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Ag2S Biocompatible Ensembles as Dual OCT Contrast
Agents and NIR Ocular Imaging Probes
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Ag2S nanoparticles (NPs) emerge as a unique system that simultaneously
features in vivo near-infrared (NIR) imaging, remote heating, and low toxicity
thermal sensing. In this work, their capabilities are extended into the fields of
optical coherence tomography (OCT), as contrast agents, and NIR probes in
both ex vivo and in vivo experiments in eyeballs. The new dual property for
ocular imaging is obtained by the preparation of Ag2S NPs ensembles with a
biocompatible amphiphilic block copolymer. Rather than a classical ligand
exchange, where surface traps may arise due to incomplete replacement of
surface sites, the use of this polymer provides a protective extra layer that
preserves the photoluminescence properties of the NPs, and the procedure
allows for the controlled preparation of submicrometric scattering centers.
The resulting NPs ensembles show extraordinary colloidal stability with time
and biocompatibility, enhancing the contrast in OCT with simultaneous NIR
imaging in the second biological window.
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1. Introduction

Colloidal Ag2S NPs have emerged as ideal
systems in nanomedicine combining syn-
ergetic capabilities including near-infrared
(NIR) imaging, photothermal heating, and
nanothermometry.[1] These capabilities are
the result of their optical properties, which
can be tuned through straightforward syn-
thetic routes that allow obtaining NPs with
controlled size, narrow size distribution,
good biocompatibility, and high stability
over time. With a bulk band gap energy
of 1.1 eV for monoclinic 𝛼-Ag2S, Ag2S
NPs can be excited within the first biolog-
ical window and emit photoluminescence
(PL) at the second, in particular around
1200 nm for NP sizes above 4 nm, out of
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quantum confinement.[2] This property enables bright NIR
imaging[3] and, for example, NIR-guided surgery with a threefold
reduction in the residual tumoral cells after a tumor resection.[4]

Ag2S NPs have also been used as excellent nanothermometers,
probes to measure temperature variations in biological systems
with high thermal sensitivity in localized areas.[5] This capabil-
ity arises from the dependence of PL of NPs on temperature,
and has enabled their use as precise diagnostic tools for the
early detection of solid tumors,[6] ischemic, infarcted, and/or in-
flamed tissues.[7,8] Furthermore, Ag2S NPs have been used to
measure in vivo temperature variations in a mouse brain[9] and
mouse liver,[10] and to register temperature variations during an
in vivo magnetic hyperthermia treatment with maghemite-Ag2S
nanoplatforms.[11]

Out of the numerous recipes reported for colloidal synthe-
sis of Ag2S NPs,[1] one of the most-employed recipes includes
the thermal decomposition of silver(I) diethyldithiocarbamate
(AgDDTC), a route that yields no individual NPs but NPs or-
ganized in ordered arrangements that show poor colloidal sta-
bility in non-polar organic solvents.[12] The formation of these
micrometer-sized arrangements has been considered detrimen-
tal for further treatments and applications, where stable colloidal
dispersions containing individual NPs are sought. To avoid that
limitation, many other recipes have been reported.[13–17] We re-
ported an alternative procedure based on a hot-injection method
that yields monodisperse individual NPs, which can be further
covered with additional layers to improve their brightness. Fur-
thermore, this enables straightforward ligand exchange reac-
tions to transfer the NPs to aqueous media.[18] In comparison,
other strategies apply post-sonication treatments to unbundle
the assemblies.[19] However, submicrometric Ag2S arrangements
show advantages that render them ideal dual probes as con-
trast agents for optical coherence tomography (OCT) and NIR PL
imaging.
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OCT is an optical imaging technique that is widely used for
diagnosis in fields such as dermatology, cardiology, and ophthal-
mology. It is an interferometric method based on multiple scatter-
ing of light in tissues that allows reconstruction of their morphol-
ogy with micrometric resolution. To obtain higher contrast, NPs
or, in general, systems capable of increasing the scattered light
have been used as contrast agents for OCT. Ideal contrast agents
for OCT rely on several characteristics such as high molar extinc-
tion coefficients (preferably in the NIR biological windows), high
photostability, and high biocompatibility, among others.[20,21] In
the case of metallic NPs, localized surface plasmon resonances
guarantee many of these requirements.[22] However, other ma-
terials such as sub-micrometric polymeric colloids[23] as well as
other semiconductor materials such as CuS,[24] PbS,[25] or Bi2S3
NPs[26] show excellent properties that help to better discern bio-
logical features.

