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ABSTRACT: The enzymatic production of hydrogen sulfide (H,S) from cysteine in  gn,ymatio '
various metabolic processes has been exploited as an intrinsically “green” and 'S ‘“/gcﬁ’/

sustainable mode for the aqueous biomineralization of functional metal sulfide \= @
quantum dots (QDs). Yet, the reliance on proteinaceous enzymes tends to limit the 2\
efficacy of the synthesis to physiological temperature and pH, with implications for P

QD functionality, stability, and tunability (ie., particle size and composition).
Inspired by a secondary non-enzymatic biochemical cycle that is responsible for basal
H,S production in mammalian systems, we establish how iron(III)- and vitamin By |[Non-enzymatic H,S
(pyridoxal phosphate, PLP)-catalyzed decomposition of cysteine can be harnessed for

the aqueous synthesis of size-tunable QDs, demonstrated here for CdS, within an

expanded temperature, pH, and compositional space. Rates of H,S production by this non-enzymatic biochemical process are
sufficient for the nucleation and growth of CdS QDs within buffered solutions of cadmium acetate. Ultimately, the simplicity,
demonstrated robustness, and tunability of the previously unexploited H,S-producing biochemical cycle help establish its promise as
a versatile platform for the benign, sustainable synthesis of an even wider range of functional metal sulfide nanomaterials for
optoelectronic applications.

KEYWORDS: biomineralization, quantum dots, aqueous synthesis, green synthesis, non-enzymatic, low temperature,
crystalline nanoparticles

Bl INTRODUCTION temperature, aqueous-phase laboratory synthesis of metal
sulfide QDs was first demonstrated by leveraging relevant
enzymatic pathways in cellular systems.''~'* Yet, challenges
associated with the isolation of the QD products, deriving from
their attachment to or uptake by the cells, have led to more
recent efforts aimed at harnessing extracellular single enzyme
routes for QD biomineralization.

Specifically, we have demonstrated the turnover of the
sulfur-containing amino acid, L-cysteine, to H,S by an
engineered strain of cystathionine y-lyase (CSE) as a single-
enzyme platform for the nucleation and growth of functional,
size-tunable, and compositionally diverse QDs in buffered
solutions of metal salts.”>~>' The activity of CSE for L-cysteine
turnover to H,S derives from the internal Schiff base formed
by the docking of vitamin B¢, pyridoxal phosphate cofactor
(PLP), to L-lysine residues located in pockets within the
apoenzyme (i.c., the complex proteinaceous macromolecular
structure). Enzyme activity gradually decays with conversion of

The identification of sustainable strategies for synthesizing
functional nanomaterials has impacted the synthesis of
quantum dots (QDs), semiconductor nanomaterials whose
unique size- and composition-tunable optical properties make
them attractive for optoelectronic applications in photo-
catalytic H, generation, bioimaging, light-emitting devices,
solar cells, batteries, and supercapacitors.' > The search for
“green” routes to QDs is driven, in part, by the non-sustainable
synthesis conditions (e.g., high temperatures and toxic organic
solvents) employed for conventional QD synthesis and the
costly post-processing (e.g, separations and ligand exchange)
required for various applications.

Initiatives aimed at “green” engineering often look to nature
for inspiration, with hopes of translating to the laboratory the
phenomenal molecular control that biological processes offer
under physiological conditions (37 °C, aqueous, and near-
neutral pH). In this context, the need for reactive sulfur in the
synthesis of metal sulfide QDs has drawn attention to the
endogenous production of hydrogen sulfide (H,S), a Received: February 21, 2023 E T
bioavailable gas that plays numerous important roles in both Accepted:  April 21, 2023 b
physiological and pathological processes.” The production of Published: May 2, 2023
H,S under physiological conditions is known to occur through 8 o
multiple well-established enzymatic routes.”'® Early translation
of endogenous enzymatic H,S production to the low-
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the PLP cofactor to thiazolidine upon turnover of the dissolved
L-cysteine substrate.”””>* To this end, we have previously
demonstrated how PLP replenishment™ helps to reform the
haloenzyme complex, sustaining CSE activity during cyclic
biomineralization of CdS QDs and even offsetting some
intrinsic activity loss incurred upon enzyme immobilization."®

