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Abstract

The development of high quality, non-toxic (i.e., heavy-metal-free), and functional quantum dots (QDs) via 

‘green’ and scalable synthesis routes is critical for realizing truly sustainable QD-based solutions to diverse 

technological challenges. Herein, we demonstrate the low-temperature all-aqueous-phase synthesis of silver 

indium sulfide/zinc (AIS/Zn) QDs with a process initiated by the biomineralization of highly crystalline 

indium sulfide nanocrystals, and followed by the sequential staging of Ag+ cation exchange and Zn2+ 

addition directly within the biomineralization media without any intermediate product purification. Therein, 

we exploit solution phase cation concentration, the duration of incubation in the presence In2S3 precursor 

nanocrystals, and the subsequent addition of Zn2+ as facile handles under biomineralization conditions for 

controlling QD composition, tuning optical properties, and improving the photoluminescence quantum 

yield of the AIS/Zn product. We demonstrate how engineering biomineralization for the synthesis of 

intrinsically hydrophilic and thus readily functionalizable AIS/Zn QDs with a quantum yield of 18% offers 

a ‘green’ and non-toxic materials platform for targeted bioimaging in sensitive cellular systems. Ultimately, 

the decoupling of synthetic steps helps unravel the complexities of ion exchange-based synthesis within the 

biomineralization platform, enabling its adaptation for the sustainable synthesis of ‘green’, compositionally 

diverse QDs.
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INTRODUCTION

Semiconductor nanocrystals (NCs) or quantum dots (QDs) offer unique optical and electronic 

properties as a result of quantum confinement effects, which can be exploited in applications as diverse as 

photocatalysis to bioimaging.1–3 The photostability and quantum yield (QY), long lifetimes, and near-

infrared (NIR) emission of QDs, coupled with the ability to functionalize them with multiple targeting 

ligands, makes them versatile alternatives to common fluorophores for use in bioimaging applications.4–10 

The broad efficacy of candidate QDs for imaging under physiological conditions, however, generally hinges 

upon how readily biocompatibility can be achieved while preserving optical properties, and how simply 

and robustly the native surface functionality can be tailored to endow the QDs with biospecificity in aqueous 

environments.

Cadmium and mercury-based QDs have garnered much attention due to their high quantum yield 

(QY), size-tunable optical properties, narrow emission spectra, and functionalizabilty.11 However, their 

broad deployment in ‘green’ and/or sensitive applications like bioimaging is undercut, on the one hand, by 

their compositional toxicity, and, on the other hand, by challenges stemming from their high-temperature, 

organic-phase synthesis.12–15 Even when composition is adapted toward a greener materials palette, high-

temperature organometallic synthesis routes lead to hydrophobic QDs that require ligand exchange and/or 

particle encapsulation in order to functionalize and apply them in aqueous biological systems.16–20 In 

addition to being a costly and multi-step endeavor, such additional processing can ultimately alter the 

specific QD surface chemistry and, thereby, its electronic and optical properties.19,21 The promise of QDs 

for targeted bioimaging has motivated efforts aimed at identifying simple, sustainable (i.e., low-

temperature), all-aqueous synthesis routes to ‘green’ (i.e., biocompatible) hydrophilic QDs that are 

amenable to direct functionalization.18,22,23

The search for non-toxic alternatives to II-VI QDs has expanded to ternary or quaternary 

compositional palettes.18,24 This has been driven in part by the potential to exploit particle composition for 

tuning optical properties24,25 rather than relying solely on controlling particle size, which is a particular 

challenge when trying to maintain a narrow size distribution while ensuring particle stability.26 I-III-VI QDs 
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exhibit tunable spectroscopic properties spanning the UV to the NIR region, and have large Stokes shifts, 

long PL lifetimes, and low toxicities.11,15 Among this promising class of metal chalcogenides, Ag-In-S 

(AIS) QDs have garnered considerable interest in bioimaging applications6–8,15,27–31 since they are non-toxic 

and have a useful band gap and Bohr diameter (1.87 eV, 5.5 nm, respectively).32 Addition of higher band 

gap materials (e.g., ZnS) in the form of shell structures or through quaternary alloying, has been 

demonstrated to help boost the generally lower photoluminescence quantum yields (PL QY)11 of I-III-VI 

materials relative to II-VI type QDs that derive from intrinsic differences in electron-hole pair-trapping 

defects.11,14

Numerous recent reports on aqueous room temperature synthesis of AIS and AIS/Zn QDs have 

included rapid (10 min) single-pot synthesis33 or staged synthesis employing metal nitrate precursors.15 

These reports have marked a transition away from persistent hydrothermal,34 solvothermal,22,35,36 

microwave assisted27 and single precursor thermal decomposition approaches37 toward more sustainable 

synthesis of ‘green’ hydrophilic QDs. Yet, poor PL QYs (<1%) tend to be reported for low-temperature 

aqueous routes15,33,38 unless additional hydrothermal annealing or high-temperature processing is carried 

out, or toxic solutes (e.g., hydrazine hydrate) are used.39 

Biomineralization, the process whereby the synthesis of inorganic materials is catalyzed or directed 

by biological systems (i.e., cells, enzymes, biomolecules),40 has been demonstrated as a viable all-aqueous, 

low-temperature route to a range of QD compositions, even resulting in materials with optical properties 

that rival those of QDs synthesized under high-temperature, organic phase conditions.41 Cellular synthetic 

routes, employing E. coli bacteria for endogenous H2S production in solutions of metal nitrate precursors, 

have led to successful synthesis of AIS QDs in particular. Yet, such cellular processes tend to introduce 

purification challenges owing to QD attachment to the cell membrane.42 Alternatively, extracellular single 

enzyme-based biomineralization of size-tunable metal sulfide QDs (e.g., CdS, ZnS, PbS, CuInS2 and 

CuZnSnS4) has been demonstrated through the continuous turnover of L-cysteine to reactive  by an 𝐻𝑆 ―

engineered strain of cystathionine γ-lyase (CSE) in the presence of buffered solutions of metal salts.43–49 
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Such enzymatic systems offer the benefits of biological processing without facing the purification 

challenges of cell-based systems. 

Precisely how to leverage single enzyme biomineralization for the broader synthesis of I-III-VI or 

even quaternary QDs, however, remains a complex question given the effects of the endogenously produced 

H2S on both the thermodynamics50,51 and kinetics51,52 of the process. Specifically, the challenge of balancing 

the reactivity and stability of various cationic precursors proves especially acute within aqueous buffered 

solutions at low temperatures. Such conditions are required to maintain the activity of the enzymatic 

processes that are critical for biomineralization.50–55 Our previous work on a related system (CuInS2 with 

Zn addition) offered narrowly focused proof of the possibility of integrating cation exchange and 

biomineralization.46 However, critical quantitative insight required to fully unravel the complexity of the 

associated thermodynamics and kinetics has yet to be fully elucidated. This has limited the establishment 

of key design rules required for harnessing biomineralization and cation exchange for the sustainable 

synthesis of multi-component, green, and hydrophilic QDs.