On the other hand, ocular NIR imaging is attained by mainly,
i) the reflectance of NIR light from the ocular fundus, which al-
lows the following up of many conditions, including ocular in-
flammatory or vascular diseases, with high resolution,[27] and ii)
by the use of fluorophore dyes, being the most common indocya-
nine green, a dye that suffers from rapid photodegradation. Re-
cently, more robust triazole cyanine dyes have been proposed.[28]

In this work, NIR imaging is performed based on the PL signal of
biocompatibilized Ag2S NPs intravitreally injected in mice eyes,
which allows acquiring high resolution images with a NIR cam-
era.

Ag2S NPs produced in organic media can be biocompatibi-
lized by ligand exchange reactions of the initial ligands, which are
replaced by, typically, biocompatible polyethylene glycol-based
ligands.[29,30] However, it is well known that these reactions usu-
ally yield a substantial drop in PL emission (and eventually bright-
ness) due to an incomplete passivation of the surface, partially
derived from steric hindrance restricting the complete exchange.
Other well-known approaches to biocompatibilize NPs include
the encapsulation of as-prepared NPs with amphiphilic poly-
mers, a pathway for the transfer of semiconductor, magnetic,
metallic, and up-converting nanoparticles from nonpolar to polar
environments.[30]

To mitigate these issues, we propose the strategy of synthe-
sizing Ag2S-NP ensembles that are further biocompatibilized
with dodecylamine-modified poly(isobutylene-alt-maleic anhy-
dride) (N-PMA), an amphiphilic block copolymer that relies on
the maleic anhydride coupling with the primary amine.[31] The
rationale being that, since N-PMA has evidenced its protec-
tive role for several magnetic,[32] quantum dots[33] and metallic
NPs,[34] preserving their structural and optical properties, it could
also be used to protect Ag2S NPs. Additionally, N-PMA has also
demonstrated effective suppression of the release of toxic Ag+

ions in metallic NPs,[35] which directly influence their biocom-
patibility. However, to the best of our knowledge, N-PMA has
never been used to protect Ag2S NPs. In this work we evidence,
by proton magnetic resonance spectroscopy (1H-NMR) studies
including nuclear Overhauser effect spectroscopy (NOESY) anal-
ysis, the interaction of the copolymer with the ligand shell. This
interaction confers Ag2S NPs high biocompatibility and reten-
tion of the photoluminescence quantum yield (PLQY). Overall,
the controlled ensembles show a clearly improved OCT signal
in both explanted organs (eyeballs) and in in vivo experiments
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Figure 1. a) Sketch of the reaction of the silver precursor (AgDDTC) in DDT that includes the formation of an intermediate product (Ag-DCT) and the
formation of Ag2S NPs in stacked NP layers, (R in Ag-DCT stands for dodecyl). b) Schematic representation of the proposed mechanism for controlled
ensembles formation that includes sonication in chloroform (steps ii–iv) and a last step (v) of size fixation by the treatment with N-PMA (water). c) DLS
experiment measuring the size of the initial ensembles (light blue) and after sonication in chloroform after 30- (blue) and 45-min (dark blue) d) TEM
images of ensembles of different sizes in water after fixation with N-PMA. e) Extinction and emission spectra of the NPs before (light blue) and after the
treatment with N-PMA (dark blue). The inset shows a NIR image of a vial containing NPs upon optical excitation with an 808 nm laser diode.

performed in mice, while allowing parallel high resolution NIR
imaging. Thus, N-PMA modified Ag2S NPs are proposed as al-
ternative dual probes for in vivo ocular imaging.