Despite these advances, the physiological conditions and
single-use cofactors required to maximize and sustain enzyme
activity and stability restrict the enzymatic QD biomineraliza-
tion platform. Clear opportunities, therefore, exist for
identifying non-enzymatic aqueous biosynthetic routes to
H,S to further advance sustainable QD biomineralization
beyond the progress already made by single-enzyme
processes'**"***% over whole-cell approaches.''~"* Namely,
the motivation to avoid the overall enzyme complex (i.c., the
haloenzyme or the proteinaceous apoenzyme), but not
specifically the separate small molecule cofactor or so-called
coenzyme, derives specifically from the sensitivity of the former
to temperature- and pH-based denaturation (i.e., loss of critical
secondary structure, order, and thus activity), which strictly
limits enzymatic synthesis to near-physiological conditions.
The concomitant potential to expand viable temperature and
pH conditions could additionally help to improve the quality
of the all-aqueous QD product and bolster solution stability,””
respectively. Additionally, elimination of complexation be-
tween the rich protein chemistries and synthesis reagents could
help circumvent common challenges confounding enzyme-
based material synthesis. Yet, while non-enzymatic biochemical
routes have been predicted to play an important role in H,S
production in both living and non-living systems, they have
remained poorly understood until recently.

As early as the 1970s, work by Gruenwedel and Patnaik,*®
aiming to troubleshoot the occurrence of black deposits in the
headspace of canned protein-rich foods,”” identified the role of
metals and PLP in catalyzing high-temperature H,S liberation
from sulfur-containing amino acids under inert (N,) aqueous
conditions. Only recently, however, has the work of Yang and
co-workers” begun to unravel the mechanistic details of
endogenous non-enzymatic production of basal H,S in
mammalian tissues. Such H,S production shares striking
similarities with the exogenous H,S mechanisms described
decades earlier. Specifically, Yang and co-workers have
hypothesized a biochemical cycle, summarized in Scheme 1,
comprising PLP- and iron (Fe®")-based catalytic liberation of
H,S from sulfur-containing amino acids under low-temper-
ature (4—37 °C) buffered aqueous conditions.*®

The CSE deactivation chemistry is an integral part of this
newly identified biochemical cycle, wherein intermolecular
interactions between the free amino group of L-cysteine and
the aldehyde group of PLP result in formation of a Schiff base,
subsequent cysteine—aldimine complexation, and termination
of the reaction with thiazolidine formation. In the presence of
Fe**, however, the biochemical cycle is perpetuated by
conversion of the cysteine—aldimine complex instead to a
cysteine—quinonoid intermediate upon deprotonation of
cysteine. Fe’* then catalyzes thiol elimination, releasing H,S
and forming an aldimine—pyridoxal complex that is hydrolyzed
to regenerate PLP, releasing pyruvate and NH;, and thereby
completing and perpetuating the biochemical cycle.

The demonstrated activity of the non-enzymatic H,S-
producing biochemical cycle at temperatures spanning 4
°C* to 100 °C*® indicates its promise for relaxing the tight
physiological constraints on temperature, as well as pH and
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Scheme 1. Leveraging Cyclic Biochemical H,S Production
from Fe**, PLP, and Cysteine Chemistry”” for the Synthesis
of CdS Quantum Dots”
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solution composition, imposed by enzyme-based QD bio-
mineralization. In so doing, this new synthetic route achieves
key advances toward principles of “green” engineering,
including the multipurposing of reagents, elimination of
enzyme and QD purification challenges, exploitation of
“green” solvents and abundant reagents, and reduction of the
synthetic energy footprint commonly associated with high-
temperature QD synthesis. Here, we establish the efficacy of
the “green” non-enzymatic PLP- and Fe**-catalyzed production
of H,S from L-cysteine in the presence of cadmium acetate for
CdS QD synthesis (Scheme 1). While Cd itself is not a “green”
material, we have employed it here because of the established
use of CdS as a literature test bed for QD synthesis. We
elucidate the efficacy of the new biosynthetic route for QD
synthesis and the impact of pH and temperature on the optical
properties of the resulting QDs. We conclude by exploring the
robustness and sensitivity of the synthesis to solution
composition, underscoring the versatility of the previously
unexploited non-enzymatic aqueous route to H,S for the
synthesis of optically tunable QDs that should transcend the
CdS test bed employed herein.

B EXPERIMENTAL SECTION

Bioinspired, Non-enzymatic, and Aqueous Synthesis of CdS
QD Synthesis. Cadmium acetate dihydrate (CdAc; 98%, Alfa Aesar,
100 mM), L-cysteine (Spectrum, 330 mM), pyridoxal S'-phosphate
hydrate (PLP; Sigma, 8 mM), and iron(III) chloride (FeCly;
anhydrous; 98%, Alfa Aesar, 10 mM) stock solutions were prepared
in distilled (DI) water. 1X phosphate buffered saline (PBS) was
prepared with a composition of 137 mM sodium chloride (NaCl,
99%, Sigma), 2.7 mM potassium chloride (KCI, 99%, Sigma), 10 mM
disodium hydrogen phosphate (Na,HPO,, 99%, Sigma), and 1.8 mM
potassium phosphate monobasic (KH,PO,, 99%, Sigma) in DI water,
and the pH was adjusted across the maximum buffering range to 7,
7.5, or 8 by dropwise titration of aqueous 1 wt % HCl solution or 1 wt
% NaOH solution.