In this study, we have investigated the sequential all-aqueous, low-temperature synthesis of AIS/Zn 

QDs with tunable optical properties from biomineralized In2S3 nanocrystals (NCs). We demonstrate how 

sequential synthesis within a biomineralization medium, in which the formation of precursor nanocrystals 

and subsequent cation exchange are staged without any intermediate purification, enables tunability of 

particle composition and optical properties. Such compositional and functional tunability is generally not 

possible by conventional one pot approaches (i.e., all reagents combined at the start).15,42,50–62 Specifically, 

we establish how aqueous-phase, low-temperature enzymatic (CSE) turnover of the amino acid L-cysteine 

yields sufficient endogenous H2S in buffered solutions of indium chloride for the nucleation of In2S3 

nanocrystals. Cysteine simultaneously serves as a source of H2S and stabilizer of the In2S3 nanocrystals 

throughout the subsequent Ag nitrate-based cation exchange process, leading to AIS QDs within the 

buffered aqueous biomineralization solution. We demonstrate how the solution-phase metal precursor ratio 

(In/Ag) offers a facile parameter for directly tuning the non-stoichiometric composition of the AIS product, 

and, thereby, the photoluminescence quantum yield (PL QY). We further elucidate the kinetics of Ag 
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exchange and subsequent Zn2+ addition under biomineralization conditions for improving PL lifetime and 

PL QY. 

Ultimately, we exploit the optical properties and biocompatibility of the resulting AIS/Zn quantum 

dots for targeted bioimaging. We demonstrate this through QD conjugation with key antibodies capable of 

selectively targeting protein receptors uniquely expressed on THP-1 macrophage membranes. Here, the 

hydrophilicity of the water-synthesized AIS/Zn QDs enables direct QD functionalization upon facile buffer 

exchange. The intrinsic biocompatibility over relevant timescales and ease of functionalizing the AIS/Zn 

QDs with targeting antibodies consequently offer the possibility for their broader customization based on 

unique receptor-antibody combinations characteristic of other cellular systems. More generally, the critical 

insight into cation exchange under biomineralization conditions advances the versatility of single enzyme 

biomineralization as a basis for the broadly sustainable and potentially scalable43 synthesis of various 

‘green’, non-toxic multi-component metal sulfide semiconductor QDs for a wide range of applications.

EXPERIMENTAL

Single-enzyme biomineralization of In2S3 QDs

The single enzyme biomineralization of In2S3 QDs follows previous reports of metal sulfide QD 

biomineralization resulting from the turnover of L-cysteine to reactive  in buffered solutions of metal 𝐻𝑆 ―

salts by purified engineered strains of cystathionine -lyase (CSE).43–47 Specifically, In2S3 biomineralization 𝛾

was initiated from a solution of 2 mM indium chloride (InCl3; Alfa Aesar, metals basis, 99.999%), 8 mM 

L-cysteine (Spectrum Chemicals), and 0.1 mg/ml CSE in a 0.1 M Tris-HCl (pH 9.0, VWR) buffer solution, 

incubated at 37 °C for up to 24 h under continuous 125 rpm agitation by a New Brunswick Scientific I26 

Shaker. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) was employed to quantify 

total In(III) concentration (nominally ca. 1.9 mM) on the basis of a nominal, purified and acid-digested 

In2S3 solution (details in SI). Cross-correlation with UV-vis absorbance measurements of the same solution 

established a means for quantifying the concentration of In(III), , on the basis of net absorbance 𝐶𝐼𝑛(𝐼𝐼𝐼)
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measured from the In2S3 solutions, ( , at a wavelength of 300 nm in 1 cm pathlength 𝐴𝑠𝑎𝑚𝑝𝑙𝑒 ― 𝐴𝑏𝑢𝑓𝑓𝑒𝑟)

cuvettes according to

 , (Eq. 1)𝐶𝐼𝑛(𝐼𝐼𝐼) (𝑝𝑝𝑚) =
𝐴𝑠𝑎𝑚𝑝𝑙𝑒 ― 𝐴𝑏𝑢𝑓𝑓𝑒𝑟

0.066

where  and denote the absorbance of the biomineralized In2S3 solution and native buffer, 𝐴𝑠𝑎𝑚𝑝𝑙𝑒 𝐴𝑏𝑢𝑓𝑓𝑒𝑟 

respectively, and the factor of 0.066 Au/ppm is the experimentally-determined proportionality constant 

correlating net absorbance with the concentration of In(III).

Sequential synthesis of AIS QDs under all-aqueous, biomineralization conditions

Synthesis of AIS QDs was initiated from biomineralized In2S3 solutions (diluted to ca. 1.5 mM 

In(III)) dosed with fresh L-cysteine to a concentration of 8 mM. Subsequently, prescribed amounts of silver 

nitrate (AgNO3; Sigma Aldrich, ACS reagent, >99%) were added to achieve In(III)-to-silver molar ratios 

of In/Ag~2, 5, 10, and 20. The solutions were incubated at 37 °C for periods of 1-3 days.

Room temperature preparation of AIS/Zn particles

As-prepared AIS QD solutions of In/Ag~5 that had been incubated at 37 °C for 3 days were dosed 

with L-cysteine to a concentration of 32 mM cysteine, under the assumption that all cysteine previously in 

the synthesis solution had been turned over by CSE or consumed by AIS QD capping. Sufficient zinc 

acetate (Zn(OaAc)2; Alfa Aesar Puratronic, 99.995% metals basis) was subsequently introduced to achieve 

a molar solution composition of Zn/In~4. The solution was incubated on an orbital shaker for 30 min at 

room temperature, and the AIS/Zn product was cleaned by a dissolution-precipitation method (details given 

in SI). 

Characterization

Absorbance measurements were carried out on a UV-vis 2600 Shimadzu spectrophotometer 

equipped with an ISR-2600-Plus integrating sphere attachment. Photoluminescence measurements were 

performed using a QuantaMaster 400 (Photon Technology International). PL QY was calculated based on 

a Rhodamine 101 reference dye with the excitation wavelength of 400 nm. PL lifetime measurements were 

obtained on a Fluorolog-3 spectrofluorometer with an attached Time-Correlated Single-Photon Counting 
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(TCSPC) controller using 287 nm excitation (Delta Diode laser) and 580 nm detection. Electron microscopy 

studies were carried out on QDs that were cleaned by dissolution-precipitation methods (details given in 

SI), re-suspended in deionized water (DI water), and then dispersed by drop casting on holey carbon film 

(HC400-Cu) transmission electron microscope (TEM) grids. Analysis was conducted on a JEOL 

ARM200CF scanning transmission electron microscope (STEM) operating at an accelerating voltage of 

200 kV. To determine the particle size distribution (PSD) and polymorphic form, bright-field and high-

angle annular dark field (HAADF) images were collected. Image filtering was conducted in 

DigitalMicrograph, and JEMS was used to simulate the crystal structures and diffraction patterns for 

different polymorphs of In-S, AIS, and AIS/Zn QDs.

