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Toxic element-free quantum dots as nanocarriers
in drug delivery: the role of functional ligands in
hybrid systems development
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Among the numerous types of nanocarrier which can be used as drug delivery systems, such as polymeric,
solid lipid and metal nanoparticles, colloidal nanocrystals of inorganic semiconductors (quantum dots, QDs)
play an important role. QDs are, in fact, hybrid nanoobjects consisting of an inorganic core capped with
organic ligands inducing their colloidal stability. This structure endows QDs with properties unmatched by
other types of nanomaterial. For example, hydrophobic nanocrystals can be rendered hydrophilic by
exchanging the primary hydrophobic ligands for hydrophilic ones, yielding colloidally stable aqueous disper-
sions. The introduced ligands can be further functionalized by covalent grafting of drug molecules or by
exploiting non-covalent interactions between the drug and the surfacial ligand. Other bioactive molecules
can also be attached to the surface of nanocrystals, so-called “targeting ligands”, ensuring efficient transport
of drugs to their final destination. Over the last 15 years, a number of synthetic procedures have been devel-
oped for the preparation of nanocrystals free of toxic elements that emit not only in the NIR-I biological
window (650-950 nm), but also in the NIR-II window (1000-1400 nm). More recently, carbon dots (CDs)
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photoluminescence, exhibit strong similarities to inorganic semiconductor quantum dots (QDs). The aim of
this short review is to critically evaluate these two types of nanomaterial, with particular emphasis on their
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1. Introduction

The original research on inorganic semiconductor nanocrys-
tals and the quantum confinement phenomenon related to
them dates back to the 1980s when Ekimov and
Onushchenko' and Brus® observed a clear effect of the size of
the “crystals” on their optical properties. However, the wide-
spread interest in this type of nanomaterial started in 1993,
following the appearance of a publication by Moungi Bawendi
et al. which described the first method of the preparation of
cadmium chalcogenides nanocrystals (CdE, E = S, Se, Te) of
narrow size dispersion.® The obtained guasi-monodispersed
nanocrystals exhibited a distinct quantum confinement effect
manifested, among others, by their size-dependent photo-
luminescence color. For this reason, they are referred to as
“quantum dots” (QDs), a term that emphasizes their quantum
electronic properties and their small dimensions. This discov-
ery was followed by an essentially exponential growth of
articles devoted to various aspects of the physics, chemistry
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functionalization for application as drug nanocarriers.

and technological applications of these nanomaterials. For
their work on quantum dots, Ekimov, Brus, and Bawendi were
awarded the Nobel Prize in Chemistry in 2023.*

Two additional pioneering papers from the early stages of
quantum dot research should be mentioned here, both pub-
lished by Alivisatos’s group. They were devoted to two dis-
tinctly different applications. The first one described the use
of CdSe QDs as components of light-emitting diodes (LEDs),’
whereas in the second, applications of QDs in bioimaging
were discussed.®” Since then, these abovementioned domains
of QD applications have constantly been developing through
formulating new research concepts. In the case of biological
and biomedical applications, the toxicity of cadmium turned
out to be a serious problem since CdSe nanocrystals were com-
monly used at that time. In particular, it was shown that the
selenide ions of these nanocrystals could undergo oxidation
with the simultaneous release of free cadmium ions from the
nanocrystal surface to the environment.*® This phenomenon
stimulated research on encapsulating CdSe nanocrystals with a
shell consisting of an amphiphilic polymer. Special emphasis
was placed on ensuring that this encapsulation did not signifi-
cantly worsen the luminescence properties of the nanocrystals
and their stability over a wide pH range.'>" However, this
approach did not solve the toxicity problem, as demonstrated
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by in vivo investigations involving the intravenous adminis-
tration of 25 mg kg™ polymer-coated core/double-shell QDs
(CdSe/CdS/ZnS) to male rhesus macaques followed by the
determination of their impact on the organism over a 90-day
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period. No toxic cadmium release or adverse histological
changes in major organs were observed.

However, after 90 days, most of the nanocrystalline material
accumulated in the liver, spleen, and kidneys, which could pose
a risk to the organism in the long term.'” It was therefore
necessary to elaborate methods for the preparation of colloidal
nanocrystals of inorganic semiconductors that did not contain
toxic elements such as cadmium, lead, and mercury. Another
class of QDs free of toxic elements and considered promising
for biological and medical applications is represented by col-
loidal carbon dots, also referred to as carbon quantum dots
(CDs). These luminescent carbon nanoparticles, typically
ranging in size from 1 to 10 nm, have been reported to exhibit
size-dependent optical properties commonly attributed to the
quantum confinement effect. Owing to the development of syn-
thetic strategies employing naturally derived carbon precursors,
CDs have often been described as biogenic quantum dots."*'*

Another important issue related to the biomedical appli-
cations of QDs was the determination of the desired spectral
ranges of their absorption and emission. This problem is
closely related to the so-called “biological spectral window” in
which the biological background absorption is the lowest. The
first biological window (NIR-I) covers the spectral range of
650-950 nm. In 2009, pioneering studies emerged revealing
the second biological window (NIR-II), ranging from 1000 nm
to about to 1400 nm or even 1700 nm, depending on the
system studied.">'® In the spectral range of NIR-II the absorp-
tion of photons by water molecules is slightly higher as com-
pared to NIR-L. This is, however, overcompensated by reduced
scattering on tissues and ultra-low autofluorescence, i.e. fluo-
rescence resulting from fluorescent molecules naturally
present in the tissues. As a result, key parameters determining
the quality of the obtained images such as detection depth,
resolution and sensitivity are being improved.'”'

The problems described above prompted a rapid growth of
research aimed at obtaining nanocrystals free of toxic elements
that would additionally emit light in the NIR-I or NIR-II spectral
ranges. Fig. 1a shows the possible spectral ranges of the emis-
sion tuning determined for selected binary, ternary and qua-
ternary nanocrystals of inorganic semiconductors which
contain neither cadmium nor lead or mercury. These nanocrys-
tals are presently used not only for bioimaging but also as nano-
carriers for drug delivery. Tuning of their light absorption and
emission is possible through strict control of their size and
shape, i.e. by exploiting the quantum confinement effect.>**>°
However, a more convenient and general method for modifying
optical properties is the preparation of ternary or quaternary
nanocrystals, which are alloys of two or more binary semi-
conductors (Fig. 1b).>"?* It should also be noted that there
exists a large group of multicomponent nanocrystals whose
compositions strongly deviate from those imposed by alloying.
This phenomenon is also being exploited in the preparation of
nanocrystals of tunable absorption and emission.****

In the design of nanocrystals emitting radiation in the
NIR-I and NIR-II spectral ranges, the value of the energy gap
(E,) is crucial. This value strictly depends on the bulk energy

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 (a) Luminescence range of selected QDs. (b) Schematic diagrams of the energy band gap engineering by two strategies: (i) QD size tuning

and (ii) composition changes. (c) Schemes of the recombination pathways: donor—acceptor pair (mechanism: recombination of a localized electron
with a localized hole) and free-to-bound (mechanism: recombination of a delocalized electron with a localized hole).

gap (Egmuik) of a given semiconductor and on the value of its
exciton Bohr radius (1), as E, increases relative to Egpui for
nanocrystals smaller than rs. In practice, an Egpu) in the
range 2 eV to 1 eV allows for the preparation of QDs emitting
light in the NIR-I range, while a gap significantly smaller than
1 eV leads to QDs emitting light in the NIR-II range. By exploit-
ing the quantum confinement effect additional tuning of this
emission in the NIR-I or NIR-II spectral range is possible. In
this case, the lowest possible Egpui) value and a relatively
large rp value are advantageous, facilitating precise size control
of the prepared nanocrystals. For example, in the case of the
CdSe semiconductor, widely studied due to its excellent
optical properties, Egui is equal to 1.74 €V and ry to 5.6 nm.
These values allow for the emission color tuning of CdSe nano-
crystals practically over the whole visible spectral range, reach-
ing the higher energetic part of NIR-1.>® It is interesting to note
that AgInS,, a semiconductor which does not contain toxic
cadmium, exhibits very similar parameters (Egpuk) = 1.87 €V,
rg = 5.5 nm) to those determined for CdSe, and in conse-
quence its nanocrystals exhibit similar optical properties.>®*”

This journal is © The Royal Society of Chemistry 2026

In the case of InP, the values of Eyuig (1.35 €V) as well as rp
(10 nm) are more advantageous. Thus by exploiting the
quantum confinement effect it is possible to synthesize nano-
crystals emitting up to 900 nm.”® The spectral range of NIR-II
can be reached for Ag,S nanocrystals since its Egpyix) is equal
0.9-1.1 eV. The possibility of their emission tuning is,
however, limited due to a rather low rg value experimentally
determined for this semiconductor (rp = 2.2 nm).*® Ag,Se
(Egpug = 0.15 €V and rp = 2.9 nm) nanocrystals can be con-
sidered as an alternative to Ag,S ones in terms of their emis-
sion in the spectral range of NIR-I1.>*" It should be noted that
many “as prepared” nanocrystals are frequently characterized
by very low photoluminescence quantum yield (PLQY). This is
due to the presence of defects on their surfaces that quench
luminescence. These defects can be removed by depositing an
appropriate shell on the nanocrystal core, thus obtaining
nanocrystals of core/shell-type.

In the case of InP nanocrystals, depositing a ZnS shell
results in an increase of PLQY from <1% for InP to 60-70% for
InP/ZnS.>*?3 Moreover, for core/double-shell InP/GaP/ZnS
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nanocrystals PLQY values reaching 85% were reported.>* In all
these cases the shell does not affect the photoluminescence
color, which is governed solely by the size of the core. As
already mentioned, the value of E, can be controllably tuned
not only by exploiting the quantum confinement effect. A
more practical method is the preparation of alloyed nanocrys-
tals from semiconductors of different Eg,yii values. By chan-
ging the composition of these nanocrystals, it is possible to
control their Eg, which in turn allows for tuning their absorp-
tion and emission spectra. The conditions for obtaining
alloyed nanocrystals are: (i) similarity of the crystal structure of
the semiconductors being alloyed and (ii) a sufficiently small
lattice mismatch. An instructive example worth mentioning
here is the alloyed AgInS,-ZnS nanocrystals, for which the
Egbul) Values are 1.87 eV (AgInS,) and 3.61 eV (ZnS) (see
Fig. 1b). Several methods of preparation of alloyed
(AgInS,),(ZnS), QDs were reported® as well as nonstoichio-
metric Ag-In-Zn-S nanocrystals (i.e. deviating from the stoi-
chiometry imposed by alloying) which significantly increase
the range of possible compositional variations.*>**” These QDs
are characterized by high PLQY values which can be reached
without the necessity of depositing of a passivation layer. They
are also characterized by a large Stokes shift, a large emission
peak half-width (full width at half-maximum, FWHM), and
long photoluminescence lifetimes (~1.0 ps), which indicates a
different radiative recombination mechanism compared to
those proposed for CdSe QDs. Based on these experimental
findings, new radiative recombination mechanisms were pro-
posed, such as electron-hole recombination between localized
donor and acceptor states®®*™*! or, more recently, the “free to
bound” mechanism involving recombination of a delocalized
electron with a localized hole (see Fig. 1c).**

In biomedical sciences, most QD applications involve bio-
imaging, and utilize controlled emission from both biological
windows (NIR-I and NIR-II).***® On the other hand, colloidal
QDs exhibit a number of other interesting properties that
make them promising platforms (carriers) for controlled drug
delivery.”>*® Individual colloidal QDs are among the smallest
nanoobjects, often ranging in size from 1 to 10 nm. As a conse-
quence they are characterized by an increased fraction of
surface ions (atoms) facilitating their surface functionalization.
It should be emphasized here that even “as-prepared” QDs are
surface-functionalized, typically with organic ligands that
ensure their colloidal stability. These so-called “primary
ligands”, often hydrophobic in nature, for biomedical research
must be exchanged for hydrophilic ones ensuring the colloidal
stability of QDs in aqueous media.

More generally, through appropriate ligand exchange, it is
possible to obtain not only aqueous colloidal dispersions of
QDs but also dispersions in essentially all common solvents. If
the ligands possess reactive end groups, the QDs can be
further functionalized by attaching various types of molecule
and macromolecule.>®*! In some cases such functionalization
may lead to a significant increase of the initial nanocrystals’
size up to 200-500 nm. However, even then, they still retain
their specific properties which can be exploited in various
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therapies including cancer ones.”” For the use in bioimaging,
but also in various therapies, in addition to hydrophilic
ligands, bioactive moieties such as molecules of folic acid are
attached to the surface of nanocrystals. Unlike normal cells,
cancer cell membranes are characterized by an overexpression
of folic acid receptors.”>>* This feature is exploited in anti-
cancer therapies.”® Fig. 2 shows the structures of folic acid and
drugs tested in QD-based hybrid drug carriers.

2. Synthesis of colloidal QDs

For the fabrication of hybrid drug nanocarriers either hydro-
philic or hydrophobic QDs can be used (Table 1). In the latter
case it is not always necessary to perform the ligand exchange;
however the nanocrystals have to be encapsulated within a
polymer shell. Alternatively, primary hydrophobic ligands can
be exchanged for hydrophilic ones. This is a delicate process
since it frequently results in a drastic decrease of the nanocrys-
tal PLQY. Thus special procedures have to be elaborated
capable of minimizing this undesirable effect. The third
option is to introduce hydrophilic moieties from the reaction
mixture as primary ligands.