CdS QD synthesis was initiated by the addition of specified
concentrations of CdAc and L-cysteine to PBS buffer of specific pH
(7, 7.5, or 8.0) followed by the addition of PLP and, subsequently,
FeCl; in solution volumes totaling ca. 4 mL. The nominal synthesis
solution had a composition of 0.5 mM CdAc, 10 mM L-cysteine, 1
mM PLP, and 10 uM FeCl; in PBS pH 8 buffer. Samples were sealed
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Figure 1. (a, b) Absorbance and (c, d) fluorescence (370 nm excitation) spectra of nominal (a, c) as-synthesized and (b, d) ethanol-washed
solutions of 0.5 mM CdAc (Cd), 10 mM cysteine (+c), 1 mM PLP (+P), and/or 10 uM FeCl, (+Fe) in PBS (pH 8) buffer following incubation at
70 °C for 1 h. Similarly colored dashed and solid spectra indicate the absence or presence of FeCls, respectively, with all other components

included at the same concentrations.

and incubated under dark conditions at specific temperatures (30, 40,
50, or 70 °C). The reaction was quenched through an ethanol-based
precipitation—dissolution process,”” in which 4 volume equivalents (4
V) of 200 proof ethanol was added to a volume, V, of the QD
synthesis solution followed by centrifugation (10,000 rpm, 1S min),
supernatant decantation, QD redispersion in PBS buffer or DI water,
and bath sonication (5 min).

Chemical Synthesis of CdS QDs. To understand the effect of
H,S generation rate and concentration on the fluorescence emission
peak wavelength of non-enzymatically synthesized CdS QDs,
biomineralization was mimicked by room temperature titration of
aqueous CdAc solutions with various concentrations of sodium
hydrosulfide (NaHS). Specifically, solutions of 0.5 mM CdAc and 10
mM L-cysteine in PBS (pH 8) buffer were separately titrated with
either 025 mM or 0.50 mM NaHS by stepwise addition of the
corresponding NaHS stock solution prepared in DI water.
Fluorescence emission measurements were conducted after each
titration step.

Lead Sulfide (PbS) Assay for the Determination of the H,S
Generation Rate. Lead sulfide (PbS), resulting from the reaction of
lead acetate with H,S, was employed as a quantitative colorimetric
assay of H,S concentrations and, thereby, generation rates under
various synthesis conditions. Solutions of controlled concentrations of
H,S, ranging from 0 to 1 mM, were prepared by decomposition of the
same concentration of sodium sulfide hydrate (Na,S, Alfa Aesar) in
PBS pH 8 buffer containing S0 mM L-cysteine (Spectrum). Excess
lead(II) acetate trihydrate (ACROS, reagent ACS) was added to each
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solution at a concentration of 2 mM. The PbS product was detected
through its characteristic absorbance band at 500 nm. The resulting
colorimetric standard was employed for quantification of time- and
temperature-dependent H,S generation in solutions of nominal
composition (10 mM cysteine:1 mM PLP:10 uM FeCl;) in PBS
pH 8 buffer. Following incubation at specific temperatures and for
specific times, aliquots of the nominal synthesis solution were
combined, in equal volumes, with a lead acetate indicator solution (4
mM lead acetate trihydrate, 100 mM v-cysteine in PBS pH 8 buffer).
The absorbance intensity at 500 nm was measured and correlated
with H,S concentration through the established calibration.

Assessing Robustness and Versatility of Non-enzymatic
Synthesis. The Taguchi orthogonal array approach® was employed
to identify combinations of three possible concentrations (three-level)
of each of four reagents (four-factors), CdAc (0.5, 1.0, and 2.0 mM),
cysteine (S, 10, and 20 mM), PLP (0.5, 1.0, and 2.0 mM), and FeCl,
(5, 10, and 20 uM), for assessing the robustness and versatility of the
non-enzymatic synthesis of CdS. The Taguchi design with four factors
and three levels was completed using the Minitab software, leading to
nine solutions with distinct reagent compositions at three different pH
(PBS pH 7, 7.5, and 8) conditions.