Cell viability studies

THP-1 cells (ATCC, Manassas, VA, USA) were cultured in RPMI 1640 medium (Thermo Fisher 

Scientific), supplemented with 10% fetal bovine serum (FBS; Quality Biological) and 0.05 mM 2-

mercaptoethanol (VWR), at 37 °C under 5% CO2 for 2 weeks. The media was refreshed every 2-3 days to 

maintain a cell density of 0.2-1.0x106 cells/ml.63 The biocompatibility of the AIS/Zn QDs was assessed by 

incubating THP-1 monocytes (ca. 105 cells/mL) in PBS buffer at 37 °C in the absence (PBS buffer only) 

and presence of 25 µM and 50 µM AIS/Zn QDs. Following 1 h and 24 h incubation, a Trypan blue dye 

exclusion assay was employed to stain dead cells, and cell viability was quantified with an Invitrogen 

Countess II Automated Cell Counter.

Preparation of antibody-conjugated AIS/Zn QDs 

The anti-CD11b antibody (H5A4) supernatant, developed by J.T. August and J.E.K. Hildreth of 

Johns Hopkins University, was obtained from the Developmental Studies Hybridoma Bank, created by the 

NICHD of the NIH and maintained at the University of Iowa, Department of Biology, Iowa City, IA 52242. 

Anti-CD11b-conjugated AIS/Zn QDs, referred to as CD11b-QD, were prepared by covalently conjugating 

anti-CD11b antibody (H5A4) to AIS/Zn QDs using EDC (1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride; Thermo Fisher Scientific) / NHS (N-hydroxysulfosuccinimide; Thermo Fisher 
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Scientific) chemistry. Specifically, as-synthesized AIS/Zn QD solutions were sterilized by passage through 

a 0.2 µm PES filter. The QDs in Tris-HCl buffer (pH 9) were then re-suspended in 1X phosphate-buffered 

saline (PBS; pH 7.4), followed by three washes in PBS using 30-kDa Amicon centrifugal filters (4500 g, 5 

min). 500 µL of a 20 mg/mL EDC solution and 500 µL of a 20 mg/ml NHS solution were added to 5 ml of 

the sterilized AIS/Zn QDs in PBS solution, and the solution was incubated for 30 min at room temperature. 

Conjugation of the anti-CD11b antibody to AIS/Zn QDs was initiated by the addition of 50 µl of anti-

CD11b antibody, followed by incubation for 30 min at room temperature.

Selective AIS/Zn QD-based bioimaging of THP-1 macrophages 

THP-1 cells (monocytes) were differentiated into macrophages by first dosing 10 mL of the cell 

solution with phorbol-12-myristate-13-acetate (PMA; Sigma-Aldrich) to a concentration of 200 nM. Upon 

gentle mixing, 1 mL aliquots were added to ibiTreat µ-Dishes (ibidi; Martinsried, Germany) and incubated 

for 48 h at 37 °C under 5% CO2. The cell media was then replaced with fresh RPMI media (without PMA), 

removing monocytes (non-adherent) and leaving behind macrophages (adherent), and incubated for an 

additional 24 h prior to confocal imaging.64 

THP-1 monocytes were prepared for confocal imaging controls by addition of 1 mL of the 

monocyte suspensions to poly-L-lysine (PLL)-treated ibiTreat µ-Dishes. 30 min incubation at room 

temperature allowed for monocyte settling and adhesion to the PLL-treated substrate. All cells were fixed 

with 4% (w/v) paraformaldehyde (PFA; Sigma-Aldrich) in PBS for 15 min. After triple washing with PBS 

buffer, the cells were incubated with 1% (w/v) bovine serum albumin (BSA; Alfa-Aesar) in PBS for 1 h at 

room temperature to neutralize electrostatics of the cell membrane and, thereby, to minimize the potential 

for non-specific binding of QDs.64 The separately plated monocytes and macrophages were incubated at 

4ºC overnight in the presence of media containing i) neither QDs nor anti-CD11b (control), ii) anti-CD11b 

antibody, iii) unconjugated AIS/Zn QDs, and iv) anti-CD11b-conjugated AIS/Zn QDs. Prior to confocal 

imaging, all cells plated in µ-dishes were washed twice with PBS buffer to remove non-adherent 

components in the corresponding media. Confocal images were collected using a Nikon Eclipse Ti inverted 
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microscope employing a 10x air-immersion objective lens with numerical aperture (NA) of 1.2, for multi-

channel fluorescence imaging at 405 nm, 488 nm, and 561 nm excitation wavelengths.

RESULTS and DISCUSSION

The biomineralization of binary QDs can be accomplished by low-temperature enzymatic (CSE) 

turnover of L-cysteine to endogenous H2S in buffered aqueous solutions of metal salts.43–47 Direct extension 

of this scalable43, ‘green’, one-pot aqueous technique to the synthesis of ternary QDs requires compatible 

stability and reactivity of the various metal salt precursors under optimal enzymatic conditions (i.e., pH~9, 

37 °C). In the specific case of AIS, while the indium chloride precursor is resistant to hydrolysis at pH 8.0 

or above,65,66 silver nitrate converts to silver hydroxide and silver oxide under these conventional 

biomineralization conditions, as evidenced by the instantaneous and persistent solution turbidity (Figure 

S1).67 

Silver ions can be stabilized at pH 9 through complexation with cysteine,68 enabling reaction with 

endogenously produced H2S to form Ag2S in a translucent brown solution (Figure S1). Yet, the promise 

for tunable one-pot biomineralization of AIS QDs is confounded by the tenuous dependence of Ag stability 

on cysteine. This represents a particular challenge for biomineralization given the continuous depletion of 

cysteine available for Ag+ stabilization by enzymatic turnover of cysteine and its complexation with ionic 

or nanoparticulate species. Such decrease in the cysteine-to-silver ratio eventually destabilizes the system, 

as shown by the onset of turbidity in Figure S2,68 whereas introduction of excess cysteine leads to undesired 

substrate-induced inhibition of CSE activity, which is detrimental to biomineralization.69 While seemingly 

less critical in high-temperature and/or organic syntheses of AIS,22,34–37 the decoupling of the synthetic steps 

in low-temperature, aqueous biomineralization-based approaches is, therefore, important for 

choreographing the associated stability, reactivity, and kinetics of the multi-component system. 