2.1. Synthesis of colloidal binary QDs

Taking into account the energy gap and the exciton Bohr
radius, semiconductors such as ZnO (Egpui) = 3.37 €V, rp =
0.9 nm)°® or ZnS (Egpuig = 3.61 eV, rg = 2.5 nm)°”*® cannot
yield nanocrystals emitting radiation in the NIR-I let alone in
NIR-II spectral ranges. It should be noted that in both cases
small values of rg severely limit the possibility of using the
quantum confinement effect for tuning their absorption and
emission. However, the non-toxicity of zinc and the frequent
use of ZnS as a shell in QDs of a core/shell structure are argu-
ments allowing the recognition of nanocrystals of these semi-
conductors as potential nanocarriers. Frequently, modification
of the QDs’ composition through appropriate doping is used
to shift absorption and emission in the desired direction. For
example, magnesium-doped ZnO nanocrystals were prepared
from a mixture of Zn(OAc),/Mg(OAc), (10/1 molar ratio) dis-
solved in EtOH in a two-step procedure. Nanocrystals prepared
in the first step were then modified by capping with 3-amino-
propyltriethoxysilane (APTES) in the second one.>*®" The
doping was spectroscopically manifested by total quenching of
the emission peak at ~340 nm and the simultaneous appear-
ance of a new peak at ca. 525 nm.®' pH-sensitive emission was
reported for Mg-doped ZnO QDs of sizes ranging from 3 to
4 nm; at pH = 7.4 they emitted green light whereas at pH = 5.0
this emission was quenched.”® Defects inducing photo-
luminescence of ZnO nanocrystals within the visible spectral
range can also be generated without the introduction of a
dopant. This is the case in ZnO QDs which do not contain an
admixture of magnesium. Using Zn(OAc), and sodium or pot-
assium hydroxides in the presence of EtOH, it is possible to
obtain amine-capped ZnO QDs in a two-step process, for

which green emission is observed at approximately

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Structures of folic acid and drugs tested in QD-based hybrid drug nanocarriers.

540 nm.®>® This broad peak present in the emission spectra
of aqueous dispersions of amine-capped ZnO-NH, QDs is
attributed to transitions associated with oxygen vacancy
defects. The accompanying two peaks at 377 nm and 415 nm
originate from the QDs.®*** ZnO nanocrystals emitting radi-
ation in the visible range of the spectrum can also be syn-
thesized via the organometallic route.®® For example, QDs
obtained from Et,Zn-based precursors and capped with sulfox-
ide ligands were characterized by a size distribution of
5.4-8.2 nm and exhibited green photoluminescence of very
long lifetimes.®®

Mn®>" ions are often chosen as dopants for ZnS nanocrys-
tals. For example Mn-doped ZnS quantum dots were obtained
starting from a mixture of ZnSO,/MnCl, precursors with a
molar ratio of 12.5/1.0 using Na,S as a source of sulfur. The
reactions were carried out in aqueous solutions at room temp-
erature. As-prepared QDs were then surface-modified by reac-
tion with 3-mercaptopropyltriethosysilane (MPTS).®” These
Mn-doped ZnS QDs emitted light at a wavelength of 600 nm
characterized by long decay times of ca. 1.3 ms. For compari-
son, aqueous dispersions of ZnS QDs containing no manga-
nese (~4 nm in size) and stabilized with hydrophilic ligands
(carboxymethylcellulose, CMC) were characterized by an emis-
sion peak with a maximum at approximately 426 nm.°®

InP (Eg(pui = 1.35 €V, rg = 10 nm), due to its low Eg(pyi and
relatively high rg, is almost ideally suited for the preparation of
nanocrystals of tunable emission covering almost the entire
NIR-I range. This range is even available for small-sized nano-

This journal is © The Royal Society of Chemistry 2026

crystals (<5 nm).°® As already mentioned, in the case of InP
QDs it is necessary to deposit a ZnS or ZnSe passive layer on
the InP core, otherwise the measured PLQY is very low (<1%).
A two-step strategy is usually used in the preparation of InP/
ZnS QDs for biological and biomedical applications. In the
first step, QDs stabilized with hydrophobic ligands, primarily
long-chain carboxylic acids, are obtained. These ligands are
then exchanged for hydrophilic ones in the second step, yield-
ing dispersions stable in aqueous media. A number of syn-
thetic procedure methods have been developed over the last 20
years enabling strict size and shape control of InP nanocrys-
tals.”’ In these optimization procedures the use of the non-
coordinating solvent 1-octadecene (ODE) is considered
crucial,”* as well as replacing the expensive and unstable phos-
phorus precursor P(TMS); - tris(trimethylsilyl)phosphine, first
with gaseous PH; generated in situ due to its toxicity”” and
then with stable and non-toxic tris(diethylamino)phosphine.”
The principal methods of the preparation of core/shell InP/ZnS
nanocrystals are based on a two-step reaction with no separ-
ation of InP particles from the reaction mixture. In the first
step, starting from a mixture of In(OAc); and myristic acid
(MA) in ODE, a solution of P(TMS); in 1-octylamine is injected.
The nanocrystal size is controlled by the MA concentration
and the reaction conditions (temperature and time). In the
second step, a ZnS layer is deposited by alternate injections of
zinc stearate Zn(SA), and sulfur solutions, both dissolved in
ODE. This method was used in the preparation of a series of
InP/ZnS nanocrystals emitting light in the range of 450 to
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Table 1 Synthesis conditions for hydrophilic QDs used as components of drug nanocarriers
Size Photoluminescence,
QDs Precursors, ligands, solvent and reaction conditions (nm) Aem (nm)/PLQY (%) Ref.
ZnO-Mg 1. Zn(OAc),/Mg(OAc), = 10.0/1.0, EtOH + NaOH/EtOH, r.t., 8 h 3-4 525/— 59 and 60
2. APTES, DMF, 120 °C, 15 min
ZnO 1. Zn(OAc),/EtOH + KOH/EtOH, r.t., 1 h ~3 525/— 62
2. APTES/EtOH + water, r.t. 2 h
Zno 1. Zn(OAc),/EtOH + NaOH/EtOH, reflux, 20 min 4-5 377, (415), 536/— 63
2. APTES/NMP, 120 °C, 20 min
ZnS-Mn 1. ZnSO4/MnCl, = 12.5/1.0, water + Na,S/water, r.t., 30 min ~12 600/~15 67
2. MPTS/EtOH, r.t., 20 h
ZnS ZnCl,, CMC, water (pH = 7.5) + Na,S/water, r.t., 30 min ~4 426/— 68
InP/ZnS 1. In(OAc);/MA = 1/3, ODE + PH, (Ca,P, + HCI), 250 °C, 1 h 5-6 >700/4-42 69 and 72
2. Zn(SA),/ODE, zinc ethylxanthate/ODE, 210 °C, 30 min
3. Cys, TGA, 3-MPA, DHLA, MUA, pH (9-12)
Ag,S (C,H;),NCS,Ag, OA, ODA, ODE, 200 °C, 30 min ~10 1058/— 76
Ag,S AgOAc, MA, 1-octylamine, ODE + (TMS),S/TOP, 50-120 °C 1.5-4.6 690-1227/~13 77
Ag,S 1. (C,H;),NCS,Ag, DDT, 210-230 °C, 1 h ~5 1200/6 78
2. DHLA/EtOH, r.t., 48 h
Ag,S AgNO;, 2-MPA, water (pH = 7.5) + Na,S/water, 30-90 °C, 1-3 h 2.2-3.1 780-950/7-39 79
Ag,S AgNOs;, GSH, water (pH = 4,5,7 or 10) + Na,S/water, r.t.-50 °C 2-4 700-900/14 80
Ag,S AgNO;, MPEG-SH/HOOCPEGSH, water (pH = 3 or 7.5) + 2-3 775-930/2-66 81
Na,S/water, 90 °C, 90-120 min
Ag,Se AgTFA + Li[N(Si(CHs);),)/OLA + Se/TOP, 70 °C, 1 h 2.0 (3.5) 1030(1250)/2 83
Ag,Se AgNO; + Ala (NaOH, pH = 13) 90 °C + Na,SeO;, GSH, NADPH, 1.5 (2.4) 700(820)/1(3) 86
GR (pH = 7.1), 90 °C, 10 min
Ag,Se 1. AgNO;-OLA/toluene + NaHSe/DDT, autoclave, 180 °C, 1 h 3.4 1300/— 85
2. C18-PMH-PEG/chloroform, r.t., 12 h,
Ag,Se 1. AgOAc, 1-octanethiol, ODE + Se/TOP, 130 °C, 1 h 3.9 1180/3 84
2. MUA/EtOH, 12 h
AgInSe,/ZnS 1. AgNO;, In(OAc);, ODE, DDT, OA + Se/OLA + DDT, 175 °C, 30 min 6.5 820/40 93
2.+ S + Zn(SA),/OLA + ODE, 175 °C, 90 min
3. QDs/chloroform + octylamine modified PAA/water, shaken, 10 min
AgInS, AgNO;, In(NO3);, GSH, water (pH = 8.5) + Na,S, 100 °C, 2 h 6.1 634/21 96
AgInS,/ZnS 1. AgNO;, In(SA);, OA, DDT, ODE + S/ODE, 150 °C 3.5 520/60 97
2. + Zn(SA),/ODE, zinc ethylxanthate/DMF, 180 °C
3. + PMO/chloroform
Ag-In-Zn-S 1. AgNO3, InCls, Zn(SA),, DDT, ODE + S/OLA, 180 °C, 1 h 5.6 730/30 36 and 100
2. +MUA/NaOH, water, 80 °C, 8 h
rt. - room temperature, Ala - r-Alanine, AgTFA - silver trifluoroacetate, APTES - 3-aminopropyltriethoxysilane, MPTS -

3-mercaptopropyltriethoxysilane, CMC - carboxymethylcellulose (M,, = 250 kDa), DDT - 1-dodecanethiol, DMF - N,N'-dimethylformamide, NMP
- N-methylpyrrolidone, ODE - 1-octadecene, OLA - oleylamine, OA - oleic acid, ODA - n-octadecylamine, MA — myristic acid, Zn(SA), - zinc stea-
rate, Cys - cysteine, TGA - thioglycolic acid, TOP - trioctylphosphine, DHLA - dihydrolipoic acid, 2-MPA - 2-mercaptopropionic acid, 3-MPA -
3-mercaptopropionic acid, MUA - 11-mercaptoundecanoic acid, GSH - 2-glutathione (tripeptide: y-Glu-Cys-Gly), GR - yeast glutathione
reductase, NADPH - nicotinamide adenine dinucleotide phosphate, C18-PMH-PEG - amphiphilic poly(maleic anhydride-al¢-1-octadecene)-

methoxy poly(ethylene glycol), PAA - poly(acrylic acid) (M., = 3000 Da), PMO - poly(maleic anhydride-alt-1-octadecene) (M, = 3000-5000).

750 nm with a PLQY of ~40%. Moreover, the exchange of
primary hydrophobic ligands for hydrophilic 3-mercaptopro-
pionic acid (3-MPA), carried out at pH = 10, did not worsen
their luminescence properties.”* In a different two-step pro-
cedure, InP/ZnS QDs exhibiting tunable emission in the spec-
tral range of 675-720 nm were synthesized. In the first step,
InP nanocrystals were obtained by introducing PH; (generated
in the reaction of CazP, with HCl) into a mixture of In(OAc)s/
MA = 1/3 dissolved in ODE, while ZnS was introduced by
sequential addition of Zn(SA), and zinc ethylxanthate dis-
solved in ODE.”” For this series of nanocrystals, procedures of
exchanging the primary hydrophobic ligands (stearic acid, SA)
for hydrophilic ones such as cysteine (Cys), thioglycolic acid
(TGA), dihydrolipoic acid (DHLA), 11-mercaptoundecanoic
acid (MUA) and 3-MPA were elaborated. The obtained stable
aqueous dispersions emitted red light (4max at ca. 700 nm).*°

Nanoscale

As already mentioned, for Ag,S Eypui values range from
0.9 to 1.1 eV, depending on the crystal structure of a given
polymorph. For Ag,Se, Eypuiy is equal to 0.15 eV. Low values
of this parameter clearly indicate that it is viable to prepare
Ag,S and Ag,Se QDs emitting radiation in both the NIR-I and
NIR-II spectral ranges. Furthermore, both semiconductors are
characterized by ultralow solubility; their solubility products
are 6.3 x 10°° and 2.0 x 10~** for Ag,S and Ag,Se, respectively.
This limits the concentration of free silver ions released into
the solution and facilitates the formation of their colloidal
nanocrystals.”” For both semiconductors, precise tuning of
their spectroscopic properties is typically achieved either by
exploiting the quantum confinement effect or by modifying
their composition, or even by combining these two effects.
Due to the high interest in the applications of Ag,S and Ag,Se
nanocrystals, a number of preparation methods have been
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developed in recent years yielding QDs of these semi-
conductors stabilized by hydrophobic or hydrophilic ligands.

One of the first methods for obtaining Ag,S QDs involved
the decomposition of the complex precursor (C,Hs),NCS,Ag in
a mixture of oleic acid (OA) and n-octadecylamine (ODA)
ligands dissolved in ODE. The resulting Ag,S QDs 10.2 +
0.4 nm in size emitted NIR radiation (Ama = 1058 nm).”® By
precisely varying the size of the QDs from 1.5 to 4.6 nm, Pang
et al. achieved strict control of their emission in the 690 to
1227 nm range.”” The reactions were carried out using the hot-
injection method, introducing a solution of (TMS),S - hexa-
methyldisilathiane in TOP (trioctylphosphine) into a mixture
of silver acetate, MA, and 1-octylamine dissolved in ODE.

The size of the formed nanocrystals was controlled by carry-
ing out the reaction at different temperatures and varying its
time. Additionally, a method for exchanging hydrophobic
primary ligands for hydrophilic ones (MUA) was developed,
resulting in stable aqueous dispersions of Ag,S nanocrystals.””