Characterization. Absorbance and fluorescence (370 nm
excitation, 420—720 nm emission wavelengths) measurements were
performed on a Tecan Infinite 200 PRO plate reader, using Corning
96-well black plates. Photoluminescence lifetime (PL) measurements
were carried out on a Fluorolog-3 spectrofluorometer with an
attached Time-Correlated Single-Photon Counting (TCSPC) con-
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Figure 2. Normalized (a) absorbance and (b) fluorescence (370 nm excitation) spectra of nominal solutions of 0.5 mM CdAc:10 mM cysteine:1
mM PLP:10 uM FeCl; in PBS (pH 8) buffer following incubation at 70 °C for specified duration and subsequent ethanol wash.

troller using 287 nm excitation (Delta Diode laser) and 530 nm
detection. Electron microscopy studies were carried out on QDs that
were cleaned by ethanol-induced dissolution—precipitation, re-
suspended in DI water, and then dispersed by drop-casting onto
holey carbon film (HC400-Cu) transmission electron microscope
(TEM) grids. Analysis was conducted on an aberration-corrected
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 of the
particles, bright-field and high-angle annular dark field (HAADF)
images were collected. Image filtering and analysis were conducted in
Digital Micrograph, and JEMS software was used to simulate the
crystal structures and diffraction patterns.

B RESULTS AND DISCUSSION

To assess the potential for exploiting non-enzymatic
biochemical production of H,S for the aqueous synthesis of
CdS QDs, we have studied nominal synthesis compositions
employing cysteine (10 mM) and cadmium (0.5 mM)
precursor concentrations consistent with earlier enzymatic
CdS QD biomineralization studies.'®'?3*% Additionally, we
have adopted PLP (1 mM) and iron catalyst (FeCly, 10 yM)
compositions that have been demonstrated to yield H,S under
physiological conditions.”> While much higher concentrations
of FeCl; (1 mM) have been reported separately for H,S release
under nitrogen at elevated temperatures (100 °C),”” here we
have utilized the lowest reported FeCl; concentrations in an
effort to avoid Fe—S cluster formation.

Photoluminescent Particles from Non-enzymatic,
Biochemically Produced H,S. Figure 1la,c shows the UV—
vis absorbance and photoluminescence spectra, respectively,
following the incubation of CdAc (Cd) in PBS pH 8 buffer at
70 °C for 1 h in the presence of the three reagents comprising
the non-enzymatic biochemical H,S production cycle (Scheme
1)—cysteine (c), PLP (P), and FeCl; (Fe). Under these
conditions (Cd + ¢ + P + Fe), a distinct absorbance band at ca.
390 nm and strong photoluminescence are measured,
consistent with the successful synthesis of CdS QDs. Whereas
CdAc alone undergoes negligible absorbance (not shown), its
incubation in the presence of just PLP (Cd + P) also yields a
distinct absorbance band at ca. 390 nm owing to strong PLP
absorbance at this wavelength. Therefore, for insights into the
chemistry of CdAc within the H,S biochemical cycle and for
corroboration of its successful exploitation for CdS synthesis,
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we compared the incubation of various combinations of the
cycle components (PLP, L-cysteine, and Fe**) with CdAc. The
identically colored spectra in Figure 1 correspond to
comparable synthesis compositions prepared with and without
Fe’* and are represented by solid and dashed lines,
respectively.

The addition of L-cysteine to PLP and CdAc (Cd + ¢ + P)
leads to a shift in the absorbance band to ca. 330 nm and the
onset of measurable photoluminescence (Figure 1c). This shift
in absorbance is consistent with the formation of a Schift base
and subsequent cysteine—aldimine complex”>** (Scheme 1). It
further reveals the important role of Fe** in development of
the absorbance band at ca. 390 nm (Figure 1a) for the nominal
synthesis solution (Cd + ¢ + P + Fe). While this band could be
attributed to a shift in equilibrium back toward free PLP upon
addition of Fe3*, the persistence of the Schiff base (i.e., band at
ca. 330 nm) and the simultaneous emergence of the strong
photoluminescence (Figure 1c) suggest that the non-enzymatic
synthesis of CdS QDs is a more likely interpretation. Indeed,
the presence of Fe®" in the various solutions studied here has a
marked impact only in the case where all three components of
the non-enzymatic H,S-generating biochemical cycle are
present (i.e, CdAc, cysteine, and PLP; Cd + c + P + Fe).

The successful production of CdS QDs from the full non-
enzymatic biochemical cycle is further clarified when the
influence of excess reagents on optical measurements is
accounted for, including PLP—cysteine—particle complexation,
which has been shown to quench and blue-shift the
fluorescence of conjugated particles.”>™® Upon precipita-
tion—dissolution-based cleaning of the particulate product,
strong absorbance (Figure 1b), and thus likely significant
particle concentration, is only detected in the case of the full
non-enzymatic H,S chemistry (Scheme 1). Photoluminescence
of the cleaned products (Figure 1d) does reveal the formation
of fluorescing particles in a subset of the solutions, even in the
absence of one or more of the four components of the H,S-
producing biochemical cycle (e.g., Cd + ¢ + P, Cd + ¢ + Fe, and
Cd + P + Fe). However, fluorescence is not a direct indicator
of particle concentration owing to confounding fluorescence
quenching deriving from PLP—cysteine—particle complexation
and potential concentration-induced inner filter effects.
Instead, Beer—Lambert analysis®” of the absorbance spectra
in Figure 1b (Table S1) shows that particle concentrations