2. Results

2.1. Synthesis of Ag2S Multimodal Contrast Agents

The synthesis of the Ag2S ensembles begins with a careful con-
sideration of the precursor (see Section S1, Supporting Informa-
tion). Figure 1a depicts the heat-up reaction from the Ag precur-
sor, silver (I) diethyldithiocarbamate (AgDDTC) that, in the pres-
ence of 1-dodecanethiol (DDT), yields silver (I) dodecanethiolate
(Ag-DCT), a product generated during the course of the reaction,
which further passivates the surface of Ag2S NPs, as we previ-
ously reported.[18] In fact, this layered product[36] acts as a tem-
plate for the growth of the initial Ag2S nuclei, keeping the NPs
organized in laminar structures as sketched in Figure 1a. We re-
ported that nucleation of Ag2S NPs by hot injection in toluene
provides isolated NPS, as hot toluene dissolves the Ag-DCT in
situ.[18] However, the use of toluene limits the reaction tempera-
ture to 100 °C, producing less bright NPs than those synthesized
at 200 °C.[37] The procedure reported here enables the fragmenta-
tion of the initial stacked layers to form controlled ensembles that

are soluble in water. The proposed mechanism is schematized
in Figure 1b and proceeds with an initial exfoliation and further
dissociation of NPs layers by sonication in chloroform (CHCl3).
Depending on the sonication time, ensembles of different sizes
are formed (see Section S2, Supporting Information). We have
observed that the initial hydrodynamic size of the as-synthesized
aggregates drops to approximately one half after 45–60 min of
sonication (see Figure S1, Supporting Information). The final
step is crucial and aims to fix the ensemble size and transfer it
to aqueous media. If samples are stored in CHCl3 in the fridge
for long time (months) without any fixation step, the NPs con-
tinue to disaggregate from the initial stacked layers until form-
ing a network of slightly connected NPs (see Figure S2 and Sec-
tion S2, Supporting Information for details). Thus, the fixation
of the ensembles must be done right away after the sonication
procedure. The size fixation and water transfer are performed by
using N-PMA (see Section S2, Supporting Information), and en-
able to obtain ensembles of different sizes, as can be seen in the
dynamic light scattering (DLS) measurements and transmission
electron microscopy (TEM) images, shown in Figure 1c and d, re-
spectively. Further TEM images can be found in Figure S3, Sup-
porting Information. The DLS measurements in Figure 1c cor-
respond to the final size of the ensembles transferred to water.
The ensembles were either initially non-sonicated (light blue) or
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Figure 2. NOESY spectra in a) CDCl3 and b) D2O at different signal intensities. I) Low intensity for observing the most frequent interaction and II) high
intensity for detecting less frequent interactions. The image in c) indicates the corresponding interactions.

sonicated previously to the water transfer for 30 min (blue, mid-
dle) or 45 min (navy, dark blue), respectively. Furthermore, in
order to evaluate the quality of samples over time, the average
hydrodynamic size, polydispersity index (PI), and zeta potential
(ZP) of the Ag2S NPs ensembles treated with N-PMA have been
studied after 8 months. The results are shown in Figure S4 and
Table S1, Supporting Information, and confirm the stability of the
colloids after that time. Figure 1e shows the extinction spectrum
of Ag2S NP and PL emission before (light blue) and after being
treated with N-PMA (dark blue), and the inset corresponds to an
NIR image of NPs dispersion upon excitation with an 808 nm
laser. The as-prepared plain Ag2S NPs present an absolute PLQY,
(measured in an integrating sphere) of 2.5%.[18] As can be ob-
served, after the treatment with N-PMA, the PL emission remains
constant, with no loss of the initial PL intensity, which results in
an extraordinary colloidal NP-system for NIR imaging. Thus, it
is clear that the high retention of the PL properties of the NPs
must be related to the interaction of the NPs ligands and the hy-
drophobic N-PMA chain.

