Volume 17

Number 24

28 June 2025
Pages 14427-14950

Nanoscale

rsc.li/nanoscale

ISSN 2040-3372

" 2 ROYAL SOCIETY PAPER

Peter Reiss et al.
“ OF CHEMISTRY Hydrothermal microwave synthesis of water soluble NIR-II

emitting Ag,S quantum dots




7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Hydrothermal microwave synthesis of water
soluble NIR-Il emitting Ag,S quantum dotsf

{ M) Check for updates ‘

Cite this: Nanoscale, 2025, 17, 14637

@ Wai Li Ling,
*xb

@b Aurelien Deniaud, € K. David Wegner, (¢

@ and Peter Reiss

Omar El-Dahshan,
Olivier Proux, 2 € Giulia Veronesi

Hydrothermal-based synthetic methods of quantum dots allow for the exploration of reaction parameters
normally inaccessible to typical aqueous-based batch reactions, such as elevated reaction temperatures
(>100 °C) and reaction pressures above atmospheric pressure. Coupled with microwave heating, new
instantaneously bio-compatible quantum dots (QDs) with enhanced opitcal properties can be yielded. As
of today, agueous-based synthetic methods often lag behind their organic analogues in terms of the
photophysical properties of the QDs obtained and the ease of modulation of both the emission wave-
length and crystallite size. Using a novel microwave-assisted hydrothermal approach, the synthesis of
silver sulphide (Ag,S) QDs exhibiting NIR emission spanning the biological transparency windows via
modulation of the reaction parameters has been developed. The intrinsic link between their optical and
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structural properties is explored via laboratory and synchrotron-based structural analysis techniques. Their
toxicity towards a hepatic cell line was assessed, and related back to their structure and size. Overall this
work aims to not only further develop the repertoire of synthetic methods for the synthesis of Ag,S QDs,
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1. Introduction

Since their initial discovery in the early 1980s,"> quantum dots
(QDs) have become a rapidly expanding ‘hot’ research topic,
gaining vast attention across a broad range of sciences, culmi-
nating in the award of the Nobel Prize in Chemistry in 2023.%
Their unique optical and electronic properties including
size-tuneable light emission, simultaneous excitation of
multiple fluorescence colours, high signal-brightness and long
term-photo stability®® make them ideal as candidates for
use in a wide range of applications including optoelectronic
devices,® photo-catalysis,” solar cells,® biomedical,’™"
biosensing'>"® and bioimaging.’*™® Specifically within the
field of bioimaging, their outstanding optical properties and
potential for surface functionalisation with bio-molecules
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but also paves the way for the development of safer QDs suitable for future clinical applications.

(such as proteins,’” antibodies,'® drug molecules™® or DNA*")
make QDs prime candidates for theranostic agents, combining
targeted diagnosis and therapy on a single nanoplatform.
Additionally, manipulation of their size and shape can be con-
trolled, allowing for modulation of the biodistribution and
pharmacokinetics.”’ As part of ongoing research into their
potential application as theranostic agents, a large emphasis
has been placed on QDs with strong emission specifically in
the near infrared (NIR) spectral region in order to design
attractive bio-imaging probes for diagnosis or targeted moni-
toring of biological functions or diseases from the organ to the
molecular level.**>?

Defined by IUPAC as spanning from 780 to 3000 nm,>* the
NIR spectral region offers significant advantages over the ultra-
violet (UV) or visible range, for in vivo imaging at higher pene-
tration depths. This region can be segmented further into
three windows: the NIR-I, which stretches from 700-950 nm,
the NIR-II, from 1000-1350, and the NIR-III, from
1550-1870 nm, referred to as the three biological windows,
with each window exhibiting increased transparency towards
biological matter, due to the decreasing attenuation coefficient
of blood, skin and fatty tissue.>> Additionally, NIR emission is
spectrally different from auto-fluorescence,® with the NIR
regions above 1000 nm exhibiting minimal auto-fluorescence,
reducing background noise, considerably increasing the detec-
tion sensitivity and optical contrast as well as higher spatial
and temporal resolution.”” Compared to UV or visible light,
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the lower energy NIR is less damaging towards cells*® and also
exhibits lower levels of light scattering by tissue and water.”®
Therefore, within the biomedical field, the long-term appli-
cation of QDs relies on the development of safe, non-toxic, bio-
compatible QDs.

Consequently, recent work has focused on the development
of safer and greener QD compositions. Silver sulphide (Ag,S)
QDs have recently emerged as a promising alternative to tra-
ditional toxic binary heavy metal-containing QDs for bio-
medical applications due to their reportedly low
cytotoxicity.””?°! Bulk Ag,S is intrinsically non-toxic, exhibits
an ultralow solubility product constant (Ky,) (Ag.S = 6.3 X
107°%),** minimising the release of Ag* ions in solution and
potentially in biological media and cells. Owing to its narrow
band gap Ag,S QDs (Ag,S 0.9-1.1 eV)*® possess tuneable emis-
sion ranging from the Vis-Red spectral region to the NIR-II bio-
logical window.