Biomineralization of highly crystalline In2S3 QDs

Two possible nanocrystalline starting points for sequential synthesis of AIS include Ag2S or In2S3, 

with subsequent cation exchange of In or Ag, respectively. The poor water solubility of Ag2S15,56 and 

Page 9 of 39 Journal of Materials Chemistry B



10

challenges with incorporation of In(III) into the Ag2S structure, owing to the rapid aqueous conversion of 

In(III) to In(OH)3,66 juxtaposed with the abundant indium vacancies within In2S3,27 make the latter a more 

attractive nanocrystalline template despite its conventionally low crystallinity under low-temperature, 

aqueous synthesis conditions.15,56,70 Our group previously demonstrated the efficacy of indium sulfide 

clusters, obtained through biomineralization of indium nitrate at the lower pH 7.5, as a starting point for 

CuInS2 QD synthesis46. However, only UV-visible absorbance was reported as an indication of the 

formation of indium sulfide clusters of diameters of <1 nm. The extent to which indium sulfide 

nanoparticles can be biomineralized and their crystallinity maximized under buffered aqueous conditions 

has never been elucidated despite the impact of the crystalline template quality on the optical properties of 

the subsequently ion exchanged materials. 

Scheme 1. Depiction of all-aqueous, biomineralization-based synthesis of hydrophilic AIS/Zn QDs, their 
functionalization with antibodies (anti-CD11b), and their deployment for selective bioimaging of THP-1 
macrophages through selective association with uniquely expressed membrane proteins (CD11b).   

(a) Initial biomineralization (t0) of In2S3 QDs by the enzymatic turnover of L-cysteine to  in the presence of an 𝐻𝑆 ―

In3+ precursor, followed by sequential (t1) Ag+ and (t2) Zn2+ exchange under cysteine dosing, leads to (b) L-cysteine-
capped AIS/Zn QDs. (c) Buffer exchange along with the addition of EDC/NHS reagents and CD11b antibody results 
in (d) anti-CD11b-conjugated AIS/Zn QDs. (e) CD11b receptors are uniquely expressed on the membranes of THP-
1 macrophages such that (f) unconjugated QDs diffuse similarly into the THP-1 monocytes and macrophages, whereas 
anti-CD11b conjugated QDs (g) diffuse into monocytes, but (h) selectively conjugate to the CD11b expressed on the 
macrophage membrane.
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Figure 1. (a) UV-vis absorbance spectra as a function of incubation time and (b) a representative 
HAADF-STEM image and associated fast Fourier transform (FFT) of a resulting biomineralized In2S3 
particle oriented along the  zone axis, prepared by the incubation (37 ºC, 24 h) of solutions of 8 mM [813]
cysteine, 2 mM indium chloride, and 0.1 mg/ml CSE in Tris-HCl buffer (pH 9.0).

In order to seamlessly integrate biomineralization and cation exchange, we have explored the CSE-

based turnover of L-cysteine in Tris-HCl buffered (pH 9.0) solutions of InCl3 to prevent hydrolysis of the 

indium precursor and to facilitate cysteine-induced stabilization of Ag and Zn precursors during their staged 

introduction into the biomineralization solution (Scheme 1a).65,66 Figure 1a tracks the UV-visible 

absorbance spectra of the synthesis solution at various time points over the course of 24 h incubation at 37 
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°C. A distinct absorbance band appears at 290 nm after 1 h incubation, similar to our prior reports, indicating 

the rapid biomineralization of sub-nanometer indium sulfide clusters. The evolution of the spectra over only 

the initial 5 h incubation period, namely the increase in intensity and red shift, is consistent with the 

estimated time for CSE-based turnover of approximately all free cysteine according to our earlier 

investigation of nominal CSE kinetics.43 Tauc plot analysis estimates a corresponding band gap energy of 

the resulting indium sulfide particles of 3.8 eV, consistent with the formation of quantum confined In2S3 

particles71,72 given the 2.1-2.3 eV band gap reported for bulk In2S3.25,73

HAADF-STEM images and FFT of a representative particle in Figure 1b and image of a 

representative field of particles in Figure S3a show that the resulting materials are clearly crystalline. These 

data underscore the ability to biomineralize indium sulfide nanocrystals under ambient, aqueous buffered 

solutions. Particle size distribution measurements (Figure S3b), collected from images like the one shown 

in Figure S3a, indicate that the particles have a mean size of ca. 1.9±0.4 nm. While the complex unit cell 

of In2S3 (i.e., tetragonal unit cell [I41/amd] containing 32 indium and 48 sulfur atoms, common vacancies, 

and irregular positions of indium atoms when viewed in projection) makes conclusive lattice indexing 

challenging, the interplanar angles and spacings (inset, Figure 1b; Table S1) are consistent with the 

formation of the tetragonal In2S3 polymorph. Moreover, XEDS analysis of the indium and sulfur content 

from a group of particles (Figure S3c) confirms a stoichiometric In:S ratio of ca. 1:1.5, consistent with the 

In2S3 polymorph.

An increase in intensity and red shift of absorbance is commonly interpreted to indicate respective 

growth of nanoparticle concentration and size. However, the known impact of the local chemical 

environment on absorbance, coupled with the high thiol-mediated affinity of cysteine for soft transition 

metal ions,74 confounds such conventional interpretation in the biomineralized In2S3 system. Specifically, 

Figure S4 shows how the addition of cysteine to an initially purified In2S3 solution leads to a decrease in 

absorbance intensity on a scale that is comparable to the changes observed during In2S3 biomineralization 

(Figure 1a).
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Therefore, to minimize the confounding effects of cysteine on the quantitative characterization of 

the In2S3 system, all biomineralized In2S3 precursor solutions were incubated for 24 h—well in excess of 

the predicted 5 h needed for cysteine consumption—in order to ensure the complete enzymatic turnover of 

free cysteine before subsequent introduction of metal precursors for cation exchange. In addition, separate 

cross-correlation of the absorbance intensity with ICP-OES-based quantification of the In(III) 

concentration, enables standardization of In(III) concentration from sample to sample based simply on 

absorbance intensity of In2S3 solutions. This proves critical for quantitatively tailoring relative solution-

phase metal cation (Ag+, Zn2+) concentrations in subsequent sequential cation exchange-based synthesis 

steps.

Synthesis of AgIn5S8 (AIS) under low-temperature, buffered aqueous biomineralization conditions

The addition of silver nitrate directly to the biomineralized In2S3 nanoparticle solution without any 

intermediate purification of the latter results in an instantaneous change from colorless to brown, followed 

by rapid (i.e., within one minute) destabilization. This destabilization, indicated by the onset of solution 

turbidity, is attributed to the lack of free cysteine available for Ag complexation as a result of its enzymatic 

turnover during the biomineralization of In2S3 (Figure S2). Alternatively, dosing of the biomineralized 

In2S3 solution with cysteine prior to silver nitrate addition (Scheme 1a (t1)) results in a brown translucent 

solution that remains stable for more than three days. 

