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Photoinduced change of AgInS2 quantum dots fluorescence properties:

influence of protein environment
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Semiconductor quantum dots (QDs) AgInS2 and AgInS2/ZnS were synthesized and changes in their fluorescence

properties under external radiation were studied. To assess the effect of the protein environment, QDs were

encapsulated in albumin nanoparticles and coated with a fetal bovine serum shell to imitate the protein corona.

It was demonstrated that the protein environment has a significant effect on the luminescent properties of QDs,

namely, a hypsochromic shift of the luminescence band and a decrease in the luminescence quantum yield. The

results showed that ZnS shell and both types of protein shells lead to a decrease in the photobleaching rate of the

fluorescent properties of QDs as a result of interaction with light.
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Introduction

In the years passed since their colloidal synthesis, semi-

conductor quantum dots (QDs) have attracted research

attention due to their unique photophysical properties and

the size quantization effect [1]. Traditional A2B6 QDs have

found application both in biomedicine for biological imaging

and sensorics and as efficient donors of energy and charge

carriers in complexes with various molecules [2]. However,

these QDs are highly toxic [3]. Biologists are concerned

about the presence of heavy metal ions (namely Cd, Se,

Zn, and Pb), which may cause oxidative stress and DNA

destruction, in QDs [4]. Owing to their relatively simple syn-

thesis and high stability and luminescence quantum yield,

AgInS2 ternary QDs have become a promising alternative

to traditional QDs in medical applications [5]. In addition,

QDs of this kind have the capacity to generate a superoxide

independently and act as a sensitizer for photodynamic

therapy [6]. Thus, AgInS2 QD-based platforms may be used

both for cell imaging and biodistribution of systems in the

body and as a therapeutic tool. In both these cases, the

functionality of QDs depends on the results of QD–radiation

interaction.

QDs belong to the class of photoactivated systems

the photophysical properties of which may change after

interaction with light. When external radiation is absorbed,

photochemical reactions proceed on the particle surface

(specifically, surface photooxidation) [7]. In the case

of traditional CdSe QDs, the fluorescence quantum yield

increases at the first stage due to the oxidation of defects on

the QD surface that compete with fluorescence. Further

surface oxidation leads to the formation of new defects,

which results in deterioration of the fluorescent properties

of QDs.

We have demonstrated in our earlier study that pho-

toinduced processes may enhance both the fluorescent

properties of QDs and their efficiency as a charge donor

in a system with titanium dioxide nanoparticles (NPs) [8].

It is fair to assume that photoinduced processes should also

have a significant impact on the properties of AgInS2 QDs,

but this issue has not been investigated in sufficient detail.

The study of patterns of variation of photoinduced processes

with the protein environment of QDs is of particular interest

for this QD type. The first barrier encountered by a

nanoplatform in biological QD applications is opsonization

(interaction with proteins of the circulatory system), which

leads to the formation of a so-called protein corona on

the QD surface [9]. This protein corona may affect the

photophysical properties of NPs and their functionality; in

particular, it may curb the potential for targeted delivery

via surface modification of NPs. A protein corona of bovine

fetal serum molecules will be used as a model of the protein

environment of QDs in the bloodstream.

Albumin particles, which may be used for intracellular

drug delivery, will be used as another protein environment

model. Albumin nanocarriers have several advantages. This

led to the approval of Abraxane, which is a conjugate of

albumin and Paclitaxel designed for cancer therapy [10].

Encapsulation of QDs in albumin NPs will suppress the

body’s immune response to nanoplatforms. In addition, it

will enable targeted delivery of QDs to cancer cells due to

the interaction of albumin with gp60 and SPARC receptors

of cancer cells [11] and enhance cellular internalization by

changing the size of the system and their charge [12].

396



Photoinduced change of AgInS2 quantum dots fluorescence properties... 397

AgInS2

gp60

1

2

Figure 1. Schematic diagram of the systems based on QDs and

protein molecules formed in the present study: 1 — conjugates

with FBS that are meant to imitate the protein corona formed on

the QD surface in the bloodstream; 2 — QDs encapsulated in

ANPs that are capable of targeted delivery of QDs to cancer cells.