More recently, a series of size-controlled Ag,S QDs, covering
the range from 2.4 to 7.0 nm, was synthesized. These studies
allowed for precise tuning of the emission in the spectral
range from 975 to 1175 nm as well as for the determination of
the exciton Bohr radius, rg = 2.2 nm. The heating-up method
was applied consisting of decomposing the complex precursor
(C,H;5),NCS,Ag dissolved in 1-dodecanethiol (DDT) which
served as both ligand and solvent. Size control was achieved by
conducting the decomposition reaction at different tempera-
tures and times.>® QDs prepared in this manner could be ren-
dered hydrophilic by exchanging primary DDT ligands for
hydrophilic DHLA. The resulting aqueous dispersions were
colloidally stable and emitted light in the NIR-II spectral range
(Amax = 1200 nm).”®

A preparative method was also developed to directly obtain
Ag,S QDs stabilized with hydrophilic primary ligands. The
reaction was carried out in water at pH = 7.5 using AgNO; and
Na,S as silver and sulfur precursors together with 2-mercapto-
propionic acid (2-MPA) as the ligand.”® The same precursors
were used in another method, which however employed a
different and more complex hydrophilic ligand, namely gluta-
thione (GSH) - a tripeptide: y-Glu-Cys-Gly. The reactions were
carried out at different pH values (4.5, 7.0, or 10.0) and at
temperatures ranging from room temperature to 50 °C, which
allowed for the control of the Ag,S QDs emission in the range
of 700 to 900 nm.*® In yet another version of this reaction,
hydrophilic polymers such as polyethylene glycols containing
an -SH end group (MPEG-SH, M,, = 2000 or 5000) and polygly-
cols with -SH and -COOH end groups (CMPEG-SH, M,, = 2000)
were used as ligands. The reactions were carried out in the
presence of differently composed mixtures of ligands and at
different pH values. The resulting aqueous dispersions of Ag,S
QDs differing in size emitted radiation in the spectral range
from 775 to 930 nm, with a high PLQY exceeding 60%.%" O. El-
Dahshan et al. synthesized hydrophilic Ag,S QDs via a com-
bined hydrothermal (140 ©°C) and microwave-assisted
approach.®” The reaction was performed in an aqueous solu-
tion containing silver nitrate and glutathione (GSH), with
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ammonium hydroxide added to adjust the pH to 8.0. By chan-
ging the AgNO;/GSH molar ratio and reaction time, Ag,S
quantum dots with diameters of approximately 4-17 nm were
obtained, exhibiting emission in the 950-1220 nm range. MTT
assays confirmed their biocompatibility toward HepG2/C3A
cells. Based on these studies, it was concluded that an increase
in crystallite size and crystallinity of the quantum dots resulted
in reduced toxicity of these QDs.??

Ag,Se is a semiconductor characterized by a very low Eg(pu)
value, which additionally significantly differs depending on
the structure of a given polymorph. For orthorhombic Ag,Se,
Eg(buiy = 0.15-0.18 eV, while for the tetragonal one, Egpung =
0.07 eV with rg = 2.9 nm.*' One of the first procedures of the
preparation of Ag,Se quantum dots involved the metathesis
reaction between silver trifluorooctane (AgTFA) and lithium
silylamide, resulting in the formation of silver silylamide (Ag
[N(Si(CH3)3),]). To this silver complex dissolved in oleylamine
(OLA), solution of selenium in TOP was then added.
Orthorhombic Ag,Se QDs of size 2.0 and 3.4 nm were
obtained, characterized by NIR-II photoluminescence at 1030
and 1250 nm, respectively.®? Orthorhombic Ag,Se QDs were
also synthesized using the hot-injection method. In this pro-
cedure, a selenium precursor (Se/TOP) was injected into a
mixture of AgOAc and 1-octanethiol dissolved in ODE. In the
next step the primary hydrophobic ligands were exchanged for
hydrophilic ones (MUA), yielding stable aqueous dispersions
of Ag,Se nanocrystals (3.9 nm in size) which emitted radiation
at ca. 1200 nm.**

Dong et al. proposed an interesting method for hydrophili-
zation of hydrophobic QDs which was different from the “clas-
sical” ligands exchange.®® According to their procedure, ortho-
rhombic Ag,Se QDs with a size of 3.4 nm were transferred to
the aqueous phase without exchanging the hydrophobic
primary ligands but by exploiting the phenomenon of their
encapsulation with an amphiphilic alternating copolymer,
namely poly(maleic anhydride-alt-1-octadecene)-methoxy poly
(ethylene glycol) (C18-PMH-PEG). Aqueous dispersions of
these nanocrystals emitted radiation in the NIR-II spectral
range (Amax = 1300 nm).** Direct methods for preparing hydro-
philic quantum dots are interesting because they allow avoid-
ing the ligand exchange step. One such method for obtaining
orthorhombic Ag,Se quantum dots was proposed by Gu et al.®®
According to this procedure, the silver precursor i.e. alanine
complex of Ag'(Ag'-Ala) was mixed with a selenium precursor
obtained through reduction of Na,SeO; in the presence of a
hydrophilic ligand (GSH), nicotinamide adenine dinucleotide
phosphate (NADPH) and yeast glutathione reductase (GR). Two
Ag : Se ratios were tested, namely 6:1 and 4: 1, yielding nano-
crystals of 1.4 nm and 2.4 nm, respectively. These QDs emitted
radiation within the NIR-I spectral range (700 nm and
820 nm).%°

2.2. Synthesis of colloidal ternary QDs

The preparation methods described above concerned QDs of
binary semiconductors. Research on ternary semiconductor
nanocrystals began later, but has been attracting growing inter-
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est for the past 15 years. Silver indium chalcogenides, such as
AgInSe, (Egpbuig = 1.24 €V) and AgInS, (Egpuig = 1.87 €V), are
particularly noteworthy in this respect, not only for their spec-
troscopic properties but also for their high biocompatibility
and natural circulation in the environment.®” These properties
make them advantageous over ternary chalcogenides contain-
ing copper (CulnSe, (Egpuiy = 1.05 eV) and CulnS; (Egpul) =
1.53 eV)), whose biocompatibility and toxicity is a matter of
debate.®

The synthesis of ternary semiconductor nanocrystals is gen-
erally a more challenging task than the preparation of binary
nanocrystals. The main difficulty lies in selecting precursors of
both metals so that their balanced reactivity toward the sulfur
(selenium) precursor leads to a single-phase ternary product,
rather than a mixture of different phases. However, varying the
precursor’s reactivity is necessary when the goal of research is
to vary the composition of ternary QDs either through alloying
or by preparation of truly non-stoichiometric nanocrystals.
Controlling the composition allows, in turn, for tuning the
nanocrystal absorption and emission and also affects their
PLQY. In many cases, achieving a high PLQY value requires
the deposition of an appropriate passivating shell or the prepa-
ration of quaternary nanocrystals either by alloying with ZnS
(or ZnSe) or by fabricating truly nonstoichiometric quaternary
nanocrystals of the following type: Ag(Cu)-In-Zn-S(Se). In the
latter case high values of PLQY can be reached without the
necessity of depositing a passivating shell.*>°° Historically, the
first method for obtaining ternary Ag-In-S nanocrystals was
proposed by P. M. Allen and M. G. Bawendi.’® Starting from a
mixture of Agl and Inlz, OLA, and TOP, into which a selenium
precursor in the form of a solution of ((CHj3)3Si),Se in TOP was
injected, QDs of the composition Ag; ¢oIn;s3Se,s; were
obtained. These nanocrystals were characterized by emission
at approximately 600 nm with PLQY = 15%. Yarema et al
developed a preparative procedure for obtaining QDs of
varying sizes and compositions.®® In this method, a mixture of
selenium dissolved in TOP and LiN(Si(CH;);), was injected
into a mixture of Agl and Inl; in TOP. Nanocrystals of con-
trolled size were obtained covering the range from 2.4 to 7 nm.
Their composition could also be varied from QDs strongly
enriched in indium (AgIn,;Se;;) to stoichiometric ones
(AgInSe,). The synthesized nanocrystals emitted radiation in
the range of 600 to 1100 nm. For QDs of the composition
Ag;InsSeq, the measured PLQY was 21%, while after depositing
a ZnSe layer, the PLQY increased to 73%.

In the method proposed by Deng et al. Se dissolved in a
mixture of OLA and DDT was injected into a mixture consist-
ing of AgNO;, In(OAc);, DDT and OA dissolved in ODE.”® The
Ag:In molar ratio was varied from 0.4:1.2 to 1.0:1.0. The
resulting QDs exhibited emission in the range from 700 to
820 nm, albeit with low PLQY. After deposition of a ZnS layer
on the AgInSe, core, the PLQY value increased to 40%. The
resulting AgInSe,/ZnS nanocrystals could be transferred to the
aqueous phase without the necessity of exchanging hydro-
phobic ligands, simply by encapsulation with an amphiphilic
polymer, namely octylamine-modified poly(acrylic acid). A
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direct method for the large-scale synthesis of hydrophilic
AgInSe,/ZnS QDs was also reported.”® In this procedure the
synthesis was carried out in a 5 L electric pressure cooker
under gentle heating. In the first step, AgInSe, QDs were pre-
pared from a mixture consisting of AgNO;, In(OH);, TGA,
NH;-H,0 and a selenium precursor obtained by dissolving Se
in NaBH, and water in the presence of gelatin. After an hour of
reaction, a zinc precursor prepared by dissolving ZnO in an
aqueous solution of ammonium thioglycolate and a sulfur pre-
cursor, namely thiourea dissolved in water, were added to the
reaction mixture, and the reaction was continued under the
same conditions. The obtained AgInSe,/ZnS QDs were charac-
terized by emission in the range of 582 to 686 nm, reaching a
maximum PLQY of 23%.%*

The crystal structure of ternary Ag-In-S nanocrystals is
strictly dependent on their composition. In the case of QDs of
stoichiometric (AgInS,) or near stoichiometric compositions,
either orthorhombic or tetragonal nanocrystals can be
obtained. Nanocrystals characterized by a significant indium
excess, such as AgInsSg, adopt a cubic structure. Varying the
structure type and composition of non-stoichiometric Ag-In-S
nanoparticles translates into the possibility of tuning their
absorption and emission ranges and, in some cases, also
PLQY values. In this context, it is worth mentioning the study
presenting the possibility of obtaining stoichiometric and non-
stoichiometric ternary Ag-In-S nanocrystals by thermal
decomposition of a single complex precursor, which is the
source of all three elements constituting the ternary QDs,
namely Ag,In(;_.[S;CN(C,H;),];3-2x)- By changing x in the pre-
cursor, it is possible to change the composition of the
obtained nanocrystals.”> A series of these one-component
complex precursors, with Nag/Npear molar ratios varying from
0.1 to 0.7, were decomposed at 180 °C in the presence of
primary amines, namely oleylamine (OLA) or n-octylamine.
Increasing Njag/Nmetal gave Tise to a linear increase of the silver
content in the resulting QDs and, at the same time, allowed
for precise emission tuning in the range from 650 to 830 nm.
Significant changes in the QD crystal structure could be noted,
from the cubic characteristic of AgInsSg for low silver content
(0.1) through orthorhombic to tetragonal for the highest silver
content (0.7). Clear differences in PLQY were also observed; in
the case of Njg/Nmetal = 0.37, the highest PLQY equal to 70%
was measured.”® Diversification of the composition of nano-
crystals obtained from a single complex precursor is often
difficult and requires complicated syntheses. An alternative is
the use of a mixture of simple precursors, especially useful in
the preparation of colloidal non-stoichiometric Ag-In-S QDs.
In some cases this approach allows for the direct introduction
of hydrophilic capping ligands. This approach was used by M.
Hashemkhani et al. who prepared nonstoichiometric ternary
nanocrystals from a mixture of AgNOj;, In(NO3);, and GSH dis-
solved in water at pH = 8.5, to which a Na,S solution was
added.”® Then the whole mixture was heated at 100 °C.
Starting from a mixture of precursors with a molar ratio of Ag/
In = 1/4, nanocrystals with the composition Ag; ¢Ins sS, o were
obtained, characterized by emission at 634 nm and a PLQY =
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21%. The multiprecursor approach was also adapted for the
preparation of core/shell AgInS,/ZnS and nonstoichiometric
quaternary Ag-In-Zn-S QDs. In one of the proposed strategies,
the first preparation step involved the introduction of a sulfur
precursor (S/ODE) to a mixture of AgNO;, In(SA);, OA, and
DDT in ODE to yield AgInS,. In the second step, the ZnS shell
was deposited through injection of Zn(SA),/ODE and zinc
ethylxanthate/DMF. Subsequently, the obtained QDs were
encapsulated using PMO (poly(maleic anhydride-alt-1-octade-
cene)), which allowed for their transfer to aqueous media. The
resulting AgInS,/ZnS QDs were characterized by emission at
520 nm and a PLQY value of 60%.°”

A number of preparative procedures developed in the last
decade allowed for the synthesis of non-stoichiometric qua-
ternary Ag-In-Zn-S QDs with controlled composition, tunable
emission, and high PLQY without the necessity of depositing a
passivating shell. In a typical preparation, a sulfur precursor in
the form of S/OLA was injected into a mixture of metal precur-
sors (AgNO;, InCl;, Zn(SA),, and DDT) in ODE as a solvent,
with varying molar ratios. A series of nanocrystals with
different compositions were obtained, exhibiting emission in
the range of 552 to 730 nm.*® Optimization of this procedure
led to the preparation of non-stoichiometric nanocrystals of
compositions Agy oIy 50ZN7.80S17.0 and Agy 00IN.80ZN1.3084.00,
characterized by green (543 nm) and red (720 nm) light emis-
sion with PLQY values of 48% and 67%, respectively.”®°° For
these nanocrystals, effective methods of exchanging hydro-
phobic ligands for hydrophilic ones such as MUA, DHLA, and
Cys, were developed while preserving their excellent photo-
luminescence properties.'°® An interesting method for the syn-
thesis of nonstoichiometric quaternary Ag-In-Zn-S QDs was
also developed in recent years. In this procedure, In(u) in the
form of the In,Cl, dimer was used for the first time as a
source of indium, together with the remaining metal precur-
sors, namely AgNO; and Zn(SA), as well as DDT, all dissolved
in ODE. The sulfur precursor (S/OLA) was then injected into
this mixture. By controlling the molar ratios of the metal pre-
cursors, the composition of the resulting Ag-In-Zn-S QDs
could be varied, yielding nanocrystals of tunable photo-
luminescence covering the spectral range from ca. 530 to
730 nm.*” A new method of exchanging hydrophobic ligands
for hydrophilic ones (MUA) was also developed for quaternary
Ag-In-Zn-S QDs in which ultrasonic assistance was applied
for the first time. This procedure proved to be not only
more efficient but also allowed the exchange to be carried out
under significantly milder conditions. The QDs obtained
in this way, with compositions of Ag; oIn,-,Znzg ¢Se0o and
Ag; 0Iny 37Ny 5833, exhibited emission at 545 and 795 nm,
respectively, with a PLQY of 15% and 20%."°" Finally, it is
worth mentioning the hydrophilic Ag-In-Zn-S QDs obtained
by direct synthesis in which primary ligands were hydrophilic
in nature and no ligand exchange was necessary. In this case,
aqueous Na,S solution was added to a mixture of AgNO;, In
(NO3)3, and 3-MPA in water at pH = 8.5. The resulting Ag-In-S
QDs in the form of an aqueous dispersion were then treated
with a zinc precursor (Zn(OAc),) and the whole mixture was
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heated at 90 °C for 90 minutes. By changing the molar ratio of
the precursors, Ag-In-Zn-S QDs of different compositions
were obtained, characterized by emission in the spectral range
of 540 to 610 nm, with a maximum PLQY reaching 78%."*>

