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Near-infrared fluorescent Ag,S quantum dots
stabilized by penicillamine enantiomers: influence
of ligand chirality on linear and nonlinear optical
properties and toxicity
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We present hydrothermal synthesis and comprehensive physicochemical characterization of water-
soluble Ag,S quantum dots (QDs) emitting in the second near-infrared biological window (NIR-II),
stabilized by chiral ligands: (- and b-penicillamine (Pen). reaction
temperature, time, and the Ag:S ratio, we significantly improved the photophysical properties of the
QDs. The obtained Ag,S/Pen QDs exhibited NIR-1I emission (igm, ~ 1040 nm) with a fair quantum yield

(QY = 1.1%), high colloidal stability, low cytotoxicity, and fluorescence lifetime reaching 84 ns in aqueous

By systematically optimizing

media. The use of enantiomerically pure and racemic variants of Pen allowed us to investigate the
influence of stereoisomer configuration on morphology and consequently, linear and nonlinear optical
(NLO) properties of the QDs. Spectrally-resolved NLO study using a femtosecond laser Z-scan
technique showed the presence of two-photon absorption (2PA) with a peak cross section reaching
g, ~ 511 GM (Goeppert—Mayer units) for Ag,S/p-Pen excited at Agxc. = 824 nm and 260 GM (lgxc, =
950 nm) for Ag,S/L-Pen, respectively. Biocompatibility studies in THP-1 macrophages and HLMEC
endothelial cells revealed favorable tolerance profiles for Ag,S/Pen QDs, particularly in immune cells.
Notably, macrophages maintained high viability and even showed enhanced metabolic activity, while
endothelial cells exhibited good tolerance at lower concentrations, supporting the potential of these
QDs for biomedical applications involving immune and vascular systems. These findings demonstrate
that the structure of surface ligands plays a key role in controlling the structural and optical properties
of Ag,S QDs, providing insights for the design of NIR fluorescent nanomaterials for biomedical and
photonic applications.

Introduction

Quantum dots (QDs) are a class of semiconductor nanomater-
ials characterized by the quantum confinement effect arising
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from their zero-dimensional structure. This confinement leads
to discrete energy levels and size-dependent optical and elec-
trical properties, making QDs highly versatile for applications
across diverse disciplines.'™ Their application in theranostics,
particularly in fluorescence imaging, necessitates specific char-
acteristics such as near-infrared (NIR) emission for deep-tissue
imaging, long fluorescence lifetimes, high quantum yield (QY),
resistance to photobleaching, and low toxicity.® While numer-
ous studies highlighted the exceptional optical properties of
QDs, the issue of toxicity, critical for their particle implementa-
tion in biological imaging, is often overlooked. For instance,
heavy metal-based QDs, such as PbS, demonstrate high QY values
exceeding 40% in the NIR-II spectral range (1000-1700 nm).”®

This journal is © The Royal Society of Chemistry 2026
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However, their intrinsic toxicity significantly restricts biomedical
applications. Consequently, the development of alternative QDs,
such as Ag,S QDs with both low toxicity and NIR-II emission, is
of paramount importance for in vivo imaging. The emission
properties of such QDs can be precisely tailored through
the selection of stabilizing ligands and optimized synthesis
conditions. Despite their relatively high biocompatibility and
low toxicity, attributable to the extremely low solubility of Ag,S
in aqueous environments, which limits Ag" ion release and
mitigates cytotoxic effects,® a major challenge persists in the
inherently low QY of most fluorescent probes operating in the
NIR range. Low QY values are typically associated with short
fluorescence lifetimes in the water phase (10-55 ns'>'"). In the
case of the organic phase, rather longer lifetimes in the range
of 50-180 ns were reported.">"” Prolonged fluorescence life-
times of QDs offer several benefits, including reduced cellular
exposure to the intense excitation light typically required
for conventional fluorophores. This enables observation of
living systems over extended periods without causing cellular
damage. Moreover, since natural cellular autofluorescence
decays rapidly, the prolonged fluorescence signal enhances
contrast, making it easier to distinguish true signals from
background noise and significantly improving detection accu-
racy. Conventional organic fluorophores exhibit rapid fluores-
cence decay with lifetimes below 20 ns, whereas QDs possess
sufficiently prolonged emission characteristics from nanose-
conds to microseconds, ensuring that by the time autofluores-
cence signals of biological species have dissipated, QDs
continue to emit photons. This property facilitates the acquisi-
tion of clear and stable optical signals, making QDs particularly
suitable for high-contrast and long-duration bioimaging
applications."®'® QDs luminescence lifetime can be further
modulated by improving crystal quality, the nature of surface
traps, ligand shell composition, and the introduction of dopants
or core-shell structures that separate excitons.>**! Surface trap
states can have a dual effect on emission dynamics: shallow traps
may act as intermediate states that prolong fluorescence lifetime,
while deep traps often serve as non-radiative recombination
centers that quench emission. Proper surface passivation through
optimized ligand coverage helps minimize deep traps and stabi-
lize radiative pathways, enhancing both lifetime and QY. This
phenomenon has been applied in time-gated imaging, where the
unique features of QDs lead to a significant enhancement in
cellular imaging.*” The long fluorescence lifetime QDs can be
successfully employed as nanoprobes in time-resolved fluores-
cence (TRF) based nanosensors, with potential applications in
biological measurements. QDs demonstrate significant potential
for cell detection with improved selectivity and sensitivity, and
these applications can be extended to in vivo cell imaging,
particularly by utilizing fluorescence lifetime imaging microscopy
(FLIM) techniques. Recent studies have demonstrated that TRF
spectroscopy is a sensitive tool for detecting and quantifying
multiple interactions between QDs and other molecules.>***
Among the advantages of QDs is the possibility of their
application in two-photon fluorescence microscopy (TPFM),
which offers several advantages over conventional one-photon
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excited emission, such as improved resolution, deeper tissue
imaging, and reduced phototoxicity and photobleaching.>”>®
Especially useful in this context are materials capable of both
excitation and emission in the NIR range, such as Ag,S QDs,
which can serve as excellent fluorescent markers.>” It should be
mentioned that, apart from two-photon excited fluorescence,
the 2PA nanomaterials often exhibit other NLO properties, such
as one-photon absorption saturation (1PA SAT) and reverse
saturable absorption (RSA), making them attractive for a wide
range of applications in NLO devices.”®** Precise characteriza-
tion of the NLO parameters (e.g., using the femtosecond laser
Z-scan technique) enables tailoring of materials for specific
applications.

The low QY and short lifetimes of Ag,S QDs are consistent
with the presence of surface-related trap states discussed
above, which facilitate non-radiative relaxation channels.
Consequently, various strategies have been explored to enhance
these parameters, including different QDs synthesis methods,*
surface passivation with wide-band-gap-materials,’® cation
doping,*® or chemical etching.*® Notably, high QY and pro-
longed fluorescence lifetimes of Ag,S QDs have been achieved
in several studies, with one of the reports demonstrating a QY
of 2.3% and lifetimes up to 1200 ns using an organic-phase
synthesis method.’® In another study,® the lifetime of Ag,S
QDs reached nearly 1700 ns through a sonochemical etching
process. An interesting methodology was proposed by Santos
et al.,”> who created so-called “superdots” based on Ag,S by
irradiating chloroform-dispersed Ag,S dots with 50 fs laser
pulses. This led to the formation of a protective AgCl shell,
which increased the QY from 0.13% to 10.70% and extended
the fluorescence lifetime from 200 ns to 2100 ns. Additionally,
with specific coatings of Ag,S QDs, the following lifetimes were
obtained: 32.8 ns for TGA-coated QDs (emission A = 1000 nm),*”
33.4 ns and 19.7 ns for N-isobutyryl-i-/p-cysteine coatings,
respectively (emission 7 = 1060 nm),*® and for diethyldithio-
carbamate (DDTC) (1-dodecanethiol as coating) by thermal
decomposition 58 ns and more for higher temperatures (emission
2 =1052 nm)."*

Although substantial progress has been made in the devel-
opment of NIR-II-emitting Ag,S QDs, their hydrophobic
surface, resulting from organic-phase synthesis, remains an
obstacle to their direct use in biological environments.?”
To address this challenge, a promising alternative is the direct
synthesis of hydrophilic Ag,S QDs in an aqueous phase.
This approach, coupled with the use of suitable coatings and
optimized synthesis conditions, enables effective encapsulation
of the Ag,S QD core while maintaining desirable optimal
emission properties in the NIR-II range.* However, it is impor-
tant to avoid emissions at around 1200 nm and above 1400 nm
within the NIR-II region, as water molecules exhibit strong
absorption of light resulting from bending and stretching
vibrations of the hydroxyl group.*®**° This absorption attenu-
ates the photoluminescence of QDs and can significantly
interfere with the imaging application.