https://doi.org/10.1021/acsanm.3c00805
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Figure 3. Representative HAADF-STEM images of CdS particles synthesized from nominal solutions of 0.5 mM CdAc:10 mM cysteine:1 mM
PLP:10 uM FeCl, in PBS (pH 8) buffer following incubation at 70 °C for (a) 15 min and (b) 60 min; (c) particle size distribution of the CdS
sample incubated for 60 min; CdS; higher magnification HAADF images of individual CdS particles with inset FFTs that match the (d) [100]
wurtzite-type and (e) [101] zinc blende-type zone axes of CdS, respectively, as indexed in Tables S3 and S4, respectively; and (f) XEDS spectrum

of the CdS agglomerate.

resulting from the full H,S biochemistry are 7- to more than
34-fold higher than from syntheses that do not contain both
PLP and Fe** (eg, Cd + ¢ + P, Cd + c + Fe, and Cd + c),
establishing the nominal composition employed herein for
studying the sensitivity, robustness, and tunability of the
biochemical cycle for QD synthesis.

The difference in particle concentration and fluorescence
wavelength among the various solution compositions is most
likely a manifestation of corresponding differences in the rates
of H,S generation. Namely, higher rates of H,S production in
solutions of CdAc and cysteine have been shown to result in
more rapid particle growth, and thus larger particles for a fixed
incubation time (Figure S1 and ref 21). The rate of H,S
production, as determined by a lead sulfide (PbS)-based
colorimetric assay (Table S2), is highest in the solution
containing all components of the non-enzymatic H,S
biochemical cycle (0.242 + 0.003 mM/h), consistent with
the highest measured particle concentrations and largest
particle size (ie, most red-shifted fluorescence) for that
composition. This non-enzymatic H,S generation rate,
measured at 70 °C, matches the characteristic rate in
enzymatic biomineralization>' and exceeds by ca. 7 times the
rate in cysteine—FeCl; solutions and by more than an order of
magnitude the rates measured in cysteine—PLP as well as
cysteine-only solutions.
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CdS QD Particle Growth, Microstructure, and
Morphology. Figure 2 offers insights into the kinetics of
particle growth under the nominal synthesis conditions studied
here. The time-dependent absorbance and emission spectra
reveal the onset of particles within the first 15 min, with a
corresponding photoluminescence peak at a wavelength of ca.
500 nm. Systematic particle growth, as indicated by the
sequential red shifting of the fluorescence spectra by ca. S0 nm
over the course of 1 h incubation, highlights how incubation
time can be leveraged as a simple handle for tuning particle size
and thereby optical properties. Similar tunability of particle size
with incubation time at ca. 20—50% slower rate has been
reported”’ for CdS synthesized through enzymatic biominer-
alization, likely owing to the effect of the lower temperature in
the case of the latter on the rate of particle growth.

Particle instability, indicated by visible precipitation, is
eventually observed after incubation at 70 °C for ca. 90 min,
which we attribute to the combined depletion of capping
reagent (i.e., L-cysteine) and the formation of less-soluble bulk
CdS.** However, prior to reaching the point of destabilization,
an ethanol wash can be used to quench cysteine turnover and
thus halt depletion of the capping cysteine. Subsequent
redispersion of the particles in PBS pH 8 buffer and storage
at 4 °C leads to extended particle stability as evidenced by the
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Figure 4. Normalized (a) absorbance and (b) fluorescence (370 nm excitation) spectra, (c) H,S generation rates, and (d) biexponentially fitted
time resolved photoluminescence decay curves (287 nm excitation, 530 nm detection) for non-enzymatic CdS QD synthesis under nominal
solutions compositions of 0.5 mM CdAc:10 mM cysteine:1 mM PLP:10 yM FeCl, in PBS (pH 8) buffer following incubation at 70 °C (1 h), S0
°C (4 h), 40 °C (8 h), and 30 °C (24 h; H,S rates only) and subsequent ethanol wash. H,S generation rates were measured in the absence of

CdAc.

unchanging absorbance and fluorescence spectra over the
course of 2 weeks (Figure S2).

