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A B S T R A C T

Quantum dots (QDs) are semiconductor nanocrystals (NCs) with excellent optical and electronic properties 
arising from strong exciton confinement. Their biomedical and technological potential have significantly 
contributed to nanotechnology. The QD field has evolved from traditional toxic heavy metal-based elements, 
such as Cd, Pb, Hg, chalcogens, and halogens, to a new focus on less-toxic alternatives from I-VI, III-V, and I-III-VI 
groups. Despite their attractive optical properties, the toxicity of conventional QDs limits their biomedical and 
clinical prospects. Recently, safer QDs based on chalcogenides of In, Ag, Ga, and Cu have been developed, of
fering absorption and emission in the biological I and II windows. Advances in synthesis, shell preparation, 
ligand exchange, and bioconjugation have further tailored these QDs for stable and specific applications, 
including targeted multimodal bioimaging, drug delivery, phototherapy, and image-guided therapy with high 
spatial, spectral, and temporal resolutions. This review highlights the transition from classical cadmium-, lead-, 
and mercury-based QDs to less-toxic silver-, copper-, and indium-based QDs for bioimaging and photodynamic 
therapy (PDT). First, we touch on classical developments in the synthesis, optical properties, and biological 
applications of heavy metals (Cd/Pb/Hg)-based QDs, before focusing the major parts on the synthesis, optical 
properties, bioconjugation, and bioimaging aspects of core only and core-shell nanomaterials from I-VI (Ag2S, 
Ag2Se, and Ag2Te), III-V (GaN, GaP, GaAs, GaSb, InN, InP, InAs, and InSb), and I-III-VI (CuInS2, CuInSe2, 
CuInTe2, CuGaS2, CuGaSe2, AgGaS2, AgGaSe2, AgInS2, AgInSe2, and AgInTe2) groups. The discussion proceeds to 
the PDT potential of QDs, a minimally invasive method for treating cancers and infections that uses light- 
activated PSs to generate ROS, such as singlet oxygen (1O2) and superoxide (O2•⁻). We emphasize the impor
tance of these nanomaterials over traditional organic PSs, such as porphyrins and phthalocyanines, which suffer 
from poor stability, narrow-band light absorption, and limited tissue penetration. Conversely, QDs offer broad 
and NIR light absorption, high photostability, and tunable surfaces for bioconjugation and targeted, image- 
guided therapy. The review highlights the mechanism and applications of III–V and I–III–VI QDs in tumor and 
infection treatment, while addressing challenges such as toxicity, hypoxia tolerance, and clinical translation 
toward multifunctional theragnostic systems, highlighting the pathway for safer, more versatile tools in clinical 
testing, imaging, and therapy, driving future innovations in healthcare.
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1. Introduction

Quantum dots (QDs) represent a significant advancement in nano
technology, offering unique properties and promising applications 
across optoelectronics, photovoltaics, and biomedicine. The recognition 
of their transformative potential through the Nobel Prize in 2023 
underscored their importance in scientific research and technological 
innovation. One of the defining features of QDs is their quantum 
confinement effect, which produces discrete energy levels for electrons 
and holes within the QD structure and results in size-dependent opto
electronic properties. Earlier studies reported that Cd-, Pb-, and Hg- 
based QDs replaced fluorescent dye molecules in cell, molecular, and 
in vivo imaging [1–4].

In 1981, Alexey Ekimov first demonstrated blue photoluminescence 
(PL) from metal halide nanoparticles [5] (NPs). Subsequently, Luis E. 
Brus significantly contributed to the theoretical understanding of QDs, 
particularly their electronic structure and particle size [6]. Brus's theo
retical models elucidated how the QD size affects their electronic 
bandgap and the quantization of energy levels. As the QD size decreases, 
the energy levels of electrons and holes become discrete. The valence 
band (hole) and conduction band (electron) states of CdSe QDs are 
shown as an example, where the band-edge states become nondegen
erate (Fig. 1a) by crystal field splitting, e-h exchange perturbation, and 
spin-orbit coupling (SOC).

The SOC is negligibly small for CdSe QDs. This phenomenon resulted 
in size-dependent bandgap energies, with smaller QDs exhibiting larger 
band gaps due to significant quantum confinement energy [7,8]. As a 
result, smaller QDs emit in the shorter (blue or ultraviolet) and larger 
QDs in the longer (red or near-infrared, NIR) sides of the electromag
netic spectrum. The size-dependent PL color and absorption, and PL 
spectra of CdSe QDs [9,10] are shown in Fig. 1b, c. Advancements in 
metal chalcogenide QDs have enabled analogous strategies, such as hot 
injection and ligand-assisted methods, to prepare brilliantly luminescent 
QDs with tunable band gaps and emission in the UV-Vis-NIR region. 
Although these materials show well-defined crystal structures and 
quantitative PL, they have not been appealing for bioimaging or pho
totherapy due to concerns about stability and toxicity.

Early advances in the synthesis of cadmium chalcogenide QDs crit
ically influenced the development of their less-toxic analogs [11–14]. 
Brus's lab performed groundbreaking research on the synthesis of 
colloidal QDs. Subsequently, the colloidal synthesis technique gained 
widespread attention, with the first example demonstrated by Murray 
et al., where CdX (X = S/Se/Te) QDs were synthesized from (CH3)2Cd 
(CdMe2) and different chalcogenide precursors by high temperature 
crystal nucleation-growth control, which provided white light-emitting 
samples with widely distributed particle sizes. However, they success
fully demonstrated the relationship between quantum size and optical 

bandgap via size-selective precipitation [15]. Different groups later 
adopted various strategies to modify and optimize the QD synthesis 
procedure. For example, Katari et al. modified the QD synthesis by 
optimizing the temperature for injecting reagents and growing NCs, 
thereby allowing them to control QD size precisely [16]. Although 
CdMe2 is toxic, volatile, and a safety concern, it was a common precursor 
in QD synthesis till 2000. Later, Peng et al. and Talapian et al. demon
strated that the use of alkyl phosphonic acids or amines improves 
quality. Over time, researchers began replacing CdMe2 with more stable 
Cd precursors, such as cadmium acetate (CdAc2), cadmium carbonate 
(CdCO3), cadmium oxide (CdO), and cadmium chloride (CdCl2), 
enabling precise control over QD size, structure, and high PL quantum 
efficiencies (QYs) [17–19]. Similarly, Vossmeyer et al. developed an 
alternative synthesis route by replacing CdMe2 with cadmium perchlo
rate (Cd(ClO4)2.6H2O), demonstrating the first synthesis of colloidal CdS 
QDs in aqueous solution. This approach made water-based QD synthesis 
safer and more environmentally friendly [20]. CdX QD synthesis was 
further simplified by customizing chelating ligands to produce 
high-quality QDs with controlled size and optical properties, making 
these nanomaterials more accessible for research and industrial use.

In contrast to CdX QDs emitting visible light, lead chalcogenide (PbX, 
where X = S, Se, Te) QDs with a narrow bandgap emission in the NIR 
range (700–2000 nm) with an impressive PLQY (~ 70%) were prepared. 
Like CdX QDs, the emission color of PbX QDs can be tuned by altering 
their size via hot injection involving lead [PbCl2, PbO, or Pb(CH3COO)2] 
and chalcogen precursors at high temperatures in non-coordinating 
solvents like octadecene or diphenyl ether [21–23]. Alivisatos's group 
focused on such colloidal synthesis and produced stable, size-uniform 
PbX QDs. Their efforts laid an essential foundation for synthesizing 
various Pb-based QDs [24].

Core-only QDs are unstable and degraded in the presence of mois
ture, oxygen, and UV light. Therefore, core/shell QDs were developed, 
in which the shells comprise higher-bandgap semiconductors, polymers, 
or silica. Semiconductor coating serves multiple purposes, improving 
the properties of the core by enhancing photochemical stability, 
increasing PLQY, mitigating surface defects, and suppressing non
radiative losses. As a result, various core-shell NCs have been engi
neered, such as CdSe/CdS, CdS/ZnSe, CdSe/ZnS, CdTe/CdSe, and CdTe/ 
CdS. Additionally, core structures with multiple shell layers, such as 
CdSe/HgTe/CdTe, CdSe/CdTe/ZnSe, CdSe/CdS/Zn0.5Cd0.5S/ZnS, CdS/ 
HgS/CdS, CdSe/ZnS/CdSe, CdSe/CdS/ZnS, and CdS/CdSe/CdS, have 
been developed, which show optimal optical properties and high PLQYs 
[24–26]. Similarly, the optical properties and physicochemical stability 
of PbX QDs were improved by preparing shells from PbS, ZnS, CdS, or 
CdSe.

The evolution of colloidal QDs has progressed from traditional II-VI 
and IV-VI systems toward high-performance, heavy-metal-free 

Fig. 1. (a) Electronic states and (b-c) optical properties of CdSe QDs. (a) Schematic presentation of band-edge states and nondegenerate electron and hole states, (b) 
photographs of CdSe QDs showing size-dependent PL, and (c) absorption and PL spectra of CdSe QDs. Reproduced with permission from (b) ref. 9; copyright 2008, 
the American Chemical Society, (c) ref. 10; copyright 1996, the American Physical Society.
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alternatives. The structures and optical properties of classical and new- 
generation QDs are compared in Table 1. Historically, cadmium-based 
systems such as CdSe, CdS, and CdTe established the benchmark for 
near-unity (PLQY ~ 100%) and narrow emission linewidths, primarily 
through the development of "giant" or graded-alloy shells. However, 
recent advances demonstrate that sustainable III-V and I-III-VI QDs or 
NPs have effectively achieved comparable properties. For example, InP 
and CuInS2 QDs exhibit low QY (<10%), and reach 80–100% efficiency 
upon coating with lattice-matched ZnSe/ZnS or GaS shells. This 
improvement is often accompanied by spectral shifts, particularly in 
narrow-gap systems (InAs, PbSe, and Ag2Se), arising from carrier 
wavefunction delocalization and the relaxation of interfacial strain. The 
PL properties of selected QDs in the I-VI (Ag2S, Ag2Se, and Ag2Te), III-V 
(GaN, GaP, GaAs, GaSb, InN, InP, InAs, and InSb), and I-III-VI (CuInS2, 
CuInSe2, CuInTe2, CuGaS2, CuGaSe2, AgGaS2, AgGaSe2, AgInS2, 
AgInSe2, and AgInTe2) groups are discussed in the preparation and 
properties sections of each.

Shelled (Core/shell) or multishell (core/shell/shell) QDs have 
demonstrated exciting optoelectronic properties, stability, and applica
tions. However, their biological use is limited by hydrophobicity, which 
requires their conversion from the organic to the aqueous phase. Surface 
modification of QDs rendered them water-soluble for use in various 
biological applications [51–58], employing techniques such as ligand 
exchange and polymer/silica/phospholipid encapsulation [59]. In 
ligand exchange, hydrophobic groups on the QD surface were replaced 
with bifunctional ligands such as mercaptoacetic acid (MAA) [60,61], 
polyethylamine[62], mercaptosilanes[63], dihydrolipoic acid (DHLA) 
[64], cysteine65,66], polydentate thiols[67], poly(acrylic acid) [68], or 
peptides [69,70]. These ligands facilitate the dispersion of QDs in water 
and their biocompatibility. Alternatively, hydrophilic molecules were 
covalently attached to the QD surface, or QDs were encapsulated in 
amphiphilic block copolymers [71,72], polyethyleneglycol (PEG) 
[73–75], phospholipid micelles [76], or silica [63,77–82] to preserve 
their properties. Instead of ligand exchange, aqueous compatibility has 
also been achieved by direct synthesis of QDs in water by using various 
capping agents. For example, Gaopnik et al. developed water-soluble 
thiol-capped CdTe QDs by reacting cadmium thiolates with H2Te gas 
under reflux at 100 ◦C for 3 days [67]. Subsequent modification of QDs 

with peptides [70] (Fig. 2a), streptavidin [83] (Fig. 2b), epidermal 
growth factor [84,85] (EGF, Fig. 2c,d), and several other moieties, 
including small molecules, antibodies, aptamers, DNA, and proteins, 
have demonstrated their potential for subcellular imaging [86–93]. 
Selected examples of in vivo imaging using subcutaneously or intrave
nously injected QDs are shown in Fig. 2e-i [65,71,75,86,87]. Also, 
specific in vivo applications of different QDs are shown in Table 2.

Although Cd- and Pb-based QDs have played a crucial role in shaping 
the landscape of electronic and optical properties of QDs in general, 
their biological applications, such as imaging, diagnosis, and therapy 
[65,66,71,75,86–89], are limited by the toxic heavy metal contents as 
well as by size, surface, and charge-based retention in vivo, and by the 
related pharmacokinetic complexities. Also, studies have shown cyto
toxicity, ovarian dysfunction, oxidative stress, inflammation, and DNA 
damage induced by metal ions released by surface etching of QDs [72, 
90–97] The impact of CdTe QDs on mitochondrial morphology and 
structure in HepG2 cells [98] revealed membrane potential disruption 
[99], increased calcium influx, and impaired cellular respiration due to 
the release of Cd2+. These limitations were lifted by exploring alterna
tive QDs free of toxic heavy metals. We focus on reviewing the synthesis, 
optical properties, and bioimaging applications of Cd-, Pb-, and Hg-free 
QDs, with emphasis on in vivo applications. The core (I-VI, III-V, and 
I-III-VI) QDs and their shells (Au, SiO2, ZnS, ZnSe, InP/ZnSe, GaSx, InSx), 
surface functionalizing molecules, and selected bioconjugates of these 
QDs are shown in Fig. 3. Recently, I-VI, III-V, and I-III-VI QDs have 
received much attention in materials and physical sciences, as well as in 
biological applications, due to their lower toxicity compared to 
Cd-/Pb-/Hg-based QDs.

The biological safety of QDs is primarily governed by the intrinsic 
toxicity of the constituent metal ions and the stability of the nanocrystal 
against oxidative dissolution. Traditional II-VI and IV-VI materials, such 
as CdSe, PbS, and HgTe, exhibit high systemic toxicity due to the 
liberation of divalent cations (Cd2+, Pb2+, Hg2+), which catalyze the 
formation of reactive oxygen species (ROS) and inhibit critical enzy
matic functions via thiophilic binding. In contrast, silver-based chalco
genides (Ag2S, Ag2Se, Ag2Te) and I-III-VI2 multinary systems (CuInS2, 
AgInS2, CuGaSe2) demonstrate significantly improved biocompatibility 
[100,101]. This is attributed to the lower toxicity of Ag+ and Cu+ ions 
compared to Cd2+, Pb2+, and Hg2+, as well as the high lattice energy of 
these crystals, which resists ion leakage. However, III-V semiconductors 
present a distinct risk profile; while InP and GaN are relatively inert, 
arsenide and antimonide derivatives (GaAs, GaSb, InAs, InSb) are prone 
to rapid surface oxidation. This process releases toxic arsenic or anti
mony oxides, which induce mitochondrial stress and DNA fragmenta
tion. Also, research indicates that toxicity is highly size-dependent; for 
example, InP QDs below 5 nm can undergo nuclear translocation, 
whereas larger, properly passivated QDs remain in the cytoplasm.

Pharmacokinetic behavior, including in vivo circulation half-life, 
biodistribution, and clearance pathways, is primarily determined by 
surface physicochemical properties rather than core composition. Bare 
cores composed of materials such as CuInSe2, AgGaSe2, and InTe are 
rapidly opsonized by serum proteins and subsequently sequestered by 
the reticuloendothelial system (RES), resulting in predominant accu
mulation within the liver and spleen. Adopting a core-shell architecture, 
for example AgInS2/ZnS or InP/ZnSe/ZnS, is essential to establish a 
physical barrier against leaching and to provide a platform for further 
functionalization [100]. Surface charge plays a critical role: cationic 
particles, such as amine-functionalized AgGaS2, demonstrate high 
cellular uptake in vitro but induce rapid plasma clearance and may cause 
pulmonary embolism in vivo. In contrast, zwitterionic or PEGylated 
coatings on Ag2S and CuInS2 promote prolonged circulation and enable 
renal clearance for particles with a hydrodynamic diameter below 
10 nm. Recent studies indicate that Cd and Pb deposits persist in the 
renal cortex for several months, whereas appropriately encapsulated 
silver- and copper-based multinary QDs achieve nearly complete clear
ance within 30–60 days, provided the shell architecture effectively 

Table 1 
Summary of PL properties of various QDs and NPs.

Core QD 
or NP

Emission 
wavelength 
(nm)

PLQY 
(Core)

PLQY 
(Core- 
shell)

Shell 
material

Refs.