The 1-day incubation of solutions containing silver nitrate varying in In/Ag concentration ratio 

from ~2-20, leads to the measurement of distinct absorbance bands (Figure 2a) that are red-shifted by more 

than 50 nm relative to the band measured for the In2S3 QD precursor. The magnitude of this shift is 

attributed to successful Ag+ incorporation into the In2S3 precursor particles. Moreover, Tauc plot analysis 

indicates a concomitant reduction in the band gap energy, relative to that measured for the In2S3 QD 

precursor, to below 3.2 eV (Figure 2b). This is consistent with the synthesis of AIS QDs, given that the 

reported band gap for bulk AIS is 1.87 eV.32 It also explains the onset of the distinct PL emission for these 
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solutions (Figure 2c) under excitation wavelengths for which the biomineralized In2S3 NCs were not 

photoluminescent.

The distinctive absorbance and PL emission spectra, resulting from adjusting the In/Ag ratio in the 

biomineralization synthesis solutions, indicates a facile mode for tuning the Ag+ incorporation within, and 

thus optical properties of, sequentially synthesized AIS QDs. Namely, increasing the In/Ag ratio results in 

a blue shift in both the absorbance onset (Figure 2a) and PL emission peak wavelength (Figure 2c) as well 

as a concomitant increase in the band gap energy (Figure 2b). Established here specifically for ambient 

buffered biomineralization systems, these trends in optical properties are consistent with literature reports 

on the variations in composition of AIS QDs.34,36,75  

Figure 2. The effect of initial indium-to-silver molar ratio (In/Ag) on the (a) absorbance, (b) band gap 
energy, (c) PL emission (excitation wavelength 400 nm) spectra, and (d) PL QY of AIS particles 
sequentially synthesized by 1-day incubation (37 °C) of buffered (pH 9.0) solutions of biomineralized 
In2S3 NCs (1.5 mM In(III)) dosed with 8 mM cysteine in the presence of specified silver nitrate 
concentrations.

The PL QY trends nonmonotonically with increasing In/Ag ratio (Figure 2d), which is consistent 

with the literature reports that attribute the maximum in QY to composition-dependent variations of 

intrinsic defects.76 The specific optimum In/Ag ratio of ~5, identified from among the compositions studied 

here, is in agreement with the corresponding literature-reported range for this maximum of In/Ag~1-9 (i.e., 
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In/Ag~1,77 1.7,78 4,15,34–36,72 5,79,80 981). The wide variation of reported In/Ag optima is likely a manifestation 

of differences in synthesis conditions such as temperature, capping ligand, and synthesis medium.53,54 

Being able to fully exploit Ag+ incorporation as a facile handle for tuning the optical properties of 

the synthesized AIS QDs requires quantification of the characteristic time scales for ion exchange 

specifically in the buffered aqueous, low-temperature biomineralization system. To do so, we have 

measured the optical properties of AIS nanocrystals synthesized via Ag+ cation exchange with the 

biomineralized In2S3 particles during periods of incubation of up to 3 days. This extended time scale is 

dictated by the low-temperature conditions and thus slower exchange kinetics relative to hydrothermal 

processing, but restricted by stability limits resulting from dimerization-based depletion of the cysteine 

capping agent. Figure 3 shows corresponding trends of the band gap energy, PL QY, and PL emission peak 

wavelength with increasing incubation time. Upon extended incubation, biomineralization solutions with 

In/Ag~5-20 remain stable. However, a brown precipitate forms at the highest concentration of Ag studied 

here (In/Ag~2), attributable to insufficient metal complexation and/or particle capping under these 

conditions. 

Figure 3. The effect of incubation times of 1-3 days on the (a) band gap energy, (b) PL QY, and (c) PL 
peak wavelength of AIS particles sequentially synthesized at 37 °C in buffered (pH~9) solutions of 
biomineralized In2S3 NCs (1.5 mM In(III)) dosed with 8 mM cysteine in the presence of specified silver 
nitrate concentrations. Stable and unstable solutions are differentiated by closed symbols/solid lines and 
open symbols/dashed lines, respectively.

Generally, the band gap energy decreases with increasing incubation time (Figure 3a). Whereas 

the magnitude and evolution of the band gap remains statistically comparable between the In/Ag~10 and 

Page 15 of 39 Journal of Materials Chemistry B



16

20 samples over the course of the 3-day incubation, the band gap is markedly smaller and decreases most 

significantly in the case of the In/Ag~5 sample. The PL QY (Figure 3b) increases with incubation time, 

similar to what has been shown in previous studies using alternative hydro/solvothermal synthesis 

approaches.35,75,81 As with the band gap, the PL QY increases most significantly (ca. 125%) for the In/Ag~5 

sample whereas the sensitivity of the In/Ag~10 and 20 samples to extended incubation is much weaker. 

These data underscore how even low-temperature incubation of the AIS particles within the buffered 

biomineralization solutions is able to improve PL QY to levels concomitant with common 

hydro/solvothermal synthesis of I-III-VI type QDs (ca. 10%).11,14,82 Ultimately, the PL QY falls short of 

very recent reports of high-temperature and/or organic synthesis of AIS particles,82,83 likely due to the higher 

defect concentrations intrinsic to the lower-temperature82 aqueous33 synthesis.

Figure 4. Representative HAADF-STEM images and associated FFT’s (insets) of AIS particles resulting 
from incubating biomineralized In2S3 particles for 3 days in solutions with In/Ag molar ratios of (a) 5 and 
(b) 10, showing the common  type zone axis for the cubic AgIn5S8 structure. Associated XEDS spectra [110]
are shown in (c) and (d), respectively.
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Electron microscopy of the AIS QDs offers first insight into the size and crystallinity of the 

incubation-evolved product and how particle composition correlates with the composition of the synthesis 

solutions. Representative HAADF-STEM images and associated FFTs of individual AIS nanocrystalline 

particles, synthesized by 3-day Ag+ cation exchange (In/Ag~5 and 10) directly with biomineralized In2S3 

precursor particles, are shown in Figure 4a,b. Representative lower magnification HAADF-STEM images 

of a field of particles from the In/Ag~5, 10 and 20 samples are shown in Figure S5. Indexing of the 

representative AIS particles leads to a good match of interplanar spacings and angles with the AgIn5S8 

polymorph as quantified in Table S2. We do not observe the presence of any Ag2S.

