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Abstract: This paper presents the synthesis of aqueous cadmium sulfide (CdS) quantum dots 

(QDs) and silica-encapsulated CdS QDs by reverse microemulsion method and utilized as 

targeted bio-optical probes. We report the role of CdS as an efficient cell tag with fluorescence 

on par with previously documented cadmium telluride and cadmium selenide QDs, which have 

been considered to impart high levels of toxicity. In this study, the toxicity of bare QDs was 

efficiently quenched by encapsulating them in a biocompatible coat of silica. The toxicity profile 

and uptake of bare CdS QDs and silica-coated QDs, along with the CD31-labeled, silica-coated 

CdS QDs on human umbilical vein endothelial cells and glioma cells, were investigated. The 

effect of size, along with the time-dependent cellular uptake of the nanomaterials, has also been 

emphasized. Enhanced, high-specificity imaging toward endothelial cell lines in comparison 

with glioma cells was achieved with CD31 antibody-conjugated nanoparticles. The silica-coated 

nanomaterials exhibited excellent biocompatibility and greater photostability inside live cells, 

in addition to possessing an extended shelf life. In vivo biocompatibility and localization study 

of silica-coated CdS QDs in medaka fish embryos, following direct nanoparticle exposure for 

24 hours, authenticated the nanomaterials’ high potential for in vivo imaging, augmented with 

superior biocompatibility. As expected, CdS QD-treated embryos showed 100% mortality, 

whereas the silica-coated QD-treated embryos stayed viable and healthy throughout and after 

the experiments, devoid of any deformities. We provide highly cogent and convincing evidence 

for such silica-coated QDs as a model nanoparticle in practice, to achieve in vitro and in vivo 

precision targeted imaging.

Keywords: endothelial imaging, CD31, silica nanoparticle, CdS QDs, medaka embryos, 

biocompatibility

Introduction
Colloidal nanomaterials have attracted immense attention in both fundamental studies 

and technical applications. The exponential increase in the use of nanomaterials in vari-

ous fields testifies to their impact.1,2 Quantum dots (QDs) are inorganic fluorophores that 

demonstrate potential in numerous applications. Due to their unique, size-dependent 

optical and electronic properties, these materials are widely used for biological imaging 

and in electronic industries.3–6 These materials are highly photostable and are consid-

ered promising alternatives when compared with their organic counterparts in similar 

application fields.7 QDs present many advantages, such as size-tunable emissions, broad 

absorption, and narrow emission spectra. However, there are certain disadvantages that 

limit their use in biological imaging.8–10 Most QDs are cadmium based and are highly 

detrimental to cells due to the release of Cd2+ ions.11–16 The cytotoxicity and ecotoxicity of 
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feat of diverse drugs in animal models of thrombosis, isch-

emia, lysosomal storage diseases, and inflammation. Thus, 

endothelial drug delivery (vascular immunotargeting) repre-

sents a translational goal of broad importance.

Here, we report the synthesis of CdS QDs via the reverse 

microemulsion method. QDs synthesized this way are water-

soluble and ready to use. To counter the issue of Cd2+ ions 

leaching and posing toxicity to biological entities, QDs were 

encapsulated in a silica shell. These silica-CdS QDs were 

then utilized efficiently for cell labeling. We imaged two 

different cell lines: normal human umbilical vein endothelial 

cells (HUVECs) and the brain cancer cell line, glioma (Gl-1). 

The time-dependent uptake of bare and silica-coated QDs by 

these cell lines has been documented. In vivo imaging has 

been conducted using medaka fish embryos, to understand 

the biocompatibility and imaging capability of bare and 

silica-coated QDs inside a living organism. To attain high 

specificity, the silica-coated QDs were labeled with the CD31 

antibody, an endothelial marker highly specific to vascular 

lineage cells. Although silica-coated cadmium selenide and 

cadmium telluride QDs have been previously documented 

and used for labeling cells,31–33 the fabrication of silica-

coated CdS QDs and their in vitro and in vivo bioimaging 

applications have been unreported and remain elusive to date. 

We propose the present synthesis methodology as an easy, 

economic method that does not need rigorous conditions or 

have complex requirements. QDs are synthesized rapidly 

(within 5 minutes) and are highly luminescent.

Materials and methods
Materials
Cadmium nitrate, ammonium sulf ide, cyclohexane, 

IGEPAL®, deionized water, tetraethoxysilane, ammonia, 

acetone, 2′,7′-dichlorfluorescein-diacetate, and a Coomassie 

protein estimation kit were all purchased from Sigma-Aldrich 

(St Louis, MO). All chemicals were of an analytical grade. 

Mouse monoclonal CD31 antibody was purchased from 

Invitrogen (Carlsbad, CA). HUVECs were purchased from 

Gibco (Carlsbad, CA) and Gl-1 cells from Riken BioResource 

(Tsukuba-shi, Japan). Medium 200, Dulbecco’s modified 

Eagle’s medium (DMEM), heat-inactivated newborn calf 

serum, phosphate-buffered saline (PBS), trypsinase, and 

alamarBlue® were acquired from Invitrogen.

