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ABSTRACT  

The unique photophysical properties of quantum dots (QDs) paved the way for the development 

of advanced emitting nanomaterials in bio-imaging and biosensing applications. 

Biocompatibility, biofunctionality, non-toxicity as well as colloidal and chemical stability are 

essential criteria to be fulfilled by the QD emitters. At present, it remains challenging to achieve 

efficient near-infrared emitting QDs respecting these criteria, in particular in the absence of toxic 

heavy metals such as cadmium or lead. In this perspective, we developed water soluble near-

infrared emitting AgInS2/ZnS core/shell (AIS/ZnS) QDs functionalized with DNA. The newly 

established aqueous route relying on a two-step hot-injection synthesis led to highly luminescent 

chalcopyrite-type AIS/ZnS core/shell QDs with an unprecedented photoluminescence quantum 

yield (PLQY) of 55% at 700 nm and a long photoluminescence decay time of 900 ns. Fast and 

slow hot-injection of the precursors were compared for the AIS core QDs synthesis, yielding a 

completely different behavior in terms of size, size distribution, stoichiometry and crystal 

structure. The PL peak positions of both types of core QDs were 710 (fast) and 760 nm (slow 

injection) with PLQYs of 36% and 8%, respectively. The slow and successive incorporation of 

the Zn and S precursors during the subsequent shell growth step on the stronger emitting cores 

promoted the formation of a three-monolayer thick ZnS shell, evidenced by the increase of the 

average QD size from 3.0 nm to 4.8 nm. Bioconjugation of the AIS/ZnS QDs with hexylthiol 

modified DNA was achieved during the ZnS shell growth, resulting in a grafting level of 5-6 

DNA single strands per QD. The successful chemical conjugation of DNA was attested by UV-

Vis spectroscopy and agarose gel electrophoresis. Importantly, surface plasmon resonance 

imaging (SPRi) experiments using complementary DNA strands further corroborated the 

successful coupling and the stability of the AIS/ZnS-DNA QD conjugates as well as the 
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preservation of the biological activity of the anchored DNA. The strong NIR emission, long-term 

stability and biocompatibility of the obtained AIS/ZnS-DNA QDs provide a high potential for 

their use in biomedical applications.  
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INTRODUCTION 

Significant progress has been made in the development of advanced emitting nanomaterials 

including nanoscale metal organic frameworks, carbon nanotubes, carbon dots and quantum dots 

(QDs), as alternatives to conventional organic fluorophores for biosensing and bio-imaging 

applications.1–4 For such applications, near-infrared (NIR) emitters are of particular interest to 

minimize autofluorescence as well as light absorption and scattering from the biological 

environment. QDs have attracted huge attention in this context, owing to their unique 

photophysical properties, specifically their photoluminescence (PL) at tunable wavelength across 

the visible, NIR-I and NIR-II regions determined by their size, shape and chemical 

composition.5,6 Furthermore, their high quantum yield (PLQY), long PL lifetime, long-term 

stability and strong photobleaching resistance, place QDs among the most attractive fluorescent 

nanomaterials for bio-applications. However, commonly used binary NIR QDs exhibit (cyto-

)toxic effects caused by the presence of hazardous elements (e.g., Cd, Pb). Therefore, growing 

efforts are devoted to the development of biocompatible and toxic heavy metal-free QDs.7–11 

Among them, ternary I-III-VI chalcopyrite-type materials are becoming the focus of interest.12–14 

These ternary QDs, regarded as promising eco-friendly materials for multiple applications, 

display a direct band gap (1.04-1.87 eV in the bulk materials) and high absorption coefficients 

(104-105 cm-1). Among them, silver indium sulfide (AgInS2, AIS) QDs, and their alloys with Zn, 

stand out from their analogues thanks to their elevated PLQY and long lifetime (several hundred 

nanoseconds) regardless of the synthetic medium (organics or water). Nevertheless, AIS QDs 

prepared in organic solvents generally demonstrate better photophysical properties15 but are not 

directly applicable in biological systems. Aqueous phase transfer via ligand exchange is feasible 

but is known to result in a significant loss of PLQY.16 Therefore, aqueous synthesis is of 
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particular interest to directly obtain water-soluble AIS QDs. To date, in aqueous medium, several 

colloidal synthetic approaches have been reported such as heat-up, hot-injection, hydrothermal 

and microwave irradiation assisted methods.14,17,18 The brightest AIS QDs have been produced 

by heat-up (PLQY ~60 %19,20) and microwave (PLQY ~66 %21) approaches. To make them 

compatible with biomedical applications, generally further surface chemical modification is 

required. 

Conjugation of QDs with biomolecules was first reported by Bruchez et al. and Chan et al. in 

1998 employing biotin22 and proteins23, respectively, in combination with CdSe/ZnS core/shell 

QDs. The following year, Mirkin et al. initiated the functionalization of QDs with single 

stranded DNA (ssDNA) bound by a thiol functional group.24 Since then, a large number of 

advanced hybrid-QD nanostructures using DNA have been elaborated, constituting a major 

breakthrough in biomedical applications. Several pathways are possible to functionalize QDs 

with DNA. For example, Sun and Gang achieved covalent bonding by coupling carboxyl groups 

on the QD surface with amino-DNA.25 Along the same line, the group of Dubertret triggered the 

reaction between amino-DNA with thiol functions present on an amphiphilic polymer used to 

encapsulate the QDs.26 In both studies, the resulting QDs are structurally and optically stable 

while varying the pH and the ionic strength. Another approach is the direct attachment of ssDNA 

during the inorganic (ZnS, CdS) shell growth. This one-step method relies on the introduction of 

thiol or phosphorothioate modified ssDNA in the shell precursors’ solution which acts as 

capping and stabilizing agent.27–31 All these works were carried out using CdSe, CdTe and 

CdxPb1-xTe QDs and so far, no study has been devoted to the DNA-functionalization of ternary 