Ag,S QDs were first synthesised in 1999 by Brelle et a
with subsequent research in the 2000s demonstrating their
capabilities as a bio-imaging agent.®> Research has rapidly
expanded in the last ten years with a concentrated effort on
the synthesis of QDs via diverse synthetic approaches, focused
on precisely tuning their optical properties and
distribution,>* 3% often in conjunction with toxicology
studies® and in vivo/in vitro bio-sensing,*® bio-imaging*® or
theranostic studies.*

Traditionally, the synthesis of Ag,S QDs has been con-
ducted in organic media.*”> However, due to the toxic chemi-
cals and harsh conditions exploited in organic synthesis, there
has been a focus on shifting towards greener, aqueous syn-
thetic methods allowing for the synthesis of instantly biocom-
patible QDs at lower temperatures without the need for phase
transfer and the associated diminution of their fluorescence
intensity.*> Yet as of today, the bio-applications of Ag,S QDs
synthesised via aqueous approaches are limited by their poor
optical properties, with observed photoluminescence quantum
yields (PLQY) of less than 2%>7** compared to their analogues
synthesised in organic solvents, exhibiting PLQYs up to 20%."*
Additionally, in order to reach larger particle sizes and thus
NIR emission above 1000 nm, large bulky and expensive apta-
mers*® or proteins,”” are frequently used, compared to the
cheaper more readily available organic ligands.

More recently, the development of microwave-assisted syn-
thesis as an alternative heating source provides a rapid and
often facile synthetic approach, opening new possibilities for
synthesising nano-structured materials. Compared to conven-
tional convection heating, microwave radiation provides faster,
more uniform heating rates at a lower energy cost with highly
reproducible results. Yet as of today, examples of Ag,S QDs
synthesised via microwave-assisted synthetic approaches fail to
exhibit tuneable emission in the NIR-II window,**° limiting
their application in bio-imaging applications.

From here on in, a novel microwave-assisted hydrothermal
synthetic approach that yields a panel of directly water-soluble
Ag,S QDs with tuneable emission in the NIR-II window is pre-
sented. Utilising the low-cost reagent r-glutathione (GSH) as
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both a capping agent and as a sulphur source, yields directly
water-soluble quantum dots without the need for phase trans-
fer or the use of bulky and expensive aptamers. Their struc-
ture, photoluminescence (PL) and the intrinsic link between
both are probed, in addition to toxicity assays in order to
analyse their biocompatibility.

2. Materials and methods

2.1. Chemicals

All chemicals were used as received without further purifi-
cations. r-Glutathione reduced (GSH, 97%), sodium sulphide
nonahydrate (Na,S-9H,0, ACS, >98%) and silver nitrate (ACS,
>99%, metal basis) were purchased from Thermo Scientific.
Ammonium hydroxide (NH,OH, 28% NH; basis) and propan-
2-ol (HPLC iscoratic grade) were purchased from Carlo Erba.
Milli-Q ultrapure water (18.2 MQ cm) was used in all experi-
mental procedures and analyses.

2.2. Synthesis of GSH-capped Ag,S QDs

0.5 mmol of AgNO; and either 1 mmol or 2 mmol of GSH were
dissolved in 20 mL of de-ionised water under magnetic stir-
ring, resulting in the formation of a white precipitate, sus-
pended in solution under stirring. The pH of the solution was
raised to pH 8 using 2.5 M NH,OH, resulting in the dis-
solution of the precipitate (at approximately pH 5) and the for-
mation of a colourless solution. The solution was then trans-
ferred to a 40 mL microwave vessel, which was subsequently
sealed and heated to 140 °C under microwave irradiation
(CEM Discover 2.0) and magnetic stirring for a pre-determined
time (ranging from 1 to 20 minutes). The resulting colloidally
stable solutions ranged in colour from light brown to black.
The temperature of the reaction solution under microwave
irradiation was monitored via an in-built IR probe, and a con-
stant temperature was maintained by the automated regulation
of the microwave power supplied. Ag,S QDs were purified via
the addition of propan-2-ol to the QD dispersion in a ratio of
3/1 (propan-2-0l/QD dispersion), followed by centrifugation at
8500 rpm for 10 minutes. The supernatant was disposed and
the precipitate redispersed in de-ionised water.

2.3. Synthesis of bulk Ag,S

0.25 mmol of AgNO; and 1 mmol of Na,S were independently
dissolved in 2.5 mL of deionised water to create two stock solu-
tions. The stock solutions were mixed in the dark, resulting in
the immediate formation of a black precipitate. The precipitate
was collected via filtration, washed and dried in vacuo at 40 °C
overnight before being stored in an amber glass vial. The X-ray
diffractogram of the as-synthesised bulk Ag,S can be found in
the ESI (Fig. S17).

2.4. Photophysical characterization

For all optical spectroscopy unless stated, the aqueous col-
loidal solutions were placed in 4 X 10 mm quartz cuvettes.
Absorption spectra were recorded using a Jasco V-770 Visible/

This journal is © The Royal Society of Chemistry 2025
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NIR spectrometer with a range of 400 to 1400 nm. PL spectra
were recorded using a Flurolog FL1057 spectrophotometer
equipped with a 450 W Xe lamp and a Hamamatsu R5509-73
photomultiplier tube NIR detector. An excitation wavelength of
400 nm was used if not stated otherwise, and the emission
spectrum was recorded in the range of 800-1500 nm. Relative
measurements of the PLQY (&) were performed using the
reference dye IR125 dissolved in ethanol (& = 0.13). The rela-
tive PLQY was calculated according to the formula of Demas
and Crosby, see the equation below.