For the same family of quaternary QDs (Ag-In-Zn-S), a
strategy for coating the nanocrystal surface with a SiO, shell
was also reported.'® Using QDs capped with hydrophobic
primary ligands, cetyltrimethylammonium bromide was intro-
duced in the first step to enable phase transfer and surface
modification. Subsequently, the SiO, shell was grown in the
presence of an aqueous solution containing sodium hydroxide
and tetraethyl orthosilicate (TEOS). This approach allowed
precise control over the silica shell thickness within the
10-20 nm range, while keeping the overall particle diameter
below 50 nm. The resulting aqueous dispersions of Ag-In-Zn-
S@Si0, QDs displayed stable photoluminescence over time,
with an emission maximum located at
700 nm."'*

approximately

3. Synthesis of colloidal carbon dots

Numerous similarities can be observed between inorganic
semiconductor quantum dots (QDs) and carbon dots (CDs).
The sizes of synthesized CDs typically fall within a similar dia-
meter range of 1-10 nm, in which quantum confinement
effects are clearly observed. By controlling the size of the CDs
and the nature of the generated surface defects, it is possible
to tune their absorption and emission spectra across the
300-800 nm wavelength range. 1

CDs were first isolated in 2004 by means of preparative elec-
trophoresis during the purification of single-walled carbon
nanotubes derived from arc-discharge soot.'®® However, Sun
et al.'”” first obtained CDs in 2006 by chemical synthesis using
laser ablation of a carbon target in the presence of water vapor
with argon as the carrier gas. The as-obtained, non-functiona-
lized CDs did not exhibit photoluminescence and therefore
required surface passivation to impart emissive properties.
This process involved the attachment of selected organic
species to the surface of acid-treated CDs. Surface passivation
with diamine-terminated oligomeric poly(ethylene glycol),
(H,NCH,(CH,CH,0),CH,CH,CH,NH,;  average n  ~35;
PEG1500N), yielded CDs exhibiting emission in the range of
ca. 400 to ca. 690 nm, with the PLQY in the range of 4-10%.
The pronounced variation in emission colour was attributed to
the quantum confinement effect arising from differences in
the CDs’ size.'®”

Jiang et al'°® used o-phenylenediamine, m-phenylene-
diamine, and p-phenylenediamine as surface passivating
agents in the solvothermal synthesis of CDs carried out at
180 °C, yielding nanoparticles with average diameters of 6.0,
8.2, and 10.0 nm, respectively. For these CD dispersions, a pro-
nounced bathochromic shift of the emission band was
observed with increasing particle size, from 435 nm for the
smallest CDs, through 535 nm for the intermediate ones, to
604 nm for the largest particles, under excitation at 365 nm. A
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distinct feature of the studied nanoparticles was the excitation-
wavelength dependence of both the emission maximum and
the PLQY. In the case of 10 nm CDs, the PLQY increased from
20.6% to 26.1% as the excitation wavelength changed from 365
to 510 nm. Photoluminescence decay analysis revealed PL life-
times in the range of 1-9 ns.'®® The solvothermal method was
also employed by Wang et al'® Starting from mixtures of
o-phenylenediamine with various acids - including 4-amino-
benzenesulfonic acid, folic, boric, acetic, terephthalic, and tar-
taric acids in ethanol - these authors synthesized a series of
CDs with average diameters ranging from 1.7 to 2.4 nm.

A pronounced quantum confinement effect was observed
with decreasing particle size, manifested as an increase in the
bandgap energy (E,) from 1.9 to 2.8 eV and a corresponding
shift of the emission maximum from 600 to 355 nm. The
measured the PLQY ranged from 25 to 72%, with PL lifetimes
not exceeding 10 ns.'%

Carbon dots (CDs) exhibit unique optical properties beyond
fluorescence, as they can also display phosphorescence with
lifetimes of the order of milliseconds when appropriately
chemically modified. For example, CDs with an average dia-
meter of ~5 nm, synthesized via pyrolysis of ethylenediamine-
tetraacetic acid disodium salt and dispersed in a polyvinyl
alcohol (PVA) matrix, demonstrated room-temperature phos-
phorescence. Upon excitation with UV light (325 nm), phos-
phorescence was observed with a maximum at 500 nm and a
long lifetime of approximately 380 ms. Studies indicated that
the observed phosphorescence originates from the presence of
aromatic carbonyl groups, while the PVA matrix stabilizes their
triplet states, protecting them from quenching by intra-
molecular motions and molecular oxygen.''® Currently devel-
oped preparative methods enable the synthesis of CDs exhibit-
ing phosphorescence across the entire visible spectrum.'*!
Examples of CDs exhibiting phosphorescence in the near-
infrared (NIR) region have been reported in the literature.
Geng et al.,'** for instance, employed a one-step microwave-
assisted strategy to synthesize NIR-phosphorescent CDs. The
resulting nanoparticles were finely decorated with sulfonic
(SO37) acceptors and pyrrolic/graphitic nitrogen donors.

Hybrid A Hybrid B
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Indocyanine green (ICG) and branched polyethylenimine
(BPEI) were used as the precursors in this synthesis. These
CDs, with an average size of approximately 2.7 nm, exhibiting
a bandgap (E;) of 1.6 eV and emitting near-infrared (NIR) radi-
ation at 760 nm (17.6% quantum yield; 11.4 ps lifetime), were
employed to construct a theranostic platform, CD@CCM. The
platform utilized cancer cell membranes (CCM) as both a tar-
geting agent and a delivery system for NIR imaging-guided
sonodynamic therapy.'*?

In the synthesis of CDs, both conventional bottom-up
approaches and top-down strategies are employed. Moreover,
CDs can be classified as biogenic nanoparticles,"*>"** which
can be obtained directly from bioorganic precursors, including
silk,* orange juice,"'® banana juice,"'” honey,'*®''® and even
food waste.'*® Similar to inorganic semiconductor quantum
dots (QDs), CDs are primarily employed in biomedical appli-
cations, particularly for bioimaging,’*'™*** and only to a
limited extent as drug delivery carriers.

4. Types of hybrid used as
nanocarriers

The presence of toxic metals in the initially synthesized QDs
practically limited the possibilities of their use as nanocarrier
components to those which can be encapsulated. In contrast,
in the case of toxic metal-free QDs, it is possible to elaborate
various nanocarrier design strategies, as evidenced by numer-
ous examples in the literature. For the purpose of this study,
we have classified these hybrids into three groups, A, B, and C,
based on the role of the ligands and the type of bond(s) used
for attaching the nanocarrier to the drug (Fig. 3 and Tables 2,
3). In the case of type A hybrids, QDs are stabilized with hydro-
philic ligands, while non-covalent interactions are exploited
for binding the drug to them. In type B hybrids, QDs are also
stabilized with hydrophilic ligands but these are further func-
tionalized by binding to them moieties which act as linkers or
bioactive molecules - targeting ligands. In this case, drugs can
be bound to these functionalized ligands either through non-

Hybrid C

hydrophilic
hydrophilic ligand hydrophilic ligand or Drug
functional groups functional groups i hydl"ophoblc .
3 s H ligand :
Dr ug v Drug i
o—@ non-covalent
.“‘L ¥ Q-\_\ ¥ encapsulated
non-covalent covalent or
covalent
JJ_, .L‘. non-covalent
hydrobhobic side chain

Fig. 3 Types of hybrid used as drug nanocarriers.
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Table 2 Type A and type B hybrids, composition, size, 1., and applications
Size(nm)/
Hybrid composition - QDs + ligands + drugs Drug Aem(nm) Applications Ref.
ZnO-Dox (non-covalent) Dox  ~40%em. In vitro, breast cancer cells (MCF-7R) 124
quenching
ZnS-CMC-Dox (non-covalent) Dox  ~58%/em. In vitro, brain cancer cells (U-87 MG) 68
quenching
ZnO-NH,-Tan (non-covalent) Tan  ~5%377,536 In vitro, lung cancer cells (H538) 63
Ag; oIn, ,7n;5 ¢So 4/MUA-UAs (non-covalent) UAs  3.1%576 In vivo, in vitro lung H460 and colon HCT116 127
Agi 01Ny oZn, oS3 5/MUA-UAs (non-covalent) 5.8%/730 cancer cells 128
ZnO-NH, + HOOC-PEG-COOH (covalent) + HA (covalent) Dox  ~6“/em. In vitro, lung cancer cells (A549) 131
+ Dox (non-covalent) quenching
ZnO-NH, + PBA (covalent) + Que (non-covalent) Que  ~400°/527 In vivo, in vitro breast (MCF-7) cancer cells 132
Ag,S-MUA + Dox (covalent) + cRGD (covalent) Dox —/650 (830) In vivo, in vitro breast (MCF-7) cancer cells 133
Ag,S-HS-PEG-COOH + FA (covalent) + Dox (non- Dox ~13%/590 In vitro, carcinoma (HeLa) cancer cells 81
covalent) (775-930)
Ag,S-GSH + HOOC-PEG-FA (covalent) + Mtx (covalent) Mtx  ~114%/822 In vitro, cervical (HeLa), lung adenocarcinoma 96
(A549), colon adenocarcinoma (HT29) cells
Ag; 0In; ,S, ,-GSH + HOOC-PEG-FA (covalent) + Mtx Mtx  ~142%/634 In vitro, cervical (HeLa), lung adenocarcinoma 96
(covalent) (A549), colon adenocarcinoma (HT29) cells
Ag,S-2-MPA(PEI) + mPEG-OH (covalent) + H,N-PEG-VA 5-FU  ~15%/807 In vitro, lung (A549, H1200) cancer cells 136
(covalent) + Cet (covalent) + 5-FU (non-covalent)
Ag,S-2-MPA + 5-FU (covalent) + H,N-PEG-Cet (covalent) ~ 5-FU 114%/836 In vitro, colon adenocarcinoma (HCT116, 137
+ ALA (non-covalent) SW480, HT29) cells
AgInS,-CMC + Cys (covalent) + KLA (covalent) KLA  139°/660 In vivo, in vitro glioblastoma (U-87 MG, GBM) 140
cells
Ag; oI, yZn, ¢S; 5-MUA + Tf(covalent) + GA-Dox Dox ~11%/730 In vitro, lung carcinoma (H460) cells 142
(covalent)
Ag1 oIn, ,Zn; ¢S 4-MUA + FA (covalent) + Dox (covalent)  Dox  15.1%/576 In vitro, lung cancer (A549) cells 143
Ag1.0IN6 87044 3S154.-Cys + FA (covalent) + Dox (covalent) 17.6%/524
Ag1 oI, ¢Zng ¢S, ;-DHLA + FA (covalent) + Dox 22.5%/540
(covalent)
Ag1 oIny ,Zn; ¢So ;-MUA + B-CD (covalent) + FA (covalent) UAs  156%/576 In vitro, lung (H460) and prostate (Du-145, 144, 145
+ UAs, C-2028 (non-covalent) LNCaP) cancer cells and 146
Ag; oI, yZn, S; 5-MUA + -CD (covalent) + FA (covalent) 1672/730

+ UAs, C-2028 (non-covalent)

“ Determined by SEM or TEM. ? Determined by DLS, CMC - carboxymethylcellulose (M,, = 250 kDa), HOOC-PEG-COOH - dicarboxyl-terminated
poly(ethylene glycol) (M,, = 2000), HA - hyaluronic acid, PBA - 3-carboxybenzeneboronic acid, cRGD - cyclo-(Arg-Gly-Asp-DTyr-Lys),
HS-PEG-COOH - thiol and carboxyl-terminated poly(ethylene glycol) (M,, = 2000), GSH - 2-glutathione (tripeptide: y-Glu-Cys-Gly), FA - folic acid,
2-MPA - 2-mercaptopropionic acid, PEI - branched polyethyleneimine (M, = 25 kDa), mPEG-OH - methoxy(polyethylene glycol) (M, = 2 kDa),
H,N-PEG-VA - amine-polyethylene glycol-valeric acid (M, = 3.4 kDa), Cet - cetuximab (Erbitux®, C225), ALA - 5-aminolevulinic acid, MUA -
11-mercaptoundecanoic acid, Cys - L-cysteine, DHLA - dihydrolipoic acid, KLA - peptide (sequence LAKLAKKLAKLAK), Tf - transferrin, GA - glu-
taraldehyde, f-CD - B-cyclodextrin, Dox - doxorubicin, Tan - tangeretin, Que - quercetin, Mtx — methotrexate, 5-FU - 5-fluorouracil, UAs - unsym-

metrical bisacridine derivatives.

covalent interactions or through covalent linkages. In type C
hybrids, QDs stabilized with hydrophilic or hydrophobic
ligands are subsequently encapsulated with polymers or copo-
lymers of various types. It is challenging to define clear advan-
tages or disadvantages for each hybrid type. From an economic
perspective, considering the complexity of the hybrid system,
type A is the most cost-effective, whereas types B and C, which
involve the use of multiple reagents and synthetic methods,
require significantly higher resources. On the other hand,
types B and C benefit from the incorporation of targeting
ligands, which enhances the efficient transport of the drug.
The next step involves appropriate modification of the hydro-
philic layer of the capsule by introducing bioactive molecules.
The drug is then introduced into the interior of the capsule or
covalently bound to the capsule surface. The size of the result-
ing hybrids is most often estimated using the dynamic light
scattering (DLS) technique, which allows for the determination
of their hydrodynamic diameter (D;,). The colloidal stability of

This journal is © The Royal Society of Chemistry 2026

their dispersions can, in turn, be determined by measuring the
zeta potential (ZP). It should be noted that an absolute value of
this parameter, |ZP|, close to 30 mV or higher can be con-
sidered as a strong predictor of the high colloidal stability of the
dispersion being investigated. The evaluation of hybrid systems
in terms of their drug transport and release capabilities is typi-
cally performed by comparing drug release profiles at pH ~7
and pH ~5. These pH values serve as references for physiologi-
cal (healthy cells) and tumor microenvironment conditions,
respectively. It also is worth noting that nanocarriers exhibiting
absorption and emission in the near-infrared (NIR) region, in
addition to their potential application in bioimaging, can also
be utilized in near-infrared photothermal therapy.

