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Fig. S1 Temporal evolutions of PL spectra of Zn-Cu-In-Se@ZnS:Mn QDs with different Mn doping 

levels. 
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Fig. S2 Excitation spectra of Zn-Cu-In-Se@ZnS QDs and Zn-Cu-In-Se@ZnS:Mn QDs with different Mn 

doping levels. 

Fig. S3 Time-resolved PL decay curves of Zn-Cu-In-Se@ZnS QDs at different emission wavelengths.
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Fig. S4 XPS spectra of Zn-Cu-In-Se@ZnS QDs and Zn-Cu-In-Se@ZnS:Mn QDs with different Mn 

doping levels (a) together with the amplified spectra for Mn element (b), and high-resolution XPS signals 

of Cu 2p (c), In 3d (d), and Zn 2p (e) including the experimental results and the fitting results for the QDs 

with a Mn doping level of 9.9%. 

Fig. S5 Bright field and confocal fluorescence images of MCF-7 cells treated with 1× PBS, and the scale 

bars correspond to 75 µm. 
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Fig. S6 Ex vivo λex605/λem780 channel fluorescence image of the major organs including heart, liver, 

spleen, lung, and kidney, as well as the tumor tissue captured at 4 h after injection of QDs.
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Time-resolved photoluminescence (TR PL) measurements

The PL decay curves were fit using the multi-exponential function:
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In this expression, τi represents the decay time constants, Bi represents the normalized amplitudes of each 

component, and n is the number of decay times. Because the photoluminescence decays for all the QDs 

are best fit using a three-exponential function (n = 3), the amplitude-weighted average decay lifetime τavg 

of the entire fluorescence decay process was calculated in the form:

 S(2)

𝜏𝑎𝑣𝑔=
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The normalized lifetime-amplitude product is given as:

 S(3)

𝑓𝑖=
𝜏𝑖𝐵𝑖
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In this expression, fi represents the relative time-integrated contribution of each respective process to the 

overall number of emitted photons (i.e., the emission intensity measured in steady state PL spectra). 

The radiative and nonradiative recombination rates with the PLQY were further correlated to understand 

the fluorescence behavior of the QDs with different Mn doping levels. The radiative recombination rate 

(τr
-1) can be determined by the experimentally determined PLQY in Figure 1b and the measure average 

PL lifetime (τavg) in Table S3 as follows:

        S(4)𝜏 ‒ 1𝑟 = 𝑄𝑌 × 𝜏 ‒ 1𝑎𝑣𝑔

and then the non-radiative recombination rate (τnr
-1) was calculated assuming no dark fraction of emitters 

and is given as:

  S(5)𝜏 ‒ 1𝑛𝑟 = 𝜏
‒ 1
𝑎𝑣𝑔 ‒ 𝜏

‒ 1
𝑟

The PL decay-fitting data for all curves are summarized in Table S3-S5.  
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Table S1 The elemental composition of Zn-Cu-In-Se@ZnS:Mn QDs with different Mn doping levels. 

Feed proportion of Mn2+ (mol %) Zn:Cu:In:Mn
Mn-doping 

Level

0 (ZCISe@ZnS) 1.00 : 0.52 : 1.54 : 0 0

12 1.00 : 0.53 : 1.51 : 0.06 1.9%

21 1.00 : 0.45 : 1.27 : 0.08 2.9%

39 1.00 : 0.45 : 1.24 : 0.30 9.9%
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Table S2 A comparison of the optical properties of NIR-emitting Cd-free QDs via aqueous synthesis.

Types of QDs
Emission maxima

 [nm]
PLQY
 [%]