Chirality is a fundamental characteristic of many biologi-
cal systems and plays a crucial role in regulating essential
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physiological functions. The introduction of chirality into
nanoscale systems has attracted growing scientific interest,
and various types of chiral nanomaterials have been reported,
including gold nanorods,** silver nanoparticles,** carbon
nanoparticles,”® and ZnO layers.* Among them, chiral QDs
stand out as promising candidates for applications in biologi-
cal sensing,”® chiral catalysis, quantum optics, and medicine
due to their ease of manipulation, tunable optical properties,
and strong circular dichroism (CD) signals in the UV range.*®™*°
Although most QDs are not chiral, chirality in these materials
can be efficiently induced by chiral ligands that passivate their
surface.”®>° One of the first demonstrations of chiroptical
activity induction in QDs was reported by the group of
Moloney.”" They obtained chiral CdS QDs by microwave heating,
using racemic and enantiomeric forms of p- and r-penicillamine
(p-Pen and 1-Pen, respectively) as stabilizers. This work initiated
the development of various methods for synthesizing QDs using
different chiral molecules. The use of amino acids (e.g., cysteine
(Cys) and penicillamine (Pen)) and peptides as chiral ligands for
QD synthesis has become particularly widespread.>® Despite the
time that has passed since Moloney’s studies, to our knowledge,
only one publication has focused on QDs with an Ag,S core
stabilized with p-Pen.>® However, that work did not address the
chiral characteristics of the studied nanoparticles.

The introduction of chirality into QDs opens new perspec-
tives in developing advanced optical nanosensors, while
simultaneously raising questions about the impact of chiral
QD configurations on their properties. Similar to proteins or
certain drugs, chiral nanostructures may exhibit varying biolo-
gical activities depending on their conformation. For example,
the transactivator protein of the human immunodeficiency
virus type 1 (HIV-1) shows a clear preference for p-Pen over
1-Pen.>® Investigations on graphene quantum dots (GQDs)
have shown that 1-GQDs exhibit better biocompatibility than
p-GQDs, which reflects a similar trend observed for - and
p-enantiomers of free Cys.>® In turn, investigations on NIBC-
capped p-/1-Ag,S QDs>® revealed significant differences in their
interactions with serum proteins, which additionally affect
cellular uptake. It was found that p-Ag,S QDs adsorbed signifi-
cantly more proteins than 1-Ag,S QDs, exhibited more efficient
renal elimination and promoted accumulation in tumor tis-
sues, while 1-Ag,S QDs were retained longer in the blood.
Surface chirality also affects cytotoxicity, as demonstrated in
the work of Li et al,’® where CdTe/.-GSH QDs were more
cytotoxic than CdTe/D-GSH QDs.

In this study, we present a new approach for synthesizing
colloidal Ag,S QDs coated with Pen, using a simple one-pot
hydrothermal method. Inspired by the dynamic development of
chiral QDs research, we analyzed the effects of various synthesis
conditions on the optical properties of QDs with coatings based
on the p-/i-, and racemic (Rac-) variants of Pen. The results
enabled the synthesis of Ag,S QDs emitting in the NIR-II range,
characterized by surprisingly long fluorescence lifetimes,
a critical parameter for applications in fluorescence imaging.
Besides, the QDs synthesized in this study exhibit 2PA properties
across a broad spectral range (approximately 800-1400 nm), which
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is significantly wider than that observed for Ag,S QDs stabilized
with mercaptopropionic acid in our earlier work.>” To further
evaluate their potential application, cytotoxicity assays were con-
ducted, confirming low toxicity and indicating high suitability for
biological and biomedical applications.

Materials and methods
Synthesis

For the Ag,S/Pen QDs synthesis, all chemicals were procured
from Merck. During the synthesis, the pH was monitored with
METTLER TOLEDO series FiveGO F2 pH-meter with LE438 IP67
electrode. Ag,S QDs were synthesized according to previous
protocol with some modifications.®

The reactions were carried out under a nitrogen atmosphere.
In a Schlenk flask, 75 mL and 25 mL of water, along with
aqueous solutions of NaOH and CH3;COOH (each at a concen-
tration of 1 M), were degassed by applying vacuum for 20 min.
Subsequently, the solutions were subjected to nitrogen purging
for 10 min under a nitrogen-saturated atmosphere. Further
synthesis steps were carried out in a three-necked flask equipped
with a magnetic stir bar, under a protective plastic dome.

Herein, 74.6 mg Pen (0.500 mmol) was dissolved in 75 mL
of deoxygenated water. The pH of the solution was adjusted
to 12 by the addition of NaOH and CH;COOH solutions.
Subsequently, 42.5 mg of AgNO; (0.250 mmol) was added,
which resulted in the formation of a yellow coloration that
disappeared immediately upon stirring. The pH was readjusted
to 12. Next, the flask, fitted with a reflux condenser, was
immersed in an oil bath and heated to the desired temperature
while maintaining a continuous flow of nitrogen gas. A solution
of Na,S (0.062 mmol, 15 mg) in 25 mL of water was added
dropwise to the reaction mixture via syringe. This addition
caused a color change to light yellow or orange. As the reaction
proceeded, the solution progressively darkened. Upon comple-
tion of the reaction, the reaction flask was allowed to cool to
ambient temperature and the contents were transferred to a
separate vessel for further cooling. The resulting solution
exhibited a brown or orange hue. The reaction mixture was
filtered through a 0.22 um syringe filter into a receptacle crafted
from darkened glass, yielding a visually clear, light-brown
filtrate.

The final purification step involved centrifugation by etha-
nol precipitation. For this purpose, the colloidal QDs solution
was mixed with fresh ethanol in a 1:1 (v/v) ratio in a centrifuge
tube and centrifuged for 5 min at 14 000 rpm (23 666 rcf.). The
precipitate collected on the tube walls was dispersed in 10 mL
of water, resulting in approximately twice the concentration of
the QD solution.

Chiral Ag,S QDs coated with Pen enantiomers were synthe-
sized in water using the hydrothermal method, with the slow
addition of Na,S as the sulfur source. The choice of Na,S is
because Pen is a stable amino acid at the investigated tempera-
tures and cannot supply S>~ ions during the formation of the
QD core. Therefore, Na,S was used as the sulfur source in this

This journal is © The Royal Society of Chemistry 2026
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Table 1 Synthesis conditions of Ag,S QDs along with their measured properties and parameters. Samples marked with an asterisk (*) were not purified

by centrifugation in an ethanol:water solution

Coating/sample T Zeta pot. Taverage 3-€Xponential Correlation coefficient Acutoff Jem, max
number Ag:S  [°C]  PpHafery (mV) Size (nm)  decay [ns] 1’ 3-exponential decay [nm] [nm]
p-Pen

D-2a 2 50 11.7 —26.30 4.3 £ 0.7 30.9 1.0990 970 1030
D-2b 2 90 11.6 —11.78 4.6 £ 1.1 55.9 1.0670 962 1041
D-4a* 4 50 11.6 —26.63 4.3 + 0.8 11.3 1.1050 786 1009
D-4b 4 90 11.6 —36.16 3.6 =+ 0.7 711 1.0450 844 1037
Rac-Pen