4.1. Type A hybrids

The simplest hybrid, consisting of QDs and a drug, was
obtained by binding doxorubicin (Dox) to the surface of ZnO
nanocrystals via electrostatic interactions. A rather low ZP
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Table 3 Hybrid type C, composition, size, 1em and applications
Size(nm)/
Hybrid composition - QD + ligands + drugs Drug Aem(nm) Applications Ref.
Zn(Mn)S-NH, + NCA-1-Ala (polymerization) + Dextran (covalent) + Ibu Ibu ~45a/443 In vitro, human embryonic kidney 158
(non-covalent, encapsulated) (585) (HEK293T) cells
InP/ZnS-MSC + CS-NHGs (non-covalent) + MUCAp (covalent) + SO + Ptx ~ Ptx 20-50%/692 In vitro breast (MCF-7) cancer cells 161
(non-covalent, encapsulated) (696)
Ag,S-T-OA + CS (covalent) + Dox (non-covalent, encapsulated) Dox 45-100”/ In vivo, in vitro colon (HeLa) cancer 162
1032 cells
Ag,S-DDT + C18PMH/PEG (non-covalent) + Dox (non-covalent, Dox 13.4°/1110 In vivo, in vitro breast 164
encapsulated) (MDA-MB-231) cancer cells
Ag,S-DDT + DSPE-PEG-COOH (non-covalent) + Ald (covalent) + Dox Ald, Dox  >100°/1150 In vivo bone tumor, in vitro lung 166
(non-covalent, encapsulated) carcinoma (A549) cells
Ag,Se-DDT + DSPE-PEG-NH, (non-covalent) + heparin (covalent) + Dox Dox, 127°/1350 In vivo, in vitro breast 167
(non-covalent, encapsulated) + SDF-1a (non-covalent) SDF-1a (MDA-MB-231) cancer cells
AgInS,/ZnS-DDT + PMAO (non-covalent) + Mtx (covalent) Mtx 2.5/530 In vitro, cervical (HeLa) cancer cells 168

“Determined by SEM or TEM. ” Determined by DLS, NCA-1-Ala - cyclic monomer of t-alanine, Dextran - polysaccharide derived from the conden-
sation of glucose, MSC - mercaptosuccinic acid, CS-NHGs - chitosan-based nanohydrogels, MUCAp - 3'-amino-modufied MUC aptamer
(GCAGTTGATCCTTTGGATACCCTGG, 3'-amine, OD: 30), SO - sodium oxamate, T-OA - thiolated oleic acid, CS - chitosan (M,, = 21000), C18PMH/
PEG - poly(maleic anhydride-alt-1-octadecene)-polyethylene glycol, DSPE-PEG-COOH - 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[carboxy(polyethylene glycol)], DSPE-PEG-NH, - 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-lamino(polyethylene glycol)], Ibu - ibupro-
fen, Ptx - paclitaxel, Dox - doxorubicin, Ald - alendronate, SDF-1a - stromal cell-derived factor-1a, PMO - poly(maleic anhydride-alt-1-octade-

cene) (M, = 30 000-50 000), Mtx — methotrexate.

value of —14.4 mV measured for ZnO nanocrystals was even
lowered to —7.6 eV after the attachment of Dox.'** Initial ZnO
QDs and unbound Dox exhibited emission at 510 and
590 nm, respectively. Upon binding this drug to the nanocrys-
tal surface fluorescence quenching occurred. According to
the authors, this quenching resulted from the energy transfer
from the ZnO to surface-bound Dox according to the mecha-
nism discussed in one of the previous papers.'>® Moreover, it
was shown that the luminescence properties were clearly
dependent on pH. At pH = 7.5, emission quenching was
observed, while upon its decrease to 5.0, a significant
increase of red fluorescence originating from the “free” drug
was visible since Dox was being slowly released from the
surface of the hybrid undergoing decomposition in these
conditions. ZnO-Dox hybrids were tested in in vitro studies
on breast cancer cells."**

Another hybrid of A type containing amine-capped ZnO
QDs was obtained through modification of the initial QDs
with 3-aminopropyltriethoxysilane (APTES). Drug molecules -
tangeretin (Tan) - were then non-covalently bound to the
nanocrystal surface. The absorption spectrum of the unbound
drug showed a band at 314 nm, while in the hybrid this band
was shifted to 325 nm. The emission spectrum showed emis-
sion at 377 nm, 415 and 536 nm, solely originating from the
ZnO-NH, QDs. For the ZnO-NH,-Tan QDs hybrid, drug release
profiles were determined at different pH values; at pH = 5.0, a
significant increase in the release rate was observed compared
to pH = 7.4. The hybrid system was tested in in vitro studies on
lung cancer cells.*

In a ZnS QDs-based hybrid of type A, ZnS QDs were
surface-functionalized with hydrophilic carboxymethyl-
cellulose (CMC) ligands, which were introduced at the stage
of the nanocrystal synthesis (primary ligands).®® The
obtained ZnS/CMC QDs dispersions exhibited high colloidal

Nanoscale

stability at pH = 7.0, as demonstrated by their ZP of —40 mV.
At pH = 5.5, the ZP value switched to +35 mV. Upon doxo-
rubicin molecule binding, the resulting ZnS/CMC-Dox
hybrids showed a high ZP value of —42 mV. The hydrodyn-
amic diameters of ZnS/CMC and ZnS/CMC-Dox were 29 and
58 nm, respectively. The initial ZnS/CMC nanocrystals and
“free” Dox exhibited emission peaked at 426 and ~590 nm,
respectively. In their hybrid both nanocrystal and Dox
luminescence were quenched. The release profiles of Dox
from the obtained ZnS/CMC-Dox hybrid were determined
over time at a pH of 5.5, corresponding to cancer cells, and at
pH = 7.2, corresponding to healthy ones."”® The hybrid was
tested in in vitro studies on brain cancer cells. In both cases
(cancer and healthy cells), a similar rate of drug release was
observed.®®

MUA-capped hydrophilic colloidal Ag-In-Zn-S QDs of
varying compositions were also tested as components of
hybrids of type A.'”” In particular, nanocrystals of two
different compositions were selected for the study, namely
Ag; oIn;g ,Zn56S94 and Agyolng ¢Zn; ¢S;5, emitting green
(576 nm) and red (730 nm) light, respectively. Their primary
ligands were exchanged for MUA. In the next step asymmetric
bisacridine derivatives (UAs, C-2028 and C-2045, Fig. 2) were
bound via noncovalent interactions, yielding, in total, four
differently constructed hybrids.

The studied nanocrystals significantly differed in size (as
determined by TEM), measuring approximately 3.1 and
5.8 nm, respectively. However, after the formation of their
hybrids with drug molecules, DLS measurements showed
similar Dy, values for both nanocarriers which varied in the
range of 9 to 13 nm, depending on the pH value (pH = 4.0, 5.5,
7.4 and 8.4). Their ZP values were also pH-dependent and
negative in all cases, ranging from —5 to —40 mV. Their drug
release profiles were determined at pH = 4.0 and 5.5, with the

This journal is © The Royal Society of Chemistry 2026
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greatest differentiation observed for the Ag;oIn;¢Zn;¢S;.s/
MUA-C-2028 system. In summary, all hybrids exhibited high
stability at pH = 7.4, while at lower pH levels of 5.5 and 4.0,
release reaching 80% could be achieved. The obtained hybrid
systems were tested in in vivo and in vitro studies on lung H460
and colon HCT116 cancer cells."?”**®

Type A hybrids were also fabricated using carbon dots.
Starting from bovine serum albumin (BSA) in ethanol, CDs
with an average diameter of 6.8 nm and a hollow structure
were synthesized via solvothermal carbonization, as confirmed
by HRTEM analysis. Calculations based on the Barrett-Joyner—
Halenda (BJH) model indicated that the hollow CDs (HCDs)
possessed a specific surface area of 16.4 m®> g¢~' and a pore
volume of 1.73 x 10> cm® g~". These nanoparticles, exhibiting
emission maxima at 460 and 440 nm, were subsequently func-
tionalized with doxorubicin (Dox) through n-r stacking, hydro-
phobic interactions, and van der Waals forces. The pristine
CDs displayed an average hydrodynamic diameter of 13 nm, as
determined by dynamic light scattering (DLS), and a zeta
potential (ZP) of —16.7 mV.

Upon Dox conjugation, the ZP decreased to —8.0 mV. In
contrast, at pH = 5.0, the released fraction increased to 70%.
The hybrid system was evaluated in vitro using A549 cells
(human alveolar basal epithelial adenocarcinoma cells),
HeLa cells (human cervical cancer cells), and MRC-5 cells
(normal human fetal lung fibroblasts)."** Another example
of the application of CDs in the fabrication of type A
hybrids was reported by H. U. Lee et al.'®*® In their investi-
gations, CDs were synthesized from cyanobacterial species
collected from the Nakdong River in the southeastern region
of Korea. The cyanobacteria dispersed in ethanol were sub-
jected to ultrasonic treatment for 90 min. The obtained CDs
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exhibited average diameters of approximately 5.7 nm and
were surfacially enriched with carboxyl groups, which
ensured the stability of their aqueous dispersions and
enabled drug conjugation. Doxorubicin (Dox) molecules
were directly attached to these CDs. The resulting hybrids
were evaluated in vitro using human hepatocellular carci-
noma (HepG2) and human breast cancer (MCF-7) cell lines,
as well as in vivo in a murine model. The studies demon-
strated an enhanced anticancer effect compared with the
administration of the free drug.'*°

4.2. Type B hybrids

Hybrids of type B are complex systems to which, in addition to
the nanocarrier, ligands, and drug molecules, other com-
ponents are also introduced. Their structural integrity is
assured by both non-covalent and covalent interactions.
Amine-capped ZnO-NH, QDs, obtained by reacting ZnO nano-
crystals with 3-aminopropyltriethoxysilane (APTES), are most
often used for the fabrication of this type of hybrid. In a pro-
cedure reported by X. Cai et al. a long-chain ligand, namely
dicarboxyl-terminated poly(ethylene glycol), and a targeting
ligand, hyaluronic acid (HA), were first attached to the
ZnO-NH, QDs, in both cases by forming an amide bond in the
reaction with 1-ethyl-3-(3-dimethylamino)propyl carbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS), as
shown in Fig. 4a."*" In the final step Dox was introduced into
the system through non-covalent interactions. For the initial
ZnO-NH, QDs, the measured ZP value was +27.4 mV, while
after the introduction of the drug molecules it reversed the
sign and lowered to —1.90 mV. They emitted green light with
Amax = 527 nm, whereas after the introduction of Dox, quench-
ing of the emission at ~590 nm characteristic of “free” Dox

PEG ZnO QD
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(a) Chemical reaction scheme of EDC/NHS coupling of a carboxyl group on the ligand (bioactive compound) to a primary amine on the bio-

active compound (ligand). (b) N,N'-Carbonyldiimidazole (CDI)-mediated coupling of a hydroxyl group on the polyethylene glycol to a primary amine

on the ligand.
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molecules was observed. Drug release profiles from the
obtained hybrids were also determined, showing higher
releases at pH = 5.0 compared to pH = 7.4. The hybrid system
was tested in in vitro studies on lung (A549) cancer cells. A
similar strategy was reported by Sadhukhan et al. who also
used amine-capped ZnO-NH, QDs as initial nanocrystals."*?
4-Carboxybenzeneboronic acid (PBA) molecules serving as tar-
geting ligands were then grafted through the reaction with
EDC/NHS resulting in the formation of an amide bond. In the
second step, drug molecules - quercetin (Que) - were intro-
duced via non-covalent interactions.

After adding subsequent hybrid components, the Dy, value
steadily increased, starting from ~140 nm for ZnO-NH, QDs,
through ~280 nm for ZnO-PBA up to ~400 nm for ZnO-PBA
QDs. The corresponding ZP values were +17.8 mV, —1.8 mV
and —10.2 mV. Drug release profiles were determined for the
obtained hybrids at different pH values; the highest releases
were obtained at pH = 5.0 compared to pH = 6.0 and 7.4. The
ZnO-PBA-Que QD hybrids were tested in in vivo and in vitro
studies on breast (MCF-7) cancer cells.'**

In the last decade, a number of articles were published
focused on the application of Ag,S QDs as drug nanocarriers.
Chen et al. elaborated a new hybrid nanocarrier starting from
hydrophilic Ag,S nanocrystals capped with 3-MPA."** In the
first step, drug molecules (Dox) were grafted to the ligand shell
through amidation (EDC/NHS) involving the ligand carboxylic
group and the drug amine group. In the second step, targeting
ligands, namely cyclic RGD peptides (cRGD), were attached
using the same reaction of the formation of an amide bond
(EDC/NHS). The initial Ag,S QDs and “free” Dox emitted light
at 800 nm and ~590 nm, respectively. In the hybrid these
bands were bathochromically shifted to 830 nm and 650 nm.
The Ag,S-(cRGD)-Dox QDs hybrid was tested in in vivo and
in vitro studies on breast (MCF-7) cancer cells.”*® A similar
strategy was proposed by Asik et al. who obtained hydrophilic
Ag,S QDs by introducing primary ligands in the form of a
mixture of modified polyethylene glycols (PEGs): PEG-SH i.e.
PEG containing an SH end group and HS-PEG-COOH i.e. PEG
containing SH and COOH end groups.®’ In the next step, tar-
geting ligands - folic acid (FA) - were attached, again by
forming an amide bond (EDC/NHS) involving the carboxylic
group of the hydrophilic ligand and the amino group of the
FA. Finally, drug molecules (Dox) were introduced through
non-covalent interactions. The initial Ag,S QDs were very small
(1.7-2.5 nm in size, as determined by TEM). The hydrodyn-
amic diameter of the Ag,S-PEG-FA-Dox hybrid reached a value
of D, = 10-13 nm (determined by DLS). Its ZP of —10.8 mV was
relatively low. The initial Ag,S QDs nanocrystals emitted radi-
ation in the range of 775 to 930 nm, while the hybrid showed
an additional emission band at ~590 nm attributed to Dox.
The hybrid system was tested in in vitro studies on carcinoma
(HeLa) cells.®

Hashemkhani et al. prepared a hybrid drug carrier starting
from Ag,S QDs stabilized with hydrophilic primary ligands
(GSH).”® Previously synthesized modified polyethylene glycol
(HOOC-PEG-FA), containing a COOH group and an FA mole-
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cule at its ends, was then attached to the ligand shell via an
amidation reaction (EDC/NHS) involving the amine group of
the ligand (GSH) and the carboxylic group of the polymer.
Drug molecules (methotrexate, Mtx) were subsequently grafted
using the same type of amidation reaction (EDC/NHS). As
determined by DLS measurements, Dy, steadily increased with
the grafting of each new component of the hybrid, changing
from 30 nm for Ag,S-GSH QDs to 76 nm for Ag,S-GSH-PEG-FA
QDs and finally to 114 nm for Ag,S-GSH-PEG-FA-Mtx QDs. The
corresponding changes in ZP were —21.5, —27.0 and —15.0 mV.