The study of photoinduced processes under the above

conditions is a prerequisite for assessing the potential of

QDs in bioimaging and photodynamic therapy.

In the present study, AgInS2 and AgInS2/ZnS QDs were

synthesized hydrothermally. Conjugates of QDs with serum

and albumin NPs were produced by their coincubation for

24 h. It was found that a ZnS shell enhances the quantum

yield of QD fluorescence and induces a hypsochromic shift

of fluorescence spectra. The presence of proteins in the

immediate environment reduces the quantum yield of QD

fluorescence and also leads to a shift of QD fluorescence

spectra to the short-wavelength region. AgInS2 QDs are

prone to rapid bleaching of fluorescent properties when

exposed to external radiation; semiconductor (ZnS), protein
(fetal bovine serum (FBS) proteins), and albumin shells

slow down the rate of this process, making these systems

better suited for biological applications.

Materials and methods

Aqueous AgInS2 (core) and AgInS2/ZnS (core/shell) QDs
were synthesized using the hydrothermal method [13]. The
synthesis of AgInS2 QDs was performed in a three-necked

glass flask with 5ml of H2O. The following reagents were

introduced into it successively: 0.052ml of AgNO3 (0.1M),
0.104ml of TGA (1M), 0.0334ml of NH4OH (5M),
0.0364ml of InCl3 (1M), 0.08ml of NH4OH (5M), and
0.052ml of Na2S·9H2O (1M). The synthesis lasted for

30min. After that, 0.078ml of TGA (1M), 0.05ml of

NH4OH (5M), and Zn(CH3COO)2 (1.0M) were added to

grow the ZnS shell. The temperature of the medium in

the flask was set to 90◦C, remained constant throughout

the process of synthesis, and was adjusted using a heating

element and a temperature sensor in a water bath. Fol-

lowing synthesis, the QD solutions were washed by adding

isopropyl alcohol in a 1:2 ratio and centrifuged for 3min at

12 000 rpm. The samples were then re-dissolved in water

and stored in the dark at a temperature of 4◦C.

An aqueous solution of QDs with 10% and 30% FBS and

a concentration of 5 · 10−6 M was prepared in order to form

conjugates of QDs with FBS proteins. The resulting mixture

was left for coincubation for 15 h in the dark at room

temperature. Albumin molecules, which are predominant

in FBS, are negatively charged and bind electrostatically

to positively charged QDs. The obtained conjugates were

stored in the dark at a temperature of 4◦C.

A similar technique was used to produce QD/albumin

NP (ANP) systems. ANPs were synthesized by desolvation

and subsequent cross-linking with glutaraldehyde [14]. The
particles synthesized this way have a negative surface charge

and a size of ∼ 120 nm. A weighed portion (1 mg) of

particles was added to the aqueous QD solution with a

concentration of 5 · 10−6 M. Coincubation was carried out

in the dark at room temperature under constant stirring. The

particles were then centrifuged for 15min at 12 000 rpm,

and free QDs remained in the non-settling liquid. The

sedimented systems were re-dissolved in deionized water

and stored in the dark at a temperature of 4◦C. The QD

encapsulation efficiency was estimated using the following

formula:

E(%) = (I initial − Isupernatant)/I inintial · 100%,

where I initial and Isupernatant are the fluorescence intensities

of the QD solution at zero encapsulation time and of the

supernatant during sedimentation of the systems at the

end of encapsulation. The formed systems are shown

schematically in Fig. 1.

The sizes of systems formed in the present study were

assessed by dynamic light scattering using a Zetasizer Ultra

device (Malvern Panalytical, United Kingdom). Stationary

absorption and fluorescence spectra were recorded with a

Multiskan Sky spectrophotometer (ThermoFisher Scientific,

United States) and a Cary Eclipse spectrofluorimeter (Ag-
ilent, United States). The fluorescence quantum yield was

estimated relative to rhodamine 6G.

To examine the effect of photoinduced processes on

the surface of QDs on their fluorescent properties, the

samples were exposed to UV radiation with a wavelength

of 365 nm. The power incident on a sample was 0.3mW;

the cell with the sample was illuminated uniformly (the
cross-sectional area of the cell was 1 cm2). The sample was

stirred periodically to ensure uniformity of QD exposure

to external radiation. The total incident radiation dose was

∼ 0.75 J◦m−2. Fluorescence spectra of QDs and systems

based on them were recorded periodically in the process of

irradiation.