To analyze the ligands on the surface of the NPs and to elu-
cidate the interaction responsible for the preservation of PLQY
after the treatment with N-PMA, a detailed NMR study has been
performed (experimental details in Section S3, Supporting Infor-
mation). Initially, 1H-NMR characterization of free ligands and
surface bound ligands was recorded, as shown in Figure S5, Sup-
porting Information, where it is evidenced that both Ag-DCT
and N-PMA are detected in the stable colloidal NPs solution.
To analyze the interactions between them, the structural details

of the NPs were examined using NOESY (see Figure 2), an ef-
fective technique capable of identifying the relative spatial ar-
rangement of ligands and molecules on the surface and regu-
larly used to discriminate between bound anchored or free lig-
ands on NP surfaces.[36] This 2D NMR technique applies the Nu-
clear Overhauser Effect (NOE) to detect spin coupling between
nuclei through spatial proximity (<5 Å distance), allowing in this
case the study of the configuration of molecules in proximity but
not covalently bound.

The NOE occurs when the irradiation of a nearby nucleus
causes a transfer of energy during nuclear relaxation, resulting
in a stronger signal in the magnetic resonance of nearby nuclei.
In this work, we applied NOESY spectroscopy to verify the spatial
organization between N-PMA and Ag-DCT-functionalized NPs.

The NOESY spectra were acquired both in CDCl3 (Figure 2a)
and D2O (Figure 2b), and are shown at different signal intensities
(I and II, being I less intense than II). From the diagonal profiles
of the spectra in Figure 2, it can be observed that there are appar-
ent polarization interactions between both ligands (N-PMA and
Ag-DCT), being more noticeable in the experiment carried out
in D2O (Figure 2b), probably due to the arrangement of the hy-
drophobic components. Observed cross peak signals suggest in-
termolecular interactions between the ligands. Among them, the
signals in blue circles (Figure 2 aI,bI) mainly demonstrate the in-
teraction between the methyl protons of Ag-DCT and the methy-
lene protons of the aliphatic chain of N-PMA. Moreover, interac-
tions between the methylene protons of Ag-DCT and the methyl
protons of N-PMA are also observed in this spectral region (see
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Figure 3. a) Viability test in N9 cells after 24 h treatment with the indicated NP concentrations in the extracellular medium- Graph shows mean ± SD
(n = 3). b–k). Representative images of b,d–g) N9 microglia cell line and c,h–k) 661 w photoreceptors cell line incubated with 1.0 μg mL−1 (Ag content)
Ag2S NPs dispersion for 24 h. b,c) NIR optical microscopy images. d,h) Bright-field images. e,i) Fluorescence images showing nuclei stained with DAPI.
f,j) NIR images showing the emission of Ag2S NPs. The superposed images can be seen in (g) and (k).

Figure S6, Supporting Information). The signal intensity in this
region is due to the predominant presence of these two protonic
interactions resulting in a higher signal intensity. Furthermore,
upon increasing the intensity of the spectra, new positive NOESY
signals (green and pink circles in Figure 2 aII,bII), correspond-
ing to interactions between the methylene protons of Ag-DCT
and the 𝛼-methylene protons adjacent to the amide group of N-
PMA, become clearly visible. In the same frequency range, in-
teraction between the methylene protons of N-PMA and the 𝛼-
methylene protons of Ag-DCT can also be appreciated. In the
spectrum (Figure 2aII), a slight separation between two signals
suggests these two interactions, which are depicted in Figure 2c.

Therefore, as depicted in Figure 2c, these experiments show
that the aliphatic parts of N-PMA intercalate between the Ag-DCT
molecules anchored on the NPs, allowing for the identification of
the noncovalent ligand-ligand interactions. This interaction be-
tween the aliphatic part of modified-PMA molecules and ligands
on NPs surfaces has been previously suggested for other NPs[31]

but, as far as the authors know, has never been evidenced. Im-
portantly, we believe that the protection conferred by this cover-
age preserves the optical PL response of the NPs, as shown in
Figure 1e. Thus, the successful retention of the initial ligands,
without displacement, is a crucial factor in maintaining the PL
response. N-PMA effectively intercalates between these retained
ligands, as evidenced by NMR, playing a vital role in preventing
any significant drop in the PL intensity.