Preparation of bare CdS  
and silica-coated CdS
First, CdS QDs were prepared via a reverse microemulsion 

method. Subsequently, reverse water-in-oil microemulsions 

these materials need to be minimized to be considered as feasi-

ble cell tags for biological imaging. These QDs are synthesized 

via organometallic routes under high temperatures, rigorous 

conditions, and in inert atmospheres,17,18 demanding highly 

sophisticated setups and posing imminent complications. 

Therefore, it remains a challenge to find an appropriate, 

straightforward, and efficient method for QD synthesis. 

Another imposing limitation is that synthesized QDs are 

not water-soluble.19 The most commonly used passivators to 

make these QDs water-soluble are toxic.20,21 Thus, imparting 

toxic linker-assisted water solubility does not address the real 

issue of QD toxicity. To render QDs water-soluble, two main 

approaches are currently used. The first method uses organic 

polymers or thiol groups as linker molecules,22–26 whereas 

the second method applies well-studied silica chemistry.27–30 

Silica-coating of QDs is widely appreciated and accepted 

as an efficient means to undermine the toxicity of QDs and 

to impart biocompatibility. Mesoporous silica materials are 

considered appropriate candidates for the surface passivation 

of QDs. The silica-coating technique is used as a nanoplatform 

to make other novel hybrid nanoparticle architectures for 

in vitro and in vivo optical imaging applications.31–33 Surface 

coating with silica shells yields less toxicity and high pho-

tostability, in addition to minimizing oxidation of the QD 

core. In addition, silica is an inert layer that confers water 

solubility and shields the optical property of the core.34–38 

Cadmium selenide and cadmium telluride QDs have been 

widely synthesized and studied as cyto-labels.39–41 Cadmium 

sulfide (CdS) QDs have, as of yet, not created their own niche 

in the area of biological imaging due to their weak emissions 

in comparison with their selenide and telluride counterparts. 

Furthermore, reports narrating CdS QDs as efficient cell tags 

are extremely inadequate.42,43

Research in the area of targeted endothelial labeling 

employing CD31 antibodies is extremely limited. CD31 is 

predominantly expressed in endothelial cells and is not a 

feature of cell lines from any other origin. Endothelial cells 

line the lumen of blood vessels and represent a vital thera-

peutic site for treating a plethora of diseases, ranging from 

neurological ailments to cancer. The targeting of drugs and 

imaging agents to endothelial cells can be challenging, in part 

because the flow transports blood components – including 

drug carriers – at the speed of roughly 10 endothelial cell 

lengths per second in the capillaries. After intravenous injec-

tion, for example, drugs and drug carriers conjugated with 

antibodies to the endothelial surface molecule CD31 bind to 

the endothelium.40 Endothelial immunotargeting augments 

the effectiveness of and specificity related to the therapeutic 
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were prepared using cyclohexane and IGEPAL. A total of 

20 mL of cyclohexane was mixed with 8 mL of IGEPAL 

to form a microemulsion. An aqueous solution of cadmium 

nitrate (190 mg in 2 mL deionized water) was added to the first 

microemulsion and 2 mL of an ammonium sulfide solution 

(0.01 M) were added to the second and continuously stirred. 

The two microemulsions were mixed together after 5 minutes 

and the development of a yellow color was noted, indicating 

the formation of CdS QDs. The so-synthesized QDs were 

precipitated and repeatedly washed with 25 mL of ethanol, 

then centrifuged to obtain the QDs. For silica-coated QDs, 

1 mL of tetraethoxysilane and 0.2 mL of a 28% ammonia 

solution were added to the CdS solution. The stirring contin-

ued for 8 hours, then precipitated with acetone, repeatedly 

washed with 25 mL of ethanol, and then thrice with 25 mL 

of double-distilled H
2
O. The final product was desiccated to 

obtain water-soluble, silica-coated CdS QDs.

CD31 antibody labeling of nanoparticles
The silica-coated QDs were amine functionalized to 

facilitate the direct conjugation of CD31 antibodies onto 

the nanoparticle surface. Then the amine-functionalized 

nanoparticles (10 mg) were stirred with 5% glutaraldehyde 

(2 mL) for 5 hours, then centrifuged and washed thrice with 

10  mL of PBS. The resulting glutaraldehyde-conjugated 

nanoparticles were re-dispersed in PBS. CD31 antibodies 

(50  µL) were added to this nanoparticle suspension and 

conjugation was carried out at 4°C under gentle shaking for 

4 hours. The product was stored at 4°C until use. Figure 1 

depicts the scheme for conjugating the CD31 antibodies to 

the amine-functionalized silica nanoparticles.