® Fo Jfa (Aex,st) n (/lex.x)
fst " ° . )
Fy ﬁ( (Aex,x) Nt (Aex.st)

¢f7x =

The subscripts x, st and ex denote the sample, standard
and excitation, respectively. f(dex)is the absorption factor, F is
the integrated spectral fluorescence photon flux and 7 is the
refractive index of the solvents used (Ethanol for IR125; water
for Ag,S QDs). An excitation wavelength of 700 nm was used
for PLQY measurements. Time-resolved measurements were
performed in the wavelength region of 940 + 10 nm using a
FLS 920 (Edinburgh Instruments, Edinburgh, United
Kingdom) lifetime spectrofluorometer equipped with an
EPL-405 (Edinburgh Instruments, Edinburgh, United
Kingdom) picosecond pulsed diode laser (excitation wave-
length of 405 + 10 nm; power of 5 mW) and a fast PMT R2658P
from Hamamatsu, respectively. For lifetime and PLQY
measurements 10 x 10 mm quartz cuvettes were used.

2.5. Transmission electron microscopy (TEM)

Morphological characterisation was achieved via transmission
electron microscopy (TEM) analysis, using a FEI Tecnai F20
Microscope and an accelerating voltage of 200 kV. TEM grids
were prepared by drop-casting dilute nanocrystal suspensions
onto a 400-mesh copper TEM grid covered with an ultra-thin
carbon film which was subsequently dried under an ambient
atmosphere. The average diameter and size distribution (the
standard deviation) of the QDs were calculated based on the
measurement of at least 100 nanoparticles selected by eye and
Image] processing software.

2.6. Powder X-ray diffraction (XRD)

Powder X-ray diffraction (XRD) patterns were recorded using a
Bruker D8 powder diffractometer equipped with a copper
anode (Kol = 1.5406 A, Ka2 = 1.5444 A) and an X' celebrator
1D detector. XRD samples were prepared by drop-casting con-
centrated Ag,S dispersed in de-ionised water onto a clean
silicon substrate (disorientated Si). The substrates supporting

the samples for XRD were dried under an ambient
atmosphere.
2.7. X-ray absorption spectroscopy (XAS) sample preparation

Purified QD solutions were deposited on the sample holder
and frozen in liquid N, (LN,). Reference solutions for XAS ana-
lysis of Ag-GSH at a ratio of 1/2 or 1/4 of Ag: GSH at pH 8 were
prepared by mixing 0.25 mmol of AgNO; and either 0.5 mmol

This journal is © The Royal Society of Chemistry 2025
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or 1 mmol of GSH in 10 mL of de-ionised water and adjusting
the pH to 8 using 1.25 M NH,OH. A reference compound of
bulk Ag,S powder (synthesised as above) was prepared as a
pellet diluted with cellulose. All liquid samples were deposited
in the 3-position sample holders, equipped with Kapton
windows, immediately frozen and stored in LN, until the
experiment. The size of the frozen droplets was approximately
5 mm in diameter and 2 mm thick.

2.8. X-ray absorption spectroscopy (XAS) data acquisition and
analysis

Ag K-Edge XAS acquisitions were conducted in cryogenic con-
ditions at the CRG-FAME-UHD (BM16)>' beamline at the
European Synchrotron Radiation Facility (ESRF, France). The
samples were transferred into the liquid He cryostat and
measured at 10 K. Ag K absorption edge was continuously
scanned in the energy range 25.3-26.5 keV with a nitrogen-
cooled Si(220) double-crystal monochromator.>> Beamsize on
the sample was 240 x 750 pm?> (HxV, Full-Width Half
Maximum values). The incoming photon energy was calibrated
with an Ag metallic foil, by defining the first inflection point
of its XAS spectrum at 25.514 keV. Spectra were recorded in
fluorescence mode with a 16-element Ge solid state detector
(Mirion, Lingolsheim, France). The Ag,S reference pellet was
measured in transmission mode. The I, and I; signals are
measured using Si diodes collecting a fraction of the trans-
mitted beams scattered by 7 pm Kapton foils. The data were
normalised using a linear function for the pre-edge and a 4th-
order polynomial function for the after-edge and analysed as
linear combinations fitting (LCF) of reference compounds by
using the Larix application provided with the Larch package
(version 0.9.81).%