Furthermore, as previously mentioned, N-PMA was employed
for magnetic, metallic, and semiconductor NPs, due to its
high biocompatibility.[30–32] Nevertheless, the corresponding tox-
icity tests were performed for Ag2S NPs treated with N-PMA.
Figure 3a shows the results of the cell viability test performed

in the N9 microglia cell line (microglia cells are the resident
macrophages of the central nervous system) after a 24 h incu-
bation with the indicated extracellular concentrations of NPs (de-
tails can be found in Section S4, Supporting Information). Doses
below or equal to 80 μg mL−1 (the highest tested) of total extracel-
lular Ag mass, did not affect the viability of the cells (Figure 3a).
Additionally, the N9 microglia and the 661 w photoreceptor cell
lines were incubated with different concentrations of NP disper-
sions, ranging from 4.0 to 1.0 μg mL−1 (Section S4, Supporting
Information). N9 cells showed high ability to phagocyte NPs, as
shown in the NIR microscopic image in Figure 3b, obtained with
a minimum concentration of NPs (1.0 μg mL−1). We also found
internalization of NPs by the 661 w cells at 1.0 μg mL−1. However,
as expected, this cell line was not as effective as the N9 cells at the
same concentration (Figure 3c). Figure 3d,h are bright-field im-
ages of cells stained with DAPI. The corresponding fluorescence
images can be seen in Figure 3e,i. The DAPI-labeled nuclei (see
Section S4, Supporting Information for details) showed the cy-
toplasmic localization of the NPs (Figure 3e–g,i–k). Figure 3f,j
correspond to NIR images to localize the presence of Ag2S NPs.
Figure 3g,k are overlapped images from DAPI and Ag2S NPs.

2.2. Ag2S as Dual OCT Contrast Agents and NIR Probes in
Explanted Fixed Eyes

The above-mentioned ensembles have an interesting property
that has not been exploited up to now: A strong scattering
coefficient. However, due to the small size of individual NPs
(≈7 nm), the extinction spectrum of isolated Ag2S NPs is mainly
dominated by absorption,[38] which makes them unsuitable as

Small 2023, 2305026 © 2023 The Authors. Small published by Wiley-VCH GmbH2305026 (5 of 9)
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Figure 4. Dual OCT-NIR imaging in explanted eyes. OCT images of explanted eyeballs in which 2 μL of a) water and the same volume of Ag2S NPs
dispersion sonicated for b) 0-min, c) 30-min, and d) 45-min had been intravitreally injected. Scale bars correspond to 250 μm. e) OCT intensities distri-
bution for each of the cases in (b–d). f) NIR images of two eyes where 2 μL of Ag2S NPs ensembles (45-min sonicated) at Ag concentration of 0.8 mg
mL−1 had been intravitreally injected. The images in the upper row correspond to an eye where the optical nerve can be inferred. The lower row corre-
sponds to an eye where the cornea and lens are discernible. The images were extracted from a hypercube acquired from 1000 to 1600 nm. Power density:
50 mW cm−2 (0.975 W), exposure time 0.05 s.

contrast agents for techniques based on light scattering such as
OCT. But, since the scattering of light strongly depends on the
size of the particles, the existence of ensembles of NPs enhances
their scattering, making them ideal for OCT. Therefore, the size
of the ensembles shown in the previous section can be used to
optimize the OCT contrast. This aspect was evidenced by com-
paring the OCT images of the ensembles obtained after differ-
ent sonication times at different concentrations, by employing a
spectral domain (SD) OCT, with a working wavelength centered
at 1300 nm (see Section S5, Supporting Information). Figure S7,
Supporting Information demonstrates that Ag2S ensembles can
be visualized clearly by OCT, and that the highest contrast is ob-
tained for larger ensembles according to DLS, as expected.