Reference

     Ag2S 1050 2.3 (against IR-26) 1

     Ag2S 835 4.3 (against ICG) 2

Ag2S (Ag:S = 1.89:1) 1130 1.8 3

Ag2S 1060 0.04-0.11 (against IR-26) 4

Ag2S 1060 1.26-1.32 (against IR-26) 5

Ag2Te 1060 2.1

Ag2Te/ZnS 1070 5.6
6

Ag, Mn co-doped In2S3/ZnS 743 2.0 (against R6G) 7

Ag0.53InS2 710 36.0

Ag1.1InS2.1 760 8.0

Ag0.34Zn0.59InS2/(ZnS)1.69 696 55.0

8

Ag-In-S (Ag:In = 1:5.98) 664 4.0 9

AgInS2 720 6.0

AgInZn2S4 660 15.0
10

AgInS2 720 8.8 11

Ag-In-S/ZnS (Ag:In = 1:5) 652 0.6

Ag-In-S/ZnS (Ag:In = 1:3.3) 716 0.3
12

Ag-In-Se/ZnSe (Ag:In = 10:1) 940 7.0 13

Ag-In-Se/ZnS (Ag:In = 1:1.12) 650 20.5 14

Cu-In-S/ZnS (Cu:In = 0.33:1) 746 13.8 15

Cu-In-S (Cu:Zn = 1:2.35) 777 4.4

Cu-In-Zn-S (Cu:In:Zn = 1:1.79:5.86) 680 15.7
16

Cu-In-Se (Cu:In = 1:5.13) 650 10.3 17

Cu-In-Se/ZnS (Cu:In = 1:3) 824 4.3 18

Cu-In-Se (Cu:In = 1:4.5) 765 1.9 19

Zn-Cu-In-Se@ZnS (Zn:Cu:In = 
1:0.52:1.54)

749 25.2

Zn-Cu-In-Se@ZnS:Mn
(Zn:Cu In = 1:0.45:1.24, Mn doping ratio 

of 9.9%)
778 18.9

This work
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Table S3 The parameters for three-exponential fitting of the PL decay curves in Figure 1d (i.e., 

normalized amplitude Bi, time constant τi and their normalized products fi, goodness-of-fit parameter χ²), 

together with the emission peak wavelengths of Zn-Cu-In-Se@ZnS:Mn QDs with different Mn doping 

levels.

Table S4 The parameters for three-exponential fitting of the PL decay curves in Figure 1f (i.e., 

normalized amplitude Bi, time constant τi and their normalized products fi, goodness-of-fit parameter χ²), 

for different emission wavelengths of the Zn-Cu-In-Se@ZnS:Mn QDs with the Mn doping level of 9.9%. 

Mn/[%]
λem 

[nm]
B1 

[%]
f1 

[%]
τ1  

[ns]
B2

[%]
f2

[%]
τ2 

[ns]
B3

[%]
f3

[%]
τ3

[ns]
τavg

[ns]
χ2

0 749 30.9 5.4 29.1 50.7 43.4 150.0 18.4 51.5 490.1 318.8 1.0

1.9% 751 25.8 3.4 27.7 53.5 47.0 152.8 20.7 48.9 409.6 273.1 0.9

2.9% 753 26.5 7.1 20.2 48.5 37.4 121.5 25.0 59.2 372.7 267.0 1.1

9.9% 778 25.7 4.3 27.7 55.2 49.6 147.7 19.2 46.0 394.2 256.0 1.0

λem 
[nm]

B1 
[%]

f1 
[%]

τ1  
[ns]

B2

[%]
f2

[%]
τ2 

[ns]
B3

[%]
f3

[%]
τ3

[ns]
τavg

[ns]
χ2

713 22.2 4.3 31.6 55.9 50.3 147.7 21.9 45.4 339.8 230.0 1.1

778 25.7 4.3 27.7 55.2 49.6 147.7 19.2 46.0 394.2 256.0 1.0

842 27.7 4.5 26.3 50.5 42.6 143.7 21.7 53.2 417.4 284.1 1.0
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Table S5 The parameters for three-exponential fitting of the PL decay curves in Figure S3 (i.e., 

normalized amplitude Bi, time constant τi and their normalized products fi, goodness-of-fit parameter χ²), 

for different emission wavelengths of the Zn-Cu-In-Se@ZnS QDs.

λem 
[nm]

B1 
[%]

f1 
[%]

τ1  
[ns]

B2

[%]
f2

[%]
τ2 

[ns]
B3

[%]
f3

[%]
τ3

[ns]
τavg

[ns]
χ2
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684 37.2 5.9 23.6 45.7 42.7 138.3 17.0 51.4 447.3 290.3 1.0

750 30.9 5.4 29.1 50.7 43.4 150.0 18.4 51.5 490.1 318.8 1.0

814 28.7 5.3 33.6 52.4 45.8 167.1 18.9 49.2 499.2 341.4 1.1
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