R-2a* 2 50 11.7 —29.95 5.8+ 1.2 14.1 1.0700 954 1013
R-2b 2 90 11.6 —14.76 3.9+ 0.9 13.6 1.1540 956 1053
R-4a* 4 50 11.6 —34.99 3.7 £ 0.6 8.9 1.1800 944 1012
R-4b 4 90 11.4 —34.33 3.6 =+ 0.7 65.5 1.0360 >1100 1018
L-Pen

L-2a 2 50 11.7 —41.18 3.6 + 0.6 48.0 1.0620 950 1029
L-2b 2 90 11.6 —25.28 4.2 + 0.9 25.6 1.0990 943 1062
L-4a* 4 50 11.6 —42.96 3.7+ 0.6 11.1 1.2210 757 1005
L-4b 4 90 114 —31.92 3.4 + 0.7 84.3 1.0570 945 1037

study, with a variable Ag:S molar ratio of 2 and 4. Syntheses
were carried out under a nitrogen atmosphere, changing the
reaction parameters such as temperature (50 or 90 °C), Ag:S
ratio, and reaction time to determine the optimal conditions
for QDs synthesis (details in Table 1 and Table S1, Section S4
in SI). In each case, the Pen:Ag ratio was constant and equal
to2:1.

From here on, individual samples are designated as D-, R- or
L-type, where the prefix (D, R, or L) represent the specific
configuration of the Pen coating. The first number (2 or 4)
indicates the Ag:S precursor ratio, while the letter (a or b)
corresponds to the synthesis temperature — 50 °C for “a” and
90 °C for “b”. For example, sample D-4a* refers to the sample
synthesized using an Ag:S precursor ratio of 1:4 at 50 °C. The
asterisk “*” indicates that the sample could not be purified by
centrifugation in an ethanol:water solution.

All experiments were carried out in an alkaline environment
at pH 12.0 before addition of Na,S. The use of an alkaline
environment is due to the fact that the thiol group of Pen is
characterized by a pK, value of ~10.5.>° In this pH range, both
the thiol and carboxyl groups are deprotonated, assuming a
negatively charged form, while the amino group remains
mostly uncharged. As is well known, silver(1) ions, classified
as soft acids, form preferentially strong complexes with sulfur-
containing ligands, thus the silver-sulfur bond is not disturbed
by the carboxyl group.>®°®! This pH value was also indicated
by Moloney®” as necessary for the formation of chiral CdS QDs
with Pen.

Methods

Optical characterization

The absorption spectra of the solutions were measured in a
1 cm quartz cuvette using a Shimadzu UV-1900i spectro-
photometer.

Fluorescence lifetime and emission spectra of Ag,S QDs
in water were measured using the TCSPC technique with

This journal is © The Royal Society of Chemistry 2026

FluoTime 300 (PicoQuant, Germany) connected to a tunable
Solea White Supercontinuum laser excitation source set to
500 nm. Full width at half maximum of the instrument
response function was ~200 ps. The emission and emission
lifetimes were measured using a Hamamatsu thermoelectric
cooled NIR-PMT unit H10330C-45 operating in the 950-
1400 nm range.

The QY was determined using indocyanine green (ICG) as a
reference standard (QY = 10.6% in DMSO). The measurements
were performed using an FLS 980 fluorescence spectrometer
(Edinburgh Instruments Ltd) with a Czerny-Turner monochro-
mator configuration. A xenon lamp (XE1, 250 nm) served as the
excitation source, and emission was detected using a NIR-PMT
detector (maximum range: 1200 nm). Measurements were con-
ducted in a 10 mm path length quartz cuvette.

CD spectra were obtained on a JASCO J-1500 spectropolari-
meter in a spectral range of 180-400 nm. The measurement
step was 1 nm and the scanning speed was 100 nm min .
Measurements were performed at room temperature and all
samples were diluted in water to achieve concentration of
approximately 0.5 mmol mL™".

The NLO properties of the studied Ag,S QDs were investi-
gated experimentally using the femtosecond laser Z-scan tech-
nique. The measurements were performed with a tunable
femtosecond laser system, consisting of a Coherent™ Astrella
ultrafast regenerative amplifier operating as the 800 nm pump,
generating ~55 fs laser pulses at a 1 kHz repetition rate,
followed by a TOPAS-PRIME optical parametric amplifier pro-
viding wavelengths in a broad spectral range from 600 to
1600 nm, as described previously by our group.®®

Structural characterization

The hydrodynamic size of nanoparticles in colloidal solutions
and the zeta potential were measured using the Malvern
Zetasizer Ultra Red instrument, employing electrophoretic light
scattering methodology based on the Smoluchowski model.

J. Mater. Chem. C, 2026, 14, 7378-7392 | 7381
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The nanoparticle size characterization was conducted using
a FEI Tecnai G2 20 X-TWIN High Resolution Transmission
Electron Microscope. Solutions were deposited onto TEM grids,
dried, and subsequently imaged.

ATR FT-IR spectra were collected using a Bruker Vertex 70v
Fourier transform infrared spectrometer equipped with an air-
cooled DTGS detector and a diamond attenuated total reflec-
tion infrared cell at 2 cm ™" resolution and 64 scans at room
temperature. The samples were applied onto the diamond
crystal in liquid form and subsequently dried under vacuum
prior to measurement.

Powder X-ray diffraction (XRD) patterns were recorded using
a PANalytical AERIS diffractometer. The measurement was
performed in the 20 range of 20-70°, using Cu Ko, radiation
(4 = 1.5406 A) with the counting time of 300 s and the step of
0.02°. The reference pattern was taken from International
Centre for Diffraction Data (ICDD) card no. 14-0072 (Ag,S).

Cell culture

Tested cell lines, THP-1 obtained from the American Type
Culture Collection (ATCC, Rockville, Maryland, USA) and
HLMEC (human lung microvascular endothelial cells) estab-
lished in the laboratory of C. Kieda (Centre National de la
Recherche Scientifique, patent 99-16169), were maintained at
the Cell Culture Collection of the Hirszfeld Institute of Immu-
nology and Experimental Therapy, Polish Academy of Science
(Wroctaw, Poland).

Undifferentiated THP-1 cells were cultured in tissue culture
flasks and incubated at 37 °C and 5% CO, humidified atmo-
sphere in RPMI supplemented with 15% (v/v) FBS and 50 uM
B-mercaptoethanol. HLMEC cells were cultured in RPMI
medium supplemented with 15% (v/v) FBS. Both cell lines were
maintained at a density of 5 x 10> cells per mL, and the media
was changed twice per week.

MTT cytotoxicity assay

For cytotoxicity evaluation, two cell models were applied:
human acute monocytic leukemia cell line (THP-1) and human
lung microvascular endothelial cells (HLMEC). THP-1 cells were
seeded in 96-well plates at a density of 5 x 10* cells per well in
culture medium and cultured in a humidified atmosphere
containing 5% CO, at 37 °C. HLMEC cells were seeded at a
density of 2.5 x 10* cells per well under identical culture
conditions. Prior to QDs exposure, THP-1 cells were differen-
tiated into macrophages by treatment with 50 ng mL "
phorbol-12-myristate-13-acetate (PMA) for 24 hours in RPMI
medium.

Following differentiation, both cell types were exposed to
various concentrations of Ag,S QDs stabilized with p-/1-Pen
(1, 0.1, 0.01, and 0.001 mg mL ") for 48 hours. Control cells
were treated with the vehicle used for QD dilution (water). Cell
morphological changes after exposure to QDs were monitored
using inverted light microscopy. Cell viability was quantitatively
determined using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide]. After the 48-hour exposure per-
iod, 10 pL of MTT solution was added to each well, and plates
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were incubated at 37 °C under 5% CO, for 2 hours. Subse-
quently, 100 pL of lysis buffer (20% SDS, 50% N,N-di-
methylformamide, pH 4.7) was added to each well to solubilize
the formazan crystals, followed by a 2-hour incubation period.
Cell viability was assessed by measuring the optical density at
570 nm (ODs,) using an automated microplate reader (Synergy
HTX multi-mode reader, Agilent Technologies Inc., Santa Clara,
CA, USA). Results were expressed as percentage of cell viability
after normalizing the data by untreated control cells. Data
represent results from three independent experiments.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 10
(GraphPad Software Inc., San Diego, CA, USA), and carried out
by two-way ANOVA-Tukey’s post hoc.