2.9. MTT cell toxicity assays

Cytotoxicity was evaluated using the 3-(4,5-dimethyl2-thiazo-
Iyl)-2,5-diphenyltetrazolium bromide (MTT) assay. HepG2/C3A
cells were provided by the ATCC. 7 x 10* HepG2/C3A cells per
well were seeded in a transparent flat-bottom 96-well plate and
were incubated for 24 hours at 37 °C with 5% CO, before the
addition of QDs. To determine the LDsq of the QDs, a concen-
tration series between 0 and 300 pug mL™' of QDs was used.
Five batches of Ag,S QDs were added to the medium: GSH-
coated Ag,S QDs, synthesised from an AgNO;: GSH precursor
ratio of 1/4 at pH 8 for either 1, 5, 10 or 15 minutes and GSH-
coated Ag,S QDs, synthesised from an AgNOj;: GSH precursor
ratio of 1/2 at pH 8 for either 15 or 20 minutes. In all experi-
ments, each condition was performed in triplicate on the
plate. Each experiment was conducted three times indepen-
dently. After 24 hours of incubation in the presence of the
QDs, the medium was discarded, the cells rinsed with PBS and
100 pL of medium containing 0.5 mg mL™" of MTT was added
to each well. After 1 hour of incubation at 37 °C, the MTT solu-
tion was discarded and formazan crystals formed were dis-
solved in 150 pL of 4 mM HCI, 0.1% NP40 in isopropanol. The
absorbance in the wells was read in a microplate reader
(BioTek Synergy H1) at 570 nm.

Nanoscale, 2025, 17, 14637-14646 | 14639
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3. Results and discussion

Reported aqueous synthetic methods for Ag,S QDs emitting
in the second biological window typically use Na,S as the
sulphur source and mercaptopropionic acid or human/bovine
serum albumin (HSA/BSA) as stabilising ligands.?**>%%:34:55
The utilisation of bulkier ligands, such as HSA or BSA,
allowed for the regulation of the fast reaction kinetics, albeit
relatively large size distributions were obtained. Following
the experience gained in the aqueous synthesis of highly
luminescent AgInS, QDs,>® we utilised 1-glutathione (GSH) in
the present study. Brelle et al. initially used GSH in combi-
nation with Na,S, yielding Ag,S NCs of approximately 9 nm,
however, with no mention of any photoluminescent pro-
perties.** Preliminary experiments showed Na,S was too reac-
tive of a sulphur source to allow for good size control, and it
was found raising the temperature to 140 °C in hydrothermal
conditions enabled the use of GSH as both the surface ligand
and sulphur source. As in the reported works, the Ag/S pre-
cursor ratio is of prime importance for governing the size
range of the yielded QDs.

3.1. Photophysical properties

Two panels of Ag,S QDs were synthesised from differing Ag/S
precursor ratios of 1/2 and 1/4, at varying reaction times of 15
to 20 minutes and 1 to 15 minutes, respectively. From here on,
individual samples will be referred to as Ag,S-X-Y, where X is
the Ag/S precursor ratio and Y is the reaction time, for
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example, the sample Ag,S-14-1 corresponds to the sample syn-
thesised from the Ag/S precursor ratio of 1/4 after a reaction
time of 1 minute. Fig. 1 exhibits the absorption and emission
spectra of the QDs yielded from an Ag/S precursor ratio of 1/2
and 1/4, respectively, at differing reaction times. As commonly
seen for Ag,S QDs, all absorption spectra are characterised by
broad bands void of any marked features, which has previously
been associated with the presence of sub-bandgap transitions
involving defect states, where lattice defects have good spatial
overlap with the delocalised valence or conduction band wave
functions increasing the transition probability involving the
valence/conduction band and a localised defect state.*” For
QDs synthesised with a reaction time between 15 and
18 minutes, from an Ag/GSH ratio of 1/2, the absorbance pro-
files are similar with no red-shift exhibited, however, the PL
peak at 930 nm shows a continued decrease in intensity with
reaction time (Fig. 1(b)). A red shift in the absorbance onset
can be observed using a reaction time between 18, 19 and
20 minutes, accompanied by the loss of all emission after
19 minutes, followed by the re-emergence of a PL band at
1220 nm after a reaction time of 20 minutes. After 20 minutes,
the PL band remained at 1220 nm and exhibited a significant
decrease in intensity; therefore, the reaction was not explored
at longer reaction times. Consequently, due to the absence of a
clear red shift in the emission wavelength with reaction time,
it can be postulated that the change in the emission wave-
length is not a result of quantum confinement but a change in
the origin of the emission.
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Fig. 1 Optical properties of Ag,S QDs obtained via the microwave-assisted hydrothermal approach. (a)-(c) concern the optical properties of the
Ad,S QDs synthesised from an Ag/GSH precursor ratio of 1/2. (d)—(f) Concern the optical properties of the QDs synthesised from an Ag/GSH precur-
sor ratio of 1/4. (a) and (d) Absorbance spectra of Ag,S QDs synthesised from an Ag/GSH precursor ratio of 1/2 and 1/4 respectively at differing reac-
tion times, with an inset of a zoom of the absorbance on-set; (b) and (e) absorption-corrected PL spectra of Ag,S QDs of QDs synthesised from an
Ag/GSH precursor ratio of 1/2 and 1/4 respectively obtained after different reaction times; (c) and (f) [0—1] Normalised PL spectra of Ag,S QDs of
QDs synthesised from an Ag/GSH precursor ratio of 1/2 and 1/4 respectively obtained after different reaction times, where (f) highlights the effects
of absorption due to water (red dotted line) on the shape and FWHM of the PL emission peaks in the NIR domain.
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Fig. 1(d-f) exhibits the absorbance and PL spectra of QDs
synthesised from the 1/4 precursor ratio using reaction times
between 1 and 15 minutes. In contrast to QDs synthesised
from the 1/2 Ag/S precursor ratio, those synthesised from a 1/4
precursor ratio exhibit a red shift in absorbance on-set with
increasing reaction time. Interestingly, between 2 and
4 minutes, the absorbance profiles (Fig. 1(d)) exhibit a minute
redshift, far smaller than that exhibited between other reaction
times, specifically between identical time intervals of 1 to
2 minutes and 4 to 5 minutes. This potentially may be a result
of limited growth in this time domain. Fig. 1(f) exhibits a red-
shift of the PL maxima with increasing reaction time from
approximately 950-1220 nm, spanning the entire NIR-II spec-
tral region. However, the absorption of NIR light by water in
this spectral region (indicated by the red dotted line in
Fig. 1(f)) corresponding to the bending and stretching
vibrations of the hydroxyl group (-OH),”” results in the defor-
mation of the ‘true’ shape of the emission peak. Therefore, it
is difficult to determine the exact peak positions (and hence
the precise value of the redshift) along with the full-width half
maxima (FWHM) of the individual emission peaks.
Unexpectedly, as opposed to what is commonly seen in the lit-
erature, the emission intensity does not decrease uniformly
with reaction time (typically a result of an increased number of
surface traps with increasing crystallite size). However, instead
the emission intensity initially decreases before increasing sig-
nificantly between 3 to 5 minutes before subsequently decreas-
ing once again (Fig. 1(e)). Despite the PL spectra for the QDs
synthesised at 3, 4 and 5 minutes appearing to have a similar
peak position and shape, specifically in the region of
1050-1200 nm, the difference in the area of the emission peak
below 1000 nm (in the spectral region containing an absorp-
tion feature of water) indicates the true nature of the emission
peaks between 3 and 5 minutes vary significantly. This is
further corroborated by the samples’ absorbance spectra,
which indicate a clear red shift, a feature that would be
expected to be repeated in the PL plot. The photoluminescence
quantum yield (PLQY) values of chosen samples (Table S1f)
were obtained via the comparative method utilising the NIR
dye IR125. For all samples tested, the PLQY was recorded as
<1%, likely due to their poorly passivated surfaces, potentially
arising from using GSH as both a capping ligand and sulphur
source resulting in a high concentration of non-radiative
surface traps.