Cell culture
HUVECs were maintained in T25 flasks using Medium 

200 supplemented with low serum growth supplements and 

antibiotics (100 µ/mL penicillin and streptomycin). The cells 

were sub-cultured every 2 days. Gl-1 cells were maintained 

using DMEM supplemented with fetal bovine serum and 

antibiotics. The cells were sub-cultured every 4 days. Both 

cell lines were maintained in glass-base dishes and 96-well 

plates for confocal and cytotoxicity analysis, respectively. For 

cytotoxicity, reactive oxygen species (ROS) and Coomassie 

Silica coated cds QD
Amine functionalized

nanoparticle

Bi-linker attached
nanoparticle

CD31 antibody conjugated
nanoparticle

Conjugation of
CD31 antibody

Bi-linker
(glutaraldehyde
attachment)

Amine functionalization

APTES

Figure 1 Schematic representation of CD31 antibody conjugation onto silica coated CdS QDs.
Abbreviations: APTES, 3-Aminopropyltriethoxysilane; CdS QD, cadmium sulfide quantum dot.
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cellular protein estimation assays, approximately 5000 cells 

were seeded into each of the 96-well plates. The cells were 

grown until visual confluency, then 100 µL of CdS QDs, 

silica-coated CdS QDs, and targeted silica QDs were added at 

varied concentrations (1 mg and 100, 10, and 1 µg). The con-

trol group was devoid of nanomaterials and the experiments 

were conducted in triplicate. After 24 hours of incubation 

with nanoparticles, the cells were washed with PBS and 

0.2 mL of the respective medium was added. Cell viability 

was assayed with alamarBlue according to the manufacturer’s 

instructions and the fluorescence at 570 nm was measured. 

The ROS, employing 2′,7′-dichlorfluorescein-diacetate dye, 

was measured at 480 nm. The Coomassie protein reagent 

was employed for protein estimation studies and the resultant 

absorbance was read at 570 nm.

Confocal microscopy was carried out to analyze the 

fluorescence of the nanomaterials. The cells were plated 

onto glass-base dishes and cultured until they attained 

80% confluency. Subsequently, the nanomaterials were 

added to the plates at a concentration of 500 µg/mL, and 

the cells were incubated for 2 hours at 37°C in an incubator 

maintained at 5% CO
2
. The 500 µg/mL amount was chosen 

primarily because, at this concentration, the cells showed 

maximum viability with saturated fluorescence intensity. 

The cells were then washed with PBS and viewed under 

a confocal microscope at 488 nm excitation with a green 

filter. A time-dependent uptake study was carried out to 

visualize the effective imaging potential of the bare and 

coated QDs.

In vivo biocompatibility and imaging  
of bare CdS and silica-coated CdS QDs
Biocompatibility analysis and in vivo optical imaging of 

the medaka fish embryos were carried out by direct media-

based exposure. The medaka embryos were collected, 

sorted, and incubated with bare CdS and silica-coated CdS 

QDs at a concentration of 100 µg/mL of embryo-rearing 

medium (ERM).44 Fifteen embryos were chosen for treat-

ment with each set of nanoparticles (control, CdS QDs, and 

silica-coated CdS QDs) and the experiment was carried out 

in duplicate. The treated embryos were incubated at 26°C 

for 1 day on a 16-/8-hour light–dark cycle. The embryos 

were rinsed on alternate days with ERM and analyzed 

for viability and morphological deformities. In addition, 

they were also viewed under a fluorescence microscope 

to assess their nanoparticle uptake. Nanoparticle exposure 

continued until Day 13, and the hatched fry were also 

visually analyzed.

Instruments and measurements
Particle morphology was studied with a field emission 

transmission electron microscope (TEM, JEM-2200-FS; JEOL, 

Tokyo, Japan). The synthesized particles were analyzed via 

TEM to obtain the fine structures of the CdS and silica-coated 

CdS QDs. The ultraviolet (UV)–visible and photoluminescence 

spectra of bare and silica-coated QDs were studied. The particles 

were dissolved in double-distilled H
2
O, and the UV spectroscopy 

was carried out using a Shimadzu UV-2100PC/3100PC UV 

visible spectrometer (Kyoto, Japan). Photoluminescence spectra 

were recorded with an excitation wavelength of 360 nm using 

a JASCO FP-750  spectrophotometer (Tokyo, Japan). The 

quantum yield measurement was carried out using a Hitachi 

FP4500 spectrophotometer (Tokyo, Japan). Rhodamine 6G 

from Sigma-Aldrich (St Louis, MO) was used as the standard 

dye for quantum yield measurements. The particle suspension 

was illuminated using UV and its fluorescence captured via a 

Pentax Optio W80 digital camera (Pentax Ricoh Imaging Co, 

Tokyo, Japan). Energy-dispersive X-ray spectroscopy (EDS) 

and EDS mapping (JEOL JED-2300T) and X-ray photoelectron 

spectroscopy (XPS; Kratos Analytical, Tokyo, Japan) were 

carried out to analyze the elemental composition of bare, 

silica-coated, and targeted silica-coated QDs. Powder X-ray 

diffraction (XRD) pattern was carried out on a Rigaku (RINT) 

diffractometer (Tokyo, Japan) equipped with a rotating anode. 