Results and discussion

The crystal structure of dried QDs solutions was analyzed using
XRD. Typically, due to the small size of QDs and the presence of
surface ligands, the directly obtained XRD patterns were weak
and exhibited broad, undistinguishable peaks.***> To improve
the clarity of diffraction patterns, the sample was subjected to
heat treatment in a nitrogen atmosphere at 180 °C for 1 hour,
which led to the decomposition of surface compounds (p-Pen)
and removal of organic residues. After this process, the posi-
tions and relative intensities of all diffraction peaks closely
matched the monoclinic a-Ag,S structure, in agreement with
the reference pattern ICDD No. 14-0072, (marked with red lines
in Fig. S1 and Section S1 in SI), suggesting the as-prepared
products were indeed Ag,S nanocrystals.

The ATR FT-IR spectroscopy was used to identify the func-
tional groups present in Ag,S/t-Pen QDs. Fig. 1(b) shows the
representative FT-IR spectrum of Ag,S/t-Pen QDs along with the
spectrum of the zwitterionic form of Pen (Fig. 1(a)). A weak-
intensity band at 2512 cm ™", observed in the spectrum of free
1-Pen attributed to the 1(S-H) stretching vibrations,’*®*%” dis-
appears in the spectrum of Ag,S/i-Pen QDs.

Additionally, the FT-IR spectrum of Ag,S/1-Pen QDs exhibits
characteristic bands at 1631 cm™' and 1382 cm™, corres-
ponding to the asymmetric and symmetric stretching vibra-
tions of the carboxylate (COO™) group, respectively. The
presence of these bands confirms the ionic form of 1-Pen on
the Ag,S surface. Similar to Ag,S/1-Cys QDs described in our
previous study,”® a shift of the 1,(COO~) band to higher
frequencies and the v4(COO™) band to lower frequencies is
observed compared to free Pen. Similarly, in the case of copper
sulfide QDs, substantial shifts in vibrational modes and peak
merging were observed in the FT-IR spectrum compared to that
of free L-Pen ligands.>®

Pen or its structural analog Cys, exhibits a strong affinity for
metal surfaces due to the presence of thiol, carboxyl (or
carboxylate), and amino (or ammonium) groups, which can
interact with the metal surface. Under the reaction conditions
(pH = 12), the participation of the COO™ group in coordination

This journal is © The Royal Society of Chemistry 2026
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QDs.

is expected; however, in such a case, a shift of v,(COO™) towards
higher energies would be anticipated, as also mentioned in our
previous study.>® Based on an analogy to 1-Cys, FT-IR spectra
of Ag,S/Pen QDs indicate that under the adopted reaction
conditions, Pen acts as a passivating agent on the surface of
Ag,S QDs.

Fig. 2(a), (b) and (d) presents HR-TEM images of Ag,S QDs
capped with p-Pen, Rac-Pen, and 1-Pen, respectively, for which
the following reaction conditions were used: 7= 90 °C, Ag:S =2
and ¢ = 120 min (corresponding to samples D-2b, R-2b and L-2b
in Table 1). In contrast, Fig. 2(c) shows HR-TEM images of Ag,S/
L-Pen QDs obtained with an increased Ag:S molar ratio of 4
(sample L-4b in Table 1). Most nanoparticles exhibit a narrow
size distribution, with diameters ranging from approximately

Fig. 2 Representative HR-TEM images and the corresponding size dis-
tribution histograms of the colloidal Ag,S QDs, coated with (a) p-Pen
(sample D-2b) (average size 4.6 + 1.1 nm), (b) Rac-Pen (sample R-2b)
(average size 3.9 + 0.9 nm), (c) L-Pen (sample L-4b) (average size 3.4 +
0.7 nm) and (d) L-Pen (sample L-2b) (average size 4.2 + 0.9 nm).

This journal is © The Royal Society of Chemistry 2026
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3.4 to 5.8 nm. The size distribution histograms (shown in the
insets of the respective TEM images), calculated by measuring
over 200 particles, present the average size and standard
deviation of the QDs synthesized under specific conditions
(summarized in Table 1). It is noteworthy that increasing the
Ag:S molar ratio during reaction from 2 to 4 led to a decrease
in the average particle size and resulted in a significantly
narrower size distribution 2c)).

A crucial factor influencing the optical properties of the
synthesized QDs is their colloidal stability. In the case of Ag,S
QDs stabilized with p-/1-Pen and synthesized under highly
alkaline conditions (pH = 12), all carboxyl groups were depro-
tonated. This process ensured electrostatic repulsion between
the nanoparticles, resulting in a negative zeta potential for all
QDs (Table 1).

Chiroptical properties of Ag,S/Pen

CD absorption spectroscopy was used to investigate the optical
activity of Ag,S QDs, providing insights into their chiroptical
properties (Fig. 3). As predicted, the CD spectra of free p-/-Pen
exhibited mirror images of each other, with distinct maxima/
minima at 225, 204 and ~190 nm wavelengths (purple and
yellow curve, respectively, in Fig. 3). In contrast, the CD spectra
Ag,S QDs stabilized with p-/i-Pen are significantly more
complex compared to the spectral characteristics of the free
amino acids (black and blue curve, respectively, in Fig. 3), while
the QDs prepared with a Rac mixture showed only a weak signal
(red curve, Fig. 3). The hypsochromic shift of the CD peak
of Pen from 225 nm towards 215 nm upon attachment to QDs
suggests strong interactions between the ligand and the QDs
surface. Additionally, a slight red-shift of the peaks around
~190 nm in the CD spectra of QDs confirms structural changes
resulting from ligand binding. Moreover, there is a new weaker
band developed centered at about 245 nm.

To exclude the possibility of intrinsic chirality of the QDs
themselves, we investigated Ag,S QDs coated with another thiol

15
——Ag,S/D-Pen QDs
——— Ag,S/Rac-Pen QDs
104 ——Ag,S/L-Pen QDs
—— Ag,S/3-MPA QDs
free D-Pen
—free L-Pen
5
=)
Q
ko]
£ 0+
o
O
_5 -
_1 0 -
=15

T T T
240 260 280

Wavelength (nm)
Fig. 3 CD spectra of Ag,S/p-Pen, Ag,S/Rac-Pen, Ag,S/L-Pen and Ag,S/3-

MPA QDs and their corresponding ligands (free p-/L-Pen) measured in
aqueous solution.

T T
200 220 300
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ligand (3-mercaptopropionic acid, 3-MPA), which is achiral
(green curve, Fig. 3). As expected, no CD signal was observed.
This confirms the hypothesis that the observed chirality stems
mainly from the ligand and the changes in chirality result from
its interactions with QD, with a contribution caused by the
distortion of surface atoms upon the chiral ligand adsorption.”
The detailed mechanism responsible for inducting chirooptical
activity has been well described in the literature, see ref. 48, 68
and 69 Pioneering work by Moloney’s group on CdS QDs,*
based on density functional theory (DFT) calculations, demon-
strated that the spatial arrangement of Cd atoms on the QD
surface undergoes significant chiral distortion under the influ-
ence of Pen ligands, resulting in the formation of a chiral
structure within the surface layer. Later studies confirmed this
mechanism. For instance, Guangmin et al.”® showed that the
thiol group of Cys can induce chiral distortions of the CdTe
surface and, additionally, affect the optical properties of the
QDs by inducing orbital hybridization, resulting in shifts in
their absorption and emission spectra.