XEDS spectra for each particle composition, collected from particle populations like those shown 

in Figure S5, are included in Figure 4c,d and Figure S6 for samples prepared from synthesis solutions 

with nominal compositions of In/Ag~5 and 10 and In/Ag~20, respectively. XEDS analysis detects the 

presence of both indium and silver in all samples. The elemental composition of the synthesized particles 

closely tracks the nominal In/Ag concentrations within the synthesis solution (Figure 4c,d, Figure S6, 

Table 1). While the XEDS measurements are semi-quantitative, they are sufficiently accurate to confirm 

that the exact stoichiometry of AgIn5S8 is not achieved, suggesting that the final crystalline particles contain 

vacancies and that Ag+ is partially exchanged with In3+ and undergoes incomplete vacancy incorporation 

over the course of the 3-day incubation.

Table 1. Particle size distribution (PSD) and XEDS elemental analysis as a function of the molar In/Ag 
solution ratio for biomineralized In2S3, AIS, and Zn-incorporated AIS/Zn QDs.

Sample

PSD 
Average 

[nm]

EDS 
In/Ag 
(solid)

Nominal 
In/Ag 

(solution)
In2S3 1.9±0.4 - -

In/Ag 5 1.9±0.3 4.2 5
In/Ag 10 1.9±0.4 10.9 10
In/Ag 20 1.7±0.4 15.2 20
AIS/Zn 2.1±0.4 5.3 5

AIS particle size distributions (PSDs) (Figure S5) were collected from the measurement of 

populations of ca. 100 or more crystalline particles on the basis of HAADF-STEM images. The size of AIS 
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particles (Table 1) of varying nominal In/Ag ratio are statistically indistinguishable from one another as 

well as from the In2S3 precursor particles. Therefore, the blue shift in PL peak wavelength with increasing 

In/Ag ratio (Figure 3c) appears to derive from the particle composition rather than particle size. The latter 

apparently also plays little role in the evolution of other optical properties upon incubation. Moreover, the 

modest polydispersity (ca. 20%) of all AIS particles suggests that the broad full width at half maximum 

(FWHM) of the associated PL bands (Figure 2c, Figure S7) is not indicative of a wide size distribution. 

Instead, it is attributable to defect-based donor-acceptor pair recombination of photogenerated charge 

carriers via defect sites, consistent with existing literature.35,84

Ruling out particle size as a contributing factor, the observed evolution of optical properties with 

increasing incubation time could instead be a manifestation of one of a number of possible factors, including 

i) defect reduction and/or ii) continuation of the host (In3+)-guest (Ag+) cation exchange process.15,56 The 

more marked changes in optical properties for the In/Ag~5 sample likely stem from the higher relative Ag+ 

concentration and thus highest driving force for cation exchange among the stable solution conditions 

studied. The relative insensitivity of the PL peak wavelength to extended incubation (Figure 3c), however, 

suggests that the changes with incubation are likely not dominated by a significant increase in Ag+ exchange 

over the course of the extended incubation.35,75,81 Rather, they are more likely due to effective low-

temperature annealing of the particle structure as well as evolving surface passivation.15,66,75 

In order to gain insight into potential structural evolution during incubation as well as the role of 

Ag+ exchange in tuning optical properties of the AIS particles under biomineralization conditions, we have 

employed time correlated single photon counting measurements85 to characterize In/Ag~5 samples 

incubated for time periods of 1 to 3 days. We have also drawn comparisons with the 3-day In/Ag~10 and 

20 samples. The time resolved photoluminescence decay for corresponding AIS QDs incubated at 37 ºC 

for 1 day (AIS-1d) to 3 days (AIS-3d) are shown in Figure 5a. The parameters associated with the 

biexponential fits are listed in Table S3. The resulting average PL lifetime, , increases by more than 𝜏𝑎𝑣𝑔

40% to ca. 50 ns upon incubation for 3 days. At the same time, the contribution of the fast decay component, 

B1, decreases by more than 65% (Figure 5b). B1 indicates contributions of intrinsic recombination 
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processes of initially populated core states with surface defects, such as dangling bonds and vacancies.65,80,86 

Therefore, these data suggest that structural annealing and/or healing of surface defects during low-

temperature incubation66,75,76 are responsible, at least in part, for the observed QY enhancement with 

incubation under biomineralization conditions (Figure 3b). 

Figure 5. The effect of 1-day (1d), 2-day (2d), and 3-day (3d) incubation on (a) the time resolved 
photoluminescence decay of AIS (In/Ag~5) and AIS/Zn QDs and (b) the contribution of the fast decay 
component, B1, and average PL lifetime, avg. The effect of In/Ag ratio on (c) the time resolved 
photoluminescence decay of AIS QDs prepared by 3-day incubation and (d) the contribution of the fast 
decay component, B1, and average PL lifetime, avg. 

The photoluminescence decay curves and associated biexponential fits (parameters in Table S3) 

for AIS samples of varying In/Ag ratios incubated for 3 days are compared in Figure 5c. The average PL 

lifetime, , increases with decreasing In/Ag ratio as a result of a corresponding decrease in the fast 𝜏𝑎𝑣𝑔

surface defect-mediated decay (B1) in favor of slower, radiative donor-acceptor recombination (B2) (Figure 

5d).65,80,86 Persistent defects, originating more likely from the intrinsically faster rates of growth in the 

absence of coordinating solvents (e.g., TOPO87) than to the specific buffered biomineralization conditions, 

translate to average PL lifetimes that are approximately six times lower than hydro/solvo-thermally 

synthesized AIS QDs.34,36 However, this deconvolution of the dominant recombination pathways points to 

the potential to mitigate the impact of the fast decay components by further increasing Ag+ cation exchange 

in order to extend the average PL lifetime of the AIS QDs discussed herein.
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Low-temperature, aqueous addition of Zn2+ to AIS QD system

Given the stability limits on the Ag precursor in the buffered aqueous biomineralization system 

(Figure S2) and limits on the total Ag+ exchange, the identification of additional biomineralization-

compatible means for reducing the number and or severity of surface defects in order to fully maximize the 

PL QY are especially important since the PL QY of I-III-VI type QDs is known to be inherently lower than 

that for II-VI QDs.82,88 To this end, we have separately leveraged Zn for its wide band gap, low toxicity, 

and demonstrated ability to passivate surface defects while simultaneously protecting against 

photodegradation.89 

Zn2+ stability under the buffered biomineralization conditions requires careful control and 

exploitation of cysteine complexation to ensure stability of the system during zinc addition. Specifically, 

the addition of Zn acetate precursor directly to the AIS solution results in rapid precipitation, owing to Zn2+ 

complexation with, and destabilization of, the CSE enzyme. In order to stabilize the Zn2+ cations against 

such deleterious enzyme complexation, it is necessary to replenish cysteine prior to the introduction of the 

zinc precursor. This must be done in order to offset the loss of cysteine occurring during Ag+ exchange as 

a result of its turnover by any persistently active CSE and its dimerization to form cystine.43 Screening of 

cysteine dosing concentrations (4-32 mM) revealed the need to dose cysteine at a concentration of 32 mM 

prior to introduction of the zinc acetate precursor (Scheme 1a (t2)) in order for the biomineralization 

solutions of In/Ag~5 AIS QDs to remain stable over the course of the 30 min incubation employed for Zn2+ 

addition. Quantitative interpretation of the stabilization mechanism resulting from the concomitant molar 

ratio of Cys/Zn~5 is complicated by the numerous complexes that Zn2+ forms under biomineralization 

conditions. These include complexes of Zn2+ with CSE and cysteine, as well as the complexation of cysteine 

with the AIS particles.