QDs such as AIS.  
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Herein, we report a novel synthesis method for AIS/ZnS core/shell QDs via a two-step procedure 

as well as an efficient way for their surface functionalization with ssDNA while preserving their 

strong luminescence. First, the aqueous synthesis of NIR-emitting AIS core QDs (cQDs) was 

performed using two different approaches, by comparing the classical fast hot-injection method 

with a yet unexplored slow hot-injection procedure referring to seed-mediated growth. Both 

methods led to significant differences in the QD properties, yielding 3.0 nm Ag-poor Ag0.53InS2 

QDs crystallizing in the chalcopyrite phase (fast injection) and 5.2 nm close-to-stoichiometric 

Ag1.1InS2.1 QDs of lower size distribution, crystallizing in the orthorhombic phase (slow 

injection). The PL peak positions of two types of QDs were 710 and 760 nm with PLQYs of 

36% and 8%, respectively. Capping the stronger emitting cQDs with a ZnS shell layer led to 

highly luminescent AIS/ZnS core/shell QDs (csQDs) reaching a PLQY of 55%, stabilized in the 

aqueous phase by hydrophilic glutathione (GSH) ligands. Up to now, producing a thick ZnS shell 

layer on AIS QDs was challenging in aqueous medium. Here we adopted an approach based on 

the slow and successive incorporation of Zn and S precursor solutions promoting the formation 

of a thick shell evidenced by a QD size increase from 3.0 nm to 4.8 nm. Hexylthiol modified 

ssDNA was incorporated during the ZnS shell growth under precise control of pH and ionic 

strength. Successful chemical conjugation of ssDNA affording csQD-DNA was attested by 

several techniques (UV-Vis spectroscopy, agarose gel electrophoresis). Importantly, surface 

plasmon resonance imaging (SPRi) experiments using complementary DNA strands further 

corroborated the successful coupling and the stability of the bright AIS csQD-DNA conjugates 

as well as the preservation of the biological activity of the anchored DNA.  
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EXPERIMENTAL SECTION 

Materials 

All the chemicals were used as received without further purification. Silver nitrate (AgNO3, 

99.99 %), indium (III) chloride (InCl3, 99.99 %), sodium sulfide nonahydrate (Na2S.9H2O), L-

glutathione reduced (GSH), ammonium citrate dibasic (C6H6O7.2NH4, 98 %), zinc acetate 

dihydrate (Zn(CH3COO)2.2H2O, 99.99 %), poly(ethylene glycol) methyl ether thiol (PEG-SH, 

Mn= 2000 Da) phosphate buffered saline tablet (PBS), sodium chloride (NaCl, 99 %), sodium 

hydroxide pellet (NaOH, 98 %), potassium phosphate dibasic (K2HPO4, 98%) and glycerol 

(99%) were all purchased from Sigma Aldrich. 2-Propanol (99.8 %) and ammonium hydroxide 

solution (NH4OH, 33 %) were supplied by Fisher Scientific. The thiol (HS-(CH2)11-(EG)3-OH, 

Mw= 336 Da) is purchased from Prochimia. MilliQ ultrapure water (18.2 MΩ.cm) was used in 

all experiments. All the modified oligonucleotides were customized and purified by Eurogentec, 

the sequences are listed below: 

5' GTGCGAGTGAATTCCGAAGGTATTT-SH 3' (ssDNAQD; ε= 247800 M-1.cm-1) 

5' TACCTTCGGAATTCACTCGCACTTTTTTTTTTTT-SH 3' (ssDNASPRcc; ε= 297300 M-

1.cm-1) 

5' GACCATCGTGCGGGTAGGTAGACCTTTTTTTTTTTT-SH 3' (ssDNASPRcontrol; ε= 332500 

M-1.cm-1) 

AIS core synthesis (cQDs)   
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cQDs were synthesized via hot-injection synthetic method in two different ways: the “fast” and 

“slow” injection. 

 Fast hot-injection approach 

Typically, 8 mL of 0.1 M GSH and 70 mg of ammonium citrate were added into a three-neck 

flask. The pH was adjusted to 6.5 using NH4OH (5 M). Subsequently, 0.5 mL of 1 M InCl3 was 

introduced, leading to the formation of a precipitate. Then NH4OH was added until complete 

dissolution of the precipitate and the pH of the mixture increases back to 6.5.. The reaction 

mixture was brought to boiling and then first 1.25 mL of 0.1 M AgNO3 and next 625 µL of 1 M 

Na2S were quickly injected. The solution was kept boiling under stirring for 1h. The color of the 

solution changed from transparent to brownish red. 

 Slow hot-injection approach 

The procedure is similar to the fast injection approach except that the addition of AgNO3 and 

Na2S is different. Briefly, once the mixture containing GSH, ammonium citrate, and InCl3 was 

brought to boiling, 250 µL of 0.1 M AgNO3 and 125 µL of 1 M Na2S were quickly injected to 

form the AIS seeds. Then, 1 mL of 0.1 M AgNO3 and 500 µL of 1 M Na2S were successively 

added dropwise using a syringe pump for 20 min. The solution was kept boiling under stirring 

for 1h. The color of the solution was brownish red but darker than the fast injection approach. 

AIS/ZnS core/shell synthesis (csQDs)  

For the ZnS shell growth on cQDs, two distinct solutions were prepared (A and B). Solution A 

contained 7 mL of Zn(CH3COO)2.2H2O stock solution (0.1 M) and 7 mL of the stabilizing 

ligand GSH (0.1 M) completed with 2 mL H2O. Solution B contained 700 µL of Na2S (1 M) and 
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15.3 mL H2O. Both solutions were added in parallel and slowly via a syringe pump with a 

constant flow rate of 0.15 mL/min into the core solution (V= 4 mL) at constant temperature (96 

°C). Two aliquots were extracted from the solution after 50 and 100 min during the addition, 

respectively, for characterization in order to follow the growth process. After completed 

injection, the mixture was maintained at 96 °C for another hour.  