Inspired by the studies of Moloney’s group,”" we conducted
a CD experiment monitoring the formation of Ag,S QDs stabi-
lized by 1-Pen at pH = 12 (Fig. 4). A detailed analysis at each
stage of the synthesis enabled the identification of the origin
of the band at ~215 nm. It was attributed to the free r-Pen
absorption band, red-shifted by approximately 10 nm, indicating
an interaction between r-Pen and the QD surface. Additionally,
setting the pH to 12 caused a sudden shift of the entire spectrum
by 7 nm toward longer wavelengths (Fig. 4(a)). This shift is
likely due to the deprotonation of functional groups.”®”’* The
next step involved the addition of AgNOj;, which resulted in a
shift of the CD signal from 230 nm to 218 nm along with
a decrease in the amplitude between the CD maximum
and minimum. These changes were attributed to the initial
formation of a complex between r-Pen and silver ions®
(Fig. 4(b)). The subsequent addition of Na,S, leading to the
formation of QDs, caused a blue shift of the spectrum of
approximately 4 nm for both the maximum and minimum and
the appearance of bands at 245 nm and 266 nm (Fig. 4(c)).
In the following step we monitored the reaction progress at
90 °C, with CD measurements taken every 30 minutes from
aliquots withdrawn from the reaction flask. The CD spectra
revealed that, over time, the maximum and minimum bands
gradually shifted closer together (Fig. 4(d)). Conducting the
reaction at an elevated temperature (90 °C) may induce further
structural changes and influence the adsorption of the chiral
ligand on the QDs surface. Over time, ligand reorganization
on the nanoparticle surface may occur, leading to spectral
shifts and changes in optical activity due to the increasing
particle size.”> The gradual closing of the maximum and
minimum bands may indicate the progressive stabilization
of the system.

No chiroptical activity was detected in the NIR emission
region. Based on previous reports for Pen-stabilized QDs,>"
significant circularly polarized luminescence (CPL) activity
is not expected due to limited chirality transfer from surface
ligands to achiral semiconductor dot core.
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(a) Free Pen at pH = 12, (b) after addition of AgNOs, (c) after subsequent
addition of NasS, (d) spectra of samples withdrawn from the reaction flask
measured after every 30 minutes.

Effect of synthetic parameters on the optical and photophysical
properties of Pen-capped Ag,S QDs

(a) Effect of reaction temperature. Reaction temperature
has a significant impact on the size and, consequently, on the
optical properties of Ag,S QDs stabilized with b-, 1-, and Rac-
Pen. An increase in synthesis temperature from 50 to 90 °C led
to a growth in nanoparticle size by approximately 0.3-0.5 nm in

This journal is © The Royal Society of Chemistry 2026
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the case of p-Pen and 1-Pen stabilized QDs (samples D-2a/D-2b
and L-2a/L-2b, respectively).

While p- and 1-Pen showed a consistent temperature-
dependent size increase, the behavior of QDs stabilized with
Rac-Pen occasionally diverged from this trend. In certain cases,
higher temperatures did not necessarily lead to larger QDs.

In order to elucidate an underlaying mechanism this beha-
vior, the optical properties of the samples were compared. The
normalized emission spectra (Fig. 5) revealed subtle differences
in the peak shift of the emission (hypsochromic shift) which
may be attributed to the complementary nature of p- and r-Pen
molecules. This interaction could promote tighter packing of
the stabilizer on the surface of Ag,S/Rac-Pen QDs, poten-
tially limiting nanocrystal growth, as previously suggested by
Moloney.”

Absorption spectra (Fig. S2 and Section S2 in SI) displayed a
pronounced red-shift in onset wavelength with increasing
temperature (particularly evident for 4a* and 4b samples),
consistent with crystallite growth. This phenomenon aligns
with reports in the literature.>”* Fluorescence measurements
further support this trend. Normalized emission spectra
(Fig. 5(a-d) and S3, Section S3 in SI) showed a red-shift of the
emission band with increasing temperature, which is attri-
buted to quantum confinement effects, where the band gap
energy narrows as QD size increases."

(b) Effect of Ag:S molar ratio. Variation in the Ag: S molar
ratio during synthesis had a pronounced effect on both
the structural and spectroscopic properties of the Ag,S QDs.
Generally, raising the Ag:S ratio from 2 to 4 resulted in
reduction in average QDs size. This trend is clearly observed
for samples synthesized at 90 °C (2b vs. 4b), where TEM analysis
shows consistently larger nanocrystals for Ag: S = 2 compared
to Ag:S = 4 (Table 1).

For samples synthesized at 50 °C (2a vs. 4a*), the size
dependence on the Ag:S ratio is not visible, because sample

D-2b
© R2b
o L2b

T=90°C

a) D-2a
1 o R-2a"
o L2a
T=50°C

°

°
>
°
3

°
>
°

Normalized fluorescence emission (a.u.)
o
I
Yo

Normalized fluorescence emission (a.u.)

°
=

°
Y
°
©

°

°

T T T T T T T T
1000 1100 1200 1300 1400 1000 1100 1200 1300 1400

Wavelength (nm) Wavelength (nm)

D-4b|
© R-db|
o L4

T=90°C

c) D-4a"

°

°
3

°
>

°
=

°
IS
n

°
h
°
9

Normalized fiuorescence emission (a.u.)

Normalized fluorescence emission (a.u.)

°
°

T T T T T
1300 1400 1000 1100 1200 1300 1400
Wavelength (nm)

1100 1200
Wavelength (nm)

1000

Fig. 5 Normalized emission spectra for Ag,S/Pen QDs excited at 4 =
500 nm.
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4a* could not be purified by centrifugation. The presence of
smaller, incompletely formed QDs and possible aggregates may
affect the accuracy of the average size determination by TEM
analysis.

Despite these limitations, the overall trend observed for the
purified series indicates that a lower Ag:S ratio (Ag:S = 2)
favors the formation of larger QDs, and this tendency is
generally consistent across the three Pen variants.

The changes in QD size due to the Ag:S ratio are also
reflected in the optical spectra. As shown in Fig. S2 (Section S2
in SI) and Fig. 5, samples prepared with an Ag:S ratio of 2
exhibited bathochromic shifts in both absorption and emission
profiles, confirming the formation of larger QDs under these
conditions (see Table 1 for wavelength details).

The shifts in spectral features observed for different Ag:S
ratios correlate with trends in fluorescence lifetimes; as it is
discussed later in Section (e).

(c) Effect of reaction time. Reaction time plays a critical
role in determining the optical quality and structural charac-
teristics of Ag,S QDs, primarily by governing the extent of
nanocrystal growth and the evolution of quantum confinement
effect. As the reaction proceeds, the size of QDs typically
increases, which in turn reduces the band gap energy and
shifts absorption and emission spectra toward longer wave-
lengths. However, prolonged reaction time may also lead to
undesirable effects, such as reduced luminescence efficiency or
structural degradation. A key trend observed across all stereo-
isomers of Pen is that shorter reaction times generally favor the
formation of smaller, better-confined QDs, which exhibit more
pronounced excitonic features and longer fluorescence life-
times. Table S1 (Section S4 in SI) summarizes the dependence
of the key parameters on the reaction time. This relationship is
particularly evident at lower temperatures (50 °C), where the
formation and preservation of well-defined exciton bands are
possible. Absorption spectra collected over time (Fig. S4 and
Section S5 in SI) show that in all samples, exciton bands emerge
within the first 30 minutes and evolve depending on the
temperature and ligand type. For example, in p-Pen and Rac-
Pen Ag,S QDs samples at 50 °C, the exciton bands are well
defined up to 90 min, suggesting progressive and controlled
growth of small, monodisperse QDs. In contrast, for L.-Pen Ag,S
QDs, the band weakens or vanishes with time, especially
at 90 °C, indicating excessive growth or loss of quantum
confinement.