Nonetheless, while the absorbance spectrum of the resulting particles appears unaffected by Zn2+ 

addition (Figure 6a; Scheme 1b), the PL emission undergoes a slight blue shift relative to the native AIS 

particles (Figure 6b). Ultimately, the introduction of Zn2+ more than doubles the PL QY to ca. 18% relative 

to the base In/Ag~5 AIS QDs (inset, Figure 6a). This can be attributed to the surface passivation, consistent 
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with earlier literature reports,15,90,91 as evidenced by time correlated single photon counting (Figures 5a,b, 

Table S3). Namely, that analysis shows a decrease in the contribution of the fast decay component, B1, and 

marked (ca. 50%) increase in the average PL lifetime upon Zn2+ addition (AIS/Zn).

Figure 6. Sensitivity of (a) absorbance and PL quantum yield (inset) as well as (b) PL emission spectra to 
low-temperature Zn2+ addition into AIS particles. (c) HAADF-STEM image and corresponding FFT from 
a representative AIS/Zn QD, oriented along the  zone axis of the cubic AgIn5S8 structure, with (d) [110]
XEDS data indicating successful Zn addition.

A representative HAADF-STEM image of the resulting AIS/Zn particles is shown in Figure 6c, 

and representative images along several different zone axes are included in Figure S8. The associated 

indexing remains consistent with cubic AgIn5S8 (Table S4). The corresponding particle size distribution 

(Figure S9b), collected from images like the one in Figure S9a, shows a subtle increase in the average 

particle size (2.1±0.4 nm) relative to that of the AIS (In/Ag~5) precursor particles (Table 1). The 

corresponding XEDS spectrum (Figure 6d) confirms zinc addition, with an In/Zn atomic % ratio of 2. 
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Moreover, the increase in the In/Ag ratio upon zinc addition points to at least partial exchange of Zn2+ and 

Ag+.

Elemental mapping (Figure S10) indicates the apparent uniform, co-located distribution of In and 

Zn. Yet, the spatial resolution of XEDS mapping, coupled with the sparse distribution of low concentrations 

of the lighter element, zinc, in a matrix of heavier cations (Ag, In), confounds conclusive visualization of 

zinc localization via high angle dark field imaging. While the small characteristic diffusion length scale of 

the ca. 2 nm particles means that even limited cation diffusion under the low-temperature biomineralization 

conditions studied here makes Zn diffusion and formation of alloyed Ag-In-Zn-S possible,15,89 literature 

reports15 have highlighted how limited Frenkel pairs stymie Zn2+ intercalation into AIS particles under room 

temperature conditions. Indeed, our measurement of similar band gaps for the native and Zn-incorporated 

AIS QDs (i.e., both ca. 2.84±0.01 eV) suggests that Zn likely deposits primarily on the particle surface 

under the low-temperature biomineralization conditions studied here.

Physiological stability and biocompatibility of biomineralization-derived AIS/Zn QDs

As a result of the all-aqueous synthesis, the only key processing steps required for the eventual 

functionalization of the AIS/Zn QDs (Scheme 1b) and their deployment for targeted bioimaging is 

sterilization by filtration and facile aqueous exchange from the Tris-HCl (pH 9) synthesis buffer to 

phosphate-buffered saline (PBS; pH 7.4). The exchange into PBS was due to the suitability of this buffer 

for mimicking physiological conditions (Scheme 1c). Whereas the Tris-HCl (pH 9) buffer was critical for 

ensuring metal precursor stability during the staged cation exchange under biomineralization conditions, 

the synthesized AIS/Zn QDs do not suffer from equivalent stability issues upon transfer to the pH 7.4 PBS 

buffer. This is confirmed by time-dependent UV-vis absorbance and PL emission measurements of the 

AIS/Zn QDs after exchange into the PBS (pH 7.4) buffer (Figure 7a,b). Specifically, the insensitivity of 

the absorbance spectra and PL emission for incubation of the AIS/Zn particles for up to one week in the 

PBS buffer underscores their stability under physiological pH. Such extended stability is critical for the 

viability of the AIS/Zn QDs in bioimaging applications. 
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Figure 7. Stability of the AIS/Zn QDs following exchange into PBS (pH 7.4) buffer assessed by (a) 
absorbance and (b) photoluminescence before (‘t0’) and after incubation for 1 day (‘t1 day’) and 1 week 
(‘t1 week) at 4 oC. (c) Cell viability assessment via Trypan blue dye exclusion assay after 24 h incubation 
of monocytes in the presence of variable concentration of AIS/Zn QDs. All data are normalized to untreated 
cells. Each data point represents the mean (n=3) + standard deviation.

We have also evaluated the biocompatibility of the synthesized AIS/Zn QDs with the THP-1 

cellular system, a human leukemia monocytic cell line. We assessed AIS/Zn QD-induced toxicity in the 

case of THP-1 monocytes using the conventional Trypan blue assay92 (i.e., percentage of living cells based 

on dye exclusion). QD toxicity depends on multiple factors such as QD size, concentration, capping ligands, 

coating material, and the time for which cells are incubated in the presence of QDs.13,93 Cell viability 

remained at nearly 100% for short-time (1 h) incubation of THP-1 monocytes with AIS/Zn QDs at 

concentrations of ca. 25 μM (not shown). Upon extended (24 h) incubation of THP-1 monocytes in the 

presence of the same and even double the relatively high (μM) QD concentrations of AIS/Zn QDs, only a 

modest ca. 25% decrease in cell viability was observed (Figure 7c).93,94 This highlights the apparent 

biocompatibility of the AIS/Zn QDs synthesized via the sequential, low-temperature biomineralization-

initiated process described herein, underscoring their potential for live cell imaging especially at more 

common nM concentrations and shorter incubation times.