The 2θ angle for the XRD spectra was recorded at a scanning 

rate of 5°/minute.

Cytotoxicity studies were carried out using a microplate 

reader (Multidetection Microplate Scanner; Dainippon 

Sumitomo Pharma Co, Ltd, Osaka, Japan). The fluorescence of 

the nanomaterials inside live cells was visualized with the help 

of a confocal microscope (Olympus IX 81, under DU897 mode; 

Tokyo, Japan) using a fluorescein isothiocyanate filter. The 

viability of cells after treatment with nanomaterials was 

visualized with a phase contrast microscope (Nikon Eclipse 

TE2000-U; Nikon Instruments, Tokyo, Japan). A Leica 

Microsystems AF 600 fluorescence microscope (Wetzlar, 

Germany) was used for in vivo imaging and biocompatibility 

analysis of the medaka embryos under a GFP6 filter.

Results and discussion
Structural and elemental characterization 
of bare and silica-coated CdS QDs
To prepare CdS and silica-coated QDs, we utilized reverse 

microemulsion methodology as described. The nano-

particles (bare and silica-coated CdS) were successfully 

synthesized and were highly water-soluble. This facilitated 
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their use in in vitro studies without the need of any further 

surface modifications. As shown in the TEM micrograph, 

the CdS QDs (Figure 2A and B) were highly monodispersed 

and exhibited good crystal lattice fringes, with average sizes 

of 4–5 nm. Figure 2C and D show the TEM image of silica-

coated CdS QDs. The silica-coated QDs were also highly 

monodispersed and each particle consisted of a single CdS QD 

at its core. The sizes of the silica-coated QDs were approxi-

mately 35–40 nm. The high-resolution TEM images of the 

silica-coated QDs are shown in Figure 2E and F. The crystal 

lattice patterns of CdS QDs encapsulated in silica shells were 

clearly visible. Nearly 90% of the particles were of uniform 

size (35–40 nm) and uniform spherical shape when the reaction 

time was 8 hours. In the case of targeted silica-coated QDs, 

no morphological differences with non-targeted nanomaterial 

were observed under TEM. We could also control the size of 

the silica coating when the reaction time was reduced from 

8 hours. A thin silica coating was observed at 2–3 hours of 

reaction time. These thinly silica-coated CdS QDs rendered 

toxicity to cells, which may be attributed to cadmium ions 

leaching through the thin coat (data not shown).

Figure  3  shows the EDS spectra of bare (Figure  3A) 

and silica-coated QDs (Figure 3B). The presence of Cd and 

S confirmed the formation of CdS QDs, and the presence of 

C D

A B

E F

20 nm100 nm

5 nm20 nm

10 nm10 nm

Figure 2 Transmission electron microscopy (TEM) images of bare cadmium sulfide quantum dots (CdS QDs; A and B), silica-coated CdS QDs (C and D), and high-resolution 
TEM images of silica-coated CdS QDs (E and F).
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only Si and O was noted in the case of silica-coated QDs. 

Figure 4 shows the XPS analysis of bare CdS QDs. Figure 4A 

and B, correspond to the Cd and S peaks, whereas Figure 4C 

shows the wide XPS spectra of the CdS QDs. The presence 

of Si and O was from the silica substrate used while per-

forming XPS. Figure 5 corresponds to the XPS analysis of 

silica-coated and CD31 antibody-targeted silica-coated QDs. 

The presence of Si and O was clear; the substrate used in this 

case was carbon tape. When CD31-conjugated silica-coated 

QDs were analyzed for elemental incidence, we observed an 
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Figure 3 Energy-dispersive X-ray spectroscopy analysis of (A) bare cadmium sulfide quantum dots (CdS QDs) and (B) silica-coated CdS QDs.
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enhanced peak of N compared with the amine-functionalized 

counterpart, suggesting CD31 had successfully conjugated 

onto the silica-coated QDs (Figure  5 [bottom]). In both 

EDS and XPS, the presence of Cd and S peaks could not be 

observed in the case of silica-coated QDs. These particles, 

however, exhibited fluorescence under UV illumination. 