Emission spectra (Fig. S5 and Section S5 in SI) further
support this trend, a gradual red-shift of the emission max-
imum with increasing reaction time is observed, particularly at
elevated temperatures. This red-shift reflects the increase
in particle size and reduction in band gap, but also correlates
with a decline in fluorescence intensity, likely due to structural
defects and trap formation, as discussed earlier. Crucially,
these findings indicate that reaction time must be carefully
balanced: (a) if too short, the QDs may remain insufficiently
developed, resulting in poorly defined excitonic features and
reduced luminescence performance; (b) if too long, it promotes
growth beyond the quantum confinement regime and increases
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the likelihood of trap states or agglomeration, both of which
reduce luminescence performance. The exciton Bohr radius,
which is the characteristic size of an exciton serving a funda-
mental length scale for describing quantum confinement
effects, has been theoretically calculated and experimentally
determined for Ag,S QDs to be approximately 2.2 nm."* This
relatively small exciton Bohr radius of Ag,S semiconductor
means that the quantum confinement effect becomes signifi-
cant for nanocrystals close to this size, leading to changes in
their optical properties.

(d) Effect of purification method. The purification process
plays an essential role in determining the optical quality of Ag,S
QDs. In particular, ethanol-assisted centrifugation proved to
be an effective method for removing unreacted precursors, side
products, and the smallest, weakly passivated QDs, which
would otherwise deteriorate the spectroscopic and emissive
properties of the nanocrystals.

Absorption spectra reveal that the exciton band structure is
most clearly visible in samples that could not be centrifuged
(Fig. S2, samples 4a marked with “*’), suggesting that these
samples contain small, well-defined QDs with relatively narrow
size distribution. In contrast, the vanishing of the exciton band
in centrifuged samples is indicative of broader size dispersion.
According to Smirnov,*® for samples with QD size dispersion
above 25%, the ground state exciton absorption band does not
have a pronounced peak, supporting the conclusion that
increased polydispersity and sizes contribute to the loss of
excitonic structure in UV-Vis spectra. This means that during
the centrifugation purification process, not only by-products
but also the smallest QDs remain in the supernatant. This
conclusion is supported by TEM images and measurements of
the QD diameters (3.6 = 0.6 nm and 2.9 + 0.5 nm for L-2a and
its supernatant, respectively). However, a well-visible exciton
peak, which indicates small and high-quality QDs, is not
confirmed by the emission properties.

Emission spectra presented in Fig. 6 show a bathochromic
shift of 5-10 nm for centrifuged samples compared to their
unpurified counterparts. This shift reflects the removal of
smaller QDs, resulting in a more uniform population of slightly
larger QDs.

These findings also help explaining the challenges in cen-
trifugation encountered for samples synthesized in low Ag:S
ratios and temperatures (samples 4a, T = 50 °C, Ag:S = 4),
where the formation of very small QDs is expected. Under these
conditions, very small amounts of QDs or very small sizes of
QDs are obtained. These conditions may also be insufficient for
the growth and effective passivation of Ag,S QDs.

Further support for the effectiveness of centrifugation
comes from fluorescence lifetime data (Table S2 and Section
S6 in SI). Purified samples consistently exhibited longer average
lifetimes, suggesting lower densities of surface defects and
reduced non-radiative recombination.

To further investigate the impact of residual supernatant, an
additional experiment was conducted: the supernatant from
the first centrifugation was recentrifuged, and the resulting
pellet was redispersed and added back to the purified sample
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Fig. 6 Normalized fluorescence emission spectra of Ag,S/Pen QDs,
purified by centrifugation and not centrifuged (marked as 2a*), excited at
A =500 nm.

(Section S7). This led to a measurable decrease in fluorescence
lifetime, from 48.0 ns to 41.7 ns, despite only minimal dilution.
This results confirms that unpurified solutions of Ag,S/Pen
QDs contain small, poorly passivated QDs and reaction by-
products, both of which reduce luminescence performance.

(e) Influence of reaction conditions on photoluminescence
lifetimes. A significant effect of reaction conditions on photo-
luminescence lifetimes was observed. Room temperature
fluorescence decay curves of QDs synthesized under different
conditions are shown in Fig. 7. Detailed data on lifetimes,
amplitudes of individual components, fitting parameters and
the Rac of Pen, obtained under specific conditions, are pre-
sented in Table 2.

To accurately determine lifetime values, fluorescence decay
data were fitted using a three-exponential model, similar to
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Fig. 7 The fluorescence decays of colloidal solutions of Ag,S/Pen QDs
with fitted curves (red lines).
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Table 2 Fluorescence lifetime (1) components, along with their respective amplitudes (A) and the correlation coefficient (4?) for Ag,S/Pen QDs

Coating/sample Correlation coefficient
number T1 [I’IS:I T2 [l’lS] T3 [DS] Ay [O@] Ay [0/0] Aj [0/0] Taverage [HS] (XZ)S-exponential decay
D-Pen

D-2a 66.6 20.5 6.0 28.30 53.63 18.07 30.9 1.0990

D-2b 106.1 38.1 11.3 31.71 54.47 13.81 55.9 1.0670

D-4a* 23.4 7.7 2.2 29.70 51.17 19.13 11.3 1.1050

D-4b 135.0 47.0 13.2 32.91 52.88 14.21 71.1 1.0450

Rac-Pen

R-2a* 32.8 11.7 4.1 20.75 53.65 25.59 14.1 1.0700

R-2b 31.0 9.6 2.8 25.09 55.13 19.77 13.6 1.1540

R-4a* 5.8 18.1 1.5 52.94 30.67 16.38 8.9 1.1800

R-4b 126.4 42.9 12.2 32.38 53.12 14.50 65.5 1.0360

L-Pen

L-2a 30.7 89.5 9.1 51.64 34.52 13.84 48.0 1.0620

L-2b 53.4 16.9 4.9 29.45 53.56 16.99 25.6 1.0990

L-4a* 24.3 7.7 2.0 27.32 53.19 19.49 11.1 1.2210

L-4b 13.6 151.7 51.6 11.82 37.11 51.08 84.3 1.0570

other reports.>***”> Biexponential fitting is commonly used in
the analysis of Ag,S QDs,”>’° typically revealing two compo-
nents (t; and 1) corresponding to fast and slow decay path-
ways. The fastest decay emission components reflect the
radiative relaxation of the electrons in their excited core-
states to the ground state, i.e., to core-state recombination.
The longest lifetime components are due to radiative recombi-
nation involving shallow trap states.>® It should be emphasied
that the biexponential fitting of the decay curves in Ag,S QDs
does not necessarily reflect only two discrete relaxation
pathways.“® Instead, the observed nonexponential behavior is
predominantly attributed to variations in nonradiative decay
rates, influenced by differences in surface defect densities
across QD formulations. Importantly, such nonexponential
decay dynamics are evident even in Ag,S nanocrystals with
high emission efficiency.””

Such complex relaxation dynamics is not unique to Ag,S
QDs and has been widely reported in other QD systems,
including CdSe,””’® ZnS/CdSe,** CdS”” and GaSe.”” As dis-
cussed earlier, surface defects introduce shallow and deep trap
states within the band gap, which disturb emission dynamics.
Upon excitation, electrons are promoted to higher energy levels
within the conduction band (CB) of QDs, followed by rapid
relaxation to the CB minimum. Radiative recombination with holes
from this state leads to excitonic emission, typically corresponding
to the fastest lifetime components. However, some electrons may
become localized in shallow trap states within the CB, from which
they may either thermally return to the CB or relax into deeper
trap states. These pathways facilitate non-radiative recombination,
ultimately reducing the QY.”® Additionally, the presence of dark
exciton states can also lead to further extension of lifetimes.”>””
The combination of these overlapping processes, along with the
inhomogeneity of nanocrystals in the sample, results in the
emergence of multicomponent, most often multiexponential
emission dynamics observed on the nanosecond scale.

Accordingly, the use of more complex fitting models, such as
three- or even four-exponential functions, is not uncommon.>*”%7°

This journal is © The Royal Society of Chemistry 2026

For instance, satisfactory fits to CdSe and ZnS/CdSe QDs
decay curves were reported using models with four exponential
components.”’

In our analysis, fitting with three components was essen-
tial to capture meaningful differences between samples.
Simpler models led to poor fit quality, reflected in signifi-
cantly higher %> values (see Table S4 and Section S8 in SI).
Consequently, the curves were analyzed using the following
equation:

I(t) :Aleft/n +A2e7t/‘t2 +Aaeft/n (1)

where A4, A, and A; are the amplitudes of the three components
and 74, 7, and t; are their corresponding lifetime values.