The representative HAADF-STEM images of particles
resulting from 15 min (Figure 3a) and 60 min (Figure 3b)
incubation reveal their clearly crystalline nature. Coalescence
of single-crystal particles occurs upon QD deposition from
aqueous solutions onto the holey carbon TEM grids. The CdS
particles resulting from 60 min incubation have a mean size of
ca. 3.0 £ 0.6 nm (Figure 3c), which is larger than CdS particles
synthesized through enzymatic biomineralization at temper-
atures of 37 °C and comparable H,S generation rates (2.1 +
0.5 nm),”" likely reflective of faster growth rates at the higher
temperature. We have employed careful lattice indexing of
images of representative particles to identify corresponding
crystal structures since limited sample size and peak broad-
ening confound conclusive alternative analysis by X-ray
diffraction. The interplanar spacing and angles from images
of individual particles (Figure 3d,e) match the [100] zone axis
of the wurtzite-type CdS structure (Table S3) and the [101]
zone axis of the zinc blende-type CdS structure (Table S4),
respectively. Both of these CdS polymorphs are commonly
observed to co-exist in samples derived from enzymatic, low-

. .. 32
temperature biomineralization processes.
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A representative XEDS spectrum (Figure 3f) shows distinct
elemental peaks for cadmium and sulfur and only a trace
amount of Fe despite the use of Fe’* as a catalyst in the
biochemical cycle exploited here. In fact, the trace Fe signal is
consistent with the background associated with the microscope
(Figure S3 and Table SS), which also includes chromium (Cr),
cobalt (Co), and aluminum (Al). The observed phosphorus
(P) signal derives from the PBS synthesis buffer. In addition to
the CdS particles appearing to be iron-free, discrete iron oxide
precipitates were only very rarely observed in the sample
incubated for 60 min, underscoring the robustness of the non-
enzymatic PLP and Fe®* catalytic system for sustainable CdS
QD synthesis.

Temperature Effects on Aqueous QD Synthesis from
Non-enzymatic Biochemical H,S. The successful exploita-
tion of the non-enzymatic biochemical cycle for CdS synthesis
at the nominal 70 °C, well below the hydrothermal conditions
common to conventional QD synthesis, also highlights the
sustainability of this approach. To understand the potential to
further reduce the synthetic energy footprint of the non-
enzymatic process, we have separately evaluated the sensitivity
of the H,S production kinetics, and thus feasibility of CdS QD
synthesis, at lower temperatures. Figure 4a,b compares the
absorbance and fluorescence emission measured for the
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Table 1. Average Fluorescence Lifetimes, 7,,,, Obtained from Fitting of Biexponential TCSPC Decay Curves Collected for
Samples Synthesized Non-enzymatically and Enzymatically at Specified Temperatures
synthesis method T [°C] incubation time [h] T, [ns] T, [ns] 7 B, [%] Tovg [15]
non-enzymatic (this work) 70 1 1.9 28.3 1.10 13.4 + 0.6 25.0 + 0.6
50 4 1.6 18.4 113 13.0 + L1 182 £ 0.8
40 8 1.2 10.6 1.12 258 + 5.1 10.3 £ 2.2
enzymatic* 37 4 1.4 14.0 1.09 87.7 8.7
580
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Figure S. Normalized (a) absorbance and (b) photoluminescence (PL; 370 nm excitation) spectra of nominal solutions of 0.5 mM CdAc:10 mM
cysteine:] mM PLP:10 uM FeCl; in PBS buffers of pH 7, 7.5, and 8 following incubation at 70 °C for 1 h and subsequent ethanol wash. (c)
Sensitivity of the peak PL wavelength to pH for solutions of comparable composition and pH incubated at 40 °C for 8 h, 50 °C for 4 h, or 70 °C for
1h