DNA Functionalization on AIS/ZnS QDs (csQD-DNA) 

DNA single strands were attached to the ZnS shell during its synthesis. Briefly, 100 µL of the 

cQDs solution diluted in 5 mL of H2O was heated to 96 °C. Then, 2 mL of an aqueous solution 

containing 97 µL of Zn(CH3COO)2.2H2O stock solution (0.1 M) and 1 mL of HS-DNA 

(ssDNAQD ; C= 0.1 M in PBS at pH 7.4) and 2 mL of another solution containing 9.7 µL Na2S (1 

M) were added dropwise and in parallel via a syringe pump. After the addition, the mixture was 

maintained at this temperature for 1h. For better comparison, csQDs without DNA were prepared 

under the same condition except that DNA was replaced by GSH. 

QDs purification 

All QDs were purified by precipitation performed by the addition of 2-propanol followed by 

centrifugation (10303 g for 5 min). The pellet was redissolved in H2O. For csQD-DNA, they 

were purified by centrifugation through vivaspin centrifugal filter with a 300 kDa molecular 

weight cut off (3 times centrifugation at 10303 g for 2 min). 

Characterization Techniques 

X-Ray diffraction (XRD) measurements were carried out by using a Bruker D8 Advance 

DaVinci diffractometer with CuKα radiation λ= 1.5406 Å from 2θ= 10-100 °. The chemical 
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composition was determined by energy-dispersive X-ray spectroscopy (EDX) performed on a 

scanning electron microscope ULTRA 55 (Carl Zeiss AG) with SDD detector (Bruker AXS) and 

working at 10 kV. Transmission electron microscopy (TEM) analyses were performed on a 

Technai F20 operating at 200 kV. The samples were deposited onto an ultra-thin graphene oxide 

layer on a Quantifoil for minimal background from the support film. The UV-Visible absorption 

spectra were recorded with a NanoDrop 2000c spectrophotometer with an optical path length of 

1 mm. The photoluminescence (PL) spectra were obtained from a Horiba Fluorolog-3 model 

FL3-22 spectrometer (Horiba Jobin Yvon) equipped with 450 W Xe lamp and a R928P detector. 

The photoluminescence decay curves were recorded using the time-correlated single-photon 

counting (TCSPC) technique on Fluorolog-3 spectrometer (Horiba Jobin Yvon) and the 

excitation source was a pulsed light emitting diodes with an excitation wavelength of 455 nm 

(NanoLED-05A, >1.3 ns pulse, Horiba). The curves were fitted with DAS6 analysis software 

provided by Horiba Scientific. For measurements of photoluminescence quantum yields (PLQY) 

a G8 integrated sphere module (GMP SA, Switzerland) was used in the Fluorolog-3 spectrometer 

(Horiba Jobin Yvon).  

Agarose gel electrophoresis 

To qualitatively attest the presence of DNA on QDs, csQD-DNA conjugates were 

characterized by fluorescence detection in agarose gel electrophoresis. cQDs and csQDs were 

used as control. Each solution contains 8 µL of the corresponding sample, 2 µL of the loading 

dye and 0.5 µL of the DNA intercalating agent (SYBR Gold) for some of them. The migration 

was performed with a FlashGelTM System (Lonza) using a FlashgelTM DNA cassette (1.2% 

agarose gel) and was running at 120 V. 
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Surface plasmon resonance imaging (SPRi) 

Surface plasmon resonance imaging was used to confirm the presence of DNA on the QDs 

after the functionalization, and most importantly, to evaluate the biological activities of the DNA 

ligands on QDs. For this, first, a biochip was prepared using the complementary DNA strand 

(ssDNASPRcc) and an arbitrary DNA strand (ssDNASPRcontrol) for negative control. They were 

immobilized onto a SPRi prism coated with a thin gold film supplied by Horiba Scientific. 48h 

before use, the gold surface of the prism was subjected to plasma treatment with a Femto plasma 

cleaner (Diener electronic) (25 % argon, 75 % oxygen, 0.6 mbar, 40 W, 3 min). Then, droplets of 

DNA solutions were deposited on the prism by a non-contact spotting robot 

(sciFLEXARRAYER S3, Scienion, Germany). In this study, DNA spotting solutions were 

prepared in 4 different buffer solutions for optimization: 1) PBS with pH=7.4; 2) 0.1 M K2HPO4 

with pH= 9.25; 3) 0.5 M K2HPO4 with pH= 9.25; 4) 1 M K2HPO4 with pH= 9.25. Each spotting 

solution contains 10 µM of DNA, 10 µM of PEG-SH (Mn= 2000 Da) and 5 % glycerol in the 

corresponding buffer. Moreover, for each condition, three replicates were randomly deposited on 

the prism to avoid any bias due to the position effect on the biochip. After spotting, the prism 

was placed in a humidity-controlled chamber (relative humidity of 96%) at 25 °C for 24h for the 

immobilization of DNA by self-assembly. Then, the prism was rinsed thoroughly with deionized 

water. Finally, the free gold surface on the prism was blocked with PEG-SH (Mw=336 Da, 100 

µM) for 1h and rinsed completely with deionized water.  

The biochip was then used for the analysis of csQD-DNA conjugates using the classical 

Kretschmann-type optical configuration at a fixed working angle. The measurements were 

carried out with an OpenPleX system (Horiba Scientific) placed in an incubator at 25 °C. For 

this, a collimated, polarized light beam at 635 nm was sent through the prism to illuminate the 
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whole biochip. The reflectivity of all the DNA spots was simultaneously monitored and recorded 

with a CCD camera, with each pixel mapping a specific position on the prism. Upon the injection 

of csQD-DNA conjugates, binding events occurred. Consequently, the reflectivity of the spots on 

the biochip increased, which was recorded. A measurement was taken every three seconds. 

Thanks to image treatment software, SPR images were then converted to variations of 

reflectivity (expressed as Δ Reflectivity, %) versus time, generating a series of kinetic binding 

curves, called sensorgrams.  