The luminescence lifetime reflects the possible recombina-
tion paths involved in the emission of the QDs. The resulting
decay signal can be fitted by a sum of exponential functions,
each corresponding to a distinct recombination path. Time-
resolved photoluminescence (TRPL) spectroscopy was con-
ducted for the QD formulations with the highest PLQY for
each precursor ratio, Ag,S-12-15 and Ag,S-14-1 synthesised
from the 1/2 and 1/4 Ag/GSH precursor ratios, respectively.
Commonly, the decay behaviour of Ag,S QDs can be fitted with
a two-exponential function. However, it remains important to
note that due to the presence of many different de-excitation
pathways resulting from differing surface trap combinations

This journal is © The Royal Society of Chemistry 2025
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Table 1 Tabulated fitting parameters obtained from a three-exponen-

tial fit of the time-resolved photoluminescence spectra of QD formu-
lations Ag,S-12-15 and Ag,S-14-1

QD

formulation 7, (ns),4; 7, (ns),A, 73(ns),A; Tinc (NS)  Tamp (NS)
Ag,S-12-15 5.2, 84% 22.6, 6% 79.6,10% 50.3 13.6
Ag,S-14-1 8.4,53% 33.4,40% 116.1,7% 55.0 25.9

between different Ag,S QDs formulations, a bi-exponential fit
does not indicate the presence of only two relaxation path-
ways.”® For TRPL spectra recorded for Ag,S-14-1 and Ag,S-12-
15 (Agm: 940 + 10 nm, Fig. S27), a three-exponential function
was found to best fit the experimental data. Both the intensity
weighted and amplitude weighted average lifetimes, along
with the individual lifetimes and relative weightings of the
three decay components, are presented in Table 1. The short
decay rate for both QD formulations has been previously
exhibited for less efficient QDs,>® where the 7; is commonly
associated with decay due to non-radiative relaxation via the
trapping of the exciton in surface quenching pathways. Despite
exhibiting similar intensity weighted average lifetimes, the
decrease in the weighting of 7, for Ag,S-14-1 (53%) in compari-
son to Ag,S-12-15 (84%) can be attributed to a decrease in the
concentration of surface trap states, presumably due to higher
ligand coverage and better surface passivation resulting from
the higher Ag/GSH precursor ratio. Consequently, the
increased passivation of non-radiative surface traps is also
reflected in the higher PLQY of Ag,S-14-1 (0.62%) in compari-
son to Ag,S-12-15 (0.34%). Additionally, the shorter reaction
time implies less GSH has decomposed, which also contrib-
utes to a higher ligand coverage. From thermogravimetric ana-
lysis (TGA), it can be shown for QDs of a similar average size of
approximately 5 nm, namely Ag,S-12-15 and Ag,S-14-5, that
QDs synthesised from the 1/4 Ag/GSH precursor ratio posses a
higher percentage (by mass) of organics (25% and 50%,
respectively), confirming the increased ligand density on the
surface.