As bare Si particles are nonfluorescent, the fluorescence 

visualized is certainly from the CdS QDs encapsulated in the 

silica shell. TEM images also support the presence of CdS 

cores inside the silica shell. This clearly indicates that QDs 

were present deep inside the silica shell and were efficiently 

encapsulated, with no surface adherence of the QDs. EDS 

mapping was performed to analyze the presence of CdS deep 

inside the silica shell (Figure 6). Figure 6A shows the high-

resolution TEM image of the sample area where mapping was 

performed. B–E of Figure 6 correspond to the mapping of 

the elements Cd, S, Si, and O, respectively. The presence of 

all four elements was recorded by EDS mapping, confirming 

the presence of CdS QDs inside silica spheres. The XRD 

pattern of bare CdS is shown in Figure S1. The diffraction 

peaks were assigned to 2θ = 27.1°, 44.8°, and 53.4° of CdS 

QDs, suggesting a cubic structure.

Optical characterization of bare  
and silica-coated CdS QDs
The UV–visible spectroscopy absorption spectra of plain 

silica, bare, and silica-coated CdS QDs were analyzed 

(data not shown). Plain silica did not show any absorbance, 

whereas the bare QDs showed peak absorption at 400 nm. 

The silica-coated QDs showed a slight red shift in absorption. 

The targeted nanoparticles showed similar absorbance to that 

of the silica-coated QDs (data not shown). Figure 7 shows 

the photoluminescence spectra for bare QDs and targeted 

silica-coated QDs. The excitation wavelength was 365 nm 

1500

414

400

800

1200

1600

2000

2400

2800

3200

3600

4000

411 408 405 402 171 168 165 162 159

120

160

200

240

280

320

360

400

C
o

u
n

ts
C

o
u

n
ts

C
o

u
n

ts

C

A B

1300

1100

900

700

500

300

100

800 600

Cd 3p

Cd 3d

Cd 3d
S 2s

Cd 3d

S 2s Cd 4s

400

Binding energy (eV)

Binding energy (eV) Binding energy (eV)

200 0
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and a clear emission peak was noted, centered at 600 nm 

for both particles. Figure 7 (inset) shows UV illumination 

of bare and silica-coated CdS QDs. The quantum yields of 

bare and silica-coated CdS QDs were found to be 0.02% 

and 0.03%, respectively. The conjugation of CD31 did not 

alter any of the optical characteristics of silica-coated CdS 

QDs. To assess and affirm the increased shelf-life stability 

of the silica-coated CdS QDs, UV luminescent images of 

the nanomaterials after 3  months of storage (Figure S2) 

were recorded. The silica-coated QDs exhibited excellent 

fluorescence under UV light, even after storage under normal 

light for such an extended period. In stark contrast, the 

fluorescence of QDs without a silica coating was observed 

to have diminished drastically under normal light and 

no fluorescence was recorded after 1  month. This clearly 

favors our claim regarding the long-term storage capability 

1000 800 600

Binding energy (eV)

400 200

N

C 1s

O

Si 2s Si 2p

0

Figure 5 X-ray photoelectron spectroscopy analysis of silica-coated cadmium sulfide (CdS) quantum dots (top) and CD31 antibody-labeled silica-coated CdS QDs (bottom 
spectrum).
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Figure 6 Energy-dispersive X-ray spectroscopy mapping of cadmium sulfide quantum dots coated with silica. (A) Transmission electron microscopy image. (B) Cadmium 
mapping. (C) Sulfur mapping. (D) Silicon mapping. (E) Oxygen mapping.
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of the silica-shielded CdS QDs and proves their increased 

photostability.

Biocompatibility of QDs  
and silica-coated QDs
To efficiently employ these nanomaterials as cellular imag-

ing probes, imparting biocompatibility to them is of prime 

importance. Bare CdS QDs are reported to be toxic to cells, 

and their cytotoxicity becomes significant with increases in 

concentration. The cytotoxicity of bare QDs is due to the 

release of cadmium ions inside live cells, leading to ROS 

production and glutathione depletion. Our aim with silica 

coating was to minimize the toxicity, as the silica layer 

can efficiently block the release of cadmium ions from 

the CdS core. As described, cytotoxicity tests were carried 

out using alamarBlue. The cytotoxicity profiles of bare and 

silica-coated QDs were studied on HUVECs and Gl-1 cells. 

Upon the subsequent addition of the nanoparticles, cell 

viability decreased as a function of concentration and time. 

The densities of viable HUVECs observed under different 

concentrations after 24 hours incubation with the nanopar-

ticles are presented in Figure 8. The cells showed an uptake 

of QDs within 2  hours and of silica-coated nanomaterial 

within 4 hours of incubation, as evidenced from confocal 

studies; hence, it was concluded that cytotoxic studies could 

be carried out after 24 hours. Bare QDs had comparatively 

higher levels of toxicity, even at the lowest concentrations 

(1 µg), at which only 55% of cells were viable. At the highest 

concentration (1 mg), only 10% of the cells were viable. On 

the contrary, in the case of silica-coated QDs, the viability of 

the cells was greatly enhanced. The cell viability was as high 

as 60% at the highest concentration of 1 mg/mL of silica-

coated QDs, highlighting the prominent biocompatibility 

acquired by these nanomaterials post-silica encapsulation. At 

concentrations of 10 and 1 µg/mL, nearly 88% and 96% of 

cells were viable, respectively. In the case of Gl-1 cells, the 

cytotoxicity of bare QDs was highly pronounced, with only 

3% of cells viable at the highest concentration (1 mg/mL). 