In practice, the prism was mounted into a 10 μL PEEK flow cell, which was connected to a 

fluidic system. Filtered running buffer (PBS at pH 7.4 with 0.4 M NaCl) was pushed by a 

computer-controlled syringe pump (Cavro Scientific Instruments, USA) at a constant flow of 

0.52 μL/s. In addition, it passed through a degassing system (Alltech, France) before arrival in 

the flow cell to eliminate air bubbles. The samples of csQD, ssDNAQD and csQD-DNA 

conjugates were manually injected through a six-port injection valve (Upchurch Sci., USA) using 

a syringe. The injection loop volume was 500 µL. After each analysis, the biochip was 

completely regenerated in situ with 0.2 M NaOH for re-use. csQD-DNA were used for the SPR 

measurements few days to more than 3 months after their preparation. In this work, only the 

results obtained after 3 months are illustrated. 

RESULTS AND DISCUSSION 

AIS core QDs synthesis: fast vs. slow hot-injection  

In this study, a two-step procedure in aqueous medium has been developed to synthesize 

AIS/ZnS core/shell QDs functionalized with DNA, as depicted in Scheme 1. In the first step, the 

preparation of the core QDs (cQDs) used the same chemicals as in the synthesis reported by 
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Stroyuk et al.19 Briefly, AgNO3, InCl3 and Na2S were brought to react together with a molar ratio 

set at 1:4:5 and GSH and citrate were added as stabilizing agents. However, the reported heat-up 

synthesis led to a very broad size distribution of the QDs, requiring supplementary post-synthetic 

size fractionation steps. Furthermore, it is challenging to access the NIR range with emission 

peaks centered at wavelengths exceeding 650 nm. To overcome these limitations, we explored a 

different synthetic approach applying a hot-injection method. Typically, this approach involves a 

fast injection of one or several precursors into a hot reaction mixture limited by the solvent 

boiling temperature.32,33 In aqueous medium, the boiling temperature is considerably lower 

compared to organic media and thus does not provide the same degree of freedom for 

modulating the nucleation and growth temperatures. However, this approach could lead to nearly 

monodispersed AIS QDs showing a maximum PLQY of up to 3% and 15 % for AIS/ZnS QDs34 

with a core synthesis using AgOAc, In(OAc)3, Na2S and GSH. To optimize the overall PLQY 

and the uniformity in size and shape of the cQDs two methods have been compared. The first 

one is the classical fast hot-injection of precursors while the second one applies slow hot-

injection, referred to as seed-mediated growth. 

Among the soluble metal salt used in the preparation of AIS QDs, AgNO3 and InCl3 have been 

chosen as silver and indium sources, respectively. At pH >3.5, In3+ is no longer complexed by 

Cl¯ but with HO¯ and must precipitate. For this reason, the prior presence of citrate as chelating 

agent in solution is necessary to prevent the precipitation of indium. The kinetic of indium citrate 

formation is faster than the indium hydroxide complex formation. And compared to that of 

indium acetate, the stability constant is higher for the indium citrate complex. Since InCl3 is a 

strong Lewis acid, it will react with the strongest base present in the solution i.e. citrate, on the 

basis of Pearson’s hard and soft acids and bases (HSAB) principle.35 As for AgNO3, the soft acid 



 14

Ag+ will interact with the sulfhydryl group of GSH to form a digonal coordination complex 

chain (−S(G)−Ag−S(G)−),36,37 leading to a pale yellow solution. Immediately after Na2S 

injection the solution turns to dark brown indicating that HS¯ has reacted with silver thiolate to 

form intermediate Ag2S.36 Right after the reaction mixture becomes brownish red, which is the 

typical color of AgInS2 QDs formed by cation exchange with In3+ (2 Ag2S + In3+ → AgInS2 + 3 

Ag+).38 

As an alternative approach aiming at reducing the size distribution of the cQDs, we explored 

here the seed-mediated growth mechanism. This approach is widely applied for the preparation 

of larger noble metal nanoparticles, magnetic nanocrystals and QDs synthesized in organic 

solvents. Here, in contrast to the fast injection where the AgNO3 and Na2S precursors are 

completely added at once, a slow injection is applied to ensure the progressive, continuous and 

uniform growth of the same material as the preformed seeds. The synthesis is performed at the 

boiling point (100°C) which induces the rapid decomposition of the injected precursors into 

multiple monomers that deposit on the seeds surface leading to the formation of larger QDs. The 

solution aspect during the synthesis is similar to that of the previous synthesis prior to the seed 

formation. Then, the solution gets increasingly dark, indicating the growth of the QDs. 

The cQDs morphology and the size distribution were analyzed by TEM and the images are 

shown in Figure 1. In general, regardless of the approach used for the synthesis, the particles are 

fairly uniform with a well-defined spherical shape. In the case of slow precursor injection, the 

particles are bigger, with an average size diameter of 5.2 ± 0.6 nm and a narrow size distribution 

of 11.5 %. The QD solution appears darker than in the case of the “fast injection”, which leads to 

a significantly smaller size of 3.0 ± 0.6 nm and larger size distribution (20 %). The chemical 

composition was determined by EDX. It was found that for cQDs obtained with the fast 
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precursor injection, a nonstoichiometric composition of Ag:In:S= 1:1.9:3.8 is obtained showing a 

strongly silver-deficient composition (Ag0.53InS2). This indicates that silver vacancies (VAg) are 

present within the crystal lattice, which act as acceptor type defects. To the contrast, the cQDs 

obtained with the slow precursor injection are more Ag-enriched showing a quasi-stoichiometric 

composition of Ag:In:S= 1:0.91:1.9 (Ag1.1InS2.1).  For both syntheses, it should be noted that the 

initial Ag:In:S ratio was set at 1:4:5, considered as the optimum ratio to yield the highest PL 

intensity based on literature.19,21 Comparing with the elemental analyses suggests that the cQDs 

composition strongly depends on the reaction kinetics and the unbalanced precursors’ reactivity. 