To explore the OCT contrast provided by the ensembles once
they are introduced in an organ, we analyzed fixed, explanted
eyeballs (see Section S5, Supporting Information, for details).
Figure 4 shows the B-scans of eyes in which 2 μL of a dispersion
of Ag2S NPs ensembles (samples 0-, 30- and 45-min sonicated,
see Figure 1) were injected intravitreally, together with a control
eye in which 2 μL of ultrapure water (vehicle) was injected. The
Ag concentrations (measured by ICP-OES) of the samples were
1.0, 0.6, and 1.3 mg mL−1 for the 0-,30- and 45-min sonicated
samples, respectively. The presence of the NPs is evidenced by
the bright spots that appear in the aqueous humor (region be-
tween the cornea and the lens) which were absent in the con-
trol eye (Figure 4a). All the tested samples increased contrast, al-
though the contrast level offered by the 45-min sonicated samples
was lower (even at higher concentrations) than that of the 0- and
30-min sonicated ones, (Figure 4b–d), in good agreement with

the size provided by DLS (see Figure 1c). This is illustrated in
the histogram of the intensity of the bright spots that appear in
the aqueous humor (Figure 4e) which shows the correlation be-
tween the OCT intensity and the sizes of the ensembles provided
by DLS. Figure 4f shows NIR PL of 2 explanted eyeballs injected
with 2 μL of Ag2S NPs ensembles (45-min sonicated) at a Ag con-
centration of 0.8 mg mL−1 from different positions, to show the
back and the front parts of the eye.

The images were acquired with a hyperspectral imager (see
Section S6, Supporting Information), from which several im-
ages at characteristic wavelengths have been extracted and pre-
sented here. The brightest images correspond to the 1150 nm
wavelength, in good agreement with the maximum in the PL re-
sponse. In addition, the brightness provided by the NPs allows
identifying features of the eye morphology such as the optic nerve
(upper series) and the lens/corneal front part (lower series) with
high resolution. Therefore, these images demonstrate the multi-
imaging role of Ag2S NPs ensembles as both an OCT contrast
agent and a NIR ocular imaging probe in explanted eyes.

2.3. Ag2S as Dual OCT Contrast Agents and NIR Probes In Vivo

Building on the promising ex vivo results shown above (pre-
sented in Figure 4), we conducted further testing to evaluate the
potential of Ag2S ensembles as contrast agents for ophthalmo-
logical OCT. To this aim, we administered the Ag2S NPs samples
used in Figure 4b–d to CD1 mice by intravitreal injection, and
images of the eye fundus (reflectance) were acquired by using a

Small 2023, 2305026 © 2023 The Authors. Small published by Wiley-VCH GmbH2305026 (6 of 9)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202305026 by U
niversidad A

utonom
a D

e M
adrid, W

iley O
nline L

ibrary on [04/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



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

Figure 5. OCT imaging in vivo. a–d) Left, NIR images depicting the eye fundus image with indicated orientation of cross-sectional SD-OCT scans (green
line) and their corresponding B-scan at the optic nerve level for the eyes injected with 1 μL of water [a) control], b) 45-min, c) 30-min, and d) 0-min
sonicated Ag2S ensembles. e,f) Fluorescence images showing the fluorescence of a mouse eye intravitreally injected with 1 μL of e) PBS and f) a 45-min
sonicated sample (at a Ag concentration of 0.9 mg mL−1) . The scale bars in the OCT images correspond to 200 μm.

commercially available high-speed SD-OCT operating at a wave-
length of 870 nm (see Section S5, Supporting Information). This
system is commonly used in clinical settings to provide imaging
of the vitreoretinal interface and retina in human patients.

Figure 5 shows representative OCT images obtained in vivo
from control mouse eyes injected with 1 μL of vehicle (ultrapure
water) (Figure 5a) and eyes injected with 1 μL of the NP disper-
sions, corresponding to the 45-, 30-, and 0-min sonicated sam-
ples (Figure 5b–d). The left panels show the corresponding NIR
reflectance images of the eye fundus while the right panels show
B-scans that present a 2D image of the retina obtained by accu-
mulating 100 scans at the optic nerve level (green line depicted
in the fundus reflectance image). The fundus images show the
main vascular structures of the inner retina. The vitreous humor
of all eyes treated with NPs exhibits a clear brightness increment
when compared to the control eye injected with water (Figure 5a).
In particular, eyes injected with 30- or 0-min sonicated NPs show
clear accumulation of bright spots in the vitreous, which were ab-
sent in control eyes and can be attributed to the presence of the
Ag2S NPs ensembles. Differences in the density of spots, on the
other hand, can be attributed to variations in injection efficiency
or differences in the initial concentration of NP dispersions.