Even at a concentration of 1 µg/mL, we could observe only 

around 40% viability. With silica-coated QDs, the viability 
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Figure 8 Effect of cadmium sulfide quantum dots (CdS QDs), silica-coated CdS QDs, and CD31-targeted silica-coated CdS QDs on human umbilical vein endothelial cell 
(HUVEC) and glioma cell viability.
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was assessed to be around 75% and 40% at lower (1 µg/mL) 

and higher concentrations (1 mg/mL), respectively. Gl-1 cells 

are shown to effectively take up nanomaterials at higher levels 

than HUVECs, which was evidenced by confocal microscopic 

studies. The higher toxicity in Gl-1 cells can be attributed to 

this increased uptake of nanomaterials within a short period. 

In the case of the targeted silica-coated CdS QDs, Gl-1 cells 

showed less toxicity than those cells treated with non-targeted 

silica-coated CdS QDs. Meanwhile, in the case of HUVECs, 

viability remained the same as that of the non-targeted nano-

particle treatment. This might be due to the high specificity of 

antibody-labeled silica-coated QDs toward endothelial cells 

compared with Gl-1 cells, resulting in a decreased intake of 

nanomaterials in the latter. Alternatively, this may be attrib-

uted to the absence of CD31 markers on the surface of Gl-1 

cell lines, corresponding directly to the significance of the 

high specificity of our targeted nanomaterial.

The cellular ROS formation, when subjected to nanopar-

ticle (CdS and silica-coated CdS QDs) treatment, was also 

studied. As per the alamarBlue assay experiment, HUVECs 

and Gl-1  cells were treated with three concentrations of 

CdS and silica-coated CdS QDs. We were able to detect 
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Figure 9 Effect of cadmium sulfide and silica-coated quantum dots on (A) cellular radical formation (reactive oxygen species [ROS]) and (B) on protein synthesis.
Abbreviations: CPA, coomassie protein assay; HUVEC, human umbilical vein endothelial cell.
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higher levels of ROS formation in both cell lines treated 

with the CdS QDs than in the control group (Figure 9A). 

This ROS formation indicates released cadmium toxicity 

leading to cellular apoptosis. Coomassie protein assay 

showed that the total cellular protein production of both the 

cell lineages treated with CdS QDs was drastically reduced 

when compared with the control group (Figure 9B). This 

was attributed to the lower cellular metabolic activity of the 

cells treated with bare QDs. However, the ROS and protein 

production of silica-coated CdS QDs-treated cells remained 

comparable to the control group except at the concentration 

of 1  mg/mL. At this concentration, the ROS production 

increased slightly. The protein production of cells treated 

with 1 mg/mL of silica-coated QDs showed slightly com-

promised metabolic activity. This insignificant increase in 

ROS and decreased protein production did not cause any 

lethal effects to the cells, reaffirming the biocompatibility 

attained with a silica coating.

In general, it was clearly evidenced that silica-coated 

QDs exert no significant cytotoxic effects on endothelial cells 

when compared with bare QDs, thereby suggesting they are 

highly safe labeling probes.

Intake of nanomaterials by cells  
and imaging
The cellular uptake and endocytosis of these nanomaterials 

were studied by means of a confocal microscope to determine 

the cellular uptake/entry of bare and silica-coated QDs. 

HUVECs and Gl-1 cells were treated with as few as 100 µg/

mL of both nanomaterials and incubated for 1 hour (Fig-

ure 10). In the case of bare QDs, Gl-1 cells showed efficient 

uptake of nanomaterials after 1 hour of incubation. How-

ever, HUVECs were not efficiently labeled with bare QDs 

at 1 hour. This may be the reason for pronounced Gl-1 cell 

cytotoxicity, since they showed high uptake of nanomateri-

als within a short period. To check whether time-dependent 

uptake of bare QDs exists, we incubated both cell lines with 

bare QDs for 2 hours (Figure 11). After 2 hours, both cells 

showed efficient uptake of bare QDs and were effectively 

labeled. When the cells were incubated for a longer dura-

tion with bare QDs (24 hours), most of the Gl-1 cells died, 

rounded, and started to float (Figure 12); the HUVECs also 

started to undergo cell death. Shrinkage of HUVECs after 

24 hours of incubation with bare QDs was observed.