For the fast-injection, the Ag-deficient cQDs composition and the Ag:In= 0.53:1 cationic ratio 

were expected as the starting ratio was Ag:In=1:4 and In3+ has lower reactivity than Ag+. In the 

case of the quasi-stoichiometric composition, the slow injection of Ag and S favors the growth of 

the seeds but minimizes the cation exchange reaction between In3+ and Ag+ which explains the 

larger Ag content in these cQDs. The expected defects in this case are in the form of silver 

(AgInt) and sulfur (SInt) interstitials acting as donors and acceptors, respectively. Using powder 

X-Ray diffraction (Figure 2b) the cQDs obtained with the two different synthetic routes can 

clearly be distinguished. For the “fast injection” cQDs, the diffractogram shows mainly three 

broad peaks centered at 27.1°, 45.3° and 52.9° that match well with the (112), (204) and (312) 

lattice planes of the tetragonal chalcopyrite reference pattern (JCPDS 00-025-1330). As for the 

“slow injection” cQDs, an orthorhombic phase is predominantly observed (JCPDS 00-025-1328) 

with two broader peaks at 28.3° and 48° with a small shoulder at 52.7° associated to the (121), 

(320), (322) lattice planes respectively. The broader diffraction peaks indicate that the 

stoichiometric cQDs have a poorer crystallinity. 
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As shown in Figure 2c, both types of cQDs exhibit a broadband PL emission in the NIR-I 

region. The broad PL bandwidth is a specific feature of ternary I-III-IV2 QDs ascribed to 

transitions between photoexcited electrons delocalized in the conduction band and holes 

localized at an acceptor-type defect level within the band gap, referred to as the free-to-bound 

transition.17,39 However, we note that the line width of the obtained QDs (around 300 meV) is 

significantly narrower than that obtained with established heat-up syntheses.17 The PL band 

centered at 760 nm that corresponds to the “slow injection” cQDs, is weakly photoluminescent 

(PLQY= 8 %). In contrast, the “fast injection” cQDs exhibit a PL band at shorter wavelength 

(710 nm) due to Ag-deficient composition, with significantly stronger photoluminescence 

(PLQY= 36 %). The higher PLQY can be attributed to the higher crystallinity and to the higher 

density of defect states in the Ag-deficient cQDs.17 In the absorption spectra (Fig. 2d) no 

apparent excitonic peak is visible but only a large shoulder centered at 420 nm for the “fast 

injection” cQDs and at 550 nm for “slow injection” cQDs. To get further insight on the optical 

properties, time-resolved photoluminescence measurements have been performed to determine 

the photoluminescence lifetime of the QDs (Fig. 2e). As most of the ternary QDs, the decay 

curves were fitted by a multi-exponential function40–45. For both cQDs, the decay curve displays 

a triple exponential model considering the chi-square values (χ²) and the accurate fit in the short 

time (Fig. S1 and Table S1): 

𝐼(𝑡) =  𝐴 𝑒  + 𝐴 𝑒  + 𝐴 𝑒   

where τ is the decay time and A is the relative amplitude of each decay component. The three 

components are attributed to three different radiative recombination processes. The first decay 

time τ1 refers to the fast photo-carrier recombination process on the QD surface defects mainly 
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caused by dangling bonds, τ2 to the recombination process on QD surface states and the last 

decay time τ3 to recombination inside the core states39,46 (Table 1). The “fast injection” cQDs 

show a long fluorescence lifetime of more than 990 ns, with a contribution of 77 % of the total 

emission. Therefore, the radiative recombination process within the QD core mainly dominates 

the fluorescence emission similarly to the “slow injection” cQDs where the contribution is 

comparable (86 %), again with a long lifetime of 810 ns.  

To conclude this part, AIS core QDs have been successfully prepared according to two 

synthetic approaches. Although the seed-mediated growth route has led to larger, close-to-

stoichiometric, orthorhombic particles of lower size distribution, the chalcopyrite-type QDs 

resulting from the classical fast hot-injection route exhibit a significantly higher PLQY of (36 % 

vs. 8 %) with a longer lifetime exceeding 900 ns which are beneficial for bio-applications. 

Therefore, for the following surface engineering steps the chalcopyrite-type cQDs are considered 

 

AIS/ZnS core/shell QDs  

To protect the AIS core QDs against photodegradation and to further enhance their PLQY, a 

ZnS shell was grown in a second step of the synthesis. Ubiquitously used, ZnS is a wide band 

gap semiconductor (3.7 eV) showing a low lattice mismatch with AIS cQDs (8 %). Different 

routes for ZnS shell growth on AIS QDs in the aqueous phase have been reported in literature 

including thermal decomposition47,48 as well as the injection of ZnS precursors either at room 

temperature38,49 or at higher temperature in heat-up,19 microwave radiation assisted,45,50 and 

hydrothermal38,51 approaches. In contrast, here the ZnS shell was obtained through the 

simultaneous, dropwise addition of two distinct precursor solutions, one for zinc and one for 
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sulfur, to the AIS cQDs at elevated temperature (96 °C). It should be noted that the zinc 

precursor solution contained additional GSH surface ligands to assure the full coverage and 

colloidal stability of the csQDs. The amount of ZnS shell precursors was calculated to achieve 

around 3-4 monolayers on the cQDs. Due to the slow injection, the precursor concentration was 

low enough to prevent separate nucleation of ZnS seeds and to enable the diffusion of the 

precursor ions to the core particle surface, leading to the formation of a high quality ZnS shell.  