CdSe 580–635 2–6% 98% ZnS, CdS [27, 
28]

CdS 424–470 8% ~100% ZnS, 
CdSe/CdS

[29, 
30]

CdTe 700–800 15 97.2% CdS/ZnS [31, 
32]

HgS 600–1000 0.1 19.8% CdS [33, 
34]

HgSe 1700–2000 1.5% 63% CdSe [35]
HgTe 910–1200 < 42% 80–95% CdS [36, 

37]
PbS 130–1600 20% 57% CdS [38]
PbSe 1470–1520 85% 70% CdSe [39]
Ag2S 620–730 ~20% 50% ZnS [40]
Ag2Se 835–940 31% 42% ZnSe [41]
Ag2Te 930–1085 10.7% 22.8% SiO2 [42]
InP 480–630 < 20% > 90% Zn(Se,S)/ 

ZnS
[43]

InAs 700–1200 8% 76% InP/ZnSe [44]
CuInS2 500–950 3% 90% ZnS [45, 

46]
CuInSe2 700–1040 4% 40–50% ZnS [47]
CuGaS2 471–846 < 15% 78–83% ZnS [48]
AgInS2 540–720 < 20% 80% ZnS [49]
AgInSe2 670–705 0.6% 5.6% ZnSe [50]
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prevents premature core dissolution. The toxicity and pharmacokinetics 
of selected QDs in the I-VI (Ag2S, Ag2Se, and Ag2Te), III-V (GaN, GaP, 
GaAs, GaSb, InN, InP, InAs, and InSb), and I-III-VI (CuInS2, CuInSe2, 
CuInTe2, CuGaS2, CuGaSe2, AgGaS2, AgGaSe2, AgInS2, AgInSe2, and 
AgInTe2) groups are discussed in the biological application section of 
each.

Recent review articles have laid important groundwork for the 
development of colloidal semiconductor nanocrystals. For instance, 
Girma et al. summarized the synthesis and biomedical aspects of I–III–VI 
ternary quantum dots [100], offering valuable insights into specific 
materials. In parallel, recent reviews have covered the bioimaging and 
therapeutic aspects of silver chalcogenide QDs, especially in the first 
and, mainly, the second NIR biological window [101–104]. Building on 
these contributions, a comprehensive comparison of synthesis, PL 
properties, imaging, and therapeutic applications, or the challenges of 
classical heavy-metal-based QDs, remains highly valuable. In this re
view, we provide a thorough, comparative analysis that bridges tradi
tional, high-performance yet toxic heavy-metal systems (Cd, Pb, Hg) and 
the next-generation biocompatible alternatives. The discussion is orga
nized into three main families: I-VI (Ag2S, Ag2Se, Ag2Te), III-V (GaN, 
GaP, GaAs, GaSb, InN, InP, InAs, and InSb), and a wide range of I-III-VI 
(CuInS2, CuInSe2, CuInTe2, CuGaS2, CuGaSe2, AgGaS2, AgGaSe2, 
AgInS2, AgInSe2, and AgInTe2) multinary QDs and NPs. By integrating 
recent advances in hypoxia tolerance, targeted multimodal bioimaging, 

and PDT theragnostic systems, this review outlines a roadmap for re
searchers and newcomers at the interface of materials synthesis, optical 
properties, and biological applications. It offers a critical look at the path 
toward safer, more versatile tools for precision healthcare.

2. Group I-VI QDs

2.1. Ag2S QDs

Silver-based QDs were found to be attractive alternatives to the toxic 
metal chalcogenide QDs for bioimaging and image-guided therapy 
[105–110]. The potential of QDs for imaging and drug delivery has been 
significantly enhanced by the development of silver-based QDs (Ag2S, 
Ag2Se, Ag2Te, AgInS2, AgInSe2, Table 3), which show low cytotoxicity 
and NIR excitation and emission windows. This biological window is 
crucial for in vivo imaging and phototherapy, where the NIR lasers have 
the advantage of evading the absorption window of biological fluids 
[111–117]. A field survey suggests silver-based QDs are superior to 
molecular or other NP fluorescence probes regarding NIR absorption, 
photostability, longer PL lifetimes, significant Stokes shifts, biocom
patibility, and suitability for deep tissue imaging [118–123]. Table 3
summarizes the PL spectral position, bioconjugated molecules, and their 
in vivo applications of selected silver chalcogenide QDs.

Fig. 2. (a-d) Fluorescent images of (a) H1650 cells stained with QD-AST, (b) QD-streptavidin, and (c, d) QD-EGF conjugates. (e, f) Fluorescent images of mice/rats 
intravenously injected with (e) QD-PSMA and (f) QD-PEG-COOH conjugates. (g, h) Radio images of CD-1 mice injected with the (g) Tc-QD574-Cys and (h) Tc-QD15- 
Cys conjugates. (i, j) Fluorescence images of B6 mice intravenously injected with (i) QD-EGF conjugates and (j) a photouncaging QD conjugate. Reproduced with 
permission from (a) ref. [70]; copyright 2009, the American Chemical Society, (b) ref. [83]; copyright 2003, Springer Nature; (c) ref. [84]; copyright 2004, Springer 
Nature, (d) ref. [85]; copyright 2013, Wiley-VCH, (e) ref. [71]; copyright 2004, Springer Nature, (f) ref. [75]; copyright 2007, the American Chemical Society, (g, h) 
ref. [65]; copyright 2007, Springer Nature, (i) ref. [86]; copyright 2015, The Royal Society of Chemistry and (j) ref. [87]; copyright 2013, the American Chemi
cal Society.

Table 2 
Selected Cd-based QDs, their bioconjugates, and in vivo applications.

QD PL Wavelength (nm) Conjugated molecule Target/non-target(Clearance/Retention) Animal model Ref.

CdSe/ZnS 534, 554 DHLA, PEG, 99 mTc Toxicity analysis, Renal excretion Mice [65]
CdSe (ZnCdS) 515 Cysteine, Alexa Fluor 555 Nonspecific (size-selective renal clearance) Rat [66]
CdSe/ZnS 700 TOPO, PSMA Prostate cancer cells (Lessuptake in the liver and spleen) Mice [71]
CdS/ZnS 700 Carboxylate Pluronic F127 polymer, FA Pan-1-tumor, acute toxicity Mice [72]
CdSe/CdTe/ ZnS 655 PEG 5k- COOH Lymph node drainage (retention in lymph nodes) Mice [75]
CdSe/ZnS 705 EGF-AlexaFluor, Gd(III) complex Multimodal imaging (Renal excretion) Mice [86]
CdSe/ZnS 705 PUNP Nonspecific (renal clearanceafter the application) Mouse [87]
CdSe/ZnS 550620 GFE peptide,PEG Lungs (95% clearance fromliver and spleen) Mice [88]
CdSe/ZnS 530 99 mTc-EDTA-Cysteamine Internal organs (slow clearance from the spleen) Mice [89]
CdSe/ZnS 655 Carboxylate functionalized Ovary (accumulation andretention of QDs in the ovary) Mice [93]
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2.1.1. Synthesis and optical properties
Ag2S NCs were first synthesized by Motte et al. through the reverse 

micelle method, in which water droplets acted as templates to control 
the NP size and polydispersity, yielding QDs in the 2–10 nm range 
[106]. Expanding on this, Brelle et al. reported an alternate method for 
direct synthesis of cysteine- or glutathione (GSH)-capped Ag2S QDs with 
an average size of 9 nm. They investigated the ultrafast dynamics of 

photogenerated electrons in Ag2S NPs as a function of capping agent 
composition, attributed to the carrier dynamics to variations in the ab
sorption cross-sections of deep trap states [105]. Subsequently, Du et al. 
reported the first NIR-emitting Ag2S QDs (10.2 nm) with an emission 
peak at 1058 nm, synthesized by pyrolysis of a single-source precursor 
of silver [(C2H5)2NCS2Ag], in a mixture of oleic acid (OA), octadecene, 
and octadecylamine at 200 ̊C [107]. The NIR emission characteristics of 

Fig. 3. A scheme of I-VI, III-V, and I-III-VI QDs, their shells, and surface conjugated molecules, including selected biomolecules for in vivo applications: PNPP (p- 
nitrophenylphosphate), PLGA [poly(lactic-co-glycolic) acid], PMAO [poly(maleic anhydride-alt-1-octadecane)], At (aflatoxin), LA (lipoic acid), GOPTS (3-Glyci
dyloxypropyl trimethoxy silane), FA (folic acid), RGD [arginine (Arg)-glycine (Gly)-aspartic acid (Asp)], DSPE (1,2-distearoyl-sn-glycero-3-phosphorylethanol
amine), PEG, EpCAM (epithelial cell adhesion molecule), ab (antibody), MAA (mercaptoacetic acid), PL (polylactide), EGFR (epidermal growth factor receptor), Af 
(amioflavone), MPA (mercaptopropionic acid), VEGFR (vascular endothelial growth factor receptor), HSA (human serum albumin), ME (maleimide ester), cRGDfC 
[cyclo(RGD-D-phenylalanine (phe)-cysteine (cys)], GSH (glutathione), PVP [Poly(vinyl pyrrolidone)], PAA (polyacrylic acid), TGA (thioglycolic acid), PTUD (pol
ythiourea dendrimer), Tat (trans-activator of transcription), hMSC (human mesenchymal stem cells), MV (microvesicles), ABS [4-(2-Aminoethyl)benzenesulfona
mide], C18-PMH [poly (maleic anhydride-alt-1-octadecene)], Fmoc (9-fluorenylmethyloxycarbonyl), DOX (doxorubicin), A1094 (a NIR absorbing croconaine dye), 
MUA (mercaptoundecanoic acid), and PSA (prostate specific antigen).
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Ag2S QDs (Fig. 4) highlight their potential for bioimaging and warrant 
further research into their biocompatibility and colloidal stability. Sur
face functionalization with hydrophilic ligands, including PEG, GSH, 
and cysteine, has been widely employed to enhance aqueous solubility 
and biocompatibility. For example, PEGylated Ag2S QDs synthesized by 
Wang’s group exhibited NIR-II fluorescence (1000–1500 nm, Fig. 4a), 
demonstrating high colloidal stability across various buffer solutions 
and enabling in vivo visualization of lymphatic drainage and deep 
vascular networks with high spatial and temporal resolution [108]. 
Furthermore, they modified the synthesis procedure by exchanging 
dodecanethiol (DT) with DHLA to make a hydrophilic surface on Ag2S 
QDs. Fig. 4b shows that DHLA-conjugated Ag2S QDs exhibit red-shifted 
PL with an increase in the FWHM compared to DT- capped Ag2S QDs. 
These QDs were subsequently conjugated with DHLA-PEG to enhance 
stability and biocompatibility [109]. Similarly, Yang et al. developed a 
biocompatible synthesis of Ag2S QDs by modifying reaction conditions 
to facilitate the in situ incorporation of GSH as a surface ligand, resulting 
in well-dispersed NCs with reduced aggregation. Fig. 4c illustrates the 
tunable PL of Ag2S NCs, where a decrease in GSH density leads to an 
increase in Ag2S NP size and shifts the PL band from the visible (624 nm) 
to the NIR (724 nm) region. The photographs in Fig. 4c show the QD 
solution under daylight and UV (365 nm) irradiation [110]. Methods 
such as core-shell preparation, including coating Ag2S QDs with ZnS, 
silica, or polymers such as polyvinyl alcohol (PVA) and polyacrylic acid 
(PAA), have been widely employed to enhance their stability in aqueous 
phase. In several colloidal methods, the as-synthesized QDs were capped 
with hydrophobic ligands, making the particles incompatible with 
aqueous media. Reports about surface ligand exchange or surface 
modification of Cd/Pb chalcogenides helped establish efficient ligand 
exchange methods for Ag2S QDs using MPA, sodium dodecyl sulfate 
(SDS), or cetyltrimethylammonium bromide (CTAB), proving increas
ingly biocompatible QDs [111–123,129–138]. By making Ag2S QDs 

water soluble, stable, biocompatible, and NIR emitting, a new class of 
luminescent NPs has been introduced for real-time in vivo imaging of 
various biological structures and processes.

2.1.2. Biological applications
Surface-functionalized Ag2S QDs have been explored for in vivo im

aging by intravenous, intramuscular, or subcutaneous injection. Dai 
et al. demonstrated the in vivo imaging potential of Ag2S QDs coated 
with DHLA and 6PEG by intravenously injecting 6PEG-functionalized 
Ag2S QDs into a female BALB/c mouse bearing a 4T1 tumor xenograft 
on the right limb. Fig. 4d demonstrates time-lapse fluorescence images 
showing QD circulation to the heart and lungs, and movement to the 
excretory system. Moreover, a gradual increase in QD accumulation was 
observed, predominantly at the tumor site, which becomes prominent 
within 2 min post-injection. From 30 min to 24 h, they observed a 
predominant increase in fluorescence intensity in the tumor region, with 
a decrease in other organs, indicating preferential tumor localization 
[111]. Targeted delivery has also been achieved using QD conjugated to 
RGD peptides, which bind to integrin αvβ3 receptors overexpressed in 
cancer cells. [112]. For example, Tang et al. conjugated the cyclic 
cRGDfk peptide to Ag2S QDs and intravenously injected them into mice 
bearing the 4T1luc tumors. These QDs specifically bind to the tumor 
within 1 h and are cleared by renal excretion within 24 h, highlighting 
their potential for targeted imaging applications [113]. Similarly, Ag2S 
QDs conjugated with RGD and amphiphilic peptides have been 
employed in animal models to locate tumor cells and track during sur
gical resection [114]. Gd-doped Ag2S QDs enable dual NIR-II and 
magnetic resonance imaging (MRI) and precise detection of brain tumor 
margins for image-guided surgery, while a FRET-based system incor
porating VCAM1-targetted Ag2S QDs with an NIR absorber (A1094) 
enables rapid brain injury detection, underscoring their clinical poten
tial [115].

Ag2S QDs conjugated with poly[di(carboxylatophenoxy)phospha
zene and PEG have demonstrated biocompatibility, tumor growth sup
pression, and biodegradation [116]. In addition, one-step QD synthesis 
using PEGylated polyacylthiourea dendrimer yields stable water-soluble 
QDs, for selective tracing of A549 cancer cells and in vivo imaging of 
vascular systems [117]. Similarly, Ag2S QDs modified with dibenzocy
clooctyne (DBCO) amine maintain stable NIR fluorescence in acidic 
gastric environment, enabling imaging of gastric bacterial imbalance, 
stomach inflammatory responses, and injuries [118]. A recent report 
demonstrated Ag2S vesicles carrying a pH-responsive copolymer, thio
late polystyrene-co-poly(4-vinylpyridine), and hydrophilic PEG-SH 
enable dual-function in vivo imaging and photothermal therapy [119]. 
Also, Ag2S-PEG-ABS conjugate, prepared by ligand exchange and amide 
condensation, is an effective in vivo diagnostic and therapeutic agent. 
This conjugate and pristine Ag2S were injected into colon tumor-bearing 
mice via the tail vein. The Ag2S-PEG-ABS conjugate was selectively 
localized in the tumor within 24 h post-injection, enabling accurate, 
high-contrast tumor imaging in the NIR-II window. Fig. 4e compares in 
vivo imaging and biodistribution at different time points with Ag2S and 
Ag2S-PEG-ABS QDs [120].

Silver QDs conjugated with targeting/drug ligands facilitate tracking 
drug translocation pathways in animal models, ensuring treatment ef
ficiency. Ag2S QD-Tat-labeled human mesenchymal stem cells (hMSCs) 
allow detection of as few as 1000 cells in vivo, exhibiting a linear cor
relation between cell number and NIR fluorescence intensity (R2 =

0.99), and support real-time monitoring of transplanted cell dynamics in 
regenerative applications [122,123]. Similarly, Ag2S QDs have been 
applied to diagnose and treat peritoneal metastases. For example, Ling 
et al. showed that Ag2S QD-based nanotheranostic system incorporating 
doxorubicin remains inactive in healthy cells, while showing brilliant 
NIR fluorescence with the inhibition of tumor growth in tumor nodules 
[129]. Surface chemistry-dependent in vivo dynamics has also been 
investigated, with PEG-coated Ag2S QDs showing the fastest bio
distribution [130]. Temperature-dependent fluorescence decay studies 

Table 3 
Selected Ag2X (X = S/Se/Te) QDs, their bioconjugates, and in vivo applications.

QD PL 
Wavelength 
(nm)

Conjugated 
molecule

Target/non- 
target 
(Clearance/ 
Retention)

Animal 
model

Ref.

Ag
2
S 1200 DHLA, PEG 4T1 tumor (fast 

clearance from 
organs)

Mice [111]

Ag
2
S 1200 cRGDfk αvβ3 integrin 

receptor in tumor 
cells (rapid 
clearance)

Mice [113]

Ag
2
S 1135 PEG, ABS 

amide
Carbonic 
anhydrase in the 
tumor (less-toxic, 
no accumulation)

Mice [120]

Ag
2
S ~1250 Tat peptide HMSCs tracking 

and labeling 
(minute toxicity)

Mice [123]

Ag
2
Se 930 Cetuximab Orthotopic tongue 

cancer (Slow 
clearance, less 
toxicity)

Mice [124]

Ag
2
Se 820 DOX-L 

particles
Tumor targeting, 
less-toxic

Mice [125]

Ag
2
Se 1550 PEG. Rare 

earth metals, 
BINAP

CD44 trans 
membrane 
protein on the 
tumor surface 
(less-toxic)

Mice [126]

Ag
2
Te 1130 BSA GI tract (rapid 

clearance)
Mice [127]

Ag
2
Te 1300 Poly (lactic- 

co-glycolic 
acid)

4T1 tumor, less 
accumulation in 
the liver and 
spleen

Mice [128]
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underscore the potential application of Ag2S in luminescence nano
thermometry. Femtosecond laser excitation enhances PLQY and deep in 
vivo imaging contrast [132]. Their photothermal emission enables 
real-time monitoring of Bestatin release from polypeptide hydrogel in 
animal models [133].

