCO density in the polymer leads
to stronger PL enhancement (Fig. 4E and S15E). This effect may
be linked to faster SPAAC kinetics, resulting in denser polymer
coverage around nanoclusters, as well as to an increase in local
hydrophobicity due to the greater number of DBCO units, both
in line with the QCM-D results presented in Fig. 3C.

4. Conclusion

In summary, this study reveals that the bioorthogonal SPAAC
reaction between azide-functionalized gold nanoclusters and
DBCO-functionalized polymers in aqueous solution is highly
specific but proceeds relatively slowly under diluted conditions.
Comprehensive characterization, both on the surface using
a QCM-D and in solution via PL spectroscopy, indicates that the
reaction primarily involves individual nanoclusters, resulting in
surface functionalization rather than the formation of large-
scale networks. These observations are further corroborated
by UV-visible spectroscopy and TEM analyses. Faster kinetics
were observed in the presence of an excess of polymer, with
higher DBCO density, and at elevated temperatures. Impor-
tantly, the reaction can also be carried out under conditions
that mimic biological environments. This work provides
a framework for the efficient SPAAC conjugation between
AuNCs and polymers and establishes a robust experimental
platform for probing the assembly and behavior of nano-
conjugates. Furthermore, the obtained insights are applicable
to other functional nano-objects, such as nanoparticles or
liposomes, providing strategies to optimize SPAAC Kkinetics,
specificity and photophysical properties across diverse nano-
material systems.
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