From the TEM images in Figure 3a, it was found that the csQDs had an average diameter of 

4.8 ± 1 nm, i.e. significantly larger than the core (3.0 ± 0.6 nm). The ZnS thickness is thus 

estimated as 0.9 nm corresponding to the formation of three monolayers. As mentioned 

previously, the X-ray diffractogram of the cQDs shows mainly three broad peaks centered at 

27.1°, 45.3° and 52.9° that match with the (112), (204) and (312) lattice planes of the tetragonal 

chalcopyrite reference pattern (Fig. 3b). After the shell growth, these diffraction peaks are shifted 

to higher 2θ angles (27.9°, 46.4° and 54.4°) towards the characteristic peaks of cubic ZnS 

(JCPDS 01-071-5975). This behavior, widely observed in many reported core/shell systems, 

clearly indicates the successful growth of a thick ZnS shell on the AIS cQDs. In addition, the 

diffraction peaks of the csQDs are narrower compared to those of the cQDs, with the FWHM 

varying from 2θ= 4.74° to 2θ= 3.76°, as expected for larger crystallite sizes. The relatively low 

lattice mismatch between the core and the shell material (8 %) favors epitaxial shell growth. In 

addition, the EDX analyses reveal that after growing the ZnS shell, the atomic ratio of the 

resulting csQDs (normalized for the In content) is Ag:In:S:Zn = 0.34:1:3.69:2.28. Comparison 

with the cQDs (Ag:In:S = 0.53:1:2) shows that the amount of silver decreased by around 35 % 

while the amount of Zn with respect to S in the shell is in excess of 35 %. This result suggests 

that the shell growth caused the diffusion of a fraction of Zn2+ into the core crystal lattice leading 
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to cation exchange with Ag+. Therefore, the chemical composition of the csQDs can be written 

as Ag0.34Zn0.59InS2(ZnS)1.69, demonstrating almost equilibration of the cation and anion charges 

in the QD core after Zn2+ diffusion.  

The UV-Vis absorption and photoluminescence spectra of the cQDs and csQDs are shown in 

Figure 4. The absorption spectra (Figure 4a) do not exhibit any marked features, in accordance 

with many reported works on ternary QDs. However, during the shell coating, a strong increase 

of the absorbance below 350 nm is observed, caused by the growth of the shell of the wide band 

gap material ZnS (Eg = 3.7 eV / 335 nm). The PL spectrum of the cQDs is centered at 710 nm 

(Figure 4b, black curve). Monitoring the evolution of the PL spectra with reaction time during 

the injection of the ZnS precursors revealed that the PL peak position gradually shifted to lower 

wavelength (696 nm) while the PL intensity increased simultaneously. The observed 

hypsochromic shift is lower than expected, because in principle two factors favor this behavior: 

i) inclusion of Zn2+ in the cQDs and concomitant decrease of Ag+ content; ii) compression of the 

QD core by the ZnS shell due to its lower lattice parameter. The increase of PL intensity is 

essentially explained by the passivation of surface defects, which results in a reduction of non-

radiative recombination pathways. The measured PLQY was initially 36 % for the cQDs and 

significantly increased up to a maximum of 55 % for the csQDs (Table 2). The PL line width 

(full width at half-maximum, FWHM) is about 128 nm for the cQDs and remains almost the 

same for the csQD (136 nm), while both samples exhibit roughly the same size distribution 

(around 20%). Thus, it can be concluded that the ZnS shell passivates the surface of the cQDs 

without introducing further defects. Capping ZnS on cQDs obtained from slow injection was 

investigated but as expected the maximum PLQY was only 15 % (Fig. S2). 
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Time-resolved PL analyses (Fig.4c and 4d, Table 1) shows that the decay curve of the csQDs 

can be very well fitted with bi-exponential model. Hence, the first component (A1, τ1), required 

for the fitting in the case of the cQDs and corresponding to fast recombination processes on the 

QD surface defects, does not contribute anymore (Fig. S3, Table S2). The other two decay 

components are comparable to those of the uncoated QDs. Therefore, the coating of the QD core 

with the ZnS shell efficiently passivates surface defects responsible in part for PLQY losses 

through non-radiative transitions.  

Summarizing, the developed synthetic approach favors the formation of a thick ZnS shell of 

three monolayers on the AIS cQDs, leading at the same time to a partial Ag/Zn cation exchange 

in the core. The obtained Ag0.34Zn0.59InS2/(ZnS)1.69 csQDs exhibit NIR PL emission at around 

700 nm with a maximum PLQY of 55 % and a long PL lifetime exceeding 900 ns.  

 

QD conjugation with DNA  

As mentioned in the introduction, several ways have been proposed to conjugate QDs with 

ssDNA. Here, we selected the approach of DNA functionalization during the shell growth 

because it combines several advantageous features: i) experimentally, the shell growth procedure 

remains almost the same, just GSH is replaced by thiolated ssDNA; ii) strong conjugation can be 

expected as the thiolate group of the ssDNA can be integrated into the surface of the ZnS shell 

(crystal bound rather than surface bound)52; iii) the amount of required functional ssDNA can be 

minimized. Briefly, the thiolated DNA single strands (molar ratio QD:ssDNAQD= 1:10) were 

mixed with the Zn precursor solution and then added dropwise together with the S precursor 

solution (as in the case of standard ZnS shell growth) to the reaction mixture containing the core 
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QDs. The physicochemical parameters used during the synthesis including the salt concentration 

and the pH have been carefully adjusted to get the highest number of ssDNAQD grafted on the 

csQDs. According to the optimal conditions reported by Sun and Gang,25 the pH was maintained 

at 7 and the NaCl concentration did not exceed 0.02 M. We note that the purification of the 

resulting csQD-DNA from free DNA turned out to be a challenging step, which deserves 

particular attention. Precipitation as for standard csQDs did not work since free DNA also 

precipitates upon addition of isopropanol. Another widely used method for the purification of 

aqueous QDs after functionalization is size exclusion chromatography using gel columns. 

However, this method is not suitable neither to remove free DNA molecules due to their high 

molecular weight (> 30 kDa). On the other hand, gel extraction of conjugated QDs using 

electrophoresis often results in significant material loss. A few other purification methods 

reported in literature (ion exchange chromatography using diethylaminoethyl cellulose or 

ultracentrifugation) are better suited for maintaining the yield and the stability of the 

bioconjugates, yet their application is tedious.53,54 Therefore, in the present work, the csQD-DNA 

were purified using centrifugal filters with a 300 kDa molecular weight cut off. The csQD-DNA 

sample has been carefully purified until no more free DNA strands remain in the solution 

through absorption measurements (Fig. S4). Finally, the concentrate was redispersed in PBS 

buffer at pH 7.4. 