Recently, silver-based QDs have been explored for detecting and 
treating diseases caused by microbial pathogens. Ag2S nanoclusters have 
significantly suppressed the viral titers of the model coronavirus and 
porcine epidemic diarrhea virus (PEDV) by inhibiting the synthesis of 
viral negative-strand RNA and viral budding [134]. Ag2S QDs conju
gated with a biomimetic silver binding peptide (AgBP2) exhibited 
antibacterial activity against Escherichia coli in liquid media through 
synergistic photothermal effect and reactive oxygen species (ROS) 
[135]. The warm temperature (46 ◦C) and ROS generated during 
photoexcitation of AgBP2- Ag2S QDs induced cell wall breakage and 
bacterial cell death. Similarly, an Ag2S QD-based wound-dressing 
hydrogel with mSiO2 effectively cured infections caused by 
methicillin-resistant S. aureus through a synergistic photothermal effect 
and ROS-mediated toxicity [136]. In addition, surface-engineered Ag2S 
QDs have been developed for the sensitive detection of S. aureus[137]
and for in vivo imaging of inflammation in animal models [138].

2.2. Ag2Se QDs

2.2.1. Synthesis and optical properties
As with CdSe QDs, Ag2Se NPs have been synthesized using various 

methods. The Xie group reported the first room-temperature synthesis of 
Ag2Se QDs in 1998, using a reaction of silver nitrate (AgNO3), Se, and 
potassium borohydride (KBH4) in pyridine. They obtained QDs with an 
average size of 20–30 nm [139]. Subsequently, Glanville et al. demon
strated Ag2Se nanowires using silver-coated porous alumina as the 

templates, followed by selenium electrodeposition[140]. Cationic ex
change has also emerged as a powerful synthetic method for Ag2Se NPs. 
Son et al. demonstrated the transformation of CdSe QDs into Ag2Se QDs 
by treating CdSe QDs dispersed in toluene with AgNO3 in methanol, 
where Ag ions replace Cd ions. Notably, the size of the resulting Ag2Se 
QDs depends on the size of the parent CdSe QDs [141]. In addition, 
Wang et al. demonstrated an economical and facile synthesis of Ag2Se 
NPs via the reaction of Ag NPs with Se powder. To octadecylamine 
(ODA) heated at 180̊C, AgNO3 was added, and the mixture was stirred 
for 10 min to form Ag NPs. The reaction was stopped by adding Se 
powder. This weakens the Ag-N bond due to the strong interaction be
tween Ag and Se [142]. An aqueous-phase strategy was introduced by 
Gu et al., where SeO2− is reduced using GSH, and an Ag+-alanine 
complex served as the silver precursor. Injection of freshly prepared Se 
precursors into the Ag precursors at 90 ̊C yielded monodispersed Ag2Se 
QDs with a 3 nm diameter [143]. Surface passivation plays a crucial role 
in enhancing the properties of Ag2Se QDs, including emission, colloidal 
stability, photostability, and biocompatibility. For example, Dong et al. 
synthesized water-soluble Ag2Se QDs by the solvothermal method, 
resulting in brilliant NIR fluorescence (ca.1300 nm, Fig. 5a,b), by 
capping with C18 PMH-PEG [144]. The tunability of PL emission in the 
NIR region (1080–1330 nm, Fig. 5c) was demonstrated by the Pans 
group by varying the reaction time with suitable ligands, where 1-octa
nethiol enables efficient control over nucleation and growth [145]. 
These advances in surface engineering and controlled synthesis have led 
to the development of aqueous-phase, size-tunable, and brilliant NIR 
fluorescent Ag2Se QDs [41], thereby significantly accelerating in vivo 
imaging applications.

2.2.2. Biological applications
Building on advances in surface engineering, Ag2Se QDs have been 

Fig. 4. (a) Absorbance and PL spectra of PEGylated Ag2S QDs, (b) size-dependent PL spectra of Ag2S QDs, (c) PL images and spectra of Ag2S NCs with visible red 
(624) to NIR (724) emissions, (d) time-dependent in vivo NIR-II fluorescence images of 4T1 tumor-bearing mouse injected with PEG-Ag2S QDs, and (e) comparison of 
in vivo fluorescence images and biodistribution of Ag2S and Ag2S-PEG-ABS QDs at different time points. Reproduced with permission from (a) ref. [108]; copyright 
2014 Elsevier Ltd., (b) ref. [109]; copyright 2012, the American Chemical Society, (c) ref. [110]; copyright 2012, Wiley-VCH, (d) ref. [111]; copyright 2012, 
Wiley-VCH, and (e) ref. [120]; copyright 2024, Elsevier Ltd.
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further functionalized to achieve tunable emission and enhanced 
biocompatibility, making them highly applicable for various biological 
applications, such as targeted drug delivery, cell imaging, and in vivo 
imaging. For example, Zhu et al. demonstrated low-toxicity, highly 
fluorescent Ag2Se QDs conjugated with cetuximab, an EGFR-targeting 
antibody. These Ag2Se-cetuximab nanoprobes demonstrated effective 
tumor targeting, imaging, and therapeutic efficacy in nude mice bearing 
tongue cancer, highlighting their potential as a multifunctional platform 
for cancer theranostics [124]. Some other in vivo applications of Ag2Se 
QDs are discussed below. Yu et al. introduced 1.8 nm Ag2Se-Mn QDs into 
circulating microvesicles, enabling targeted in vivo imaging and cancer 
therapy [146]. Pangs group further introduced a strategy that allows 
real-time imaging, drug delivery, and tumor targeting by transforming 
non-infectious colitic viral light (L-) particles into tumor-targeting 
nanovectors. This was achieved by labeling viral particles with NIR 
Ag2Se QDs and loading antitumor drugs. Fig. 5e shows in vivo imaging of 
xenograft tumor-bearing nude mice intravenously injected with PBS 
(control), L-particles, QDs, and Dox, to evaluate therapeutic potential at 
different time points post-injection. The red circle in the figure repre
sents the tumor location [125]. The suitability of Ag2Se QDs for deep 
tissue imaging was further demonstrated using alanine-stabilized QDs in 
the abdominal cavity of nude mice [143]. In this report, robust fluo
rescence was detected from depths of at least 1 cm below the tissue. Such 
deep penetration ability of these QDs underscores the potential for 
noninvasive imaging applications. In addition, targeting the metabolism 
of cancer cells has been explored using Ag2Se QDs functionalized with 
glucosamine via EDC/NHS coupling, enabling the probing of glucose 
uptake by tumor cells [147]. Similarly, Ding et al. developed rare-earth 
metal-doped Ag2Se for deep imaging of tumor tissue. They developed 
different types of NPs using Nd, Yb, or Er. It showed a strong affinity for 
the CD44 receptor overexpressed on tumor surfaces, enabling in vivo 

analysis of tumor cells. The corresponding in vivo fluorescence images of 
tumor-bearing mice injected with these NPs are shown in Fig. 5d [126]. 
Recently, Yang et al. demonstrated precisely tunable emission from 
Ag2Se QDs (600-1100 nm) by optimizing Se precursors. Due to their 
excellent stability, the QDs were found to be effective for gastrointes
tinal (GI) labeling [148]. The studies collectively highlight the potential 
of surface-engineered and tunable Ag2Se QDs for high-resolution, 
deep-tissue, and targeted bioimaging applications.

2.3. Ag2Te QDs

2.3.1. Synthesis and optical properties
Ag2Te shows exciting bulk properties, including thermoelectric, 

magnetic, mechanical, and chemical properties [149–151]. However, 
when reduced to QD size, the strong quantum confinement leads to 
substantial modifications in their optical properties, making them 
attractive for optoelectronics and biomedical imaging. In most in
stances, Ag2Te QDs were prepared using methods similar to those for 
Ag2S and Ag2Se, such as colloidal synthesis, cation exchange, or hot 
injection [127,128,152–156]. Although Ag2Te QDs are less explored 
than other metal chalcogenides, there has been growing interest in their 
synthesis, tunability, and in vivo applications [42,152–154]. For 
example, Sahu et al. demonstrated a one-pot, low-temperature synthesis 
of Ag2X (X = S, Se, Te) QDs by the injection of Ag-TOP solution into the 
telluride precursor, followed by rapid quenching of growth by cooling in 
an ice bath. The NCs were precipitated from ethanol and redispersed in 
hexane [152]. Pang and coworkers have further expanded the scope of 
Ag2Te QDs by demonstrating their use in NIR imaging. They reported 
the synthesis of Ag2Te QDs with an emission at 1300 nm. To perform in 
vivo studies, they assembled the QDs with poly (lactic-co-glycolic acid) 
[PLGA] using an emulsion solvent evaporation method, resulting in 

Fig. 5. (a) Bright-field and NIR PL images and (b) absorbance and PL spectra of C18 PMH-PEG Ag₂Se QDs in water. (c) PL tunability of Ag₂Se QDs by controlling the 
reaction time. (d) NIR PL images of mice injected with Ag2Se:Nd/Yd/Er NPs. (e) Time-lapse PL images of a tumor-bearing mouse after intravenous injection of QDs 
loaded with nanovectors. Reproduced with permission from (a, b) ref. [144]; copyright 2013, the American Chemical Society, (c) ref. [145]; copyright 2013, the 
American Chemical Society, (d) ref. [126]; copyright 2022, Wiley-VCH, and (e) ref. [125]; copyright 2019, the American Chemical Society.
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improved dispersibility and stability. In vivo studies demonstrated 
high-resolution tumor imaging, and functionalizing these QDs with cell 
membranes derived from 4T1 cells enabled long-term, biocompatible 
tumor imaging with enhanced tissue penetration [128]. To address the 
challenge of improving the PL quantum yield of Ag2Te QDs, Song et al. 
introduced NIR dyes (IR 780) as antennae that anchor on the QD surface. 
The QDs were synthesized using hot injection and capped with DT to 
maintain their stability and solubility in organic solvents, resulting in a 
21-fold enhancement in the PLQY. Fig. 6a shows the absorption and PL 
spectra of these QDs. Furthermore, a heptamethine cyanine (an NIR-II 
fluorescent dye) with a GSH recognition unit was incorporated into 
the QDs to develop a nanoprobe for high-contrast in vivo imaging [153]. 
Controlling the reactivity of Ag precursors was another method used by 
Pang’s group to obtain good-quality Ag2Te QDs with high PLQY. They 
regulated it by varying the concentrations of Te precursors and silver(I) 
complexes. By controlling the growth of trialkylphosphine-Te pre
cursors, they studied the nucleation and growth of the reaction. This 
helped tune the size of Ag2Te QDs, yielding tunable emission in the 
950–2100 nm range (Fig. 6b) [154]. Similarly, Shi et al. prepared 
high-quality, water-soluble Ag2Te QDs via hot injection using an opti
mized TBP-Te precursor. This approach enabled efficient phase-transfer 
using thiol ligand exchange, resulting in QDs with exceptionally high 
PLQYs. These water-soluble QDs were then successfully employed for in 
vivo imaging of lymph nodes, abdominal vessels, and tumor vessels, 

demonstrating good biocompatibility and imaging capabilities [155]. 
Overall, the development of Ag2Te QDs with tunable size-dependent NIR 
PL emission and excellent photostability highlights their versatility for 
various biological applications.

2.3.2. Biological applications
Ag2Te QDs, which are biocompatible and free of heavy metals, are 

used for various biomedical applications, such as in vivo imaging and 
therapeutic monitoring [127,153–160]. However, compared to the 
above Ag-based QDs, Ag2Te QDs have been less explored in biological 
applications. Some studies highlighting their use in biological applica
tions are mentioned below. For example, Li et al. reported an 
aqueous-phase, one-pot synthesis of Ag2Te QDs using bovine serum al
bumin (BSA) as a templating and stabilizing agent, which produced 
uniformly sized BSA-Ag2Te QDs with excellent efficiency in CT/NIR-II 
GI imaging. As shown in Fig. 6c-g, NIR-II fluorescence imaging 
enabled clear visualization of intestinal obstructions before surgery, 
along with detailed ex vivo imaging after surgery, demonstrating sig
nificant potential for the diagnosis of gastrointestinal diseases [127]. 
Wang's group developed a nanoadaptor using hyaluronic acid (HA) and 
dibenzocyclooctyne-functionalized gold-silver (Au: Ag2Te) QDs that 
target cancer cells via a click reaction. This innovative approach enables 
precise, specific in vivo tumor cell targeting and imaging, with new 
perspectives for the diagnosis and treatment of cancer [156]. Recent 

Fig. 6. (a) Absorption and PL spectra of Ag2Te QDs under 808 nm laser irradiation, (b) PL spectra with different emission maxima, (c-f) NIR-II fluorescence images of 
the GI tract, (c) different times after the oral ingestion of BSA-Ag2Te QDs, intestinal obstruction (d) before, (e) after surgery, and (f,g) ex vivo image of the GI tract 
[Digital (above) and NIR-II fluorescence (below)]. Reproduced with permission from (a) ref. [153]. Copyright 2021, American Chemical Society, (b) ref. [154]. 
Copyright 2021, American Chemical Society, and (c-g) ref. [127]. Copyright 2023, American Chemical Society.
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studies also explored the photothermal properties of silver-based QDs 
and their application as cancer theragnostic agents. The cancer-specific 
RGD peptide-conjugated Ag2S, Ag2Se, and Ag2Te QDs were effectively 
used to label and kill cancer cells [129] selectively.

Intravenous injection of silver chalcogenide QDs in murine models 
revealed time-dependent clearance and distinct biodistribution. Bio
distribution analysis of PEGylated Ag2S, Ag2Se, and Ag2Te QDs shows 
distinct accumulation in specific organs with fluorescence retention. 
PEGylated Ag2S QDs predominantly accumulated in the liver and spleen 
compared to other organs, indicating slow renal clearance. In contrast, 
PEGylated Ag2Se QDs initially distribute across the blood, liver, and 
lungs, followed by a gradual decrease in organ accumulation due to 
hepatic degradation. Likewise, PEGylated Ag2Te QDs showed bright NIR 
fluorescence, with negligible fluorescence in major organs due to the 
short blood circulation lifetime of the QDs. These QDs initially accu
mulate in the liver and spleen (Fig. 7), followed by subsequent clearance 
[158–160]. Further studies demonstrate that surface functionalization 
of silver chalcogenide QDs with small molecules, such as biotin, amino 
acids, carboxylic acids, and PEG, improves their stability during in vivo 
circulation and target specificity.

3. Group III-V QDs

Group III-V quantum dots (GaN, GaP, GaAs, GaSb, InN, InP, InAs, 
and InSb) are an important class of semiconductor nanomaterials, owing 
to their high absorption coefficients, direct bandgap, and excellent sta
bility. They are also valued for their tunable NIR emission and high 
quantum yields, making them suitable for various biological applica
tions. Synthesis, optical properties, and biological applications of each 
QD are discussed below. Typical III-V, their PL wavelengths, bio
conjugated molecules, and in vivo applications are listed in Table 4.

3.1. InN QDs

3.1.1. Synthesis and optical properties
Indium-based binary QDs are III-V semiconductor NCs, typically 

with a zinc-blend or wurtzite crystal structure and sp3-like hybridiza
tion. Indium Nitride (InN) QDs are highly stable in air with a narrow 
band gap of 0.7 eV. Like other group III-V QDs, InN QDs were initially 
synthesized using conventional top-down techniques such as plasma- 
assisted beam epitaxy (PA-MBE), metal-organic vapor phase epitaxy, 
and metal-organic chemical vapor deposition [174]. Solution-based 
synthesis has also been developed for size control and scalability. For 
example, Chen et al. developed a hybrid solution-vapor-phase method in 
which indium oxide NCs were coated with silica and annealed (500–700 
◦C, 5 h) under ammonia vapor to yield ~5.7 nm InN QDs [175]. Later, 
Qaeed et al. demonstrated a low-temperature wet-chemical synthesis of 
wurtzite-like InN QDs. The reaction was carried out by heating indium 
acetylacetonate and oleylamine (OAm) at 90 ◦C, followed by the addi
tion of nitric acid to form indium nitrite. The subsequent introduction of 
ammonium hydroxide generated indium hydroxide and ammonia gas, 
and prolonged heating (4, 8, and 12 h) enabled gradual substitution of 
oxygen by nitrogen, resulting in the formation of InN QDs. Similarly, 
Beaulac’s group synthesized InN QDs using the hot injection method, 
using alkylamide as the reducing agent to form In (0), followed by 
nucleophilic substitution to form an indium-nitrogen bond [176]. 
Nagakubo et al. reported the synthesis of gallium indium nitride (GaInN) 
and zinc indium nitride (ZnInN) by reacting sodium amide with indium 
iodide or gallium iodide in phenyl ether. They used OAm, TOPO, OA, 
and octadecanethiol as the stabilizing ligands to achieve high crystal
linity, controlled particle size (2–6 nm), and long-term colloidal stability 
[177]. Recently, Mulvaney’s group synthesized size-tunable InN QDs by 
hot injection, using trimethylindium as the indium source and sodium 
amide as a nitrogen precursor. The indium precursor was injected into 
the nitrogen precursor in hexadecane and OAm at 120–180 ◦C. The 
resulting QD exhibited tunable PL emission (525–680 nm) by varying 
reaction time and temperature [178]. Despite these advancements in 
synthesis, the biological applications of InN QDs remain largely 
unexplored.