Figure  13  shows the uptake and internalization of 

silica-coated QDs by HUVECs and Gl-1 cells after 2 hours 

of incubation with the nanomaterials. After 1  hour of 

incubation, no uptake of silica-coated nanomaterials 

was recorded by either the HUVECs or Gl-1 cells. After 

2 hours, both cell lines showed uptake of nanomaterials, 

but not as significantly as in case of bare QDs incubated 

for 2 hours. This may be because of the size effect of the 

nanomaterials under study. Bare QDs are 4–5 nm and are 

taken up efficiently after 2 hours of incubation, whereas 

Bright field image Fluorescence image Merge

A

B

Figure 10 Imaging of (A) human umbilical vein endothelial cells and (B) glioma cells using cadmium sulfide quantum dots after 1 hour of incubation.
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Bright field image Fluorescence image Merge

A

B

Figure 11 Imaging of (A) human umbilical vein endothelial cells and (B) glioma cells using cadmium sulfide quantum dots after 2 hours of incubation.

A B

Figure 12 Human umbilical vein endothelial cells (HUVECs) (A) and glioma cells (B) after 24 hours of incubation with bare quantum dots.
Note: The phase contrast images clearly show that HUVECs have started to undergo cell death, whereas the glioma cells are dead and rounded.

Bright field image Fluorescence image Merge

A

B

Figure 13 Imaging of (A) human umbilical vein endothelial cells and (B) glioma cells using silica-coated cadmium sulfide quantum dots after 2 hours of incubation.
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silica-coated QDs are 35–40  nm, thereby presenting 

minimal intake in both cells. Apart from the size factor, 

this discrepancy in cellular uptake could also be due to 

the surface properties of the QDs and silica-coated QDs. 

When the cells were incubated with silica-coated QDs 

for 4 hours (Figure 14), comparable efficient uptake was 

observed. However, silica-coated QDs did not show rich 

fluorescence compared with bare QDs. Silica coating over 

QDs efficiently stabilized the fluorescent property of QDs, 

reducing their photobleaching, with limited reduction in 

fluorescence intensity. The cells treated with silica-coated 

QDs were viable even after 48  hours (data not shown), 

clearly indicating their biocompatibility. Thus, our results 

suggest that silica-coated QDs are effective cell labels due 

to their enhanced photostability for extended periods and 

their biocompatibility inside live cells.

Figure 15 shows the targeted imaging of endothelial cell 

lines by CD31-labeled silica-coated CdS QDs. Gl-1  cells 

were used as a negative control, as they lack CD31 markers on 

their surfaces. Targeted nanoparticles were added to both cell 

Bright field image Fluorescence image Merge

A

B

Figure 14 Imaging of (A) human umbilical vein endothelial cells and (B) glioma cells using silica-coated cadmium sulfide quantum dots after 4 hours of incubation.

A

B

Bright field image Fluorescence image Flow cytometry

Figure 15 Imaging of (A) human umbilical vein endothelial cells and (B) glioma cells using CD31-labeled silica-coated cadmium sulfide quantum dots after 1 hour of incubation.
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lines and incubated. After 1 hour of incubation, the cells were 

washed to remove the unbound nanoparticles and were imaged 

using a confocal microscope. Highly efficient endothelial 

labeling was observed by the targeted nanoparticles. CD31 

was expressed all over the surface of the cells. Further, the 

cytoplasm – including the nucleus – of the endothelial cells 

showed uptake of nanomaterials. Increased uptake was 

witnessed within 1 hour in the case of the endothelial cells, 

whereas the Gl-1 cells showed greatly decreased uptake of 

nanoparticles when compared with non-targeted treatment. 

Weak fluorescent signals from the nuclear region of HUVECs 

were observed after 1 hour of incubation. Therefore, the cells 

were incubated with targeted nanoparticles for 2 hours and a 

confocal microscopic study was carried out. Excellent uptake 

and internalization of targeted nanomaterials into the nuclear 

region was visualized, currently a first (Figure  16). Even 

though there was increased uptake of nanomaterials into the 

nuclear region, the 4′,6-diamidino-2-phenylindole staining of 

the cells showed proper nuclear morphology. As mentioned 

previously, there was an increased uptake of non-targeted 

nanoparticles by Gl-1 cells when compared with HUVECs. 

However, with targeted nanoparticle treatment, Gl-1  cells 

showed weak and reduced fluorescent signals, suggesting 

the highly limited intake of targeted nanomaterial, in turn 

emphasizing the high specificity of the nanofactor toward 

HUVECs. Flow cytometry analysis was also carried out to 

determine the efficiency of targeted silica-coated CdS QDs 

with higher specificity toward HUVECs, sparing Gl-1s any 

internalization (Figure  15, right column). The flow cyto

metry data reveal that HUVECs showed nearly 104 cells 

with particle internalization, whereas only 101 Gl-1  cells 

showed internalization of nanoparticles. These results 

clearly indicate our success in achieving a breakthrough in 

high-specificity targeting of endothelial cells, which may 

carve a significant and prominent niche into in vivo vascular 

lineage imaging.