The obtained csQD-DNA conjugates, which are stable in buffer solution for at least 3 months, 

exhibit a PL emission maximum of 704 nm and a PLQY of 42 % (Fig.5a). We attribute the 

relative reduction of the PLQY by 24 % as compared to csQDs without DNA to the less efficient 

passivation of the ZnS shell surface induced by the sterically demanding DNA molecules. In the 

UV-Vis spectra (Fig. 5b), two additional shoulders are observed at around 260 nm and 300 – 350 
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nm in comparison with standard csQDs. From the peak observed at 260 nm, the amount of 

ssDNAQD on the QD surface can be estimated. The absorption is determined at A260(1mm)= 0.77, 

hence the concentration of ssDNAQD is 31 µM. The concentration of QDs is estimated to be 5-6 

µM, i.e. there are around 5-6 DNA strands per QD (Fig. S5 and S6). This ratio is approximately 

a factor two lower than that added during the synthesis (QD:ssDNAQD = 1:10), confirming also 

that unbound ssDNAQD was successfully removed during the purification process.   

As an additional technique, agarose gel electrophoresis was used to characterize the DNA-

conjugated QDs. In fact, this technique, particularly relevant for the separation and purification 

of biomolecules, is also applied for QDs as a routine technique to reveal the presence of DNA or 

other biomolecules before and after functionalization.26,31,55–57 For comparison, cQDs, csQDs, 

and csQD-DNA conjugates were measured, taking the former two samples as control. Under an 

electric field of 120 V, all types of QDs migrated towards the anode, since DNA and GSH 

surface ligands are negatively charged (Fig. 5c). The electromigration is directly visible and can 

be monitored in real-time thanks to the luminescence of the QDs through the transilluminator 

light or through UV light. The mobility is slower for the csQDs than the cQDs while it is faster 

for csQD-DNA conjugates compared to the standard csQDs. The electrophoretic migration 

velocity is based on the hydrodynamic size and electric charge of the nanoparticles. For cQDs 

and csQDs, the difference is caused by the increased overall size of the QDs, while for the csQD-

DNA conjugates and csQDs the difference is related to the overall charge on the QD surface: the 

contribution of DNA charge dominates the electrophoretic particle migration progress in 

comparison with GSH ligands. The mass predominates the velocity according to the migration of 

cQDs with regard to csQD-DNA conjugates. Concluding, agarose gel electrophoresis strongly 

supports the successful conjugation of DNA molecules on the QD surface.  
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Biological activity of DNA anchored on the QD surface 

Although the UV-vis absorption spectra and electrophoresis give strong evidence for the 

presence of ssDNA on the QDs surface, for further applications of the novel conjugates it is of 

prime importance to verify that the biological activity of the anchored DNA molecules remained 

intact. To achieve this, a biochip-based strategy was elaborated using SPRi as detection 

technique.58–60 The sensing analysis was carried out on a multiplex biochip with an array of 4 x 6 

spots (eight different samples with three replicas) as depicted in Figure 6a and 6b. Half of them 

included the complementary ssDNASPRcc to that grafted on the QDs (G1, G2, G5, G6) and the 

others were arbitrary ssDNASPRcontrol (G3, G4, G7, G8) used as negative control, all prepared in 

four different buffers. Here, several buffers as spotting solutions were used to optimize the 

conditions for the immobilization and stabilization of these thiolated DNA on the biochip in 

order to obtain optimal density with sufficient spacing (by electrostatic repulsion) and 

appropriate orientation for an efficient hybridization afterwards. Furthermore, to minimize non-

specific interactions, the free gold surface on the biochip was blocked with PEG-SH. 

Three solutions were injected successively onto the biochip through the SPR micro-fluidic 

system: csQDs, ssDNAQD and csQD-DNA conjugates. First, the biochip was exposed to two 

experiments using non-functionalized csQDs (100 nM) for negative control and free ssDNAQD 

(0.12 µM) for positive control. As illustrated in Figure 6c, there is almost no signal (ΔR< 0.05 

%) on all the spots for csQDs injection, showing that there is relatively weak nonspecific 

adsorption on the biochip. The injection of ssDNAQD (Figure 6d) gave no signal on the spots 

consisting of the arbitrary ssDNA (negative control). In contrast, it led to significant SPR 
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responses on all the other spots thanks to hybridization with the respective complementary DNA 

strands. Simultaneously, all these complementary spots were illuminated over the gold surface 

(Fig. S7). Among these spots, the SPR signal assigned to G5 reached an equilibrium with a 

maximum of reflectivity variation (ΔR) of nearly 0.8 %. It demonstrated clearly that G5 allowed 

for the most efficient hybridization. Finally, the solution containing csQD-DNA conjugates at 

100 nM was injected. The reflectivity variations increased for all the complementary DNA spots 

with a particularly high signal for spots obtained with G5 (Fig. 6e), in consistence with results 

obtained for the injection of ssDNAQD. For better comparison, the sensorgrams in Figure 7b 

regroup the SPR kinetic curves obtained on the spots of G5 for the three injected samples 

ssDNAQD (red curve), csQDs (orange curve), csQD-DNA (blue curve) as well as on the spots of 

G7 for the injection of csQD-DNA (green curve) as negative control. The SPR response is 

largely enhanced upon the injection of csQD-DNA compared to free ssDNAQD with an 

amplification factor of 3 (ΔR> 2.5%). Such an enhancement effect on the optical signal was 

expected since the SPR is a surface sensitive technique. The addition of linked csQD-DNA 

produced much higher refractive index changes on the SPR surface. In contrast, the negative 

control spots of arbitrary ssDNA (green curve) did not give reliable response in presence of 

csQD-DNA. In addition, for illustration, the SPRi differential image obtained after the injection 

of csQD-DNA was given (cf. Figure 7b), showing three bright spots corresponding to G5. 