Fig. 7. Distribution of intraperitoneally injected Ag2S, Ag2Se, and Ag2Te QDs in different organs of experimental mice. Reproduced with permission from (a) ref. 
[160]. ref. Copyright 2013, Elsevier Ltd., (b) ref. [159]. Copyright 2016, American Chemical Society, and (c) ref. [158]. Copyright 2021, American Chemical Society.
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3.2. InP QDs

3.2.1. Synthesis and optical properties
Bulk InP exhibits a band gap of ~1.34 eV (~920 nm); however, InP 

QDs demonstrate size-dependent, tunable emission in the 500–1600 nm 
range due to quantum confinement and shell engineering. Nevertheless, 
achieving precise size and size distribution remains challenging for these 
materials because of complex growth kinetics and aggregation 
[179–181]. Methods such as hot injection, seed-mediated, and 
microwave-assisted techniques have been explored for the synthesis of 

InP QDs. These QDs are often coated with ZnS shells to enhance the 
PLQY and colloidal stability [182–184].

InP QDs were first synthesized in 1994 by Nozik and co-workers 
using a colloidal method, where chloroindium oxalate was reacted 
with tris(trimethylsilyl) phosphine [(SiMe3)3]P at 270̊C, under varing 
In:P molar ratios (0.7:1–1.6:1). To the reaction mixture, TOPO was 
added and heated for three days, yielding InP QDs with a narrow size 
distribution and tunable NIR emission (600–900 nm) [179,180]. Here, 
the excess In3+ led to improved narrow-size-distributed QDs. In addi
tion, solvent selection plays a crucial role in QD formation and its 

Table 4 
Selected heavy metal-free group III-V, group I-III-VI QDs, their bioconjugates, and in vivo applications.

QD PL Wavelength (nm) Conjugated molecule Target/non-target(Clearance/Retention) Animal model Ref.

InP/ZnS 650 Graphene-P-glycoprotein, GSH Controlled release of miR22 in liver tumor cells Mice [161]
InP/ZnS 690 Au, SiO2, PEG, cRGDfC Cancer targeting (Slow clearance) Mice [162]
InP/ZnS 740 Anti-EGFR nanobodies (7D12)-aminoflavone Breast cancer therapy (low toxicity) Mice [163]
InAs/ZnS 710 Dendron, DHLA, RDG Tumor targeting (Rapid clearance and less toxic) Mice [164]
InAs/InP/ZnSe 940 MPA Biodistribution (Rapid clearance) Mice [44]
InAs/ZnSe 750–920 DHLA-PEG Lymph node imaging Mice [165]
CuInS
2
/ZnS 625 N-succinyl-chitosan, FA Tumor targeting (Less toxic) Mice [166]
CuInS
2
/ZnS 838 Glycol-chitosan-coated MUA, cRGDyk Tumor angiogenesis (rapid clearance) Mice [167]
CuInS
2
/ZnS 680 BSA, Poly(ε-caprolactone), cRGD Internal organs (liver and spleen) Mice [168]
CuInSe2/ZnS 1100 DSPE-PEG, Anti-EpCAM Tumor targeting (Rapid clearance) Mice [169]
AgInS
2
/Zns 610 PVP [Poly (vinyl pyrrolidone)] Lymph node drainage imaging Mice [170]
AgInS
2 800 Pluronic F127 polymer Tumor targeting (rapid clearance) Mice [171]
ZnS-AgInS
2
/ ZnS 790 MPA, R8 (octa-arginine) Cytokinesis (low toxicity) Mice [172]
AgInSe
2
/ZnS 755 Poly (acrylic acid) [PAA], cRGD Tumor targeting Mice [173]

Fig. 8. Optical properties and bioimaging applications of InP QDs: (a) absorption, PL, and PLE spectra of InP QDs, (b) PL spectra of InP-ZnSe QDs with different shell 
thickness, and (c,d) in vivo images of SKOV3 tumor-bearing mice injected with (c) QD710-Dendron-RGD2 conjugates and (d) only Dendron-QD710. Reproduced with permission from (a) 
ref. [181]. Copyright 2002, American Chemical Society, (b) ref. [185]. Copyright 2021, American Chemical Society, and (c,d) ref. [164]. Copyright 2012, American 
Chemical Society.
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stability. Using octadecene as the solvent, Peng’s group obtained 
uniform-sized InP QDs with high stability [181]. Fig. 8a shows the ab
sorption, PL, and PLE spectra of these QDs.

Despite these advances, the use of indium carboxylate precursors, 
such as indium myristate, indium laurate, indium oleate, and indium 
laurate, remains challenging, as these carboxylates often undergo un
desired side reactions that reduce reproducibility, promote oxidation, 
and hinder scalability. Studies have shown that InP QDs can rapidly 
oxidize when carboxylates are used. To mitigate this issue, researchers 
used alternative precursors such as [(SiMe3)3]P, and tris(dimethyla
mino)phosphine [DMA)3P], with modified synthesis procedures 
including heat-up, hot injection, continuous injection, and microwave- 
assisted synthesis, from which hot injection and seed-mediated routes 
offer faster reactions and with safer solvents [186–188].

The PLQY of binary InP QDs has historically been low (> 2.5%) due 
to surface trap states. In the hot-injection method, highly reactive 
phosphorus precursors such as [(SiMe3)3]P were injected into a hot so
lution of indium precursors, like indium acetate or indium myristate, in 
the presence of coordinating solvents such as trioctylphosphine oxide 
(TOPO) or OAm. For example, Guzelian et al. reported that TOPO can 
passivate the surface of InP QDs in high-temperature synthesis, which 
provides stability, prevents agglomeration, and shifts the excitonic 
emission to the blue [183]. Moreover, the use of amines helps solvate 
and stabilize the precursors, suppressing dissociation and enabling 
better control over nucleation and growth dynamics. In contrast, 
seed-mediated synthesis is a two-step procedure that involves the for
mation of small-sized seed particles in the initial stage, followed by 
epitaxial growth into larger QDs [189]. Temperature plays a critical role 
in nucleation. At low temperatures, nucleation continues throughout the 
reaction, whereas at higher temperatures, it occurs rapidly and com
pletes within 10% of the reaction time [190].

To enhance the photostability, chemical durability, and long-term 
stability of InP QDs, various surface modifications, such as the incor
poration of inorganic shells, multi-shell structures, and crosslinked 
organic ligands, have been applied. CdSe, ZnSe, or ZnS shells signifi
cantly improve the stability and PLQY of InP QDs [186]. Notably, 
TOPO/TOP-passivated InP QDs, when etched by HF, have shown PLQY 
increase from 0.1% to 40%. Further enhancements have been achieved 
through various inorganic shells, including ZnS, ZnSe, and ZnS/ZnSe. 
However, alloyed ZnSeS shells tend to induce more lattice strain when 
compared with discrete ZnSe/ZnS shells [186]. Dennis’s group demon
strated PL tunability in InP-ZnSe core-shell QDs by varying the shell 
thickness. Fig. 8b shows the size-tunable PL spectra of the resultant 
InP/ZnSe QDs, showing emission in the 515–845 nm range [185]. 
Similarly, ZnS passivation enhances PL intensity by 73-fold compared to 
the cores [186]. Recently, blue-emitting InP QDs (462 nm) with a PLQY 
of ~50% have been synthesized using [(SiMe3)3]P and indium acetate 
with myristic acid as the stabilizing ligand, along with the development 
of thickness-controlled InP/ZnS core/shell QDs [191].

Ligand exchange and surface capping are essential for tuning surface 
reactivity, solubility, and PL QY. Replacing the carboxylate group with 
phosphonic acid or thiol groups enhances surface passivation and en
ables epitaxial ZnS shell growth. Even though ZnS shells have a lattice 
mismatch with InP QDs, they enhance stability by preventing surface 
oxidation. Halide-assisted sequential growth using ZnI2/ZnCl2 stabilizes 
QDs and, with subsequent ZnS coating, increases the PLQY to 94.85%. 
Also, depending on the halide composition, the ZnS shell induces 
tunable PL emission [192,193]. Similarly, Cui et al. found that embed
ding InP QDs into mesoporous silica (SBA-15) enhances the PLQY to 
78.01%, while cation engineering through doping/alloying improves 
structural stability [194]. Machine-learning analysis further reveals that 
annealing temperature, annealing time, and Zn-based shelling critically 
determine particle size and emission characteristics [195].

3.2.2. Biological applications
Unlike Pb, Cd, and Hg-based QDs, InP core-only and InP-ZnS core- 

shell QDs exhibit low intrinsic toxicity [161,162,183–185], suppress 
oxidative stress through photogenerated charge carriers in the core 
[163,196]. Therefore, these QDs are further modified for biocompati
bility and targeted imaging using antibodies, ligands, peptides, hor
mones, and nucleic acids [161–163,184,185,196–204]. For example, 
InP-ZnS QDs conjugated with L-cysteine help to detect dopamine 
levels. Kim et al. found fluorescence quenching of L-cysteine-capped 
InP-ZnS QDs with increased dopamine level [184]. Similarly, Zeng et al. 
conjugated InP-ZnS QDs with a combination of antibodies (monoclonal 
P-GP antibodies) and microRNA and loaded them onto graphene oxide 
for targeted drug delivery, where GSH-mediated release enables 
controlled microRNA delivery at the tumor site. NIR-fluorescence im
aging showed enhanced accumulation of the QDs at tumor sites, and 
induced apoptosis in drug-resistant liver cancer cells, leading to tumor 
regression and slower renal elimination. Biodistribution analysis 
confirmed higher indium concentration in the tumor, intestine, and 
liver, supporting targeted drug delivery and renal clearance [161].

The in vivo imaging potential of InP-ZnS QDs was demonstrated using 
RGD peptide conjugates. For example, c(RGDfc) incorporated with gold 
NPs, or the anticancer drug amentoflavone-loaded VEGFR2, showed 
excellent tumor targeting and therapeutic effects [162,197]. Despite 
their in vivo biocompatibility and rapid clearance, macrophage activa
tion, inflammation, oxidative and ER (endoplasmic reticulum) stress, 
and immunotoxicity are certain limitations [198]. Dendron-coated and 
RGD-conjugated InP-ZnS QDs enabled high-specificity in vivo imaging of 
ovarian adenocarcinoma cells (SKOV-3) in mouse models. Fig. 8c,d il
lustrates the in vivo images of the mice injected with QD710-Den
dron-RGD2 or QD710-Dendron with RGD2. The conjugated QDs 
exhibited higher contrast and specific targeting compared to noncon
jugated QDs, suggesting the possibility of the EPR (Enhanced perme
ability and retention) effect [164]. Folic acid (FA) conjugated InP-ZnS 
QDs facilitate receptor-mediated targeting of folate receptor over
expressing cancer cells (OVCAR-3) [196]. Efficient targeting and drug 
release were also demonstrated using InP/ZnS QDs functionalized with 
an amphiphilic copolymer [polylactide-b-poly(ethylene glycol)] loaded 
with the anticancer drug amentoflavone. When these QDs were intro
duced into MDA-MB-468 tumor-bearing mice, in vivo images showed a 
significant reduction in tumor cell growth [163]. Similarly, 
cysteine-capped InP-ZnSe QDs show anti-microbial activity against 
drug-resistant bacteria, including Staphylococcus aureus, Bacillus cereus, 
Escherichia coli, and Pseudomonas aeruginosa, via NIR -activated super
oxide formation. Superoxide disrupts the bacterial cell function, with 
minimal accumulation in the liver or spleen, demonstrating efficient in 
vivo compatibility [200,201].

Nevertheless, a toxicity analysis in mice showed that InP-ZnS QDs 
can accumulate in the liver and spleen; however, they undergo degra
dation and are eliminated from the liver within 90 days, without causing 
any toxicity or damage to internal organs [202]. Pharmacokinetic ana
lyses further reveal rapid clearance and negligible toxicity in serum 
analysis [203]. Cytotoxicity analysis in Hydra demonstrated that InP is 
less toxic than Cd-based QDs, particularly when conjugated to or coated 
with penicillamine, silica, or polysaccharides [204,205]. Similar studies 
in Drosophila models demonstrated the biocompatibility and in vivo 
imaging potential of InP QDs [206]. Collectively, core/shell InP QDs are 
safe remedies for bioimaging in living organisms.

3.3. InAs QDs

3.3.1. Synthesis and optical properties
Indium arsenide (InAs) is a group III-V semiconductor with a zinc 

blende (cubic) crystal structure and a narrow optical bandgap, making it 
ideal for various applications like NIR imaging (Fig. 9) and photode
tectors [207]. Early synthesis focused on bulk crystals for diodes or 
sensors, typically by the Czochralski method. Thin films were later 
developed using chemical vapor deposition and molecular beam 
epitaxy. With advances in nanotechnology, researchers have begun 
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exploring colloidal synthesis using various approaches, aiming to pro
duce monodisperse InAs QDs by suppressing Ostwald ripening [208]. 
Examples include a room-temperature reaction between indium halides 
and As(SiMe3)3, followed by annealing at 400 ◦C, dehalosilylation, and a 
size-focused one-pot synthesis. The first colloidal synthesis of InAs was 
reported by Wells et al., using a dehalosilylation reaction between in
dium chloride (InCl3) and As(SiMe3)3 for 3 days at 75 ̊C. This was further 
heated in benzene for 4 days, yielding a black, fluffy solid with 98% 
purity [209]. Studies have also shown that one-pot synthesis using a 
single-source precursor thermally decomposes to form InAs QDs [210]. 
Subsequently, the hot-injection method was widely used to achieve 
uniformly sized QDs. For example, Peng’s group synthesized InAs QDs 
via a two-step hot-injection method; however, they observed degrada
tion of the core InAs QDs. Hence, they introduced the growth of InP 
monolayers and ZnSe shells over the core InAs QDs, which showed 
excellent stability and a high PLQY (76%). Fig. 9a,b shows the absorp
tion and PL spectra of InAs and InAs/InP/ZnSe QDs [44]. Continuous 
injections of the As precursor were also explored to decouple nucleation 
and growth, enabling better control over QD size distribution. Further
more, InAs QDs coated with a CdSe shell extended PL tunability into the 
deep SWIR (Short-wave IR) region, while an additional shell of CdS or 
ZnS helped with efficient surface passivation, enhanced stability, and 
PLQY [211].

ZnSe and CdSe are commonly used shells for InAs QDs due to their 
wider band gaps and lattice-matching. Surfactants, such as OA and TOP, 
play a crucial role in controlling the stability, PLQY, size, shape, and 
dispersibility of QDs. Tuning the size and obtaining a narrow size dis
tribution are significant in colloidal synthesis. Guzelian et al. adopted 
the synthesis method developed by Wells et al., and used TOP as both 
solvent and capping agent, resulting in the first size-tunable band-edge 
emission from InAs QDs in the NIR region (850–1200 nm) (Fig. 9c) 
[212]. Building on this, the Bawendi group demonstrated a scalable 
approach using a redox reaction between indium chloride and tris 
(amino)arsenic. By adjusting the temperature, they precisely tuned the 
emission from 700 to 1400 nm. Subsequent CdSe shell growth further 
extended the emission tunability, ranging from 1000 to 1500 nm [213]. 
However, many other studies have shown that As-TMS leads to high 
reactivity, and as a result, QDs tend to grow in the Ostwald ripening 

regime (rapid broadening of the size distribution). Some detailed studies 
showed that this could be controlled by choosing suitable As/In pre
cursor ratios or by using similar precursors such as tris(trimethylgermyl) 
arsine and tris(isopropyl-dimethylsilyl)arsine [208]. Talapin and co
workers demonstrated nucleation kinetics by selectively choosing 
reducing agents. Hot-injection synthesis with the N,N-dimethylamine 
complex (DMEA-AlH3) as the reducing agent enabled controlled 
reduction of As(III) to yield highly monodisperse InAs QDs. In addition, 
anisotropic InAs nanorods with high crystallinity have been synthesized 
by tuning the surfactant-precursor ratio and reaction temperature, 
exhibiting ~60% PLQY with ZnSe shell and tunable emission in the 
1200–1800 nm SWIR [214].