Results

The influence of photoinduced processes on the surface

of QDs on their fluorescent properties was assessed in

Optics and Spectroscopy, 2025, Vol. 133, No. 4



398 V.I. Gorbacheva, I.A. Reznik, E.P. Kolesova

400 600 800

O
p

ti
ca

l 
d

en
si

ty
, 

re
l.

 u
n

it
s

0

0.05

0.10

Wavelength, nm

120

80

40

0

P
L

 i
n

te
n

si
ty

, 
re

l.
 u

n
it

s

1

2

30

20

10

0

P
L

 q
u

an
tu

m
 y

ie
ld

, 
%

1 2

Figure 2. (a) Absorption and fluorescence spectra of AgInS2 and AgInS2/ZnS QDs. The fluorescence excitation wavelength is 405 nm.

(b) Quantum yield of AgInS2 and AgInS2/ZnS QDs calculated relative to rhodamine 6G. 1 — AgInS2 QDs, 2 — AgInS2/ZnS QDs.
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Figure 3. Hydrodynamic diameter of systems based on AgInS2 (a) and AgInS2/ZnS (b) QDs: 1 — QD, 2 — QD/10FBS, 3 — QD/30FBS,

4 — QD/ANP, and 5 — ANP; efficiency of QD encapsulation in ANP: 1 — AgInS2, 2 — AgInS2/ZnS (c).

three different model scenarios: an aqueous solution of

QDs after synthesis (AgInS2 and AgInS2/ZnS), conjugates
of QDs with FBS (AgInS2/FBS and AgInS2/ZnS/FBS), and
systems with ANPs (AgInS2/ANP and AgInS2/ZnS/ANP).
Each sample was characterized and exposed to external

radiation. Fluorescence spectra of QDs were recorded in

the process of irradiation.

The surface of QDs is characterized by the presence of

a large number of defect states produced as a result of

synthesis, which may act as carrier traps and reduce the

quantum yield of QD fluorescence. It is possible to reduce

the efficiency of these nonradiative relaxation channels of

electron excitation by passivating the QD surface with ZnS

(a wide-gap semiconductor). According to literature data,

this should lead to an increase in quantum yield of QD

fluorescence [15]. The absorption and fluorescence spectra

of AgInS2 and AgInS2/ZnS QDs are shown in Fig. 2.

It can be seen from Fig. 2 that the growth of a shell

led to a hypsochromic shift of the fluorescence spectrum

of AgInS2 QDs to the short-wavelength region (from 645

to 630 nm) accompanied by a more than 2.5-fold increase

in quantum yield of fluorescence (from 9 to 24%), which

agrees closely with literature data. However, this results

in a shift of the absorption region of QDs away from the

transparency window of the human body (650−950 nm),
hindering their functionality in vivo. When QDs enter

the bloodstream, their surface is coated with a layer of

proteins (the so-called protein corona), which may lead to a

significant alteration of their luminescent and photophysical

properties. In addition, albumin particles are planned to

be used in future work for intracellular delivery of QDs to

increase the efficiency of photodynamic therapy through the

generation of a superoxide.

The method for forming the protein environment was

detailed above (see Materials and Methods). Figure 3

presents the dimensions of the formed systems determined

by dynamic light scattering and the efficiency of QD

encapsulation in albumin particles.

It can be seen that when QDs are incubated in a solution

containing 10 and 30% FBS, the system size increases
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Figure 4. Fluorescence spectra of systems based on AgInS2 (a) and AgInS2/ZnS (b) QDs: 1 — ANP, 2 — QD, 3 — QD/10FBS, 4 —
QD/30FBS, and 5 — QD/ANP. The fluorescence excitation wavelength is 405 nm.