Summarizing, the csQD-DNA conjugates are clearly hybridized to the complementary strands on 

the biochip. The functionalization step of the QDs was effective and the anchored DNA ligands 

are still accessible and biologically active. It should be noted that csQD-DNA are stable in buffer 

solution and that the SPR measurements have been performed 3 months after the QDs 

functionalization. 
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CONCLUSION 

Aqueous synthesis using the hot-injection approach led to the successful preparation of uniform, 

spherical and highly luminescent chalcopyrite-type AIS/ZnS core/shell QDs. We showed that the 

intermediate AIS core QDs prepared by fast hot-injection resulted in small (3.0 nm) Ag-deficient 

cQDs of the composition Ag0.53InS2 showing an elevated PLQY (36%). The slow hot-injection, 

in turn, led under otherwise identical conditions to much larger QDs (5.2 nm) of lower size 

distribution and close to stoichiometric composition (Ag1.1InS2.1), albeit lower PLQY (8%). 

Coating the former cQDs with a three-monolayer thick ZnS shell yielded a PLQY of 55% at 

around 700 nm. Compared to the photophysical properties of AIS QDs produced with reported 

synthetic techniques, the obtained samples are of particular interest due to their strong PL 

emission in the NIR-I region and their long PL decay time over 900 ns, which can be highly 

relevant for diverse applications. The applied shell growth procedure can be easily adapted for 

achieving surface conjugation with ssDNA. The successful formation of csQD-DNA conjugates 

was evidenced by means of the SPRi detection technique. The SPRi response displayed an 

amplification factor of 3 for csQD-DNA with respect to free DNA, confirming that the DNA 

strands bound to the AIS/ZnS core/shell QDs maintain their biological activity. The expected 

non-toxicity, long-term stability and biocompatibility of the newly developed csQD-DNA 

conjugates represent strong assets for biomedical applications. As such, the obtained csQD-DNA 

have a high potential as fluorescent probes applicable for live cell imaging or as building blocks 

for nanosensors. Furthermore, they can be coupled with other functional buildings blocks in 

which DNA mediates the assembly, to give FRET nanoprobes or plasmonic nano-antennas for 

bioimaging and biosensing.  
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FIGURES  

Graphical Abstract. 

 

 

 

 

Scheme 1. Schematic representation of the aqueous synthetic strategy of the AgInS2/ZnS 

core/shell QDs functionalized with DNA. 
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Figure 1. TEM images of AgInS2 core QDs obtained from (a)-(d) “slow injection” and from (e)-

(h) “fast injection” with their corresponding size distribution histograms. 
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Figure 2. (a) Schematic representation of AgInS2 core QDs synthesis following either “slow” or 

“fast” injection technique. (b) X-rays diffractograms with AgInS2 orthorhombic and chalcopyrite 

reference patterns, (c) normalized PL spectra, (d) Normalized absorption spectra and (e) PL 

decay curves associated to AgInS2 core QDs obtained from “slow injection” (blue) or “fast 

injection” (black) route. 

 

 

 

Figure 3. (a) TEM images of AgInS2/ZnS QDs with the corresponding size distribution 

histogram and (b) X-rays diffractograms of AgInS2 core QDs (black) and AgInS2/ZnS core/shell 

QDs (red) with AgInS2 chalcopyrite and ZnS cubic reference patterns. 
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Figure 4. (a) Absorption and (b) PL spectra of the AgInS2/ZnS QDs formation during the shell 

growth process starting from AgInS2 core QDs (black). (c) Normalized PL decay curves and (d) 

the enlarged view at shorter times of AgInS2 core QDs (black) and AgInS2/ZnS core/shell QDs 

(red). 
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Figure 5. (a) PL and (b) Absorption spectra of AgInS2 core QDs (black), AgInS2/ZnS core/shell 

QDs (red) and AgInS2/ZnS core/shell conjugated with DNA (blue). (c) Pictures of agarose gel 

electrophoresis migration. The different samples are: cQDs (C= 5 µM); csQDs (C= 5 µM); and 

csQD-DNA (C= 5 µM). 
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Figure 6. (a) Picture of the biochip array spotted on the SPR prism. (b) Schematic representation 

of the experimental biochip array composed of samples containing the complementary DNA 

(ssDNASPRcc) in blue (G1, G2, G5, G6) and the DNA control (ssDNASPRcontrol) in green (G3, G4, 

G7, G8). Sensorgrams during the injection of (c) csQDs (100 nM), (d) ssDNAQD (0.12 µM) and 

(e) csQD-DNA conjugates (100 nM). 
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Figure 7. (a) Schematic illustration of the hybridization process, (b) Sensorgrams obtained with 

the injection of the csQD-DNA (blue curve) compared with ssDNAQD (red curve), csQDs 

(orange curve), and csQD-DNA control (green curve). The SPRi differential image of the 

biochip after the injection of the csQD-DNA conjugates (100 nM). 
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Table 1. Time-resolved PL data of the core and core/shell samples. 

Sample χ² A1 (%) τ1 (ns) A2 (%) τ2 (ns) A3 (%) τ3 (ns) 

Ag1.1InS2.1 cQDs 
“slow injection” 

1.2 1 % 15 ns 13 % 160 ns 86 % 813 ns 

Ag0.53InS2 cQDs 
“fast injection” 

1.2 1 % 26 ns 22 % 317 ns 77 % 994 ns 

Ag0.34Zn0.59InS2/(ZnS)1.69 
csQDs 

1.3 - - 24 % 290 ns 76 % 936 ns 

 

Table 2. Steady-state PL data of the core and core/shell samples. 

Sample FWHM (nm) λem,max (nm) PLQY (%) 

Ag0.53InS2 (core) 128 nm 710 nm 36 % 
Intermediate Shell1 133 nm 707 nm 43 % 
Intermediate Shell2 136 nm 702 nm 50 % 

Ag0.34Zn0.59InS2/(ZnS)1.69 136 nm 696 nm 55 % 
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