3.3.2. Biological applications
Despite the presence of arsenic, InAs QDs have been reported to 

exhibit low toxicity, and their NIR emission enables the exploration of 
biological applications. For example, Allen et al. studied both in vitro and 
in vivo tumor vasculature imaging using InAs QDs, with excitation and 
PL penetration depths of up to 200 µm [215]. While Bawendi and co
workers used PEGylated InAs/CdSe/CdS QDs, which enable 
high-resolution cerebral vascular imaging at SWIR wavelengths [216]. 
Surface capping of InAs QDs has been found to increase biocompati
bility, reduce toxicity, prolong circulation, and enable targeted imaging. 
For example, InAsxP1-x/InP/ZnSe QDs capped with oligomeric phos
phines are demonstrated for sentinel lymph node mapping [217], and 
InAs/ZnSe QDs capped with dihydrolipoic acid-PEG (DHLA-PEG) for in 
vivo lymph node imaging by intravenously injecting NIR-emitting QDs 
into mice [165]. Targeted tumor imaging has also been demonstrated 
using RGD/RAD-functionalized core/shell/shell InAs/InP/ZnSe QDs, 
which causes selective accumulation in U87MG tumors [218]. Later, Xie 
et al. compared the difference between the in vivo fluorescence imaging 
of InAs/InP/ZnSe QDs capped with MPA acid and NIR-emitting 
CdTe/ZnSe core/shell QDs on athymic nude mice [44]. They found 
that NIR-emitting core/shell/shell QDs exhibit NIR fluorescence around 
major organs, similar to NIR-emitting CdTe/ZnSe core/shell QDs. A 
rapid renal clearance of MPA-capped InAs QDs was observed within 
25 h. However, CdTe/ZnSe QDs accumulated at different body parts 
(Fig. 9d). MTT assay showed lower toxicity of In-based QDs than CdTe 

Fig. 9. (a, b) Optical properties of InAs QDs and InAs/InP/ZnSe QDs: (a) absorption and PL spectra of InAs QDs, and (b) absorption and PL spectra of InAs/InP/ZnSe 
QDs. (c) Size-tunable PL spectra of InAs QDs. (d) In vivo images of Invitrogen QD 800 ITK carboxyl (QD800) CdTe/ZnS core/shell dots and InAs/InP/ZnSe core/shell/ 
shell in nude mice. Reproduced with permission from (a, b, and d) ref. [44]. Copyright 2008, Springer Nature, (c) ref. [212] Copyright 1996, AIP Publishing.
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QDs. In addition, deep-tissue imaging has been demonstrated with 
InAs/ZnCdS core-shell QDs. Hence, InAs QDs are useful for bioimaging, 
deep tissue penetration, and low autofluorescence in the NIR-II window.

Although InAs QDs are promising for NIR bioimaging, concerns 
regarding their long-term safety remain. Toxicological studies in male 
hamsters have indicated potential risk to their reproductive organs. InAs 
causes testicular damage, reduced testicular weight, and decreased 
sperm count, with Sertoli cells identified as potential targets of toxicity 
[219]. Further studies found that InAs can induce severe histopatho
logical changes in testes, including vacuolization of the seminiferous 
epithelium [220,221]. These findings underscore that, although InAs 
QDs offer advantages for in vivo imaging, potential health risks and 
toxicity must be carefully considered.

3.4. InSb QDs

III-V semiconductors such as InSb have a narrow bandgap (0.17 eV at 
300 K), enabling strong NIR-SWIR responses. Early synthesis techniques 
included molecular beam epitaxy (MBE) and the Stranski-Krastanov 
(SK) method to produce crystalline QDs with limited scalability. The 
first colloidal synthesis of InSb QDs was reported by Liu et al. via hot 
injection of InCl3 and Sb[N(Si(Me)3)2]3 dissolved in TOP/toluene into a 
mixture of OAm and lithium triethylborohydride heated at 260 ◦C for 
20 min [222]. Subsequent coating with CdSe or CdS shells and con
trolling the reaction temperature and time enabled tunable size 
(3.3–6.5 nm) and PL (1200–1750 nm). Later, the Kovalenko group 
developed a scalable and controllable hot-injection method to produce 
InSb QDs using indium chloride and tris(dimethylamido)antimony, with 
ligands such as TOP and trioctylamine (TOA) to precisely control the 
morphology and stability of QDs [223]. Subsequently, researchers have 
demonstrated a stepwise crystallization approach [224], and a one-pot 
synthesis strategy [225] for tunable NIR-SWIR absorption [226], and 
ligand engineering for enhanced optical properties [227,228]. Impor
tantly, core/shell/shell (InSb/InP/CdS) and Cd doping enhance PLQY 
and stability [229]. Recently, Seo et al. synthesized monodispersed, 
photostable, SWIR tunable, and high-quality InSb core/shell QDs with 
tunable absorption across the 1000–1700 nm SWIR range [230]. 
Although these QDs have been widely used in IR photodetectors, their 
applications in bioimaging remain unexplored.

3.5. Gallium-based (GaN, GaP, GaAs, and GaSb) binary QDs

3.5.1. Synthesis and optical properties
Conventionally, Gallium nitride (GaN) NPs have been synthesized by 

laser ablation, molecular beam epitaxy, chemical vapor deposition, and 
laser ablation, producing 2–12 nm particles [231–235]. Subsequent 
approaches, such as droplet epitaxy and solvothermal synthesis using 
gallium acetylacetonate with urea or LiNH2 at 180–250 ◦C for 12–24 h, 
result in controlled formation of GaN QDs [236]. Later, Pan et al. re
ported a room temperature synthesis by reaction of Li3N and GaX3 
(X = Cl, Br, I) in diethyl ether, yielding ~10 nm QDs with wurtzite and 
zincblende phases and strong emission at 3.4 eV [237]. Microemulsion 
[233] and plasma aerotaxy methods [232] further improved size control 
and optical properties, with recent studies exhibiting tunable emission 
in the UV-Vis range, attributed to size-dependent quantum confinement 
effects [235].

The synthesis of GaP has evolved to address challenges such as high 
vapor pressure and the need for high-purity crystals. Early synthesis 
methods, such as vapor-phase synthesis [238], Czochralski, Bridgman 
techniques, sublimation, and chemical vapor deposition impart limited 
control over QD synthesis. In contrast, solvothermal synthesis using 
gallium chloride and sodium phosphide at elevated temperatures yields 
5–10 nm GaP QDs, [239], and the hot-injection method using gallium 
chloride and [(SiMe3)3]P in TOP to produce ~ 4.6 nm GaP QDs with an 
emission peak at 486 nm [240]. Furthermore, alloyed In1-xGaₓP/ZnS 
core-shell colloidal QDs by cation-exchange reaction resulted in high 

PLQY (~75%) and tunable emission (474–627 nm) by varying the gal
lium concentration.

GaAs NCs have been synthesized using various conventional 
methods, including metal-organic chemical vapor deposition, gas- 
aerosol electrostatic deposition, and sputter coating [241]. Later, 
Wells and colleagues demonstrated synthesis of GaAs QDs using a 
single-source precursor (AsCl3Ga2 and phosphine-arsinogallanes) and 
using coordinating solvents such as monoglyme or diglyme, could pre
cisely control QD size [242]. Additionally, 2–6 nm GaAs QDs were also 
obtained by tuning the precursor concentration and controlled reaction 
durations [243].

Early synthesis of GaSb primarily followed the SK growth method, 
droplet epitaxy on GaAs, and on a patterned GaAs buffer layer [244, 
245]. Later, the Wells group developed colloidal GaSb QDs using 
tert-butylgallium-antimony precursors with defined Ga-Sb bonding to 
produce colloidal GaSb QDs (~10–12 nm) via thermolysis of (Sb 
(SiMe3)3) and diethyl gallium chloride (Et2GaCl) in hexane [246].

3.5.2. Biological applications
Ga-based QDs are promising for electro-optical devices [247] and 

photocatalysis [248]; however, their biological applications are limited. 
Jewett et al. demonstrated that GaN is biocompatible and less toxic, 
even before surface functionalization. Although shell preparation and 
surface modification suppress the release of Ga ions, trace amounts of Ga 
(III) released in a cell culture medium demonstrated improved cell 
adhesion [249]. Similarly, Young et al. reported that GaN substrates 
support the growth and differentiation of granule neurons [250]. 
Nevertheless, focused cytotoxic and pharmacokinetic studies are 
required to evaluate the biocompatibility, biodistribution, and toxico
logical impact of GaN QDs before in vivo applications.

Similarly, the in vivo biocompatibility of GaP remains poorly inves
tigated. A recent study by Vogel’s group demonstrated the pulmonary 
toxicity associated with GaP nanowires (NWs). They found that female 
C57BL/6j mice administered with varying doses of GaP NWs resulted in 
lung accumulation, genotoxicity, and partial degradation in the liver, 
followed by secondary accumulation in the liver, spleen, uterus, and 
brain [251]. In another study, implantation of GaP discs into the 
abdominal walls of rats to study the tissue reaction, however, resulted in 
a chronic inflammatory response, which further caused gallium accu
mulation in the brain, liver, and kidneys [252].

GaAs QDs also remain unexplored in in vivo studies, due to concerns 
about the occupational toxicity of bulk GaAs. Several studies have 
shown that GaAs exposure causes pulmonary toxicity and abnormal 
gene expression [221]. In addition, GaAs has been reported to cause 
testicular toxicity in hamsters, characterized by spermatid retention and 
reduced epididymal sperm count. In contrast, comparable experiments 
with arsenic oxide did not result in testicular toxicity, indicating that 
toxicity is caused by gallium [219]. Studies by Carter et al. demonstrated 
that oral administration of GaAs to rats leads to significant weight loss 
and increased porphyria [253]. These findings further underscore the 
toxicity of arsenic and gallium for any biological applications.

Studies have reported that continuous exposure to Ga compounds 
like GaSb, GaAs, or GaN leads to gallium poisoning [254], which causes 
gastrointestinal problems, skin issues, fatigue, and headaches. In addi
tion, Sb is classified as a possible carcinogen and has been associated 
with pulmonary toxicity [255]. Recently, Fujihara et al. reported that 
even at low concentrations, GaSb can penetrate the skin barrier and 
reduce fibroblast viability [256].

In general, Gallium-based (GaN, GaP, GaAs, and GaSb) binary QDs 
exhibit significant toxicity concerns in biological systems, including 
pulmonary toxicity, testicular toxicity, organ accumulation, and 
reduced cell viability.
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4. Group I-III-VI QDs

4.1. CuInX2 (X = S, Se, Te) QDs

4.1.1. Synthesis and optical properties
The synthesis of copper indium chalcogenide QDs (CuInX2; X = S, Se, 

Te) is a complex process that requires careful control over the relative 
reactivity of the metal cations (Cu+ and In3+) with chalcogenide (S2− , 
Se2− , and Te2− ) precursors. Various synthetic approaches have been 
employed, including solvothermal, hot injection, hydrothermal, 
microwave-assisted, and heating-up methods. A significant advance
ment in synthesis has resulted from the use of metal precursors with Cu-S 
and In-S bonds, which help maintain phase purity and control particle 
size [257]. In particular, alkanethiol-mediated synthesis introduces 
excess thiol ligands, which help balance reactivity and produce 
high-quality CuInX2 QDs. Also, thermal decomposition of metal salts 
such as ethyl xanthates and dithiocarbamates in OAm at elevated tem
peratures leads to the formation of CuInS2 QDs. Alkanethiol-mediated 
synthesis effectively balances the reactivity of Cu+ and In3+ with sul
fur anions [45,258,259]. Cation exchange is another method to obtain 
well-defined CuInS2 QDs. For example, Xia et al. synthesized CuInS2 QDs 
with 2.7–6.1 nm diameter by partial cation exchange of Cu+ ions with 
In3+ in Cu2-xS template crystals [260]. The significance of the Cu/In 
ratio in CuInS2/ZnS QD synthesis and its effect on stability were studied 
by Grandfils’s group, where they demonstrated that a 1:4 ratio leads to 
excellent PL and stability; in contrast, a 1:1 ratio leads to rapid PL 
quenching [261]. Highly luminescent CuInS2 QDs with a high PLQY of 
~90% have been developed by a scalable reaction between Indium ac
etate and Cu(I) Iodide at 230̊C, followed by CdS or ZnS shell passivation. 
Fig. 10a shows the absorption and PL spectra of CuInS2 QDs, with the 
inset showing the size dependency of the QDs on their PL energy [262]. 

CuInS2 QDs are direct-bandgap semiconductors with relatively small 
band gaps, and can exhibit tunable emission from visible-to-NIR optical 
absorption and emission via size tuning [260,263–265]. For example, 
Peng’s group demonstrated the PL tunability in the visible-NIR region 
(500–950 nm, Fig. 10b) for monodispersed CuInS2/ZnS, where the 
growth of the ZnS shell on the CuInS2 QD core increased the PLQY from 
3% to 30%. The ZnS shell on the CuInS2 QD core not only drastically 
increases the PLQY but also provides good long-term stability [45]. 
Unlike CdSe/CdX-type QDs, ZnS shell formation on the core of CuInS2 
QDs blue-shifts the emission spectra with an increase in the PLQY, 
attributed to alloying or cation exchange on the surface of the QDs. 
Water-soluble CuInS2/ZnS QDs with excellent stability, biocompati
bility, and tunable properties are crucial for bioimaging applications. To 
render hydrophobic QDs dispersible in aqueous media, various strate
gies, such as silica coating, ligand exchange, and amphiphilic polymer 
encapsulation, have been widely used, enabling their use in live-cell 
imaging [264,266–268].

Although CuInSe2 QDs have been less explored, they are typically 
synthesized via thiol-mediated or hot-injection methods. Early reports 
demonstrated NIR-emitting CuInSe2 QDs (820–940 nm), with a low PL 
quantum yield [269]. Subsequent hot-injection approaches using bis 
(trimethylsilyl) selenide as the chalcogenide precursor resulted in 
2.0–3.5 nm CuInSe2 QDs with 25% PLQY due to the strong exciton 
confinement [270]. Similar to CuInS2/ZnS systems, surface passivation 
significantly enhances the PLQY of CuInSe2 QDs, making core-shell NPs 
promising for in vivo imaging. For example, Park et al. reported a one-pot 
synthesis of CuInSe2/ZnS core/shell QDs with PLQY of up to 60%, 
accompanied by blue-shifted emission with a broad PL spectrum, indi
cating the formation of an alloy at the core-shell interface with a broader 
size distribution. Fig. 10c shows the comparison of absorption and PL 
spectra of CuInSe2 QDs before and after ZnS passivation. Following 

Fig. 10. Optical properties of CuInS2 and CuInSe2 NCs: (a) absorption and PL spectra (inset: the size-PL energy relationship), (b) PL tunability of CuInS2/ZnS, (c) 
absorption and PL spectra of CuInSe2 and with ZnS passivation, and (d) PL tunability with different reaction temperatures. Reproduced with permission from (a) ref. 
[262]. Copyright 2011, American Chemical Society, (b) ref. [45]. Copyright 2009, American Chemical Society, (c) ref. [265]. Copyright 2011, Wiley-VCH, and (d) 
ref. [47]. Copyright 2010, American Chemical Society.
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thiolation and lipid coating, these QDs have been successfully applied in 
in vivo imaging [265]. Similarly, Cassette et al. compared the optical 
properties of CuInSe2 QDs with and without ZnS surface passivation. 
They demonstrated that ZnS passivation not only enhanced PL intensity 
but also enabled tunable emission from 700 to 1040 nm by varying the 
synthesis temperature (Fig. 10d) [47].

The synthesis of CuInTe2 QDs is highly intricate due to the strong 
affinity between soft Cu+ cations and Te2− anions. The first colloidal 
synthesis of CuInTe2 QDs was unlocked by Kim et al. by the reaction 
with indium acetate, copper iodide, and tri-n-octylphosphine telluride in 
the presence of DT as a surfactant. These QDs exhibited tunable emission 
in the 800–1000 nm range [271]. Subsequently, amide-promoted syn
thesis with lithium bis(trimethylsilyl)amide enhances nucleation ki
netics, yielding smaller indium-rich CuInTe2 QDs at higher temperatures 
[272]. Alternatively, a sequential cation-exchange reaction helps 
transform CdTe QDs into Cu2Te QDs, which, when mixed with an In3+

solution to form CuInTe2 QDs, enables controlled compositional trans
formation [273]. Typical I-III-VI QDs, their PL wavelengths, bio
conjugated molecules, and in vivo applications are listed in Table 4. 
Despite their NIR emission, the biological applications of CuInTe2 QDs 
remain underexplored.