3.2. Structural properties

In order to determine the average particle size of selected QDs
synthesised, TEM and the relevant image analysis were per-
formed. The TEM images and size distribution histograms of
Ag,S-14-5, Ag,S-14-10 and Ag,S-14-15 are shown in Fig. 2; the
TEM images and size distributions of Ag,S-14-1, Ag,S-12-15
and Ag,S-12-20 can be found in the ESI (Fig. S3 and S4t). The
particle diameters and their standard deviations are reported
in Table 2. An increase in reaction time regardless of the pre-
cursor ratio is accompanied by an increase in the average par-
ticle size. Despite the QDs synthesised from the 1/4 Ag/GSH
precursor ratio exhibiting a shift in the PL emission wave-
length with reaction time consistent with that expected due to
quantum confinement, the corresponding average particle
sizes fall outside the quantum confinement regime. Due to its
small Bohr radius of approximately 1 nm, it has been pre-
viously reported that the strong quantum confinement regime

Nanoscale, 2025, 17, 14637-14646 | 14641
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Fig. 2 Transmission electron microscopy (TEM) images of Ag,S-14-5 (a), Ag,S-14-10 (b) and Ag,S-14-15 (c). Histograms of particle size overlayed
with the distribution curve (black) yielded from manual particle counting image analysis (n > 100) for Ag,S-14-5 (d), Ag,S-14-10 (e) and Ag,S-14-15 (f).

Table 2 Crystallite diameter, yielded from TEM image analysis, and
LDso values (in pg mL™Y), yielded via MTT toxicity assays, of Ag,S QDs
synthesised from a precursor ratio of either 1/2 or 1/4 Ag/GSH with
reaction times of 15 and 20 minutes or 1, 5, 10 or 15 minutes and the
corresponding size of the QDs

QD formulation Diameter (nm) LDs, (ug mL™")

Ag,S-12-15 4.6+1.4 29+8
Ag,S-12-20 9.4+1.4 >300
Ag,S-14-1 3.9 +£0.65 9+1
Ag,5-14-5 5.3 £0.65 11+3
Ag,5-14-10 12.5+1.5 130 + 42
Ag,S-14-15 16.9 £ 2.0 >300

exists for Ag,S QDs up to approximately 4 nm in diameter.**>”

Therefore, in this case, from the currently available
literature, the shift in emission results from alternative
origins.

X-ray diffraction patterns were collected to probe the
relationship between the structure and the PL. Fig. 3(a) exhi-
bits the diffractograms of QDs synthesised from the 1/2 Ag/S
precursor ratio. In the case of the QDs synthesised after 15, 16,
17, 18 and 19 minutes a wide diffuse feature in the 26 of
25-50° is observed. Diffuse blurring is characteristic of the
low-order Ag,S monoclinic lattice, commonly seen for smaller
Ag,S crystallite sizes or materials with high structural disorder
and defect concentrations. Contrastingly, the XRD diffracto-
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Fig. 3 X-ray diffractograms of Ag,S QDs synthesised from an Ag/GSH
precursor ratio of 1/2 (a) and 1/4 (b) at differing reaction times. The
reference pattern of bulk monoclinic Ag,S is given for comparison
(JCPDS 01-080-5476).

gram of the QDs after 20 minutes exhibits a clearer more struc-
tured diffraction pattern with distinctive narrower peaks which
correspond to the Ag,S monoclinic lattice. The sudden for-
mation of crystalline Ag,S after 20 minutes from a highly
amorphous, low crystallinity material (after 19 minutes),

This journal is © The Royal Society of Chemistry 2025
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results in a decrease in vacancies present in the lattice and
hence trap-state energy levels potentially revealing an intrinsic
link between the origin of the emission and the structure of
the QDs. X-ray diffractograms (Fig. 3(b)) of the QDs syn-
thesised from an Ag/S precursor ratio of 1/4 at shorter reaction
times exhibit a wide diffuse feature in the 26 range of 25-50°.
Contrastingly, the diffractogram of the QDs synthesised after
10 minutes begins to exhibit diffraction peaks which can be
assigned to the characteristic peaks of monoclinic Ag,S.
Despite this, many of the peaks at higher and lower angles
compared to the two prominent peaks remain convoluted.
Finally, the QDs synthesised after 15 minutes exhibit a clearer,
more structured diffraction pattern with distinctive and nar-
rower peaks which distinctly correspond to the Ag,S monocli-
nic lattice. The increased definition of the peaks between the
diffractograms of the QDs synthesised after 10 and
15 minutes, respectively, is likely a result of the increase in
size from 12 to 16.9 nm and an increase in crystallinity of the
core. In summary, XRD analysis indicates that a rapid crystalli-
sation occurs for the samples synthesised with 1/2 Ag/GSH
ratio between 19 and 20 min, while the 1/4 sample exhibits a
slower crystallisation taking place between 10 and 15 min of
reaction. The sharp transition in crystallinity observed for QDs
synthesised with a 1/2 Ag/GSH ratio is reflected in the pro-
nounced shift in the emission wavelength from 970 nm to
1220 nm at 20 minutes. In contrast, QDs synthesised with a 1/
4 Ag/GSH ratio exhibit a more gradual increase in crystallinity,
hence, this vast change in the emission wavelength is not
observed. In both cases, the increase in reaction time leads to
an increase of the particle size, yielding spherical nanocrystals
of around 10 nm (1/2) and 17 nm (1/4) for the longest reaction
time investigated.