In vivo applications
To investigate the applicability and feasibility of bare 

and silica-coated QDs for in vivo imaging, we employed 

medaka embryos as test models. Embryos were exposed 

to both nanoparticles at a concentration of 100  µg/mL 

of ERM for 24  hours. After 24  hours, the embryos were 

viewed for the intrinsic biocompatibility of these two nano-

particles (Figure  17). We found that the embryos treated 

with CdS QDs had all shrunk, with blood clots evidently 

visible (Figure 17A). None of the embryos survived, prov-

ing the toxicity of cadmium-based QDs within 24 hours of 

incubation. This lethality of the CdS QDs can be attributed 

to the release of cadmium ions from the nanocrystals, which  

led to heavy metal toxicity, which correlates with the in 

vitro assay results. All embryos treated with silica-coated 

Bright field image DAPI staining Fluorescence image

Figure 16 Viability staining and nuclear penetration of targeted silica-coated cadmium sulfide quantum dots.

Bright field

Bright field Fluorescence image

A

B

Figure 17 (A and B) In vivo optical imaging of medaka embryos and a viability 
assessment using bare CdS and silica-coated cadmium sulfide quantum dots at a 
concentration of 1 µg/mL of embryo-rearing medium.
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Figure 18 (A) Survival rate and (B) Hatching rate of embryos treated with bare cadmium sulfide (CdS) and silica-coated CdS quantum dots.

QDs were viable and healthy, without any notable deformi-

ties of the embryonic body, as with their control counter-

parts (Figure 17B). The survival and hatching rates of the 

embryos were examined to understand the toxic nature of 

QDs and the cytobio-amiability of silica-coated CdS QDs 

(Figure 18). In the case of CdS QDs, all test embryos were 

dead by Day 2 of nanoparticle exposure. However, with 

silica-coated QDs, the embryos remained viable and hatched 

concurrently with the control group, with the fry exhibiting 

a healthy profile. The heartbeats of the embryos treated with 

silica-coated QDs were also monitored (Supplementary 

video 1). This increased biocompatibility can be attributed 

to the presence of a silica shell, which prevents the leakage 

of cadmium ions from the QD core. The 20 nm silica shell 

around the core potentially plays a role in improvising 

biocompatibility. The silica-coated CdS QD-treated embryos 

were checked for particle uptake, which subsequently leads 

to fluorescence of the embryonic body of the medaka until 

hatching (Figures 17B and 19). This strong fluorescence of 

the silica-coated nanomaterials depicted the efficient uptake 
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and internalization of silica-coated QDs into the embryonic 

body, clearly denoting the exceptional biocompatibility of the 

nanoparticles, along with their outstanding imaging ability.

Altogether, these silica-coated nanoparticles thus rep-

resent one of the new classes of nanocarriers for vascular 

theragnostics when targeted through specific ligands. This 

system holds promise for improving pharmacotherapy and 

easing antagonistic side effects when utilized for diagnostic 

therapy.

Conclusion
In this work, CdS and silica-coated CdS QDs were success-

fully synthesized. We demonstrated the uptake of CdS and 

silica-coated CdS nanomaterials in live cells. Successful 

employment of silica-coated CdS nanomaterials as efficient 

cell tags was achieved, and the prominent limitations of CdS 

QDs – such as toxicity and faster photobleaching – could be 

effectively countered. In addition to imparting biocompat-

ibility and checking photobleaching, the silica coat also 

enhanced the shelf life of the QDs.

We report here the development of a QD-based targeting 

scheme to enhance selectivity, warranting higher specificity 

toward HUVEC cells. Thus, these fluorescent particles are 

proposed as highly proficient cell tags and can be directed 

for diagnostic targeting if suitably surface-functionalized. 

The fluorescence from the medaka embryos with any visible 

toxicity showed the potential of these silica-coated QDs in 

various biological labeling applications, including whole-

body in vivo optical imaging involving tumor targeting 

and diagnosis. This study allows for the visualization of 

more accurate therapeutic delivery and diagnostic imaging 

applications in the near future based on highly adept tools 

such as QDs/silica nanomaterials.
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Figure S1 X-ray diffraction pattern of bare cadmium sulfide quantum dots.

Figure S2 Ultraviolet (UV) luminescence image of silica-coated cadmium sulfide quantum dots after 3 months of normal day/night light storage to depict increased stable 
shelf life.
Notes: At right is the normal light image; at left is the UV illumination.

Supplementary video 1  Medaka embryos treated with silica-coated cadmium sulfide quantum dots (CdS QDs; A – Day 5 and C – Day 12). The viability of the embryos 
with their vital organs developed is shown. It is possible to visualize the heartbeat and blood pumping inside the cuverian duct. The video also depicts the biocompatibility of 
silica-coated CdS QDs. A video of the fluorescence for the same embryo is also provided (B – Day 5 and D – Day 12).

Supplementary video 1A
Supplementary video 1B
Supplementary video 1C
Supplementary video 1D
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