4.1.2. Biological applications
CuInS2-based QDs, particularly those emitting in the NIR region, 

have been widely used for tumor targeting and in vivo imaging owing to 
their low cost, high durability, and low toxicity [47,166,167,169, 
269–271,273–278]. Functionalization with biomolecules enables 

diverse sensing and imaging applications. For example, 
fibrinogen-conjugated CuInS2 QDs enable the detection of thrombin in 
human serum by forming water-soluble QD complexes with fibrinogen, 
via the PL quenching mechanism [274]. Similarly, as-synthesized QDs 
have been conjugated with various molecules, such as IgG-ab, chitosan, 
GSH, MPA, transferrin, and aflatoxin, and applied in vitro and in vivo 
applications [166,167,266,275–279]. For example, Han’s group conju
gated lipophilic silane micelles to holo-transferrin for cancer cell im
aging [279]. Spangler et al. conjugated CuInS2/ZnS with IgG antibodies 
using EDC/NHS cross-linkers for cellular imaging (THP-1 cells) [266]. 
CuInS2 QDs were also employed to detect lysozyme by exploiting elec
trostatic interactions and electron transfer with a cationic poly
electrolyte [276]. Amphiphilic polymer-based conjugation further 
expanded the applications of CuInS2 QDs. For example, PEG-containing 
amphiphilic polymers conjugated with aflatoxin BI proteins enable 
quantitative immunoassays. Similarly, amphiphilic bioconjugates with 
BSA (Bovine Serum Albumin) as the hydrophilic segment and PCL (poly 
(Ɛ-caprolactone)) as the hydrophobic segment facilitate targeted cell 
imaging, which was further conjugated with cRGD peptide for enhanced 
tumor targeting in female nude mice [168]. Folate-N-succinyl-N’octyl 
chitosan-modified CuInS2/ZnS QDs showed excellent bioprobes for 
targeted, multiplexed tumor imaging [166]. In addition, glycol 
chitosan-coated CuInS2/ZnS-11-mercaptoundecanoic acid showed sig
nificant tumor-targeting efficiency. When these NPs were injected into 
RR1002 tumor-bearing mice, the NPs accumulated predominantly in the 
liver and spleen, with NIR PL intensity increased prominently by 24 h, 
followed by renal clearance (Fig. 11a) [167]. In contrast, although 

Fig. 11. (a) NIR fluorescence images of RR1022 tumor-bearing mice showing time-dependent accumulation after intravenous injection with cRGDyk-GCM-QDs, (b) 
NIR fluorescence images of mice injected with a CuInSe2/ZnS-EpCAM nanobioprobe with time and its rapid clearance. Reproduced with permission from (a) ref. 
[167]. Copyright 2017, Springer Nature, and(b) ref. [169]. Copyright 2020, Elsevier Ltd.
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CuInSe2 QDs are widely studied for optoelectronic applications such as 
light-emitting diodes and solar cells, their biological applications remain 
underexplored. Some studies show that EpCAM (epithelial cell adhesion 
molecule)-conjugated CuInSe2/ZnS QDs serve as effective nanobiop
robes for regional lymph node detection, specifically binding to MCF-7 
breast cancer cells. The tail-vein injection of Ab QDs into 
tumor-bearing mice showed that the QDs circulate via the blood and 
accumulate in the heart and brain, then spread to other organs, as 
demonstrated in Fig. 11b. In vivo imaging of the tumor becomes prom
inent between 0.5 and 8 h post-injection, with increased NIR fluores
cence at the tumor sites. Moreover, rapid clearance was observed, 
revealing excellent biocompatibility of CuInSe2/ZnS QDs [169].

Although copper indium chalcogenide QDs offer tunable NIR prop
erties for noninvasive imaging [47,166–169,266,267,269–271, 
273–277,279], their long-term safety remains a concern due to accu
mulation in internal organs. As a result, their toxicity was assessed in 
different organisms using and models. For example, Liu and co-workers 
investigated the degradation and cytotoxicity of CuInS2/ZnS QDs in 
Caenorhabditis elegans, revealing that surface modification with o-car
boxymethyl chitosan prevented the oxidation of CuInS2/ZnS for up to 
96h [278]. Similarly, Dennis's group evaluated the cytotoxicity of 
core-only CuInS2, Zn-alloyed CuInS2, and surface-passivated 
CuInS2/ZnS QDs in a murine model. They reported that core-only 
CuInS2 QDs are highly toxic and rapidly degrade, resulting in accumu
lation in the kidneys, liver, spleen, lungs, and heart. Zn alloyed CuInS2 
QDs also showed significant toxicity [280]. In contrast, 
surface-passivated CuInS2/ZnS QDs exhibited much less stress and 
toxicity with minimal degradation. Further conjugation with PEG 
demonstrated excellent biocompatibility in mouse models. Similarly, 
Wang’s group reported that PEGylated CuInS2/ZnS QDs showed mini
mal toxicity and enhanced biocompatibility compared with 
non-PEGylated QDs [281]. CuInTe2 QDs show NIR emission; however, 
their biological applications have yet to be demonstrated [271]. In 
general, the copper indium chalcogenide QDs offer strong potential for 
biosensing and imaging, owing to their high PL QYs, NIR absorption and 

emission, and affinity for bioconjugation.

4.2. AgInX2 (S, Se) QDs

4.2.1. Synthesis and optical properties
AgInS2 QDs are ternary QDs exhibiting high photostability, tunable 

emission, and promising biological applications, owing to their low 
toxicity and biocompatibility. These QDs are synthesized by various 
chemical methods, such as hot injection, hydrothermal, or one-pot sol
vothermal synthesis, enabling control over crystallinity and particle size 
[170,282–286]. Surface passivation using ZnS significantly enhances PL 
intensity, particle size, and tunable emission. However, at higher reac
tion temperatures, Zn ions diffuse to the core QDs. In another study, 
Ag-Zn-In-S QDs show composition-dependent PL tunability, with 
increased Ag/Zn stoichiometries, the absorption band edge and PL 
emission blue shifted, with the highest PLQY ~34% at a 1:1 ratio of 
Ag/Zn (Fig. 12a,b) [286]. PL tunability has also been achieved through 
cation-exchange reactions. Song et al. demonstrated the conversion of 
Ag2S QDs to AgInS2 and Ag-Zn-In-S QDs by precisely controlling the 
cation ratio during ion-exchange reactions [287]. In contrast, AgInSe2 
QDs have been relatively less explored. These QDs have also been syn
thesized via colloidal synthesis, microwave-assisted, high-pressure, 
thermolysis, ion exchange, and aqueous phase methods, employing 
capping agents such as TOP, ZnSe, MPA, thioglycolic acid, or GSH [50, 
173,288–290]. For example, the Tsolkile group synthesized 
water-soluble AgInSe2/ZnSe QDs stabilized with thioglycolic acid and 
gelatin. They compared the PL properties of AgInSe2 QDs with and 
without ZnSe, and found that ZnSe passivation results in blue-shifted PL 
with enhanced emission intensity (5.6%), while maintaining the char
acteristic absorption shoulder at 425nm (Fig. 12c,d) [50].

4.2.2. Biological applications
Similar to other Ag- and In-based QDs, AgInS2 QDs exhibit high 

absorption coefficients and NIR emission, making them promising for 
deep-tissue imaging [171,172,286,291]. These QDs can serve as 

Fig. 12. (a, b) Optical properties of AgInS2/ZnS QDs, (a) Absorption spectra, and (b) PL tunability of AgInS2/ZnS QDs in different Ag/Zn ratios. (c, d) Optical 
properties of AgInSe2 QDs, (c) Absorption spectra, and (d) PL spectra of AgInSe2 QDs and AgInSe2/ZnSe QDs. (e) In vivo images of H460 tumor-bearing mice injected 
with AgInS2/ZnS QDs with the capping of PVP. Reproduced with permission from (a,b) ref. [286]. Copyright 2014, Elsevier Ltd., (c, d) ref. [50]. Copyright 2020, 
Elsevier Ltd. (e) ref. [170]. Copyright 2021, American Chemical Society.
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high-contrast biological probes for live-cell and tumor imaging. For 
example, AgInS2 QDs encapsulated within Pluronic F127 triblock 
copolymer micelles exhibit improved biocompatibility, preferential 
accumulation in the liver, and gradual renal excretion within 24h, 
underscoring favorable pharmacokinetics for practical applications 
[171]. Similarly, PAA- and MAA-capped AgInS2/ZnS QDs showed very 
low cytotoxicity and rapid renal excretion [291]. Studies from Yang’s 
group demonstrated the imaging potential of AgInS2 QDs in mouse 
models. Intratumoral injection of poly(vinyl pyrrolidone) (PVP)-modi
fied AgInS2/ZnS QDs into a subcutaneously inoculated H460 tumor in a 
mouse enabled detection of NIR emission from the QDs through both the 
tumor tissue and the overlaying skin, as well as the draining lymph node 
(Fig. 12e). Although the emission intensity of the QDs decreased 
considerably within 10min post-injection, the tumor drainage lymph 
node became clearer after skin removal. Nevertheless, systemic injection 
of these QDs did not show any significant targeting efficiency to the 
tumor. Conversely, these QDs accumulated in the liver without affecting 
histopathology [170].

Beyond tumor imaging, AgInS2 QDs have also been applied to stem 
cell tracking. ZnS-coated and octa-arginine-conjugated AgInS2 QDs 
enabled high-efficiency labeling and quantitative imaging of adipose- 
derived stem cells, helping analyze biodistribution in various body 
parts, such as the lungs [172]. Similarly, AgInSe2 QDs have been 
explored by some researchers for biological applications. For example, 
water-soluble NIR-emitting (600–950nm) AgInSe2/ZnS conjugated with 
RGD peptides demonstrates intense tumor-localized fluorescence in 
MDA-MB231 tumor-bearing mice within 6h post-injection, signifying a 
potential candidate for applications [173]. However, there has been no 
clear in-depth study of the cytotoxicity of these QDs, which is essential 
for evaluating their biocompatibility.

Although water-soluble and surface-functionalized indium-based 
binary QDs hold promise for many bioimaging applications, from tumor 
targeting, lymph node mapping, and vasculature imaging, addressing 
their degradation and retention in the reticuloendothelial system re
quires detailed pharmacological studies.

4.3. Ga-based bimetallic chalcogenide QDs ((Ag, Cu) Ga (S, Se)2) QDs

4.3.1. Synthesis and optical properties
Yang’s group synthesized highly luminescent CuGaS2 QDs via hot 

injection of sulfur into copper iodide, gallium iodide, DT, and OAm at 
180 ◦C. These QDs were coated with ZnS shells, resulting in an average 
size of 4.2 nm, with a broad emission peak in the entire visible region 
[292]. Furthermore, incorporating Zn into Cu-deficient sites results in 
stable blue-shifted PL and an increase in the band gap from 2.95 to 
3.14 eV [48]. Similarly, Kim et al. synthesized CuGaS2/ZnS QDs via hot 
injection, and ZnS shell coating yielded QDs with an average size of 
6.1 nm with PL emission at 491 nm [293,294]. Cation exchange of Cu+

with Ga3+ in Cu2-xS and CuInS2 QDs using GaCl3-TPP (triphenylphos
phite) resulted in CuGaS2 QDs with a blue-shifted emission and 10-fold 
PLQY enhancement [295,296]. The growth of the CuGaS2 QDs can be 
controlled by changing factors such as temperature, solvent polarity, 
ligand, and Zn concentration, enabling precise tuning of QD morphology 
[297,298]. Likewise, CuGaSe2 QDs were first synthesized using the 
hot-injection method. Copper and gallium acetylacetonate in OAm, as 
the metal precursor, were injected into selenium powder in OAm at 250 
◦C, followed by annealing for 1 h to promote effective crystallization 
and phase purity [299]. The resulting QDs had an average size of 16 nm 
with an absorption peak at 729 nm. In addition, nanosheets and 
plate-like 2D CuGaSe2 structures have also been reported.

AgGaS2 and AgGaSe2 are ternary QDs that have attracted significant 
attention for their chemical stability and biocompatibility. Among 
various synthesis methods, hot-injection enabled the synthesis of high- 
quality AgGaS2 QDs [300,301]. For example, hot-injection of gallium 
acetylacetonate and silver iodide to sulfur powder dissolved in OAm and 
DT at 305 ̊ C, followed by capping with a ZnS shell, yielded ~5 nm 

AgGaS2 QDs with a high PLQY and emission at 482 nm. Tunable PL 
emission, QD size, stability, and PLQY were further enhanced by 
capping with CdSeS [302], AgInS2[303], and GaSx[304] and controlling 
the Ga/Ag ratio [305].

Early synthesis methods for AgGaSe2 were limited by oxidation, 
high-temperature requirements, and poor crystal quality [306]. Later, 
Torimoto’s group synthesized colloidal Ag-(In, Ga) [(S, Se)2] QDs by a 
two-step thermolysis reaction [307]. Metal precursors (silver acetate, 
indium acetylacetonate, and gallium acetylacetonate) with thiour
ea/selenourea in a 1:1 ratio were heated at 100 ◦C for 30 min, followed 
by heating at 250 ◦C for an additional 30 min under an inert atmo
sphere, resulting in AgGaSe2 QDs. Moreover, bandgap engineering by 
varying Se/(S+Se) or In/Ga ratio resulted in tunable PL from 580 to 
890 nm [308]. Similarly, shells such as GaSx and ZnSe improve stability, 
PLQY, and emission tunability across the visible region (443–632 nm) 
[309].

4.3.2. Biological applications
Water-soluble CuGaS2/ZnS QDs were obtained using various ligands 

such as MPA and GSH, which exhibited well-dispersed and stable QDs. 
MTT assay on MCF-7 cells revealed low cytotoxicity and stable cell 
viability, demonstrating biocompatibility for biological applications 
[310]. Similarly, biocompatibility of AgGaSe2/ZnSe QDs has been ach
ieved through ligand exchange using metallated mercaptoundecanoic 
acid (Zn-MDA) [309]. Although Zn-MDA exhibited greater inherent 
toxicity than MPA, the ligated QDs showed higher biocompatibility. 
Additionally, ZnSe shells effectively reduced cation leakage, contrib
uting to the overall lower toxicity of the QDs [309]. However, further 
studies are necessary to understand the bioimaging potential of these 
QDs.

5. QDs for PDT

PDT has emerged as a minimally invasive treatment for cancer and 
various microbial infections. It relies on light-activated photosensitizers 
(PSs), called photodrugs, which degrade biomolecules and induce cell 
death via ROS generation or direct electron transfer. The ROS generation 
itself involves energy or electron transfer from a photoactivated PS and 
proceeds through two main pathways: Type I and Type II. In the Type I 
pathway, electron transfer from the photoexcited PS to a biomolecule or 
dissolved oxygen generates reactive radical ion species such as super
oxide, whereas the Type II pathways involve energy transfer to ground- 
state oxygen, generating singlet oxygen (1O2), and subsequent ROS 
formation [311–315]. Details of these pathways are discussed in the 
following section. Organic photosensitizers, such as porphyrins and 
phthalocyanines [291,292], have been extensively used in clinical set
tings; however, they have certain limitations. These include photo
bleaching, low absorption cross-sections, narrow absorption bands, and 
limited bioavailability. These issues led to the search for nanomaterials 
for PDT [3,313,316,317]. Although chemical modifications can yield 
NIR-absorbing PSs, most organic PSs rely on dissolved oxygen and the 
ROS pathway in PDT, limiting their PDT efficiency under hypoxic 
conditions.

Over the past 25 years, researchers have explored nanodrugs, 
including inorganic and carbon/graphene QDs and NCs [318]. These 
nanodrugs have superior properties compared to organic PSs, including 
broad and near-infrared (NIR) light absorption, large absorption 
cross-sections, high photostability, bright PL, and a large, flexible sur
face area. Therefore, these nanodrugs enable not only efficient utiliza
tion of light sources and deep-tissue applications but also the 
conjugation of targeting molecules, enabling site-specific, image-guided 
therapy. Like classical PS drugs, these nanodrugs generate ROS such as 
singlet oxygen (1O2) and superoxide (O2•⁻) through Type I and Type II 
photosensitization mechanisms, in addition to direct, targeted, 
electron-transfer-induced damage to biomolecules, cells, and tissues, 
minimizing damage to healthy cells and tissues [313,316]. The 
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following section covers mechanistic, in vitro, and in vivo studies on 
semiconductor NP-mediated PDT, highlights the limitations of Cd-based 
II–VI QDs, and underscores the advantages of emergent III–V and 
I–III–VI QDs [100,319].

Cd-based QDs were initially studied for PDT because of their bright 
luminescence and tunability. Early research by Samia et al. showed that 
CdSe QDs could act as energy donors for phthalocyanine PDT in vitro
[317]. Further studies revealed that CdTe QDs directly produced 1O2 in 
cell cultures. In vivo, CdSe/ZnS–photosensitizer conjugates reduced 
tumor growth in nude mice. However, cadmium toxicity and oxidative 
degradation limited their use in medicine [320]. Encapsulation in silica, 
PEGylated lipids, or polymers stabilizes QD core or core-shell structures 
and enhances biocompatibility. Despite these efforts, regulatory chal
lenges for cadmium-based materials remain significant.

