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Abstract: Fluorescence imaging has emerged as a highly sensitive and real-time responsive modality for biomedical ima-
ging. Within the near-infrared ( NIR) tissue optical window, light absorption and light scattering of tissue are much lower,
contributing to high signal-to-noise ratio, deep penetration and highly sensitive bioimaging. Quantum dots (QDs) have gar-
nered significant attention as ideal fluoroprobes for imaging in organisms, owing to their unique and controllable optoelectron-
ic properties arising from the quantum confinement effect. To address biotoxicity concerns, low biotoxicity heavy-metal-free
QDs, including InP, CulnS, and Ag-based QDs, are favored over their heavy metal containing (Cd, Hg, and Pb) counter-
parts. However, obtaining heavy-metal-free QDs emitting in the NIR window necessitates selective synthesis methods and
QDs structure tuning, which remain challenging in achieving high quantum yield, redshift of the emission band and low per-
meability toxicity. Moreover, the successful construction of NIR QDs probes for diverse fluorescence imaging scenarios man-
dates a multi-strategy approach encompassing targeting, camouflage and timing considerations through appropriate surface
modifications. This review focuses on heavy-metal-free NIR QDs for fluorescence imaging, considering performance modula-
tion, optical properties of the materials and design strategies for bioimaging. Furthermore, it summarizes the persisting chal-
lenges and provides an outlook on the clinical application prospects of such materials.
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Fig. 1  Extinction coefficient value of water and oxy-/deoxyhemoglobin

from visible to near-infrared wavelength[g]
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Fig. 2 Common quantum dots constituent elements and heavy/non-heavy metal elements division, red and green represent heavy

and non-heavy metal cationic element, yellow is a non-metal anionic element'!”]
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Table 1 Performance of representative heavy-metal-free near-infrared quantum dots

Element group Material Ey/nm Size/nm PLQY/ % FWHM/nm Ref.
InP/ZnS ~750 — 40 — [24]
InP/Zn$S 728 11.5¢1.6 16 43 [25]
1I-v
Cu :InP 1100 5.8 ~4.5 ~110 [26]
ZnSe/InP/ZnS 845 6.8+0.71 4.0 174 [12]
Ag,S 1050 ~3.3 — 216 [3]
Ag,S 1110 40 7.4~7.8 250 [4]
Ag,S 1058 10.2+0.4 — 21 [27]
Ag,S 1220 ~10 2.3 ~160 [28]
I-VI
Ag,S 1400 ~6.5 — — [29]
Ag,Se 1200 2.4%0.5 3.1 120 [2]
Ag,Te 2100 5.9+0.8 12 ~100 [30]
Ag,Te/Ag,$S 1560 5.71=0. 11 4.3 — [22]
CulnS,/ZnS 1050 9.2 26 — [31]
CulnSeS/ZnS 1300 7.8+0.9 — — [32]
Multinary AglnSe, 1240 23+6 21 ~100 [33]
AgInS,/ZnS 760 4.8 55 128 [34]
ZnCulnSe/ZnS ~800 3-4 20~30 ~130 [15]
CQDs 784 6 11 ~140 [35]
CQDs 673 2.70.7 31~59 20 [36]
v CQDs 770 6 10 64 [37]
CQDs 700 2.45 6.8~10.7 ~80 [38]

Notes: E\; : max emission wavelength; PLQY : photoluminescence quantum yield; FWHM: full width at half maximum; CQDs: carbon quantum dots
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Fig. 4  Structure design, bandgap alignments and photoluminescence spectra of inverse-type 1 ZnSe/InP/ZnS QDs (a) (2]

synthesis

routes and photoluminescence spectra of narrow-emission InP NIR QDs (b) =
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Fig. 5 Effect of 1-dodecanethiol molar fraction on the photoluminescence intensity, photoluminescence quantum yield and fluorescence lifetime of

Ag,S QDs (a) (28] schematic diagram of Ag,Te precise size control by R;P and consequent photoluminescence spectra (b)
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Fig. 6 Photoluminescence properties and particle size of CIS,/ZnS with 820 nm emission in organic and aqueous phases (a) 313 schematic

diagram of aqueous-phase hot-injection and DNA-modified synthesis of AIS/ZnS NIR QDs (b) [34]
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Fig. 7 Schematic diagram of biomass synthesis of NIR-II CQDs and their

application in fluorescence imaging and photothermal lherapy*ﬁﬂ
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Fig. 8 Lymphatic drainage imaging based on InP NIR QDs, with red, green and yellow indicating the fluorescence signals at 675, 720 and

790 nm, respectively (a) (1210 Classical epi-fluorescence microscopy image (left) and three consecutive in-vivo time-gated fluores-

cence images (right) of tumor cells labeled with ZnCulnSe QDs (b) (1s]
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Fig. 9 RGD-ZnAgInSe/ZnS QDs probe design and tumor-targeted imaging(a) (991, NIR-II fluorescence images (b) and T,-weighted magnetic

resonance images (¢) of subcutaneous tumors by bimodal QDs'™
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