The longest fluorescence decay component was 151.7 ns
(L-4b); two intermediate lifetime components were, on average,
three times shorter and ten times shorter than the longest
lifetime. The shortest decay component was approximately
1.51 ns (R-4a*). Average lifetimes varied notably: from 8.9 ns
(R-4a*) to 84.3 ns (L-4b), the latter being the longest reported
average lifetime for aqueous colloidal Ag,S QDs. For compar-
ison Table 3 compiles average lifetime values reported for Ag,S
QDs with various surface coatings.

Experimental results clearly indicate that elevated reaction
temperature (T = 90 °C) combined with a Ag:S ratio of 4
significantly enhances lifetimes, regardless of the coating con-
formation (4b samples). This highlights the critical role of
temperature in tuning the luminescence properties of QDs.
Additionally, it was expected that the p- and r-stereoisomers of
Pen would exhibit similar fluorescence lifetimes, however,
despite identical synthesis conditions, different average decay
times were recorded suggesting that the chirality of the surface
ligand can affect the surface passivation efficiency and recom-
bination processes in nanostructures.

(f) Quantum yield measurements. To complement the
characterization of the emissive properties of Ag,S/Pen QDs,
QY measurements were conducted for samples synthesized
under optimized conditions - both, at Ag:S molar ratios of
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Table 3 Lifetime values reported for Ag,S QDs with different coatings in aqueous and organic phases
;Lem,max Taverage

Synthesis method Ag" source S°” source Phase/dispersant  Coating QY [%] [nm] [ns] Ref.
Hydrothermal AgNO; Na,S-9H,0 Water Pen 1.1 1037 84 This

work
Hydrothermal AgNO; Na,S-9H,0 Water 2-MPA — 984 41 35
Hydrothermal AgNO; Na,S-9H,0 Water L-NIBC 0.04 1060 33 36
Microwave-assisted AgNO; Na,S-9H,0 Water L-GSH 0.03-0.62 930-1200 143-265 40
hydrothermal approach
Hydrothermal AgNO; Na,S-9H,0 Water D-NIBC 0.11 1060 19 36
Heat-up (thermal decomposition) AgNO; Na,S-9H,0 Water HSA 1.26-1.32 1060 — 80
Heat-up (thermal decomposition) AgDDTC DT Organic (CHCly) OLA 10 1200 1702 34
and sonochemical surface etching
Heat-up (thermal decomposition) AgDDTC DT Organic (CHCly) DT 2.30 1220 1200 16
Heat-up (thermal decomposition) AgDDTC DT Organic (CHCly) DT — 975-1175 57-181 14
Heat-up (thermal decomposition) AgDDTC DT Organic (CHCl3) DT/C18PMH/ 17 1100 61 81

PEG in water)
Seeded growth AgAc, AgQOA  (TMS),S Organic (n-hexane) MUA 0.15 (in water) 813 57 12
Hot injectrion AgNO; TAA Organic (CHCL;) OLA — 1200 — 82
Heat-up (thermal decomposition) AgDDTC DT Organic (water + HS-PEG — 1200 28 39
CHCI,)

Heat-up (thermal decomposition) AgDDTC DT Water HS-C;;-PEG  4.80 (in water) 1200 81 39
Heat-up (thermal decomposition) AgDDTC DT Organic (CHCly) DT 2.30 1220 1200 16

Abbreviations: DT: 1-dodecanethiol, CHCl;: chloroform, Pen: penicillamine, 2-MPA: 2-mercaptopropionic acid, .-GSH: r-glutathione, p-/L-NIBC:
N-isobutyryl-p/i-cysteine, HSA: human serum albumin, OLA: oleylamine, C;sPMH/PEG: poly(maleic anhydride-alt-1-octadecene)-polyethylene glycol, AgAc:
silver(1) acetate, AgOA: silver(i) oleate, MUA: 11-mercaptoundecanoic acid, TAA: thioacetamide, HS-PEG: methoxy polyethylene glycol thiol.

Table 4 Fluorescence properties of chiral Ag,S/Pen QDs under optimal synthesis conditions

Coating/sample Taverage 3-€Xponential Correlation coefficient
number Ag:S T[°C] Rxntime [min] pHeger) Zeta pot. (mV) Size (nm) QY [%] decay [ns] 3-exponential decay2
p-Pen ¢t = 60 min 2 50 60 11.9 —52.69 — 0.5 73.0 1.0330

D-4b 4 90 120 11.6 —36.16 3.7 1.1 71.1 1.0450

Rac-Pen t = 30 min 2 50 30 11.8 —28.97 — 0.8 68.2 1.0550

R-4b 4 90 120 11.4 —34.33 3.6 0.8 65.5 1.0360

L-2a 2 50 120 11.7 —41.18 3.6 0.5 48.0 1.0620

L-4b 4 90 120 11.4 —31.92 3.3 0.6 84.3 1.0570

4 (samples 4b) and 2 (p-Pen ¢ = 60 min, Rac-Pen ¢ = 30 min, and
L-2a). The normalized emission spectra are presented in Fig. S7
(Section S9 in SI) together with their corresponding absorption
spectra. All selected samples exhibited high colloidal stability
and prolonged fluorescence lifetimes. The QY values, summar-
ized in Table 4, range from 0.5% to 1.1% for aqueous colloidal
Ag,S QDs emitting in the NIR-II window. These are relatively
high values, considering the emission spectral range and the
fact that QDs with comparable or even ten times lower effi-
ciency have been successfully used in in vivo imaging.>®%%%*
Previous studies, such as that by Moloney et al.,”" have shown
that the use of Pen as a ligand can significantly enhance QY; for
instance, CdS/Pen QDs achieved a QY of 20 £ 4%. In the study
by Shang et al.,*® higher QY values were observed for the p-Pen
conformer; however, we are cautious in definitively stating
which enantiomer exhibits higher QY, as it depends on the
QDs preparation conditions.

The noticeable lack of linearity between QY and fluorescence
lifetimes may be due to the fact that the decay curves do not
include all non-radiative processes.”® As explained in the work
of de Wit et al., the so-called very fast direct quenching may
lead to a decrease in QY, but this effect could occur too rapidly
to be captured by lifetime measurement excited by the ps

7388 | J Mater. Chem. C, 2026, 14, 7378-7392

source and may be obscured in decay curves when measured
with insufficient time resolution.

NLO properties of Ag,S/Pen QDs

Among the optimized Ag,S/Pen QDs, we selected those showing
the highest stability and the most interesting optical properties
for further characterization of NLO properties and cytotoxicity
(i.e., samples D-4b and L-4b).

To investigate the spectrally resolved NLO properties of Ag,S
QDs, the tunable femtosecond laser Z-scan technique was
employed, enabling the determination of parameters like the
two-photon absorption cross-section (a,).

Unlike many previous studies limited to a single excitation
wavelength, our measurements were performed over a broad
spectral range (VIS-NIR), providing a full 2PA spectrum for Ag,S
QDs functionalized with p-Pen and i-Pen, (Fig. 8) similar to
earlier results for MPA-stabilized QDs.””®* This approach also
allows us to compare the role of the ligand in shaping the NLO
properties of Ag,S QDs. As observed previously for Ag,S QDs
stabilized with MPA, 1PA SAT and 2PA effects are present. For
shorter excitation wavelengths (600-725 nm for Ag,S/t-Pen and
up to775 nm for Ag,S/p-Pen), only 1PA SAT was observed.
Similar to the MPA-stabilized QDs, 2PA-related features began

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 Spectral dependence of 65" and 1//s, (reciprocal of 1PA saturation
intensity) for Ag,S/p-Pen and Ag,S/L-Pen QDs. The 6§ values are plotted
as orange filled circles (the orange solid line is used to guide the eye, bars
represent standard deviation). The values of 1//,: are plotted as green filled
triangles (the green line is used to guide the eye). The black line represents
the 1PA spectrum plotted vs. 4, and the grey line represents the same 1PA
spectrum plotted vs. 2.

to emerge at wavelengths around 750 nm. However, unlike the
earlier MPA-based system, where the 2PA activity was limited to
a relatively narrow range (up to ~950 nm), the Pen-stabilized
QDs exhibited a significantly broader 2PA response. Specifi-
cally, a pronounced 2PA contribution was observed in the range
of 800-1300 nm for p-Pen and 750-1250 nm for L-Pen, respec-
tively. The highest value of ¢, was recorded for the Ag,S/p-Pen
QDs sample, reaching 511 GM at Agxc. = 824 nm. For Ag,S/t-Pen
QDs, a maximum ¢, value of 251 GM was observed at Agxc. =
850 nm, along with an additional peak of 260 GM at Agxc. =
950 nm. These results indicate that the p-Pen-stabilized QDs
exhibit nearly double the 2PA efficiency of their 1-Pen counter-
parts, despite having comparable physicochemical properties.