Functionalization of biomineralization-based AIS/Zn QDs for targeted bioimaging

The THP-1 cellular system has been widely used as an in vitro model of human macrophages 

differentiated from bone marrow-derived monocytes in response to infection or inflammation. Hence, 
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selective immunofluorescence staining of THP-1 macrophages over monocytes serves as an important 

biological assay for gaining mechanistic insights into the associated infection/inflammation-induced 

differentiation and the various roles of human monocyte-derived macrophages in other biological 

processes.95,96 The differentiation is accompanied by the expression of the CD11b receptor, a glycoprotein 

in the β2-integrin family of adhesion molecules, on the macrophage membrane. As such, CD11b offers a 

unique protein signature for the targeted bioimaging of THP-1 derived macrophages. 

Here, we have tested the efficacy of AIS/Zn QDs for immunofluorescence staining of these 

macrophage-specific CD11b receptors by leveraging the hydrophilic character and native functionality of 

the as-synthesized AIS/Zn QDs for conjugation with a CD11b antibody (anti-CD11b). Namely, cysteine, 

the source of reactive  for enzymatic biomineralization of the In2S3 cores, caps the AIS/Zn QDs 𝐻𝑆 ―

through dative thiol bonding between its sulfur atom and the sulfur atoms on the QD surface (Scheme 1b). 

The cysteine capping is preserved upon exchange from the synthesis buffer to PBS. This step eliminates 

primary amines, belonging to the Tris synthesis buffer, so that the widely used and highly efficient and 

stable EDC/NHS bioconjugation strategy (Scheme 1c) can be employed to successfully conjugate anti-

CD11b to the AIS/Zn QDs through the amine groups of the capping cysteines (Scheme 1d).

Targeted bioimaging of THP-1 macrophage membranes by antibody-conjugated AIS/Zn QDs

To test the labeling specificity achievable with the anti-CD11b-conjugated AIS/Zn QDs, we first 

employed PMA to induce differentiation of THP-1 monocytes into macrophages (Scheme 1e). 

Fluorescence confocal and merged images (fluorescence + bright-field) of the monocytes and macrophages 

are shown as the ‘control’ samples in Figure 8a. The distinct size difference observed for the ‘control’ cells 

is consistent with the reported difference in size between macrophages (ca. 20-30 μm) and monocytes (ca. 

7-9 μm),97,98 indicating the successful monocyte-to-macrophage differentiation of the THP-1 cells. The 

absence of fluorescence signal for these ‘control’ monocytes and macrophages, where neither anti-CD11b 

nor anti-CD11b-conjugated QDs have been added to the system, indicates negligible autofluorescence 

under the imaging conditions employed herein. Similarly, even when the monocytes and macrophages were 
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incubated with just the antibody (anti-CD11b), negligible autofluorescence was again observed (Figure 

8b). 

Figure 8. Representative fluorescence and merged fluorescence + bright-field optical images of THP-1 
monocytes (left double column) and macrophages (right double column) incubated in the presence of a) 
neither antibody nor QDs (‘control’), b) anti-CD11b antibody (‘CD11b’), c) native AIS/Zn QDs (‘QD’), or 
d) AIS/Zn QDs conjugated with anti-CD11b antibody (‘CD11b-QD’).

Distinct fluorescence is, however, observed in the cases where the monocytes and macrophages 

have been incubated in the presence of native AIS/Zn QDs (‘QD’, Figure 8c, Scheme 1f). These QDs are 

the nominal buffer-exchanged product of the aqueous, biomineralization-based synthesis, bearing cysteine 

capping ligands but no CD11b-targeting antibody (Scheme 1b). The spatially uniform fluorescence of both 

the monocytes and macrophages under these conditions points to the unfettered penetration of the 

membranes of both cell types by the unconjugated photoluminescent QDs.

Upon attaching the anti-CD11b antibody to the AIS/Zn QDs (Scheme 1d) and incubating 

monocytes with the conjugated product, spatially uniform fluorescence is again observed (Figure 8d, 

Scheme 1g). This insensitivity of monocytes to anti-CD11b-conjugation of the QDs is consistent with 

negligible CD11b expression on the monocyte membrane, and thus lack of specific targets for the labeled 

QDs. When the same anti-CD11b-conjugated AIS/Zn QDs are incubated with the macrophages, however, 
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imaging of the cells reveals a distinct fluorescent ring and non-fluorescent core, as corroborated by the 

representative 2D optical slice of a representative field of fluorescence-ringed macrophages (Figure S11). 

The distinct ringed fluorescence in the case of the macrophages clearly indicates the success of the anti-

CD11b-conjugated AIS/Zn QDs to selectively target CD11b receptors expressed on the macrophage cell 

membrane (Scheme 1h).95 These data underscore the potential of the CD11b-QDs for use in specific 

immunofluorescence staining of THP-1 macrophages. The CD11b-AIS/Zn QD construct explored here also 

has potential for broader application in bioimaging given the fact that CD11b is a common integrin receptor 

expressed on a host of other cells (e.g., neutrophils, peritoneal B-1 cells, CD8+dedritic cells, CD8+ T 

cells).99 More broadly, the ease of functionalizing the hydrophilic AIS/Zn QDs with any type of antibody 

should offer a powerful, all-aqueous, low-temperature QD platform for the targeting of many different cell 

types.

CONCLUSIONS

This study demonstrates the efficacy of low-temperature, all-aqueous-phase synthesis of 

hydrophilic, functionalizable AIS/Zn QDs under biomineralization conditions. The sequentially staged, 

bottom-up formulation, exploits the highly crystalline, biomineralized In2S3 nanoparticles for subsequent 

direct exchange and addition of select metal cations (Ag+, Zn2+) without any intermediate purification. The 

biomineralization and cation exchange steps were simply decoupled through staged precursor addition 

following the completion of In2S3 biomineralization. This staged synthesis helps circumvent challenges 

with disparate metal precursor kinetics and stabilities that confound conventional one-pot processing. Such 

challenges are especially acute under buffered aqueous, low-temperature biomineralization conditions, 

which we have employed here in an effort to directly synthesize hydrophilic multi-component QDs via a 

process that aligns with standards of ‘green’ and sustainable processing. The result is a systematic approach 

that allows for the kinetics and thermodynamics of low-temperature ion exchange to be harnessed, along 

with defect annealing under near-ambient biomineralization conditions, for tailoring non-stoichiometric 

QD composition. By doing so, we demonstrate the ability to tune optical properties of the multi-component 
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QDs without the need for changing particle size. The resulting hydrophilic, biocompatible QDs can be 

readily functionalized with appropriate antibodies without the need for costly ligand exchange and 

purification for targeted bioimaging.  Ultimately, the tunability of the optical properties of the readily 

functionalized QDs by a combination of choreographed cation exchange and defect annealing, establishes 

a sustainable, all-aqueous and low-temperature platform for synthesizing compositionally diverse QDs that 

requires only the identification of a suitable, biomineralizable template nanocrystal that is amenable to 

subsequent ion exchange.
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