3.3. X-Ray absorption near edge structure

The experimental X-ray Absorption Near-Edge Structure
(XANES) spectra, normalised to an edge jump of 1, are
reported in Fig. 4: the reference compounds are represented as
dashed black lines and the QDs as symbols. The reference
compounds were chosen to represent the different stages of
the synthesis: from the precursor Ag-GSH solutions in 1/2 and
1/4 ratio, respectively, to the crystalline Ag,S structure.
Additionally, the spectrum of a silver foil was used as a refer-
ence for Ag(0) species, which could arise from the reduction of
some metal centres during the reaction.®® In order to quantify
the composition of the internal structure of the QDs, a Linear
Combination Fitting (LCF) analysis was performed; normal-
ised XANES spectra were fitted with a least-squares minimis-
ation algorithm as linear combinations of the reference com-
pounds, in the energy range [25.450; 25.630] keV. It is impor-
tant to notice that the main spectral difference between crystal-
line Ag,S and Ag-GSH solutions, is a shift to higher energy of
the second post-edge oscillation, that extends till 25.600 keV
(Fig. 4). Therefore, in order to discriminate between crystalline
and amorphous Ag-S complexes, it is crucial to include this
oscillation in the XANES LCF range. Each experimental spec-
trum was fitted with all possible combinations of three stan-

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Ag K-edge XANES spectra of the reference compounds (Ag(0),
bulk Ag,S, and the Ag—GSH complexes synthesised from a 1/2 and 1/4
Ag/GSH ratio) and the best-fitting curves (red) obtained as linear combi-
nations of the reference spectra, overlapped to the experimental spectra
(dots) of six different Ag,S QD formulations.

dard compounds (Ag(0), bulk Ag,S, and the Ag-GSH complex
with stoichiometry corresponding to the QD feed ratio), where
the free parameters are the weights of all the components. The
results are reported in Table 3, where weights of the LCF indi-
cate the fraction of the Ag sites in the QD structure that show a
local coordination equal to the corresponding reference com-
pound; the best-fitting curves are represented in Fig. 4 as solid
red lines overlapped with the corresponding experimental
curve. The fits are based on the combination of the Ag-GSH
complex, with the corresponding ratio of Ag/GSH to the feed
ratio for the QD, bulk Ag,S and Ag(0) provide excellent agree-
ment with the experimental data. For all QDs, the presence of
Ag(0) reported as a fraction of the core structure falls close to
or below the detection limit of the technique (5%).
Furthermore, performing an LCF of the XANES region as a
combination of only the corresponding Ag-GSH complex and
bulk Ag,S yielded fits with marginally inferior Rg; values, exhi-

Table 3 Tabulated results of the LCF XANES analysis of Ag,S QDs syn-
thesised from a precursor ratio of either 1/2 or 1/4 Ag/GSH with reaction
times of 15 and 20 minutes or 1, 5, 10 or 15 minutes, respectively.
The standard deviation error relative to the last digit is reported in
brackets

Bulk Ag,S Ag-GSH  Ag(0)

QD fraction fraction fraction Rgi¢ JReduced”
formulation (%) (%) (%) (107 (1079
Ag,S-12-15  25(2) 70(2) 5(1) 1.0 6.4
Ag,S-12-20  53(3) 41(3) 6(1) 3.1 19.2
Ag,S-14-1 8(2) 91(2) 2(1) 1.8 11.2
Ag,S-14-5 29(3) 69(3) 2(1) 3.4 20.9
Ag,S-14-10  53(3) 44(3) 4(1) 2.5 15.3
Ag,S-14-15  97(2) 3(2) — 1.5 9.9
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biting an increase on the order of 107°. From this, the
presence of Ag(0) in the QDs can be excluded and the
composition of the QDs considered as a combination of bulk
Ag,S and the corresponding Ag-GSH complex. For all QDs,
regardless of the precursor ratio, the fraction of Bulk Ag,S in
the core structure increases with reaction time, from 25% to
53% for Ag,S-12-15 and Ag,S-12-20 and from 8% to 97% for
Ag,S-14-1 and Ag,S-14-15, respectively. This is a reflection of
not only the crystallisation of the particles from amorphous
Ag,Sy-based clusters to QDs with a bulk Ag,S crystal structure
(Fig. 3), but is also a reflection of the decreasing surface-to-
volume ratio with increased particle size. For instance, core Ag
atoms are more likely to occupy a bulk Ag,S-like structure than
surface atoms, which probably bind also the thiolate moieties
of the ligand shell in an Ag-GSH-like coordination environ-
ment. For the QDs synthesised from an Ag/GSH precursor
ratio of 1/2, however, the transformation of the core structure
occurs over a far shorter period than that of the QDs syn-
thesised from a 1/4 Ag/GSH precursor ratio. Furthermore,
despite both Ag,S-14-15 and Ag,S-12-20 exhibiting optical pro-
perties consistent with the bulk band gap, the proportion of
the QD core structure attributed to bulk Ag,S for Ag,S-14-15 is
nearly twice that for Ag,S-12-20 (97% versus 53%). This data is
simultaneously reflected in the respective XRD of the two QDs,
where the diffractogram of Ag,S-14-15 exhibits more defined
diffraction peaks than seen for Ag,S-12-20. Furthermore,
despite their differing optical properties, the LCF fit of the
QDs Ag,S-14-10 and Ag,S-12-20 yield a similar fraction, within
error, of the core corresponding to bulk Ag,S and the initial
Ag-GSH complex (53% and 41-43%, respectively), again in line
with their similar X-ray diffractograms.