These authors applied the same procedure to prepare nano-
carriers from ternary non-stoichiometric Ag-In-S QDs of com-
position Ag; ¢In; S, ., also stabilized with GSH. The obtained
Ag-In-S-GSH-PEG-FA-Mtx hybrids were characterized by D, =
142 nm and ZP = —24.6 mV. The initial colloidal Ag,S and
Ag; 0In; »S,, nanocrystals used for the preparation of both
types of hybrid exhibited emission at 822 and 634 nm, respect-
ively. Upon grafting the targeting ligands and drug molecules,
a partial quenching of emission was observed with a slight
bathochromic shift. The drug release profiles determined for
both hybrids showed low release at pH = 5.5 and 7.4, while a
significant increase was observed at pH = 5.5 after laser illumi-
nation at 640 nm for 10 min at 37 °C, indicating their potential
use in photothermal therapy. The hybrids also were tested in
in vitro studies on cervical (HeLa) cancer, lung adeno-
carcinoma (A549), and colon adenocarcinoma (HT29) cells.®®

An interesting hybrid was obtained by Duman et al. starting
from Ag,S QDs prepared in a mixture of 2-MPA and branched
polyethyleneimine (BPEI)."** In the first step, using the amine
groups of the ligand (BPEI), mPEG-OH was attached by activat-
ing its hydroxyl groups with N,N'-carbonyldiimidazole (CDI)
(Fig. 4b).'**> Then, in parallel, amine-polyethyleneglycol-
valeric acid was grafted via an amidation reaction involving the
amine groups of the ligand (BPEI) (EDC/NHS). In the second
step, targeting ligands - cetuximab (Erbitux®, C225, Cet) were
attached through terminal primary amine groups (PEG)
forming an amide bond (EDC/NHS), while the drug - 5-fluor-
ouracil (5-FU) - was introduced via non-covalent interactions
in a buffer at pH = 7.4. The initial Ag,S QDs were characterized
by D, = 7.4 nm and ZP = +11.8 mV. Upon formation of the
hybrid Dy, increased to 14.8 nm where the value of ZP dropped
to +1.6 mV. The initial Ag,S QDs emitted light at approximately
800 nm with a PLQY value of ~50%. In the hybrid the PLQY
decreased to approximately 15%, with the emission wavelength
essentially unchanged. The hybrid was tested in vitro on A549
and H1299 lung cancer cells.'*®

The same research group of Acar et al. designed a series of
hybrids based on hydrophilic 2-MPA-capped Ag,S QDs.”>**” In
the first step, 5-aminolevulinic acid (ALA), previously used in
protoporphyrin-based photodynamic therapy, was attached to
these Ag,S QDs."**'*° Three methods of ALA attachment were
tested: through non-covalent electrostatic interactions at pH =
7.2-7.4 or via typical covalent grafting, either direct or indirect.
The direct covalent attachment was achieved through amida-
tion (EDC/sulfo-N-hydroxysuccinimide, sulfo-NHS), involving
the carboxyl group of the ligand (2-MPA) and the amino group

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr04810a

Open Access Article. Published on 12 mai 2026. Downloaded on 23.05.2026 22.01.35.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Review

Ag,S-2-MPA-(5-FU)-(PEG-Cet)-ALA, D, = 114.4 nm
A

Ag,S-2-MPA-ALA, D, = 19.5 nm
L
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Ag,S-2-MPA-(5-FU)-(PEG-Cet)-ALA.**”

of ALA. In the indirect grafting a linker, namely adipic acid
dihydrazide, was first attached to 2-MPA, and then ALA was
grafted to it attached via a hydrazone linkage (Fig. 5a). The
highest release of ALA at pH = 5.5, measured after 24 h, was
observed for hybrids with electrostatically bound ALA (48%),
and the lowest for the hybrid obtained by direct grafting
(34%)."” In the next stage of this research, a complex nano-
carrier hybrid was elaborated, suitable for use in chemo-
therapy as well as photodynamic therapy. The drug (5-FU) was
first transformed into its diol form in the reaction with formal-
dehyde. It was then grafted to the ligand shell via esterification
carried out in the presence 4-dimethylaminopyridine (DMAP)
and N,N-dicyclohexylcarbodiimide (DCC). In the next step
modified polyethylene glycol containing an amino group at
one end and a targeting ligand - cetuximab (Erbitux®, C225,
Cet) - at the other was attached to the ligand (2-MPA) via ami-
dation (EDC/sulfo-NHS). In the final step, ALA was introduced
via electrostatic interactions following previously developed
procedures.'®” For the following hybrids Ag,S-(2-MPA)-ALA and
Ag,S-(2-MPA)-(5-FU)-(PEG-Cet)-ALA (Fig. 5b), the measured Dy,
values were equal to 19.5 and 114.4 nm while the corres-
ponding ZP values amounted to -13.6 and -7.8 mV,
respectively.

The initial Ag,S QDs exhibited emission at 830 nm which
was slightly bathochromically shifted upon the formation of
the hybrids. The hybrids were tested in in vitro studies on
colon adenocarcinoma (HCT116, SW480 and HT29) cells."*’

Hybrids containing ternary stoichiometric (AgInS,) and
non-stoichiometric (Ag-In-S) QDs were also developed.
Mansur et al. prepared drug nanocarriers based on hydrophilic
ternary AgInS, QDs obtained in the presence of carboxymethyl-
cellulose (CMC).'*® 1-Cysteine molecules, as cell-penetrating

This journal is © The Royal Society of Chemistry 2026
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(a) Different routes of ALA-conjugated Ag,S-2-MPA QDs. (b) Schematic illustration of the construction of hybrids: Ag,S-2-MPA-ALA and

moieties, were first grafted to the ligand shell through amida-
tion (EDC/NHS). In the next step, a mitochondria-targeting
pro-apoptotic peptide (KLA) was attached to these r-cysteine-
functionalized nanocrystals. The measured Dy value for the
AgInS/CMC-Cys hybrid was equal to 66 nm. After KLA grafting
to yield the AgInS/CMC-Cys-KLA hybrid it increased to 139 nm.
The corresponding ZP values amounted to —18 and —13 mV,
respectively. The initial AgInS, QDs exhibited emission at
660 nm, while a significant decrease of PLQY with a concomi-
tant slight hypsochromic shift was observed in the spectra of
the hybrids. The hybrids were tested in in vivo and in vitro
studies on glioblastoma (U-87 MG, GBM) cells and malignant
human brain HTB-14TM tumors."*® Hydrophilic AgInS, QDs
were synthesized from a mixture of simple precursors (AgNO3
and InCls) in aqueous medium in the presence of polyethyl-
eneimine (PEI) to which a Na,S solution was introduced. They
were employed as carriers for celastrol (Cel), a natural product
isolated from the root of Tripterygium wilfordii.**" Celastrol
was conjugated to the surface of AgInS, QDs (2-4 nm in
diameter) via direct amide bond formation. The resulting
hybrid nanohybrids were evaluated in vitro in Hep3B and
HepG2 hepatocellular carcinoma cell lines."**

Quaternary, nonstoichiometric Ag-In-Zn-S QDs also turned
out to be promising components of type B hybrids. In this
case nanocrystals capped with hydrophobic ligands were ren-
dered hydrophilic through the exchange of primary ligands for
hydrophilic ones such as MUA, Cys and DHLA.'%° These hydro-
philic nanocrystals of the composition Ag;oIn; ¢Zn ¢S;s,
stabilized with MUA, were then functionalized by attaching tar-
geting ligands, namely transferrin (Tf), via amidation. The
drug Dox, previously modified in a reaction with glutaralde-
hyde (GA), was then attached to this system through the for-
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mation of an imine bond with Tf. The hydrodynamic diameter
measured for Ag, ¢In; ¢Zn, oS; s-MUA was equal to ca. 9 nm. It
increased to 11 nm for the final hybrid. The initial nanocrys-
tals exhibited emission at 730 nm with a PLQY of 30%. After
Tf grafting, a significant decrease in the value of PLQY to ca.
12% was observed. The hybrid system was tested in in vitro
studies on lung carcinoma (H460) cells."**

Ruzycka-Ayoush et al. prepared three series of quaternary
Ag-In-Zn-S nanocrystals differing in composition and capped
with three different hydrophilic ligands MUA, Cys and DHL,
namely Ag;In;,Zns S 4-MUA, Ag; IngsZnys3S154,-Cys and
Ag; oIny ¢Zng gS,s1-DHLA, characterized by emission at 576,
524 and 540 nm, respectively.'*® Targeting ligands - FA — were
then grafted to the capping ligand shell through amidation
(EDC/NHS) involving carboxylic groups of the ligands. In the
next step Dox was attached, again by forming an amide bond
(EDC/NHS). Two grafting sites were available in this case
either via the ligand carboxylic group or via the carboxylic
group of FA. The hydrodynamic diameters measured for the
three resulting hybrids (AgInZnS-MUA-FA-DOX, AgInZnS-Cys-
FA-Dox and AgInZnS-DHLA-FA-Dox) were 15.1, 17.6 and
22.5 nm, respectively. The corresponding ZP amounted to
—-15.5, —17.2 and —6.2 mV. All three types of hybrid were
tested in in vitro studies on lung cancer (A549) cells.'*?

More complex hybrids were obtained using alloyed nano-
crystals of the following compositions: Ag; ¢In; ,Zns ¢Se 4-MUA
and Ag; oIn; ¢Zn,; ¢S;.5-MUA, both stabilized with MUA and
characterized by green (576 nm) and red (730 nm) emission,
respectively. In the first step f-cyclodextrin (f-CD) was attached
to the capping ligands shell via esterification (EDC/DMAP)
involving the carboxylic group of the ligand (MUA), to which
targeting ligands (FA) were then grafted under the same con-
ditions, again through esterification. In the next step, drug
molecules, namely unsymmetrical bisacridine derivatives
(UAs, C-2028, C-2045, Fig. 2 and 6) were introduced by forming
an inclusion complex with p-CD (pocket size 7.9 x 7.0 A). The
Dy, and ZP values determined for the initial nanocrystals were
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9.9 nm and —37.5 mV for Ag; ¢In, ,Zn;Se 4-MUA and 9.8 nm
and —34.4 mV for Ag;¢In; ¢Zn, ¢S;5-MUA. The formation of
the final hybrids resulted in a large increase of Dy, to 156 nm
and 167 nm and a relatively small drop in their ZP values to
—30.2 mV and —31.3 mV, respectively.'** The obtained hybrids
were tested in in vitro studies on lung (H460) and prostate (Du-
145, LNCaP) cancer cells."***¢

Type B hybrids were also synthesized using carbon dots
(CDs) instead of quantum dots (QDs) of inorganic semi-
conductors, as reported by M. Zheng et al.'*’ In this study,
citric acid was employed as a precursor of carbon and polyene
polyamine (PEPA) as a surface passivation agent, following a
modification of previously developed synthetic protocols.'*®**°
In the first stage, CDs with an average diameter of approxi-
mately 2.3 nm were obtained. These nanoparticles exhibited a
pronounced excitation-dependent emission behaviour, a
phenomenon previously reported for selected types of CD."*°
Upon increasing the excitation wavelength from 380 to
520 nm, a bathochromic shift of the emission maximum was
observed, spanning from 462 to 550 nm. The highest PLQY of
21% was recorded at the 380 nm excitation wavelength. In the
subsequent stage, Pt(iv) complexes (Oxa(wv)-COOH) were co-
valently grafted to the CD surface via amide bond formation,
employing EDC/sulfo-NHS coupling chemistry and taking
advantage of the amino groups present on the CD surface. The
zeta potential (ZP) of the pristine CDs was +24.02 mV, which
decreased to +16.69 mV following drug conjugation. The
resulting hybrids were evaluated in vitro using the human
hepatocellular carcinoma cell line HepG2 and in vivo in a
hepatocarcinoma 22 (H22) liver cancer model established in
Chinese Kunming (KM) mice."*”

L. Yang et al.'®" reported the one-pot hydrothermal syn-
thesis of highly luminescent polyethylene glycol (PEG)-
anchored carbon dots (CDs) using a mixture of citric acid,
PEG-2000, and ethylenediamine in aqueous solution. The
obtained CDs exhibited an average diameter of approximately
6.1 nm and were surface-functionalized with amino groups.

AgInZnS-MUA-p-CD(FA)-UAs, D, ~156 nm
A
[ |
AgInZnS-MUA, D, ~10 nm
—t—

folic acid

l @

OH EDC/DMAP o

B-CD
EDC/DMAP

&

inclusion UAs
” || c 2028

Fig. 6 Schematic illustration of the construction of a hybrid: AginZnS-MUA-B-CD(-FA)-UAs-C-2028 144
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Fig. 7 Schematic illustration of the construction of hybrids: (a) CD-(NLS)-Dox,**?