To reduce toxicity issues, Ag2S, Ag2Se, AgInS2, CuInS2, InP, and InAs 
QDs emerged as Cd-free alternatives. Studies have shown that these QDs 
generate ROS upon visible-light excitation, leading to apoptosis in 
cancer cells. Limited in vivo studies suggest they can suppress tumor 
growth with lower toxicity, though proper surface modification remains 
essential. For example, CuInS2 QDs have gained popularity for their low 
toxicity and strong Type I photosensitization under low oxygen condi
tions. PEGylated CuInS2/ZnS NCs accumulated in tumors through the 
EPR effect, inhibiting xenograft growth in mice when exposed to visible 
light [321]. InP QDs provided similar results with effective ROS pro
duction [201].

We summarize studies in cellular and animal models demonstrating 
the ability of these QD-based nanodrugs to inhibit tumor growth and 
combat infections. We also include mechanisms underlying 1O2 pro
duction and electron-transfer pathways, while addressing issues related 
to toxicity, resistance to low-oxygen conditions, and the challenges of 
transitioning from cell-based assays to clinical use. This section sum
marizes recent advances in nano-drug-based PDT. It clarifies the po
tential and challenges of such drugs, while also outlining perspectives on 
lead-free QDs, NIR-II excitation, and multifunctional nanotheranostic 
platforms.

5.1. Mechanistic aspects

Photochemical reactions mediated by semiconductor photosensi
tizers follow two distinct pathways: Type I (electron-transfer) and Type 
II (energy-transfer), each with distinct mechanisms and therapeutic 
implications. In the Type I mechanism, as in the PSs, NCs absorb photons 
and generate electron-hole pairs called excitons, which exist as optically 
allowed bright excitons, analogous to molecular singlet states, or opti
cally forbidden dark excitons, analogous to molecular triplet states [319, 
322]. Here, a high-energy electron acts as a powerful reducing agent (an 
electron-donating state). In contrast, the hole acts as a potent oxidizing 
agent (an electron-accepting state). The active electron (or hole) then 
interacts with biomolecules or oxygen to initiate a chain of redox re
actions [316,323].

Although a photoexcited QD in the singlet state can generate a 
charge-separated state by electron transfer to or from a nearby molecule, 
the spin-allowed interband relaxation, radiative or nonradiative (pico
seconds to nanoseconds), competes with the electron transfer processes. 
Further, back electron transfer extinguishes the charge-separated states. 
Therefore, the singlet exciton states typically produce radical species 
less efficiently. However, the situation changes dramatically with dark 
exciton states, where back electron transfer is spin-forbidden, altering 
the reaction mechanism and allowing efficient charge separation, 
generating excited charge-separated (CS) states that persist for micro
seconds to milliseconds. The long-lived CS states, including QDs, bio
molecules, and oxygen, drive progressive chemical reactions and 
biomolecular damage in PDT, and the regeneration of neutral QDs is key 
to its efficiency.

One PDT pathway for the radical species involves triggering a 
cascade of reactions with molecular oxygen, producing a variety of ROS, 

including the superoxide anion radical (O2•⁻), hydroxyl radical (•OH), 
hydrogen peroxide (H2O2), and hydroperoxyl radical (HO2•). Among 
these ROS, •OH stands out as the most reactive and destructive, capable 
of inducing DNA fragmentation, protein cross-linking, lipid peroxida
tion, and ultimately cell death [323]. This makes the Type I mechanism 
particularly valuable for antimicrobial PDT, where such aggressive 
oxidative damage is desirable. Fig. 13 demonstrates the mechanism for 
ROS generation. For example, CuInS2 QDs have demonstrated efficient 
ROS production via the Type-I mechanism, resulting in superior PDT 
effects in hypoxic tumor models compared to traditional 
porphyrin-based photosensitizers [321,324]. Similarly, ZnO NCs follow 
the Type I PDT pathway [325], efficiently generating •OH under 
visible-light irradiation, making them promising candidates for cancer 
and antimicrobial PDT.

In contrast, the Type II pathway is an entirely different mechanism in 
which energy transfer rather than electron transfer generates ROS. The 
key step involves long-lived triplet-like dark exciton states of NCs 
interacting with ground-state (triplet, 3O2) molecular oxygen via triplet- 
triplet energy transfer (TTET), also known as Dexter energy transfer 
(DET). The excitation energy from the NCs transfers to 3O2, translating it 
to one of the singlet excited states (1O2) [313,323], a potent natural or 
stimulated cytotoxic agent, capable of inducing severe oxidative damage 
to biomolecules, such as lipids, proteins, and nucleic acids, in cells and 
triggering apoptotic cell death.

Whether the PDT proceeds through Type I or Type II pathways, and 
the relative contributions of the two pathways, largely depend on the 
tumor microenvironment, where photochemistry and cell biology 
become active [326]. In hydrophobic environments such as plasma 
membranes or specific cellular compartments, the CS states generated 
through the Type I mechanism are poorly stabilized. However, the 1O2 
pathway becomes effective in such environments, where its extended 
lifetime allows it to diffuse over long distances and react efficiently with 
biomolecules. Therefore, the Type II mechanism predominates in hy
drophobic regions of cell/tissue microenvironments. The situation re
verses in the polar regions, such as the cytoplasm and extracellular 
spaces, where water and ionic solutes effectively quench 1O2, drastically 
reducing its lifetime to less than 10 microseconds. Conversely, the CS 
states, or radical ions, are stabilized by solvation with polar molecules, 
making Type I pathways more favorable. This environmental sensitivity 
provides cells and tissues with a built-in site-specific spatio-temporal 
control over PDT [313,323].

Oxygen concentrations in cells and the tumor microenvironment 
play critical roles in PDT mechanisms. At high oxygen concentrations, 
dissolved oxygen efficiently quenches or accepts energy from the triplet- 
like states of semiconductor NPs through collisional encounter, favoring 
the Type II mechanism. Therefore, Type II PDT is favored in well- 
oxygenated normal cells and tissues. However, under hypoxic condi
tions, which are intrinsic to many solid tumors where oxygen levels can 
be 1% or lower, the collision-induced energy transfer from triplet-state 
NCs to oxygen becomes inefficient. Therefore, under hypoxic condi
tions, PDT preferentially directs photoexcited NCs to interact directly 
with biomolecules, generating radical species via the Type-II pathway, 
where oxygen availability plays no role.

Despite the origin of these mechanisms from the excited state pro
cesses and photochemical reactions based on molecular photosensi
tizers, the validity of the Type-II mechanism was demonstrated using 
CdSe and CdTe QDs, which effectively sensitize 1O2 production in vitro, 
with appreciable yields measured using 1O2 sensors, such as Singlet 
Oxygen Sensor Green (SOSG) and 1,3-diphenylisobenzofuran (DPBF) 
[316]. These early results expanded the scope of QDs for PDT, where 
Cd-free QDs such as Ag2S, Ag2Se, AgInS2, CuInS2, InP, and InAs help 
address toxicity concerns while maintaining PDT efficacy. In vitro PDT 
studies using these QDs confirm 1O2 generation and apoptosis triggering 
in various cancer cell lines, including HeLa (cervical cancer) [327], 
A549 (lung cancer), and MCF-7 (breast cancer) [328,329], under visible 
or NIR photoactivation.
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Nevertheless, the TTET efficiencies of QD-based sensitizers are far 
below those of Pt- porphyrins and phthalocyanines. Several factors 
contribute to the low TTET, including quantum confinement, which 
alters the kinetics of triplet (dark-exciton) state formation, biexciton- 
and defect-assisted fast relaxation that competes with TTET rates, and 
weak spin-orbit coupling (SOC), which affects intersystem crossing to 
triplet states. This efficiency gap was a driving force in the development 
of QD-organic photosensitizer hybrid systems, in which the excellent 
light-harvesting antennae role of QDs has been utilized. Successive 
Förster Resonance Energy Transfer (FRET) from the QD to a photosen
sitizer not only enables efficient 1O2 generation but also suppresses 
undesired photobleaching of the PS [323]. In this way, the advantage of 
FRET overcomes the limitations of DET. This pathway was demonstrated 
by Samia et al. in 2003 by preparing a CdSe QD-phthalocyanine FRET 
system for PDT in HeLa cells [317]. The attempt demonstrated the 
efficient utilization of the large absorption cross-section of QDs (10− 14 

cm2, orders of magnitude larger than that of organic photosensitizers), 
enabling direct excitation of a photostable QD and indirect activation of 
a triplet sensitizer, paving the way for prolonged irradiation or repeated 
PDT. Since this seminal publication, QD-photosensitizer hybrid systems 
have expanded, demonstrating tunable excitation wavelength and NIR 
PDT. Such hybrid QD-photosensitizer systems are promising solutions to 
overcome the limitations of 1O2 generation efficiency by QDs alone, 
offering synergistic platforms for imaging, PDT, and image-guided PDT 
that outperform the properties and applications of individual 
components.

Table 5 shows the efficiencies and the associated mechanisms of 
various QDs and NPs in producing ROS. As discussed above, ROS gen
eration shows the photochemical interactions between photoexcited 
QDs or NPs and their environment, including solvent molecules, oxygen, 
and biomolecules. These interactions and the reactive species generated 
also affect the stability of QDs and NPs, metal ion release, and biological 
safety. The nanomaterial structure plays a crucial role in ROS genera
tion. For example, unpassivated GaAs, GaSb, and HgSe core QDs/NPs 
generate reactive species that can be cytotoxic. However, silver-based 
QDs/NPs, such as Ag2S QDs, have significantly lowered oxidative ac
tivity. Although high levels of ROS cause photodegradation, particularly 
in As-based materials, this characteristic can be advantageous for PDT 
for less toxic materials. Surface-passivated InP/ZnS and CuInS2 QDs 
have been developed, which show 1O2 QYs as high as 25%, comparable 
to those of conventional porphyrin- or phthalocyanine-based photo
sensitizers, where energy transfer produces 1O2. By comparing the PLQY 
with the rates and mechanisms of energy or electron transfer across 

materials ranging from wide-bandgap to mid-infrared (MIR)-active, one 
can guide the selection of QDs/NPs for targeted therapeutic use. The 
cell-based and in vivo PDT applications of prominent examples are 
discussed below.

5.2. Cell-based PDT

Over the past 25 years, many studies have shown that semiconductor 
QDs and NCs perform well in PDT at the cellular level. These in
vestigations have aimed to clarify how ROS is generated, test its effec
tiveness across various cancer cell lines, and examine where in the cell 
these materials localize, which affects therapy outcomes.

The first evidence for ROS detection in vitro in QD-mediated PDT 
came from studies using chemical probes like dichlorodihydro
fluorescein diacetate (DCFH-DA) and dihydroethidium (DHE), as well as 
singlet oxygen sensors such as SOSG and DPBF [337]. Later, CdTe QDs 
exposed to visible light produced significant 1O2 yields, as shown by 
quenching studies with sodium azide. However, the inherent toxicity of 
Cd-based QDs led to the development of less toxic Cd-free QDs for bio
logical applications.

Cd-free QD systems, such as Ag2S, Ag2Se, InP/ZnS, CuInS2, and 
AgInS2, have emerged as versatile platforms for biological applications. 
They can be classified based on their functional roles: (i) QDs used solely 
as PS for ROS generation, (ii) NIR imaging combined with PS for ROS 

Fig. 13. The mechanism for ROS generation by Type I and II pathways.

Table 5 
Summary of ROS generation by various QDs and NPs.

QD or NP ROS Mechanism Efficiency or 
Yield

Reference 
(s)

CdSe/ 
CdS/ 
ZnS

1O2 Type II 31% [330]

CdSe/ZnS O2•⁻- Type I 35% [331]
PbS/SiO2

1O2,•OH, 
O2•⁻-

Type I/II 12–20% [332]

Ag2S O2•⁻- Type I High [333]
Ag2S,ZIF 1O2,•OH Type I/II High [334]
Ag2Se mtROS Mitochondrial 

stress
High [335]

InP/ZnS mtROS Type II 44.3% [198]
InP/ZnSe O2•⁻- Type I High [201]
CuInS2/ 

ZnS

1O2, O2•⁻- Type I/II 30–50% [336]

AgInS2/ 
UCN

1O2,•OH, 
O2•⁻–

Type II 27% reduction in 
cell viability

[327]
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generation, (iii) PDT integrated with drug-mediated chemotherapy 
(DOX), and (iv) for PTT treatments. These QDs have demonstrated sig
nificant cell viability reductions in HeLa, MCF-7, HepG2, and 4T1 under 
specific light irradiation [327–329]. Notably, Type I ROS generation is 
dominant in QDs and maintains cytotoxicity under hypoxic conditions. 
Also, surface functionalization enhances tumor selectivity, biocompati
bility, targeted delivery, and the therapeutic precision of QD-based PDT.

Acar and coworkers developed a multifunctional Ag2S-based thera
nostic NCs system for colorectal cancer therapy. In this system, they 
conjugated Ag2S QDs to the EGFR antibody cetuximab, which acts as a 
targeting ligand to enable selective binding to cells [338]. Additionally, 
the system was loaded with 5-aminolevulinic acid (ALA), a photosen
sitizer that generates ROS for PDT. They observed that cell viability 
decreased to 35–40%, and further to 15% upon conjugation with the 
chemotherapeutic agent 5-fluorouracil. Moreover, ALA-Ag2S QDs with 
MnO2 shell decompose H2O2 to O2 for enhanced ROS production, 
especially •OH [339]. Fluorescence and 2’,7’-Dichlorofuorescin diac
etate (DCFH-DA) assays in breast cancer cells (SKBR3 and 
MDA-MB-231) demonstrated a significant decrease in cell viability to 
5–10% under combined PDT and PTT treatments.

Ag2S QDs functionalized with pillar[6]arene (CP6, as the host) and 
DOX (as the guest) formed a host-guest system, enabling synergistic 
chemo-PDT in MCF-7 cells [327,328]. Under 808 nm irradiation, the 
QDs generated 1O2 by the altered electronic transmission, while the 
host-guest interface enabled selective and controlled release of DOX. 
MCF-7 cells treated with functionalized QDs exhibited low cell viability 
(8–10%), thereby synergistically enhancing ROS-mediated apoptosis 
and chemotherapeutic efficacy. Similarly, NaYF4-Yb, Er-Ag2S upcon
version system demonstrated PDT activity under 975 nm excitation, 
where upconversion-induced FRET to Ag2S [340]. The resulting ROS 
generation, confirmed by cellular assays and DPBF degradation, 
demonstrated strong NIR-triggered phototoxicity suitable for 
deep-tissue PDT applications.

Nann et al. studied the mechanism of 1O2 production by the InP/ZnS 
QDs for PDT [341]. They used chlorin e6 (Ce6) as the PS and found that 
upon 660 nm excitation, the InP QDs absorb photons and transfer en
ergy non-radiatively to the Ce6 molecule via FRET. The singlet excited 
state of Ce6 undergoes ISC to form a triplet excited state and transfers its 
energy to ground-state oxygen to produce 1O2. In vitro studies in 
MDA-MB-231 breast cancer cells confirmed that the generated 1O2 
oxidized cellular components, damaged membranes, and mitochondria, 
causing cell death. Similarly, Ren et al. demonstrated that Ag-doped 
InP/ZnS QDs capped with MPA exhibited green-to-green-red emission 
under two-photon excitation and functioned as type-I PSs [342]. Doping 
with Ag introduces mid-gap states, which facilitate efficient charge 
separation and electron transfer (Type I mechanism), generating ROS 
such as superoxide and hydroxyl radicals under two-photon excitation, 
as confirmed by DCFH and HPF fluorescence assays. MTT cell viability 
tests using U251 human glioma cells revealed 80% cell death, even 
under hypoxic conditions. Hence, Ag-doped InP/ZnS QDs are efficient 
for deep-tissue NIR-activation, oxygen-independent ROS generation for 
PDT.

Cu-In-S (CIS) heterostructure nanorods conjugated with Ce6 and 
functionalized to HA exhibited dual PTT-PDT activity against cancer 
cells [343]. Under 808 nm irradiation, CIS nanorods acted as an efficient 
PTT agent, Ce6 served as a PS for ROS (1O2) generation, and HA enabled 
aqueous solubility and selective targeting of the CD44 receptor in 
overexpressing B16F1 cancer cells. Cell viability studies showed 
15–20% viability following combined PTT-PDT treatments, confirming 
extensive apoptosis and necrosis. Similarly, CuInS2/ZnS conjugated with 
porphyrin PS effectively generated 1O2 under 630 nm excitation. 
CuInS2/ZnS QDs conjugated with porphyrin demonstrated 
FRET-mediated energy transfer under 800 or 1300 nm excitation, pro
moting Type II ROS generation and reducing cell viability to 35–40% 
[344].