Additionally, the distribution of the NPs in the vitreous was
also studied by performing consecutive B-scans at different reti-
nal levels of the fundus in relation to the optic nerve (central
retina) and to the injection direction (dorsotemporal retina) (see
Figure S8, Supporting Information). The results evidence that
the amount of NP ensembles was higher in the retinal section
close to the optical nerve level. This observation has been previ-
ously reported in other works where polymeric nanocarriers were
intravitreally injected.[39,40] Furthermore, the size and charge of

the carriers play also a pivotal role in the localization of particles,
showing concentration gradients or accumulation in the optical
nerve as a result of convection forces.[41] However, the precise lo-
cation of the NPs after injection needs further study, as a more
homogeneous distribution of NPs throughout the entire volume
of the eyeball may also occur, as it can be seen in Figure S9,
Supporting Information. The dual performance of Ag2S NPs was
also tested in vivo (Figure 5e,f), which shows the PL images of
the eyes of mice after intravitreal injection with 1 μL of PBS and
with1 μL of a Ag2S NP ensembles (a 45-min sonicated sample at
a Ag concentration of 0.9 mg mL−1), respectively. While no PL
signal could be acquired from the eye without NPs (Figure 5e), a
strong signal was recorded for the eye with NPs (Figure 5f). This
eye showed a clear PL signal between 900 and 1600 nm, whose
maximum intensity is recorded at 1150 nm (Figure 5f), demon-
strating that the Ag2S ensembles are excellent multimodal OCT
and fluorescent contrast agents. The distribution of NPs in the
eye was followed up to 18 h after injection (Figure S9, Support-
ing Information) by fluorescence imaging (see Section S6, Sup-
porting Information). The NIR signal was still clearly visible at
18 h after injection, showing that the NPs can be used for rela-
tively long times after administration. During this time, the an-
imals showed no signs of distress nor did the eyes present any
morphological differences compared to the control eyes injected
with vehicle, which is a good indication of the biocompatibility of
the nanomaterial and is in good agreement with previous studies
that demonstrate that Ag2S-based NPs do not show significant
in vivo toxicity for up to 1 month after administration.[42] The
elimination pathways of the particles were studied after systemic
administration of the particles. The infrared images presented in
Figure S10, Supporting Information show that in the first minute
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after particle administration, Ag2S allows visualization of the
mouse vascular system (Figure S10b, Supporting Information),
although the volume of NP injected (50 μL, Ag concentration
0.9 mg mL−1) is lower than the one previously employed in these
experiments.[3,8] Some initial accumulation of the Ag2S ensem-
bles was observed in the pulmonary area (a phenomenon fre-
quently observed due to the small size of the pulmonary capil-
laries) (Figure S10a,b, Supporting Information), but after some
minutes the accumulation is reduced. Ex vivo analysis of the or-
gan’s luminescence, obtained with a hyperspectral imager, re-
vealed that after 2 h the NPs have accumulated mainly in the liver
and the spleen, and only a residual signal can be observed in the
lungs (Figure S10c–f, Supporting Information), showing that the
fate of the NPs ensembles, once they reach the circulatory sys-
tem, does not differ from that reported in previous works, which
supports their suitability for in vivo imaging.[3]

3. Conclusions

Ag2S NPs can act both as OCT contrast agents and NIR imag-
ing probes, when controlled ensembles of the emitting NPs are
obtained. For this purpose, in this work, we have developed a pro-
cedure that includes the use of N-PMA, a copolymer that confers
biocompatibility and colloidal stability. Due to the interaction of
this copolymer with the ligands that passivate the surface of the
Ag2S NPs, the PL of the NPs is retained, allowing high-resolution
NIR imaging. The use of dual OCT-PL probes allows improv-
ing NIR imaging depth and OCT contrast, opening promising
avenues for ocular imaging.
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