Exploiting the presence of these surface amine functionalities,
targeting ligands in the form of a nuclear localization signal
(NLS) peptide (T-antigen NLS, PKKKRKVG) were conjugated to
the CD surface via EDC/NHS-mediated coupling chemistry.""
In a subsequent study,">> the same research group further
modified the amine-functionalized CDs by covalently attaching
4-hydrazinobenzoic acid (HBA) through amide bond formation
using EDC/NHS activation. Doxorubicin (Dox) molecules were
then grafted to the hybrids via the formation of an acid-sensi-
tive hydrazone bond between the terminal hydrazine groups
derived from HBA and the carbonyl (ketone) group of Dox
(Fig. 7a). The pristine CDs exhibited an emission maximum at
approximately 450 nm, whereas the CD-(NLS)-Dox hybrid
system displayed a fluorescence peak centred at 605 nm. The
drug release profiles of the obtained hybrids clearly demon-
strated a significantly higher percentage of drug release at pH
5.5 compared to physiological pH 7.4, confirming the pH-
responsive behaviour of the hydrazone linkage. The hybrid
nanoplatform was evaluated in vitro using human lung adeno-
carcinoma A549 cells and in vivo in an A549 xenograft nude
mice model, confirming its potential for nucleus-targeted drug
delivery and enhanced therapeutic efficacy.">

Another instructive example of type B hybrid design was
reported by L. Cheng et al.'> Starting from carbon dots (CDs)
with diameters of approximately 2 nm, surface-functionalized
with amino groups, the authors additionally introduced 2-bro-
moisobutyric acid moieties via amide bond formation. This
functionalization enabled subsequent atom transfer radical
polymerization (ATRP) from the CDs’ surface. Through this
strategy, a polycation-b-polysulfobetaine block copolymer, poly
[2-(dimethylamino) ethyl methacrylate]-b-poly[N-(3-(methacry-
loylamino) propyl)-N,N-dimethyl-N-(3-sulfopropyl) ammonium
hydroxide], was grafted onto the CDs (Fig. 7b). The hydrodyn-
amic diameters of the pristine CDs and the resulting
CD-PDMA-PMPD hybrids were 2.3 nm and 38.4 nm, respect-
ively. Both CDs and CD-PDMA-PMPD exhibited excitation-
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dependent emission behavior, with fluorescence spanning
from 455 to 600 nm upon excitation changing in the range of
310-530 nm. The obtained hybrids were capable of conden-
sing plasmid DNA (pDNA) into stable nanoscale complexes
and effectively protecting the genetic material from enzymatic
degradation.™?

4.3. Type C hybrids

Research on the encapsulation of colloidal QDs is inherently
related to the attempts of applications of cadmium or lead
chalcogenide nanocrystals in biomedical sciences. Initially its
main goal was to reduce the toxicity of these nanocrystals. The
first investigations involved the encapsulation of CdSe/ZnS
QDs, stabilized with hydrophobic TOP/TOPO ligands, with a
specially functionalized copolymer obtained from polyacrylic
acid which was rendered amphiphilic through the transform-
ation of 40% of its carboxylic groups, which were converted
into hydrophobic moieties in a reaction with octylamine.*’

A similar approach was used in the case of an alternating
copolymer, namely poly(maleic anhydride-alt-1-tetradecene,
PMO) (M,, = 7300, PDI ~1.23), to which, after hydrolysis, alkyl-
amine groups were grafted in a reaction with bis(6-amino-
hexyl)amine."" Somehow more advanced encapsulation strat-
egies involved the use of a triblock copolymer (M, = 100 000)
containing butyl and ethyl acrylate units (77%) and
methacrylic acid units (23%) modified in a reaction with
n-octylamine in the presence of EDC. After application of this
copolymer for encapsulating QDs, the free carboxylic groups
were reacted with amino-PEG, yielding hydrophilic chains.

The proposed approach allowed for the encapsulation of
CdSe/ZnS QDs while maintaining their excellent luminescence
properties. The measured PLQY values approached 60% practi-
cally across the entire pH range, from 0 to 14."*
Encapsulation is one of the most effective methods for intro-
ducing quantum dots into aqueous environments without the
necessity of exchanging hydrophobic ligands for hydrophilic
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ones. This process is particularly advantageous in these cases
in which the encapsulated nanocrystals retain the lumine-
scence properties of nanocrystals capped with primary hydro-
phobic ligands. Furthermore, other molecules, such as target-
ing ligands and drugs, can be grafted to the surface of the
capsules.

An interesting method for encapsulating Mn-doped ZnS
QDs, synthesized according to the procedure described in
reference, H. F. Wang et al.®” Prior to encapsulation a cyclic
monomer (NCA-L-Ala) was obtained in the reaction of r-alanine
and triphosgene,'®>'*® and then underwent a ring-opening
polymerization reaction. The resulting polymer was then
attached on one side to the ligand shell of the nanocrystal via
an amino group, while terminating on its other side with
another amino group. Dextran (M, ~10 000), previously modi-
fied in reaction with chloroacetate, was then attached to this
group by forming an amide bond."” In the next step ibuprofen
(Ibu) molecules were attached to these encapsulated Mn-
doped ZnS QDs, binding through the formation of hydrogen
bonds between the -OH and -NH, groups of the polymer and
the carboxylic groups of the drug, forming a noncovalent inter-
molecular complex.>®

Fig. 8a schematically shows the constitution of the above-
described hybrid. Its emission spectrum exhibited two bands
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o CHj
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o
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at 443 and 585 nm originating from the nanocrystals. The
determined drug release profiles indicated only a slightly
higher release at pH = 7.4 as compared to pH = 5.0. The elabo-
rated hybrids were tested in in vitro studies on human embryo-
nic kidney (HEK293T) cells.'*®

In a different strategy, InP/ZnS QDs prepared according to
the procedure described in ref. 74 were first transferred to
water via exchange of primary ligands for mercaptosuccinic
acid (MSA). They were then encapsulated with chitosan-based
nanohydrogels (CS-NHGs) obtained from chitosan in the pres-
ence of a mixture of glacial acetic acid, N-isopropylacrylamide,
N,N'-methylene bisacrylamide and ammonium
persulfate.'>%16°

Encapsulation was carried out through vortexing and incu-
bation of InP/ZnS QDs and CS-NHGs at 4 °C overnight, benefit-
ing from CS-NHG swelling and physical incorporation of QDs
capped with COOH-terminated ligands. Subsequently, target-
ing ligands, namely 3’-amino-modified MUC Ap, were attached
to the surface of the capsules via amidation (EDC/NHS), while
the drug, i.e. paclitaxel (Ptx), and sodium oxamate (SO) - a
component improving the therapeutic effects — were incorpor-
ated into the capsules via noncovalent interactions in an over-
night incubation process carried out at 4 °C. For the initial
InP/ZnS QDs, two emission peaks were observed at 692 and

2
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Fig. 8 Schematic illustration of the construction of hybrids: (a) Mn-ZnS QDs-poly(L-alanine)-Dextran-(Ibu-encapsulated),**® and (b) Ag,S QDs-

DDT-DSPE-COOH-(Dox-encapsulated).¢®
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698 nm, while upon encapsulation, the position of the first
peak remained unchanged whereas the second underwent a
slight hypsochromic shift to 696 nm. InP/ZnS QDs, initially
rather small (sizes in the range from 1 to 5 nm, as determined
by TEM), after encapsulation reached sizes ranging from 20 to
50 nm. Their drug release profiles indicated low release at pH
= 7.4, which significantly increased at pH = 5.8. The hybrids
were tested in in vitro studies on breast (MCF-7) cancer
cells.""

Tan et al. investigated Ag,S QDs as potential drug nano-
carriers.'® In their procedure the nanocrystals were first ren-
dered hydrophilic through ligand exchange. In the next step
they were encapsulated via the formation of amide-type bonds
with chitosan. Drug (Dox) molecules were then introduced to
the capsule through non-covalent interactions. Both the initial
Ag,S QDs and the hybrid emitted radiation at 1032 nm, with a
PLQY value of ~13%. The initial Ag,S QDs were characterized
by Dy = 33.4 nm. Interestingly, the hybrid showed a depen-
dence of D, and ZP on pH. Changing pH from 7.4 to 5.0
resulted in an increase in Dy, from ~50 nm to ~100 nm and an
increase in ZP from +5 mV to +50 mV. This phenomenon was
attributed to conformational changes in the polymeric (chito-
san) capsules. The measured release profile showed increased
Dox release at pH 5.0. The hybrid system was tested in in vivo
and in vitro studies on colon cancer cells (HeLa)."®>

Encapsulation of colloidal Ag,S QDs stabilized with hydro-
phobic ligands, namely DDT, was reported by Q. Wang
et al.*>”® A special amphiphilic copolymer (C18PMH/PEG) was
prepared for this purpose by grafting polyethylene glycol side
chains to poly(maleic anhydride-alt-1-octadecene, PMO),
according to a procedure described in ref. 163. The presence of
hydrophilic groups in the encapsulating polymer allowed for
the ultrasound-assisted transfer of nanocrystals to aqueous
media, without the necessity of exchanging the primary hydro-
phobic ligands for hydrophilic ones. In the last step molecules
of the drug (Dox) were introduces to the capsule via non-
covalent interactions. The initial Ag,S-DDT QDs were rather
small, characterized by a hydrodynamic diameter (D) of
3.6 nm, while for the hybrid Dy, increased to 13.4 nm. The pre-
pared hybrids emitted radiation at 1110 nm. The measured
drug release significantly increased at pH = 5.5 compared to
pH = 7.4, indicating the influence of the environment on drug
binding within the capsule. The hybrids were tested in in vivo
and in vitro studies on breast (MDA-MB-231) cancer cells.'®* H.
Uludag reported on DDT-stabilized Ag,S QDs, obtained under
the same conditions as described above, which were, however,
encapsulated differently.'®® Direct, ultrasound-assisted encap-
sulation was performed using 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[carboxy( polyethylene glycol)]
(DSPE-PEG-COOH) (Fig. 8b). Alendronate (Ald) molecules, a
clinical bisphosphonate drug for preventing osteolysis and
alleviating pain, were then covalently attached to the capsule
via amide bond formation (EDC/NHS). Doxorubicin (Dox) was
non-covalently incorporated into the capsules. The resulting
hybrid emitted radiation at 1150 nm, the emission at 590 nm,
originating from Dox, being quenched. The drug release pro-

This journal is © The Royal Society of Chemistry 2026
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files determined for the hybrid system showed a significant
increase in release from ~20% to ~80% upon lowering the pH
from 7.4 to 5.0. The hybrids were tested in in vivo bone tumor
and in vitro lung carcinoma (A549) studies."®®

In the case of DDT-stabilized Ag,Se QDs obtained according
to the method developed by Dong et al ultrasound-assisted
encapsulation was performed using amino group-functiona-
lized 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol)] (DSPE-PEG-NH,).*> Heparin
molecules were then grafted via amidation (EDC/NHS). In the
next step doxorubicin (Dox) molecules were introduced into
the polymer capsules. Finally, stromal cell-derived factor-1a
(SDF-1a) was attached to the heparin by electrostatic adsorp-
tion. The resulting hybrids emitted radiation at 1350 nm
characteristic of Ag,Se QDs. The Dy, of the initial nanocrystals
was 4.3 nm, while for the hybrid system it increased to
127 nm. Release profiles were determined for both drugs. In
the case of Dox, a significant increase of release was measured
upon pH lowering from 7.4 to 5.5. For SDF-1a, low release was
observed, practically independent of pH. The systems were
tested in in vivo and in vitro studies on breast (MDA-MB-231)
cancer cells."®” Core/shell AgInS,/ZnS QDs, stabilized with
hydrophobic DDT ligands, were obtained according to a pre-
viously elaborated procedure.”” In the next step they were
encapsulated with poly(maleic anhydride-alt-1-octadecene)
(PMO) copolymer and transferred to water under sonication.
Subsequently, methotrexate (Mtx) drug molecules were grafted
via amidation (EDC/NHS). The resulting hybrid exhibited
emission at 530 nm originating from the QDs. It was tested in
in vitro studies on cervical (HeLa) cancer cells.'®®

In the hybrid systems discussed above, colloidal QDs can
be considered as central units to which individual elements of
different functions are attached. It is, however, possible to use
nanocrystals as elements of complex self-organized systems
where they constitute one of several components. An instruc-
tive example of the approach is the elaboration of a tumor
microenvironment-activated NIR-II nanotheranostic system for
precise diagnosis and treatment of peritoneal metastases. The
main advantage of systems of this type is the formation of a
self-organizing, stable structure at pH ~7, corresponding to
healthy cells, which disintegrates when the pH decreases in
the presence of cancer cells. The FEAD1 system is a combi-
nation of five elements: Fmoc-His/Er’**/Ag,S/Dox/A1904, as
shown in Fig. 9.

In the first stage of FEAD1 formation, Er’" ions induce
cross-linking between the histidine imidazole groups in Fmoc-
His and the carboxylic groups of 3-MPA i.e. the ligand bound
to the surface of the Ag,S QDs.'”° In the second stage, Dox and
the NIR absorber A1094,"”" acting as initiators, drive multi-
component self-assembly stabilized by intermolecular inter-
actions, i.e., hydrophobic interactions, n-n stacking, and
electrostatic forces."””>"”* A regular globular aggregation of
FEAD1 (95 nm in diameter) is formed at pH = 7.4 as evidenced
by its TEM image. Its D, amounts to approximately 120 nm
and its ZP is rather low (approximately 18 mV). When the pH
is decreased to 5.5, the TEM images show a disintegration of
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Fig. 9 Schematic illustration of the construction of the activatable NIR-II nanotheranostic system FEAD

this aggregation. Simultaneously, Dy, decreases to 34 nm. The
photoluminescence of FEAD1 is extremely low, which is
ascribed to quenching caused by Forster resonance energy
transfer (FRET) between Ag,S QDs emitting light at approxi-
mately 1200 nm and A1094. However, in acidic conditions
FEAD1 fluorescence is restored through protonation of the
imidazole groups in Fmoc-His and Dox, which weakens their
coordination and hydrophobic interactions.'®'”® The FEAD1
system was tested in in vivo and in vitro studies on breast
cancer cells (MDA-MB-231).'%°

5. Methods of the determination of
drug content

In the studies of hybrid drug nanocarriers based on QDs, the
amount of the incorporated drug is usually determined spec-
trophotometrically by applying the Beer-Lambert law. The rela-
tive drug content in the hybrid is most often characterized by
two parameters, namely drug loading content (DLC) and drug
entrapment efficiency (DEE), calculated according to eqn (1)
and (2):

weight of drugin nanoparticles

: - x 100%
weight of nanoparticles taken

DLC (%) =

(1)

weight of drug in nanoparticles

100
weight of drug injected X %

DEE (%) = (2)

In the case of DLC, the amount of drug bound in the
hybrid is most often expressed in relation to the mass of the
nanocarrier; sometimes it is also expressed only in relation to
the mass of the polymer constituting the capsule. The DEE
parameter relates the amount of drug bound in the hybrid to
the total amount of drug, which is usually the sum of bound
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and free drug. The ZnS-CMC-Dox hybrid can be considered
here as an instructive example. In this hybrid the drug mole-
cules were bound as a result of non-covalent interactions, and
a value equivalent to DEE was determined from the formula (A
— B)/A, where A (mg L") is the initial concentration of Dox in
the nanocarrier, and B (mg L") is the concentration of Dox in
the filtrate. The ZnS-CMC-Dox suspension was centrifuged
using an ultracentrifuge filter with a 50 000 Da cut-off cellulose
membrane.®®

In many scientific reports, the authors do not provide a
complete description of the procedure for determining the
DEE parameter. The values of DLC and DEE can widely vary,
and generally, the DLC value is significantly lower than that of
DEE. For example, for a hybrid consisting of ZnO QDs capped
with a polymeric ligands (HOOC-PEG-COOH), to which HA was
covalently grafted and Dox introduced through non-covalent
interaction, the DLC value reached only 30%, while the DEE
value exceeded 80%."*" Table 4 presents a comparison of DLC
and DEE values for selected hybrid systems which do not
contain toxic metals.