Maji et al. demonstrated AgInS2-coated upconversion nanoparticles 

(UCNs) as photocatalysts for NIR-activated PDT of cancer cells [327]. 
The NaY4:Yb3+/Er3+ UCN core, capped with OA, absorbs 980 nm NIR 
light and transfers the energy non-radiatively to the AgInS2 shell via 
luminescence resonance energy transfer (LRET). The AgInS2 shell then 
acts as a photocatalyst, generating ROS through both Type I and II 
processes. In type I, the photoexcited AgInS2 generates charge carriers, 
where the electrons interact with the oxygen to form superoxide radi
cals, and holes oxidize water to generate hydroxyl radicals. In type II, the 
photoexcited holes (> +0.95 eV) transfer energy directly to 
ground-state oxygen, thereby generating 1O2. HeLa cancer cells treated 
with UCN-AgInS2 NPs exhibited a 27% reduction in cell viability in the 
MTT assay. Live/dead cell staining with Calcein-AM and propidium 
iodide (Fig. 14) showed that HeLa cells treated with irradiated NPs 
exhibited strong red fluorescence, confirming that the PDT induced 
tumor cell death. Similar studies and observations have been found for 
Ag2Se QDs.

Subsequently, AgInS2-ZnS (ZAIS) NCs capped with MPA were syn
thesized, exhibiting tunable emission across the visible to NIR region. 
These NCs functioned as dual imaging-PDT agents [345]. Upon photo
excitation, ZAIS undergoes Type I and II pathways to produce super
oxide, hydroxide radicals, and 1O2, respectively. HeLa cells incubated 
with ZAIS NCs showed efficient cytoplasmic uptake and caused cell 
death, demonstrating PDT. Cell viability varies with dose and irradiation 
time, reaching a maximum of 11% with a cell death efficiency of 89%. 
Furthermore, MPA-capped AIS loaded with ALA showed enhanced 
intracellular accumulation of photo porphyrin IX (PpIX), a naturally 
occurring photosensitizer within the cells [346]. Under light irradiation 
(420 nm), PpIX absorbs photons, transfers energy to molecular oxygen, 
and produces 1O2 by the Type II PDT mechanism. In vitro studies in HeLa 
cells showed apoptotic cell death and a 55–60% decrease in cell 
viability.

5.3. Small animal PDT models

While in vitro experiments provide mechanistic insights, in vivo ani
mal models are crucial for validating the therapeutic potential of QDs in 
clinical conditions. Rodent xenograft tumor models have been widely 
used to assess the effectiveness, distribution, clearance, and toxicity 
associated with QD-mediated PDT and PTT.

Ag2S QDs conjugated to HSA exhibited NIR-II fluorescence and 
photoacoustic imaging, enabling complete tumor ablation under NIR 
irradiation via the PTT effect. In vivo studies in 4T1-tumor-bearing mice 
showed that QDs showed prolonged circulation and substantial tumor 
accumulation [347]. Under 808 nm irradiation, the QDs generate strong 
hyperthermia and complete tumor ablation at higher doses. It shows 
gradual renal clearance with minimal toxicity. Bandgap-engineered 
Ag2S QDs biomineralized with mussel-protein (MAP-AgP35) exhibit 
strong NIR-II fluorescence, high ROS (O2•⁻) generation, and ~59% PTT 
conversion efficiency under 808 nm excitation [348]. In vivo studies in 
melanoma-bearing mice reveal precise, localized tumor ablation by PTT. 
Similarly, intravenously administered Ag2S/g-C3N4 NCs in 
tumor-bearing BALB/c nude mice exhibited preferential tumor accu
mulation by the EPR effect [349]. Under 808 nm NIR laser irradiation, 
the NCs activate synergistic PTT and PDT by producing Type II ROS 
(O2•⁻, •OH) and generating significant heat with a photothermal con
version efficiency of 31.28%, leading to apoptosis and complete tumor 
ablation [350]. Likewise, brominated hemicyanine-loaded and folate 
receptor-conjugated Ag2S QDs enhance 1O2 generation through 
enhanced spin-orbit coupling and serve as dual NIR fluorescence and 
photoacoustic imaging probes, enabling real-time tumor visualization 
and precise light-guided therapy. Ag2S QDs with ZIF-90 form a 
core-shell structure, loaded with L-Arg and indocyanine green (ICG), 
which demonstrates PTT/PDT against periodontal biofilm [334,351]. At 
808 nm, Ag2S absorbs photons, raising the system temperature by 44.3 
◦C via PTT effects, whereas ICG generates 1O2 from its triplet state for 
PDT. The combined PTT and PDT effects of Ag2S QDs and ICG oxidize 
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L-Arg, leading to NO production and a synergistic anti-inflammatory 
and antibacterial effect. In vivo studies in Wistar rats with periodontal 
inflammation showed that treatment with the nanocomposite effectively 
reduced bacterial counts, alleviated gingival inflammation, and restored 
periodontal health. Fig. 15 shows the scheme of NO production and in 
vivo treatment for periodontal inflammation.

Studies have shown that modification of PEGylated Ag2S QDs with 
polydopamine (PDA) enhances their reactivity with ambient molecular 
oxygen, thereby generating ROS. 1,3-Diphenylisobenzofuran (DPBF) 
assay and triplet electron spin analysis proved the generation of 
1O2[352]. In vivo studies in 4T1 tumor-bearing female mice intra
tumorally injected with the QD system and irradiated at 808 nm resulted 
in reduced tumor size and complete tumor regression within 12 days. In 

vivo PDT and PTT effects have also been studied using Ag2Se QDs, due to 
their strong NIR absorption, and incorporating UCNPs with QDs enables 
photostability and ROS generation. Song et al. used NaYF4: 
Yb3+/Gd3+/Er3+ and Ag2Se system encapsulated with phosphatidyl
choline to study PDT effects on 4T1 and lung carcinoma tumor-bearing 
mice [353]. They found that under 808 nm irradiation, energy transfer 
from QDs to Yb3+ occurs via a Type II mechanism, resulting in ROS 
formation. In vivo studies showed that both mouse models resulted in 
tumor tissue damage, cell apoptosis, and inhibition of further tumor 
growth and division. Similar studies have been reported by Du et al., 
who demonstrated a chitosan-Ag2S QD system coated with NaYF4: 
Yb/Er-NaLuF4:Nd/Yb-NaLuF4 (UCNPs) for photoacoustic multimodal 
imaging and PTT [354]. Under 808 nm irradiation, the nanocomposite 

Fig. 14. (a) Scheme showing ROS generation through the energy transfer from UNSs to AgInS2 NPs. (b-d) PDT in HeLa cells stained with Calcein AM (green 
fluorescence, live cell) and propidium iodide (red fluorescence, dead cell) (b) control, (c,d) cells treated with UCN-AgInS2 NPs (c) under dark (d) under 980 nm 
irradiation. Reproduced with permission from (b-d) ref. [327]; copyright 2022, the American Chemical Society.

Fig. 15. (a) Scheme for PTT, PDT, and NO production from Ag2S@ZIF-90/L-Arg/ICG nanocomposite. (b) Comparison of intraoral images and microbial colonies 
isolated from the gingival tissues treated with each nanocomposite. Reproduced with permission from (b) ref. [334]; copyright 2023, Ivyspring International.
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raises the temperature to 59.3 ◦C, killing cancer cells and inhibiting 
proliferation. They also evaluated long-term toxicity and found that the 
nanocomposite is well metabolized and has negligible toxicity. Likewise, 
covalent organic frameworks with Ag2Se QDs have been shown to be 
potential candidates for PDT and PTT agents [355]. A study by Shi and 
coworkers has introduced GO with TOP-capped CuInS2/ZnS QDs 
delivered by PEGylated liposomes for treating cancerous cells [321]. 
This nanosystem, when intravenously injected into a tumor-bearing 
mouse, has shown a temperature increase to 48.9 ◦C under 671 nm 
irradiation. Both GO and CuInS2/ZnS contributed significantly to PTT 
and cancer cell death. Moreover, under 671 nm irradiation, the rGO-
CuInS2/ZnS/liposome QDs generated 10-fold ROS when compared to 
only CuInS2/ZnS QDs. In vivo studies have shown that all the tumors that 
were irradiated have significantly reduced their volume and dis
appeared within 18 days with minimal toxicity.

In conclusion, in vivo studies have demonstrated the efficacy of Cd- 
free QDs as promising PDT and PTT agents, with significant tumor 
suppression and complete recovery with minimal toxicity.

5.4. Antimicrobial PDT

Beyond oncology, semiconductor nanomaterials have shown great 
potential for antimicrobial PDT to combat antibiotic resistance and 
promote wound healing [322]. Biofilm disruption is perhaps the most 
difficult clinical issue. QDs can penetrate bacterial biofilms and induce 
ROS-mediated disruption, reducing biomass and colony-forming units 
by considerable amounts. In contrast to antibiotics, PDT is not depen
dent on specific metabolic pathways, and resistance is less likely to 
develop. In addition, QDs can be re-irradiated for repeated treatments. 
Carbon dots provide advantages in biocompatibility and clearance, 
whereas ZnO/TiO2 NCs exhibit intensive radical-mediated killing.

The significant challenges in QD-based antimicrobial therapy 
include limited light penetration into deep host tissues, potential cyto
toxicity to host tissues, and unknown long-term biosafety. Synthesis of 
QDs excitable with NIR, as well as targeted delivery to bacteria (via 
peptide or antibody conjugation), is actively pursued. Dong et al. 
demonstrated that Ag2S-ZIF-90/Arg/ICG nanocomposite provided a 
synergistic therapeutic effect under 808 nm irradiation in a rat peri
odontitis model [334]. The nanocomposite exhibited PDT, PTT, and NO 
therapies, effectively eliminating deep-seated periodontal biofilms. This 
treatment significantly reduced gingival inflammation, decreased in
flammatory cell infiltration, prevented collagen degradation in peri
odontal tissues, and improved periodontal tissue morphology. Similarly, 
photoactivated ZnO-Ag2S core-shell nanostructures enable spatiotem
poral synergy for osteomyelitis treatment in a mouse femur model 

[356]. It shows rapid bacterial eradication and biofilm disruption 
through ROS and PTT effects. Moreover, it also promotes bone healing 
and regeneration by controlled Zn2+ release from the ZnO core. Another 
study showed that a bilayer hydrogel composed of polypeptides (AC10A 
and AC10ARGD) loaded with Ce6 and aptamer-conjugated Ag2S QDs 
showed precise spatiotemporal antibacterial and anti-inflammatory 
control in osteomyelitis treatment [357]. Likewise, graphene oxide 
(GO)/Ag2S nanosheets exhibited efficient antibacterial efficacy by their 
combined PDT and PTT, with controlled release of Ag+ ions [358]. 
Under 808 nm irradiation, GO/Ag2S heterostructure improves charge 
separation, resulting in both Type I and II ROS production, while the 
combined NIR absorption of GO and Ag2S QDs enhances the PTT. The 
release of Ag+ ions was substantially below the threshold, demon
strating minimal cytotoxicity. An antibacterial study in Escherichia coli 
and Staphylococcus aureus showed that the GO/Ag2S system efficiently 
killed bacteria, achieving > 99.9% efficacy under NIR irradiation 
(Fig. 16).

Vacancy-engineered Ag2S NCs exhibited ~99% bactericidal effi
ciency against Escherichia coli and Staphylococcus aureus by inducing 
ROS through oxygen vacancy-mediated charge separation and enhanced 
electron transfer to adsorbed oxygen molecules [359]. The generated 
O2•⁻, •OH radicals effectively disrupted the bacterial membranes, 
caused intracellular oxidative stress, and led to bacterial death. In vivo 
studies showed that wound infection in mice resulted in rapid healing 
and tissue regeneration. Incorporating Ag2S QDs into a mesoporous 
silica-polymer hydrogel enabled a dual PDT-PTT process under 808 nm 
irradiation with controlled Ag+ release [136]. The hydrogel achieved a 
high photothermal conversion efficiency of 57.3% and ROS-mediated 
hyperthermia, thereby accelerating wound healing. Furthermore, 
InP/ZnSe QDs have shown strong efficacy against infections caused by 
multidrug-resistant (MDR) bacteria [200]. InP/ZnSe QDs generated 
superoxide radicals by the Type I PDT mechanism under 400 nm LED 
irradiation. Murine subcutaneous abscess models demonstrated 99.83% 
bactericidal activity over 2 h, without inducing systemic toxicity. 
Similarly, PEGylated InP/ZnS QDs produced O2•⁻ as the ROS by the 
Type I pathway under 660 nm irradiation [201]. These QDs, when 
introduced into mice with MDR bacterial infections, killed 90% of the 
bacteria, while cytotoxicity tests on mammalian cells showed 90% cell 
viability, demonstrating real-time abscess cure in mice.

6. Summary and outlook

Over the past quarter-century, semiconductor quantum dots have 
captivated researchers with their promise to revolutionize PDT, offering 
tunable optical properties and multifunctional capabilities that 

Fig. 16. Comparison of the antibacterial activity of the GO/Ag2S system with control as the bacteria in PBS buffer, Ag2S, and GO, under 808 nm irradiation. 
Reproduced with permission from ref. [358]. Copyright 2023, Elsevier Ltd.
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traditional photosensitizers cannot match. The success has been marked 
by genuine scientific breakthroughs, including compelling evidence of 
both Type I and Type II photodynamic pathways, impressive tumor 
shrinkage in animal models, and notable antimicrobial effects, hinting at 
broader therapeutic potential. Yet, as with many transformative tech
nologies, the path from the laboratory to clinical practice has proven far 
more complex than initially anticipated. The properties that made 
cadmium- and lead-based quantum dots attractive, with their brilliant 
PL and efficient ROS generation, have become their benchmark. 
Nevertheless, heavy metal toxicity looms large as a fundamental barrier 
to clinical translation. Even sophisticated surface passivation strategies 
cannot fully address the long-term pharmacokinetics of these NCs, 
which accumulate in the liver, spleen, and reticuloendothelial system, 
where degradation over time poses a risk of releasing toxic metal ions. 
Add to this the challenges of hypoxic tumor microenvironments that 
resist oxygen-dependent therapies, to understand the difficulties in 
achieving reproducible large-scale synthesis with consistent quality 
control, and to assess the magnitude of the challenge.

However, the lessons learned from these classic examples do not end 
in disappointment but rather pivot toward innovation and renewed 
hope. The field has undergone a paradigm shift, deliberately moving 
away from toxic heavy metals toward safer alternatives based on copper, 
silver, indium, and gallium, representing not merely incremental 
improvement but a fundamental advance in QD design strategy. These 
newer I-VI, III-V, and I-III-VI QDs are being engineered to retain the 
desirable absorption and emission characteristics of their predecessors 
while fundamentally addressing biocompatibility and environmental 
concerns. This evolution reflects a maturing field that has learned from 
early setbacks and is now building on a foundation of sophisticated 
bioconjugate chemistry, rigorous preclinical testing, and thoughtful 
consideration of pharmacokinetics and biodistribution. The integration 
of advanced surface modifications, targeted delivery strategies, and 
multifunctional platforms that combine imaging and therapy suggests 
we are approaching a tipping point at which QDs may finally fulfill their 
long-promised image-guided therapeutic potential.

While the narrow-bandgap QDs discussed in this review enable im
aging, PDT, and image-guided PDT modalities, a range of wide-bandgap 
nanomaterials, including ZnO, TiO2, carbon quantum dots (CQDs), 
carbon dots (CDs), and graphene quantum dots (GQDs), have also been 
extensively explored for PDT because of their biocompatibility, chemi
cal stability, and ability to generate reactive oxygen species (ROS) 
through multiple mechanistic pathways. In vivo studies have demon
strated that CDs can effectively inhibit tumor growth in nude mice while 
being rapidly cleared from the body, thereby minimizing the risks 
associated with long-term toxicity [360,361]. Similarly, ZnO and TiO2 
NCs have been widely investigated for their PDT performance [325,362, 
363]. Under visible-light irradiation, ZnO efficiently generates hydroxyl 
radicals, thereby effectively eradicating drug-resistant bacteria and 
inducing apoptosis in cancer cells [363]. TiO2 nanocrystals have also 
been shown to accelerate wound healing in mouse models, primarily due 
to their antimicrobial PDT activity [364,365]. Consequently, the 
rational combination of narrow-bandgap and wide-bandgap nano
materials and QDs is expected to yield highly efficient PDT platforms 
while simultaneously offering advanced imaging capabilities. Never
theless, the development of environmentally friendly nanomaterials, 
such as titanium nitride QDs [366], and the design of integrated ther
apeutic and imaging systems are expected to advance biomedical im
aging, early disease detection, and therapeutic modalities.
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[180] O.I. Micié, J.R. Sprague, C.J. Curtis, K.M. Jones, J.L. Machol, A.J. Nozik, 
H. Giessen, B. Fluegel, G. Mohs, N. Peyghambarian, Synthesis and 
Characterization of InP, GaP, and GalnP2 Quantum Dots, J. Phys. Chem. 99 
(1995) 7754–7759, https://doi.org/10.1021/j100019a063.

[181] D. Battaglia, X. Peng, Formation of High Quality InP and InAs Nanocrystals in a 
Noncoordinating Solvent, Nano Lett. 2 (2002) 1027–1030, https://doi.org/ 
10.1021/nl025687v.

[182] S. Adam, D.V. Talapin, H. Borchert, A. Lobo, C. McGinley, A.R.B. De Castro, 
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