nominal solution composition upon systematic reduction of mol).*" The synthesis temperature likely also impacts the
the incubation temperature toward “greener” physiological kinetics of nucleation and growth, but detailed study of those
conditions employed for single-enzyme QD biomineralization. effects is beyond the scope of this work.
Whereas distinct absorbance bands, indicative of CdS QD Time-correlated photoluminescence lifetime measurements
synthesis, are not apparent at the lower temperatures and for for CdS QDs, synthesized non-enzymatically at various
the synthesis times explored here, signature CdS QD temperatures and incubation times, are shown in Figure 4d
photoluminescence is measured. While CdS QDs can be along with their biexponential fits. The resulting photo-
detected within 15 min under the nominal synthesis conditions luminescence lifetime, 7,,, and fast-decay parameter, B,
(70 °C) (Figure 2), photoluminescence appears only after ca. 4 offer insights into the relative structure and optical character
h incubation at 50 °C and ca. 8 h incubation at 40 °C. Further of the QDs as a function of non-enzymatic synthesis
reduction of the synthesis temperature to 30 °C results in no temperature. The fast decay component is attributable to
detectable absorbance or fluorescence even after extended 24 h nonradiative recombination deriving from surface defects,
incubation. whereas the slow decay is related to radiative recombination
The clear blue shift of the 40 and 50 °C samples relative to within the bulk crystal volume. Table 1 shows the 7,,, and B,
the photoluminescence from the CdS particles synthesized at values measured for the non-enzymatic products and draws
70 °C is consistent with growth of larger particles at higher comparison to previously reported CdS QDs synthesized via
temperatures as confirmed by comparison of the HAADF- single-enzyme-based biomineralization under physiological
STEM images and corresponding particle size distributions of conditions.*”
CdS particles resulting from 40 and SO °C synthesis (Figure The average fluorescence lifetime decreases by ca. 58% as
S$4) with those synthesized at 70 °C (Figure 3c). We attribute the temperature of non-enzymatic synthesis is lowered from 70
the temperature sensitivity of CdS QD synthesis, at least in to 40 °C, approaching the average lifetime that we have
part, to the concomitant changes in the kinetics of the H,S reported previously for enzymatically biomineralized CdS
biochemistry. Figure 4c shows the temperature-dependent QDs.** The decreasing fluorescence lifetime upon decreasing
rates of H,S generation in PBS (pH 8) solutions containing all non-enzymatic synthesis temperature (70 to 40 °C) is
components of the non-enzymatic H,S-generating biochemical accompanied by an apparent increase in contributions of
cycle (Scheme 1): cysteine, PLP, and FeCl;. Despite the non-radiative surface defect-derived recombination over
shorter overall incubation time, the marked increase in H,S volumetric radiative recombination as indicated by B;.
production rate upon increasing the synthesis temperature to Whereas the contributions of surface defects nearly double,
70 °C trends with the increasing particle size. The estimated the surface-to-volume ratio only increases by ca. 20% owing to
activation energy for the non-enzymatic Fe®*/PLP-catalyzed the concomitant decrease in particle size from ca. 3.0 nm (70
H,S production (52.9 kJ/mol, Figure S5) is comparable to the °C, Figure 3c) to 2.6 nm (40 °C, Figure S4b). Thus, the
characteristic activation energies for nominal enzymatic contribution of surface defects with synthesis temperature
production of H,S by sulfite reduction (ca. 14.1—67.0 kJ/ cannot be explained simply based on surface-to-volume
7674 https://doi.org/10.1021/acsanm.3c00805
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arguments, pointing instead to the existence of intrinsic links
between product quality and synthesis temperature within the
framework of non-enzymatic QD synthesis. Moreover, the
associated surface defect-derived recombination interestingly
appears to contribute ca. 70% less to fluorescence decay in the
case of the non-enzymatic CdS QDs than in the case of the
biomineralized product. These findings collectively underscore
the product quality improvement achievable with the non-
enzymatic route relative to enzymatic biomineralization upon
elimination of the enzyme in favor of Fe- and PLP-catalyzed
H,S generation and concomitant relaxation of temperature
constraints. Unraveling the temperature and composition
effects, and thereby the fundamental origin of the differences
between the non-enzymatic and enzymatic processes, will be
explored in future work.

Effects of pH on Non-enzymatic H,S Biochemistry
and CdS QD Optical Properties. As with temperature, the
elimination of the enzyme relaxes limitations on the viable
range of pH conditions that can be employed for CdS
synthesis, offering additional control over system stability
beyond what is possible under biomineralization conditions.
Figure Sa,b shows the response of the absorbance and
photoluminescence, respectively, to modest changes in syn-
thesis pH for the nominal concentrations of CdAc, cysteine,
PLP, and FeCl; following incubation at 70 °C for 1 h. A
decrease in reaction pH from pH 8 (nominal) to pH 7.5 and 7
leads to a blue shift of the absorbance and photoluminescence
spectra of the resulting particles. Such a blue shift in the case of
CdS particles—over a pH range in which cysteine capping is
expected to be relatively unaffected™**—is a signature of
decreasing particle size.

This decrease in particle size with decreasing pH can be
attributed, at least in part, to the concomitant shift in the H,S
dissociation equilibrium away from the reactive HS™ speciation
toward less reactive H,S* as well as to other possible factors,
including the potential for increased metal precursor hydrolysis
upon pH reduction.*”*® As shown in Figure Sc, this trend with
pH persists at lower synthesis temperatures (i.e.,, 40 and 50 °C)
as well, underscoring the combined utility of temperature and
pH as complementary handles, available within the non-
enzymatic H,S system, for tailoring the size, and, therefore,
optical properties of CdS QDs.