3.4. Toxicity assays

To further assess the feasibility of using these novel NIR-II
emissive QDs as bioimaging probes, their cytotoxicity was eval-
uated. The viability of HepG2/C3A cells was quantified after
exposure to different formulations of Ag,S QDs for 24 hours in
the concentration range of 0-300 pg mL™" using a MTT assay.
For the following cytotoxicity assays, the samples Ag,S-14-1,
Ag,S-14-5, Ag,S-14-10, Ag,S-14-15, Ag,S-12-15 and Ag,S-12-20
were selected. Conventionally, the toxicology of a species
towards cells is quantified by the median lethal dose (LDs),
also commonly referred to as the median lethal concentration
- LCsq, defined as the dose (or concentration) of a substance
required to kill 50% of the members of a population after incu-
bation. The plots yielded from the cell viability assay are pre-
sented in the ESI (Fig. S57).

Interestingly, the aforementioned QDs exhibit a clear corre-
lation between the crystallite size, crystallinity and their cyto-
toxicity with larger more crystalline QDs synthesised from the
same precursor ratio exhibiting lower or no cytotoxicity
(Table 2). For the series of QDs synthesised from the Ag/S pre-
cursor ratio of 1/4, Ag,S-14-1 and Ag,S-14-5 exhibited a high
cytotoxicity with LDs, values of less than 15 pg mL™".
Contrastingly, the Ag,S-14-10 exhibits an LDs, of 130 + 42,
whereas Ag-14-15 exhibits no cytotoxicity within the concen-
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tration range tested. QDs synthesised from the 1/2 Ag/S precur-
sor ratio, show a similar pattern, where the smaller, less crystal-
line Ag,S-12-15 QDs display cytotoxicity, with an LDs, of 29 +
8 g mL™", whereas the larger, more crystalline Ag-12-20 QDs
exhibit no cytotoxicity in the concentration range tested. Despite
Ag,S-12-20 and Ag,S-14-10, exhibiting both a similar crystallite
size and crystallinity (Fig. 3) only Ag,S-14-10 exhibits cytotoxic
effects within the concentration range tested. However, as pre-
viously reported the cytotoxicity of QDs can rarely be associated
with a single factor®"®* and can arise from a variety of origins
including their surface structure, environmental factors, ligand
coverage or leakage of ions from the core.®?

4. Conclusions

A novel synthesis via a hydrothermal-based microwave-assisted
synthetic method has been presented, yielding NIR emitting
QDs. Via modulation of the Ag/GSH precursor ratio in addition
to the reaction time, the emission can be tuned across the
NIRI and NIRII domains and biological transparency
windows. Contrary to previous work in the literature, TEM ana-
lysis revealed that the particles (ranging from 4-17 nm) fall
outside of the strong confinement regime despite the modu-
lation of the emission wavelength. From XRD studies, it was
determined that the PL maxima were strongly dependent on
the structure, with a shift, where crystallisation of the particles
resulted in a change in the origin of the emission. Despite the
low PLQY of the QDs synthesised, the adaptation of shelling or
doping approaches with Se,** Zn*® or Mn,*® currently utilised
for the organic phase reactions, for aqueous phase synthetic
approaches, may permit the enhancement of the QDs pre-
sented, especially those that emit at longer wavelengths.
Analysis of the XANES via LCF of the synthesised QDs reported
an increase in the structural fraction of the core corresponding
to the bulk crystalline Ag,S with increasing reaction time for
all precursor ratios examined, corresponding to the X-ray diffr-
actograms yielded for each sample. Finally, MTT assays were
utilised to assess the biocompatibility of the QDs in HepG2/
C3A cells, where an increase in crystallite size and crystallinity
of the QDs was found to correspond to a decrease in toxicity.
The presented results highlight, to the best of our knowledge,
the first example of Ag,S QDs synthesised via a microwave
approach whose emission can be modulated to span the entire
NIR-II window, paving the way for the development of new
instantly water-soluble NIR emitting QDs for further bio-appli-
cations. Furthermore, more generally, the results from the tox-
icity assays contribute to the understanding of the size-related
toxicity of these materials and lay the basis for the development
of safe bio-compatible nano-probes for clinical applications.
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