0 0.5 1.0

0

50

100

2Doze of external radiation, J m·

P
L

 i
n

te
n

si
ty

, 
re

l.
 u

n
it

s

1
2
3
4

a

0 0.5 1.0

0

50

100

2Doze of external radiation, J m·

P
L

 i
n

te
n

si
ty

, 
re

l.
 u

n
it

s

1
2
3
4

b

Figure 5. Variation of QD fluorescence during long-term irradiation for systems based on AgInS2 (a) and AgInS2/ZnS (b) QDs: 1—
QD, 2 — QD/10FBS, 3 — QD/30FBS, and 4 — QD/ANP. The data are normalized to the fluorescence intensity at the initial moment of

irradiation.

significantly, and this increase is correlated with the FBS

content. Specifically, the AgInS2 QD system grew in size

by a factor of 3 (from 10 to 30 nm) after incubation in the

30% FBS solution. In this case, when QDs are administered

intravenously into the body, proteins will constitute more

than 70% of the QD/protein corona system volume and will

govern the surface properties of the resulting system and the

nano-bio-interaction. As for QD/ANP systems, their size is

determined by the size of the initial ANPs (120 nm), and

QD encapsulation leads to a slight increase in hydrodynamic

diameter (up to 125 and 128 nm) with an AgInS2 and

AgInS2/ZnS QD encapsulation efficiency of 60% and 32%,

respectively. It may be assumed that QDs were embedded

in the surface layer of albumin particles, and targeted

delivery of QDs to cancer cells due to activation of transport

through gp60 receptors and binding to the secreted SPARC

protein is still possible in this case [11].

Presumably, the protein environment should influence the

quantum yield of the formed systems and the photophysical

properties of QDs. Figure 4 shows the normalized

fluorescence spectra of QD-based systems.

It can be seen from Fig. 4 that the protein environment

induces a significant shift of fluorescence spectra to the

short-wavelength region. According to literature data, the

observed hypsochromic shift of fluorescence spectra is

associated with a change in the surface charge of QDs,

which becomes more negative [16]. Notably, the protein

shell of QDs and albumin particles induce the same change

in spectra, which confirms this hypothesis. All the formed

systems were subjected to long-term UV irradiation, but no

significant spectral shifts of the QD fluorescence band were

observed in the process. Figure 5 presents the variation of

intensity of QD fluorescence during irradiation.

It can be seen from Fig. 5 that the irradiation of QDs leads

to a reduction in their fluorescence intensity. With no noted

Optics and Spectroscopy, 2025, Vol. 133, No. 4
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changes in the absorption spectra of QDs, this is indicative

of a reduction in the quantum yield of QD fluorescence.

The rapid changes observed under irradiation for both QD

types provide evidence of the formation of new relaxation

channels that compete with fluorescence.

A slight enhancement of QD fluorescence intensity

(≤ 5%) was noted at a total incident radiation dose below

15mJ·m2. According to literature data, the fluorescence

of AgInS2 QDs is defect-based, which leads to long

characteristic fluorescence decay times [17]. A rapid

fluorescence intensity reduction may then be indicative

of photochemical passivation of fluorescent centers of the

QDs. The ZnS shell slows down slightly the photobleaching

process at low irradiation doses (0.25 J·m2), but even then

the QDs lose their fluorescent properties rather quickly

(Fig. 5, b). The protein environment induces a significant

slowdown of these processes, potentially allowing one

to preserve the functionality of QDs for a long period

of time. Specifically, when the incident radiation dose

exceeds 0.4 J·m2, QDs demonstrate complete photoinduced

quenching of luminescence, while the fluorescence intensity

with the protein environment remains at a level of 25% of

the initial one even at higher doses.

It follows from Fig. 5 that conjugation with serum

proteins was more efficient in protecting against photoin-

duced changes in the surface properties of QDs than their

encapsulation in albumin particles.

Conclusions

The obtained data demonstrate that the protein environ-

ment formed when QDs enter the circulatory system and

interact with cells will exert a significant influence on the

photophysical properties of QDs. Specifically, conjugation

with blood proteins and encapsulation in albumin particles

induces a hypsochromic shift of fluorescence of QDs and a

reduction in the fluorescence quantum yield, hindering their

use in vivo. However, the protein environment provides

an opportunity to reduce significantly the efficiency of

photoinduced bleaching of the fluorescent properties of QDs

and preserve their functionality. Efficient application of QDs

in biology requires optimization of QD synthesis aimed

at shifting the absorption spectral region to the near IR

range.
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