Dox in hybrid nanocarriers could also be determined elec-
trochemically. In the case of hybrid Dox carriers consisting of
quaternary Ag-In-Zn-S QDs functionalized with MUA and
transferrin to which Dox was grafted, the amount of bound
Dox was determined from the charge under the cathodic peak
located at a potential of approximately —0.6 V vs. Ag/AgCl.
Assuming a two-electron process (z = 2), the amount of Dox
(mpox) Was calculated using Faraday’s law (eqn (3)):'*?

Qqp-Dox X Mpox
Mpox = ZXF

(3)

where: Qqgp.pox — the charge of the cathodic peak at the poten-
tial of approximately —0.6 V vs. Ag/AgCl, Mp,x — molecular

This journal is © The Royal Society of Chemistry 2026
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Table 4 Hybrid composition, drug, major absorption peak of drug, drug loading content (DLC) and entrapment efficiency (DEE)

Hybrid composition - QD + ligands + drug Drug Aab (Nm) DLC (%) DEE (%) Ref.
ZnS-CMC-Dox (non-covalent) Dox ~490 — 99.0 68
ZnO-NH, + HOOC-PEG-COOH (covalent) + HA (covalent) + Dox (non-covalent) Dox ~490 30.0 83.4 131
Ag,S-T-OA + CS (covalent) + Dox (non-covalent, encapsulated) Dox ~490 3.01-5.87 13.5-38.3 162
Ag,S-DDT + C18PMH/PEG (non-covalent) + Dox (non-covalent, encapsulated) Dox ~490 93.0 — 164
Ag; oIn, ,7Zn;5 ¢So 4-MUA + FA (covalent) + Dox (covalent) Dox ~490 4.6 — 143
Ag1.0INg 87044 3S154.,-Cys + FA (covalent) + Dox (covalent) 5.4

Ag; 0In, gZng gS,5 .-DHLA + FA (covalent) + Dox (covalent) 3.9

ZnO-NH, + PBA (covalent) + Que (non-covalent) Que 378 31.8 46.7 132
Ag,S-GSH + HOOC-PEG-FA (covalent) + Mtx (covalent) Mtx 301 54.4 — 96
Agi 0In; »S, 5-GSH + HOOC-PEG-FA (covalent) + Mtx (covalent) Mitx 301 60.2 — 96
Ag,S-2-MPA(PEI) + mPEG-OH (covalent) + H,N-PEG-VA (covalent) + Cet 5-FU 265 7.3 57.8 136
(covalent) + 5-FU (non-covalent)

Zn(Mn)S-NH,, + NCA-1-Ala (polymerization) + Dextran (covalent) + Ibu Ibu 263 8.2-14.9 24.6-44.7 158
(non-covalent, encapsulated)

InP/ZnS-MSC + CS-NHGs (non-covalent) + MUCAp (covalent) + SO + Ptx Ptx 230 7.95-8.24 95.9-99.4 161

(non-covalent, encapsulated)

CMC - carboxymethylcellulose (M, = 250 kDa), HOOC-PEG-COOH - dicarboxyl-terminated poly(ethylene glycol) (M,, = 2000), HA - hyaluronic
acid, C18PMH/PEG - poly(maleic anhydride-ait-1-octadecene)-polyethylene glycol, MUA - 11-mercaptoundecanoic acid, Cys - L-cysteine, DHLA -
dihydrolipoic acid, FA - folic acid, PBA - 3-carboxybenzeneboronic acid, GSH - 2-glutathione (tripeptide: y-Glu-Cys-Gly), mPEG-OH - methoxy
(polyethylene glycol) (M, = 2 kDa), H,N-PEG-VA - amine-polyethylene glycol-valeric acid (M, = 3.4 kDa), Cet - cetuximab (Erbitux®, C225), NCA-
1-Ala - cyclic monomer of r-alanine, Dextran - polysaccharide derived from the condensation of glucose, CS-NHGs - chitosan-based nanohydro-
gels, MUCAp - 3'-amino-modufied MUC aptamer (GCAGTTGATCCTTTGGATACCCTGG, 3'-amine, OD: 30), SO - sodium oxamate, Dox — doxo-

rubicin, Que - quercetin, Mtx — methotrexate, 5-FU - 5-fluorouracil, Ibu - ibuprofen, Ptx — paclitaxel.

weight of Dox, z - number of electron (z = 2), F - Faraday
constant.

This mass was 81 mg per 1 g of Ag; ¢In, ¢Zn, oSz s-transfer-
rin, respectively.'** In the same report, the maximum mass of
drug per 1 g of the hybrid was estimated by calculating the
maximum number of drug molecules from the ratio of the QD
surface area (Sqp) to the drug surface area (Spox) according to

eqn (4):

Sqp 4 X T X rop®

Maximal number Dox perone QD = (4)

Spox T X I'pox?

where rop and rpox were determined from their Dy, values
measured by DLS measurements.

Based on the determined maximum amount of Dox, the
mass of the drug per 1 g of QD was calculated. For the nanocon-
jugate Ag; oIn, ¢Zn, oS; s-transferrin, this value was 136 mg of
Dox per 1 g of the hybrid.**> The electrochemical method can
also be used for the determination of other drugs, such as
unsymmetrical bisacridine derivatives (UAs = C-2028, C-2045,
Fig. 2) non-covalently bound to the surface of Ag; oIn, ,Zns ¢So 4
and Ag; oIn, ¢Zn, S 5 alloyed nanocrystals."*”

The determination is based on the calculation of the charge
(Q) by integrating the cathodic peak corresponding to the elec-
troreduction of the nitro group in UAs. The mechanism of this
process is strongly dependent on the pH of the electrochemical
reaction medium."”*™"”” In neutral aqueous media, the electro-
reduction of nitro groups is irreversible and involves the
exchange of four electrons. The amount of drug (UAs) can be
calculated using Faraday’s formula according to eqn (3).

For example, in the case of a hybrid consisting of alloyed
QDs of the formula Ag;,In;¢Zn,S;s to which UAs were
directly bound via non-covalent interactions the amounts of

This journal is © The Royal Society of Chemistry 2026

C-2028 and C-2045 determined electrochemically were 42.0 mg
and 33.0 mg per 1 g of Ag; oIn; ¢Zn, (S35 QDs, respectively."””
The same method was applied to hybrids composed of Ag-In-
Zn-S QDs to which FA-functionalized -CD molecules were
attached, while the UA derivative C-2028 was introduced by
inclusion to the cyclodextrin moiety. For C-2028, the drug
mass was 4.74 mg per 1 g of quaternary, alloyed QDs of the
composition Ag; oIn ¢Zn; ¢S;5."**

6. Summary and outlook

This critical review presents a detailed survey of strategies for
designing different types of QD-based hybrid nanocarrier for
drug delivery with a special emphasis on those which do not
contain toxic metals. The described hybrids are characterized
by varying degrees of complexity; moreover different types of
covalent and coordination bond as well as non-covalent inter-
action are exploited to link the drug molecules to these nano-
carriers. Among the numerous types of hybrid, relatively
simple systems composed only of QDs and drug molecules
bound non-covalently to them can be distinguished, as well as
complex systems in which elaborate polymeric hydrophilic
ligands are attached to the QD surface, providing, on the one
hand, their colloidal dispersion stability, and on the other
hand, the possibility of attaching drug molecules and other
bioactive molecules such as targeting ligands.

The described hybrids have been primarily used as nano-
carriers for doxorubicin, but also for other drugs. Considering
current knowledge, the development of this domain of
nanoscience is expected to proceed in two directions: (i) in the
synthesis of hydrophilic inorganic semiconductor QDs charac-
terized by emission in the NIR-II range and (ii) in the design
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and fabrication of new hybrid systems capable of transporting
a wide range of drugs.

Intensive research is expected in the development of new
quantum dots suitable for drug delivery applications. The pres-
ence of toxic elements such as cadmium and lead in the nano-
carrier is undeniably disqualifying for this type of application.
However, the toxicity of other elements such as copper is
debatable.®®

Regarding emission in the NIR-II biological window, binary
semiconductors with a band gap E, < 1.0 eV, such as Ag,S and
Ag,Se, are particularly interesting. Other potential inorganic
semiconductors include InP (Egpui) = 1.35 €V, rg = 10 nm),
which is frequently tested in medical applications, and the sig-
nificantly less popular InN with a distinctly smaller band gap
(Egbuiy = 0.7 €V, r5 = 8 nm)."”® Very promising are ternary
semiconductors such as AgInS, and AgInSe,, which, in combi-
nation with ZnS and ZnSe, can form core/shell type nanocrys-
tals, as well as alloyed or non-stoichiometric quaternary Ag—
In-Zn-S(Se) nanocrystals with tunable spectroscopic and redox
properties.’”'”® In the domain of the design and preparation
of hybrid systems, one of the most promising directions
includes research devoted to the elaboration of complex
systems such as FEADI1, i.e. a combination of several elements
such as Fmoc-His/Er’*/Ag,S/Dox/A1904, including colloidal
quantum dots, characterized by pH-dependent varying stabi-
lity."®® The investigation of the effect of pH on the stability of
the ligand-drug molecule association is a crucial issue that
applies to all newly designed hybrids.'®® In particular, the high
stability of this association at pH ~7, together with its signifi-
cant decrease at pH ~5, is a sine qua non condition of ensuring
efficient drug delivery to cancer cells.

The vast majority of the elaborated hybrids were tested only
in in vitro studies and were not further investigated in in vivo
conditions. This approach focuses primarily on the immediate
effects related to drug delivery to the cell but does not account
for subsequent stages of transport, which involve a range of
potentially beneficial and unfavorable processes. In this
context, it is crucial to assess not only the stability of the
entire hybrid but also that of its individual components, as
well as their toxicity and potential accumulation in specific
organs.

Abbreviations

Ala r-Alanine

ALA 5-Aminolevulinic acid

Ald Alendronate

AgTFA Silver trifluoroacetate

ATRP Atom transfer radical polymerization
APTES 3-Aminopropyltriethoxysilane
p-CD B-Cyclodextrin

BPEI Branched polyethylenimine
BSA Bovine serum albumin

CCM Cancer cell membranes

CDs Carbon dots
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cRGD
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DCC
DDT
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DLS
DMAP
DMF
EDC
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Eq(bulk)
EtOH
FA
5-FU
FWHM
GA

GR
GSH
HA
HBA
Ibu
ICG
In(OAc);
In(SA);
MA
Mg(OAc),
2-MPA
3-MPA
MPTS
MSA
Mitx
MUA
NADPH
NHS
NIR-I
NIR-II
NMP
OA
ODA
ODE
OLA
LEDs
PAA
PBA
PEI
PEPA
PLQY
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N,N'-Carbonyldiimidazole
Cetuximab
Carboxymethylcellulose
cyclo-(Arg-Gly-Asp-DTyr-Lys)
Chitosan

L-Cysteine
N,N'-Dicyclohexylcarbodiimide
1-Dodecanethiol

Drug entrapment efficiency
Hydrodynamic diameter
Dihydrolipoic acid
Doxorubicin

Drug loading content
Dynamic light scattering
4-Dimethylaminopyridine
N,N-Dimethylformamide
1-Ethyl-3-(3-dimethylamino)propyl carbodiimide
hydrochloride

Energy gap

Bulk energy gap

Ethanol

Folic acid

5-Fluorouracil

Full width at half-maximum
Glutaraldehyde

Yeast glutathione reductase
Glutathione (y-Glu-Cys-Gly)
Hyaluronic acid
4-Hydrazinobenzoic acid
Ibuprofen

Indocyanine green

Indium acetate

Indium stearate

Myristic acid

Magnesium acetate
2-Mercaptopropionic acid
3-Mercaptopropic acid
3-mercaptopropyltrimethoxysilane
Mercaptosuccinic acid
Methotrexate
11-Mercaptoundecanoic acid
Nicotinamide adenine dinucleotide phosphate
N-Hydroxysuccinimide

First biological window
Second biological window
N-Methylpyrrolidone

Oleic acid

n-Octadecylamine
1-Octadecene

Oleylamine

Light-emitting diodes
Poly(acrylic acid)
4-Carboxybenzeneboronic acid
Polyethyleneimine

Polyene polyamine
Photoluminescence quantum yield
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PMO Poly(maleic anhydride-alt-1-octadecene)
P(TMS);  Tris(trimethylsilyl)phosphine

Ptx Paclitaxel

PVA Polyvinyl alcohol

QDs Quantum dots

Que Quercetin

s Bohr radius

SA Stearic acid

SO Sodium oxamate

Tan Tangeretin

TEOS Tetraethyl orthosilicate

Tf Transferrin

TGA Thioglycolic acid

(TMS),S  Hexamethyldisilathiane

TOP Trioctylphosphine

UAs Unsymmetrical bisacridine derivatives
Zn(OAc), Zinc acetate

Zn(SA),  Zinc stearate

yAY Zeta potential
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