To evaluate and compare the nonlinear absorption perfor-
mance of the studied systems, the factor of merit ¢,/M was
calculated. For Ag,S/p-Pen QDs at Agxc. = 824 nm, the value
reached 0.005 GM mol gfl, while for Ag,S/t-Pen QDs at Agxc. =
850 and 950 nm it was 0.003 GM mol g . Although these
values are lower than those reported for Ag,S/MPA QDs>’
(0.013 GM mol g™ '), and CdS QDs* (0.038 GM mol g 1),
the Ag,S/Pen QDs system remains highly promising due to
its tunability and potential for enhancement.®*®*® Our recent
studies®® have shown that strategic modifications, such as

This journal is © The Royal Society of Chemistry 2026
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attaching Ag,S QDs to nanoshell surfaces or embedding them
in silica nanospheres decorated with gold nanoislands can
significantly amplify the 2PA response. These approaches offer
a viable path toward increasing the ¢,/M factor and unlocking
the full potential of Ag,S/Pen QDs for advanced photonic and
bioimaging applications.

Cytotoxic properties of the Ag,S/Pen QDs

The biocompatibility and cytotoxic potential of biosynthesized
Ag,S/Pen QDs were systematically evaluated using two physio-
logically relevant cell models representing distinct cellular
environments: THP-1 macrophages and HLMEC endothelial
cells. The MTT assay was employed to assess cellular metabolic
activity as an indicator of cell viability following Ag,S/p-Pen and
Ag,S/1-Pen QDs exposure.

Cytotoxicity in THP-1 macrophages

THP-1 cells, differentiated into macrophages using PMA treat-
ment, demonstrated remarkable tolerance to Ag,S/Pen QD
exposure across all tested concentrations (Fig. 9(a)). Both
Ag,S/p-Pen and Ag,S/1-Pen QDs showed no cytotoxic effects,
with cell viability consistently maintained between 95-105%
relative to untreated controls across the entire concentration
range (0.001-1 mg mL ™~ "). This indicates high biocompatibility
of the synthesized QDs with macrophage cells. Interestingly,
the free amino acids p- and t-Pen exhibited significant prolif-
erative effects on THP-1 macrophages. At the highest concen-
trations (1 mg mL™"), both Pen isomers enhanced cellular
metabolic activity, with cell viability reaching 120-140% of
control values (p < 0.005). This proliferative response may be
attributed to the antioxidant properties of Pen, which could
stimulate macrophage activation and metabolic enhancement.
The robust tolerance of macrophages to QDs exposure aligns
with their physiological role as professional phagocytes
equipped with enhanced antioxidant defence mechanisms
and efficient particle clearance capabilities. This finding sug-
gests potential compatibility of these QDs with immune system
components, which is crucial for biomedical applications.

a) b)

= Ag2S/L-Pen QDs
=3 Ag2S/D-Pen QDs
= free L-Pen

ea free D-Pen

£3 NEG CONTROL

HLMEC

cell viability (%)
cell viability (%)

1 01 001 0001 1 01 001 0001
concentration (mg/mi) concentration (mg/ml)

Fig. 9 Cytotoxicity assessment of Ag,S/p-Pen QDs and Ag,S/L-Pen QDs
and free p-/L-Pen in human cell models. Cell viability was determined
using MTT assay after 48-hour exposure to various QD concentrations. (a)
THP-1 macrophages showed no cytotoxic effect across all tested con-
centrations for QDs formulations, while L-Pen and p-Pen demonstrated
proliferative effects (*p < 0.005); (b) HLMEC endothelial cells demon-
strated concentration-dependent sensitivity with significant cytotoxicity at
1mg mL™! (*p < 0.001). Data represent mean + SD.

J. Mater. Chem. C, 2026, 14, 7378-7392 | 7389


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc04053a

Open Access Article. Published on 12 March 2026. Downloaded on 6/14/2026 3:23:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

Fig. 10 Morphological assessment of HLMEC cells following Ag,S/Pen
QDs exposure. Representative inverted light microscopy images of cell
morphology after 48-hour incubation with QDs. Images show cells treated
with (a) Ag,S/p-Pen QDs, (b) Ag,S/L-Pen QDs, and (c) control (hon-treated
cells/water). Morphological alterations were observed in QDs treated
groups (panel a and b), with cells appearing rounded and less adherent
to the surface compared to control cells which maintained typical spread
morphology and confluent monolayer formation.

Cytotoxicity in HLMEC endothelial cells

HLMEC endothelial cells exhibited a markedly different
response pattern compared to macrophages, demonstrating
concentration-dependent sensitivity to QDs (Fig. 9(b)). At the
highest concentration tested (1 mg mL ™), significant cytotoxic
effect was observed for Ag,S/Pen QDs treatments, with cell
viability decreasing to approximately 40-50% of control values
(p < 0.001). However, at concentrations <0.1 mg mL *,
HLMEC cells maintained acceptable viability levels (>80%),
suggesting a clear dose-dependent toxicity threshold. The
enhanced sensitivity of endothelial cells compared to macro-
phages reflects fundamental differences in cellular physiology
and defence mechanisms. Endothelial cells, which form the
vascular barrier and regulate blood-tissue exchange, may be
more susceptible to nanoparticle-induced stress due to their
specialized barrier functions and metabolic requirements
(Fig. 10).

Summary and conclusions

In this study, we present the hydrothermal synthesis and
comprehensive characterization of water-soluble Ag,S QDs
stabilized with Pen ligands. By systematically varying reaction
temperature, time, and the Ag: S molar ratio, we evaluated how
synthesis parameters influence QDs size, structure, and result-
ing optical properties. The optimized conditions (summarized
in Table 4) enabled the production of QDs with strong emission
in the NIR-II range (~1040 nm), high colloidal stability, and
relatively high QY, considering the emission wavelength.
Fluorescence lifetime measurements revealed decay times
reaching 84 ns in aqueous solution, which is one of the best
results in this range.

A comparative analysis of QDs stabilized with b-, 1-, and
racemic Pen allowed assessment of how ligand stereochemistry
affects QDs morphology and both linear and NLO responses.

The NLO properties of Ag,S/Pen QDs were evaluated using
the Z-scan technique. The peak o, values were determined to be
511 GM (at Agxc. = 824 nm) for Ag,S/p-Pen 260 GM (at Agxc. =
950 nm) for Ag,S/L-Pen, suggesting their potential applicability
in NLO, for example in TPFM.

7390 | J Mater. Chem. C, 2026, 14, 7378-7392
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Finally, cytotoxicity assays confirmed the low toxicity of
Ag,S/Pen QDs. Interestingly, no significant differences in cyto-
toxicity were observed between the enantiomers, in contrast to
other chiral QDs described in the literature.

These results indicate that appropriate selection of the sur-
face ligand structure, including its chiral configuration, can be
an effective tool for modulating the structural and photophysi-
cal properties of QDs. This study contributes to the design of
stable NIR-emitting nanomaterials for potential biomedical
and photonic applications.
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