Robustness of Non-enzymatic H,S Biochemistry for
Tuning CdS QD Optical Properties. To gain insights into
the breadth of parameter space in which non-enzymatic
aqueous Fe®'/PLP-catalyzed production of H,S for CdS QD
synthesis is possible, and thereby, the robustness and range of
optical properties that are accessible therein, we have applied
Taguchi L9 orthogonal array-based design of experiments®’ to
identify a set of nine samples comprising combinations of three
concentrations (i.e, levels) of each of four reagents (ie,
factors): cadmium acetate, L-cysteine, PLP, and iron chloride.
The specific compositional combinations that we have studied
are tabulated in Table S6 along with an indication of the
stability of the solutions immediately after preparation as
determined by the absence of precipitate formation (Figure
S6). While the majority of the solutions are stable under all
three pH conditions studied, several display pH-dependent
stability, which we attribute to the formation of various Cd—
cysteine complexes at different Cd-to-cysteine ratios and also
pH-dependent chelation strength.”® Other complexes formed
between PLP and cysteine” as well as FeCl; and cysteine®’
likely also contribute to the solution stability.
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The absorbance and fluorescence emission measurements
for solutions that bear indications of successful CdS QD
synthesis at 70 °C are shown in Figure S7. Ultimately, we have
chosen the presence (or absence) of fluorescence emission as
an indication of successful (or unsuccessful) CdS synthesis,
employing PL peak wavelength as a quantitative measure of the
resulting optical character. Figure 6 shows the PL peak
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Figure 6. Sensitivity of PL peak wavelength (370 nm excitation) to
four-factor experimental design at 70 °C for samples (S1—S4, S6;
Table S6) containing low (—), medium (o), and high (+)
concentrations of CdAc (Cd), cysteine (c), PLP (P), and FeCl,.
The shaded region depicts the range of PL peak wavelengths,
indicative of particle size, that can be accessed under the incubation
conditions.

wavelengths measured for stable synthesis solutions according
to the specified sample composition and pH. Solution
compositions leading to no fluorescence, and hence,
undetectable CdS production, are indicated by an “X” or
excluded altogether in cases where CdS QD synthesis was
undetectable for a given composition for all pH conditions
studied.

Most of the samples incubated at 70 °C for 1 h result in
distinct absorbance and fluorescence emission spectra. As
observed for the nominal (S2) synthesis conditions (Figure
Sc), the data show a persistent red shift of the PL peak
wavelength with increasing pH for all compositions studied.
More generally, Figure 6 clearly underscores the broad
composition- and pH-based tunability of the fluorescence
emission peak wavelength, over ca. 88 + 6 nm, under 70 °C
reaction conditions. Similar compositional analysis carried out
for lower-temperature synthesis at S0 °C (4 h) (Figure S8)
shows persistent pH- and composition-derived tunability of the
photoluminescence (Figure S9), albeit more limited in breadth
(i.e., by ca. 62%) than at 70 °C. We attribute the reduction in
tunability and the more common lack of a detectable
photoluminescent product at the lower synthesis temperature
to the lower rates of H,S generation. Indeed, Figure S10 shows
how clear absorbance bands and strong photoluminescence
signatures emerge upon extension of the 50 °C incubation to
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24 h for compositions that initially yield no detectable product
after the nominal 4 h synthesis. Ultimately, the overall
robustness of the non-enzymatic Fe®'/PLP-catalyzed H,S
biochemical cycle establishes a diverse set of synthetic
handles—reagent composition, synthesis temperature, pH,
and incubation time—that can be easily adjusted for high-
resolution control over aqueous CdS QD synthesis.

B CONCLUSIONS

Enzymatic routes to H,S by turnover of sulfur-containing
amino acids are key metabolic processes, which have been
extensively leveraged under laboratory conditions for the
“green” aqueous biomineralization of a wide range of metal
sulfide QDs. Herein, we have drawn inspiration from a
secondary, previously unexploited, non-enzymatic route to
H,S, demonstrating the feasibility of harnessing the associated
biochemical cycle, tailoring its kinetics, and tuning system
stability to be able to synthesize size tunable QDs under all-
aqueous conditions as demonstrated for CdS QDs. The power
of the non-enzymatic process elucidated in this work
specifically for QD synthesis derives explicitly from its
circumvention of classic challenges associated with enzyme
activity that narrowly restrict feasible synthesis temperature
and pH to physiological conditions. By stripping these limits
from aqueous QD synthesis, we have shown how broader
temperature and pH tunability can be exploited to boost and
precisely tailor kinetics of the non-enzymatic process to
produce sufficient levels of H,S to support QD nucleation and
growth over time scales of minutes to hours. Boosting QD
concentrations for the scalable synthesis of optoelectronic
particles suitable for applications spanning H, photocatalysis to
solar cell sensitization, among others, would likely require
careful tuning of the synthesis solution composition to realize
specific product particle size while ensuring particle stability
especially given the interplay between reagents, H,S generation
rate, capping, etc. revealed in this work. Yet, the number of
handles for controlling particle nucleation and growth,
including temperature, pH, composition, and time, and the
apparent robustness of the chemistry help establish the
versatility and promise of the non-enzymatic aqueous process
as a powerful platform for the sustainable synthesis of a wide
range of sulfur-containing materials for optoelectronic
applications.
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