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ABSTRACT: Extracellular polymeric substance (EPS)-mediated biosynthesis is a sustainable route for heavy metal valorization into
quantum dots (QDs), yet how the EPS protein secondary structure regulates QD properties remains undefined. Herein, EPS from
Shewanella oneidensis MR-1 cultivated under flotation reagent stress was utilized to synthesize high-performance ZnS QDs. Sodium
butyl xanthate exhibited the optimal induction effect, significantly lowering the a-helix/(/f-sheet + random coil) ratio in EPS. This
structural shift promotes a more extended network, serving as a spatially ordered template for rapid, uniform ZnS nucleation.
Analyzing QD materials mediated by distinct EPS layers (LB-EPS and TB-EPS) across treatments revealed strong correlations of this
ratio with their size uniformity and specific surface area. Conversely, the QD yield and fluorescence intensity were governed
primarily by chemical group abundance and synergistic structural—chemical factors, respectively. This dual regulatory mechanism
demonstrates that manipulating the EPS protein structure is as crucial as modulating its chemical composition for nanomaterial
biosynthesis.

1. INTRODUCTION mining environments, possesses a high Zn(II) tolerance and the
ability to degrade xanthate pollutants. Thus, it serves as an ideal
model system for this study.’

EPS is a complex mixture of biomacromolecules produced by
microorganisms, primarily consisting of proteins, polysacchar-
ides, nucleic acids, and lipids. EPS is rich in functional groups,
including C=0, O—H, and N—H, which contribute to its strong
metal adsorption and complexation capacities.” Critically, the
inherent 3D architecture of these biomacromolecules provides a
physical scaffold for metal ion capture and subsequent crystal

Zinc contamination generated during mining and mineral
processing, particularly in lead—zinc flotation operations,
poses serious threats to ecosystems and human health. Sodium
butyl xanthate (SBX), sodium ethyl xanthate (SEX), and sodium
diethyldithiocarbamate (DDTC) are among the most com-
monly used organic collectors in the flotation process, with the
estimated world yearly use of these collectors being about 10°
tons." Residual flotation reagents in mining wastewaters are
conventionally viewed merely as pollutants necessitating
remediation.” However, from an alternative perspective, these

reagents can be repurposed as "nongenetic regulators” that Received: January 4, 2026
induce microorganisms to remodel the properties of their Revised:  April 16, 2026
extracellular polymeric substances (EPS). This remodeling Accepted:  April 16, 2026

process provides unique biotemplates for the high-value Published: April 23, 2026

valorization of heavy metals. Shewanella oneidensis MR-1 (S.
oneidensis MR-1), a ubiquitous Gram-negative bacterium in
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growth. EPS may be grouped into loosely bound EPS (LB-EPS)
and tightly bound EPS (TB-EPS), depending on their spatial
density and binding properties. Due to variations in their
molecular weight, composition, and spatial structure, these
fractions exhibit distinct adsorption properties.”® This inherent
metal-immobilizing capability also opens a breakthrough in the
valorization of heavy metals into functional nanomaterials using
EPS.

Among these nanomaterials, metal sulfide quantum dots
(MeS QDs, such as ZnS QDs) have received considerable
attention because of their size-tunable fluorescence, wide
bandgap, and great biocompatibility, which have broad
application opportunities in bioimaging, optoelectronics, and
sensing.7 In this context, microbial synthesis of MeS QDs has
emerged as a promising and sustainable nanomaterial
production strategy, offering a green alternative to traditional
chemical methods that often require high-energy input and
involve toxic solvents.”” Recent studies have predominantly
focused on intracellular synthesis. For instance, metal-reducing
bacteria such as S. oneidensis MR-1 can intracellularly synthesize
MeS QDs by combining metal ions with S*~ derived from the
reduction of sulfate or sulfite under anaerobic conditions'® or
with S*~ supplied from cysteine reduction under aerobic
conditions."’ However, intracellular methods often face
challenges such as low yield per unit biomass and long reaction
times (typically 12—96 h). Contrarily, an EPS-mediated
synthesis is becoming popular as a cell-free variant. In this
method, a stable biotemplate of extracellular QD formation is
based on extracted EPS. This strategy provides multiple benefits
such as improved QD size control,'? higher production yield,
and the avoidance of cytotoxicity, which permits higher metal
concentrations.

Although EPS-mediated synthesis is an attractive strategy, its
effectiveness is largely limited by factors such as the EPS yield,
chemical composition, and structure. In existing research,
common optimization strategies predominantly focus on
modulating the chemical composition of EPS (e.g., enriching
carboxyl or amino groups) to enhance metal ion uptake
capacity."”'* However, this approach often overlooks a critical
physical regulatory dimension. In fact, stress conditions can
significantly regulate the protein secondary structure of EPS
(e.g, rigid a-helix versus extended f-sheet), thereby determin-
ing the spatial arrangement of functional groups and directly
serving as a physical template to regulate the nucleation process.
Furthermore, significant secondary structural differences also
exist between different EPS fractions (e.g., LB-EPS and TB-
EPS)." Currently, there is a lack of systematic and in-depth
understanding of how differences in EPS secondary structure
influence the final properties of QDs and how to actively
regulate these molecular architectures to achieve higher quality
"burst nucleation".

Building on previous research findings,” this study investigates
the use of EPS derived from S. oneidensis MR-1 under flotation
reagent stress for the green synthesis of ZnS QDs, with a focus
on the regulatory role of protein secondary structure in
determining QD performance. The specific objectives were to
(1) characterize changes in protein secondary structure and
amino acid profiles of LB-EPS and TB-EPS induced by flotation
reagent stress using circular dichroism (CD) spectroscopy and
amino acid analysis; (2) evaluate the yield, optical properties,
crystalline structure, particle size distribution, and specific
surface area of ZnS QDs biosynthesized using stress-induced
EPS fractions and clarify the influence of flotation reagent type

and EPS spatial fraction (LB-EPS vs TB-EPS); (3) elucidate the
structure—function relationship between EPS protein secondary
structure and key QD performance metrics, including size
uniformity, specific surface area, and fluorescence intensity. This
work establishes a stressor-driven strategy for tailoring the EPS
structure to produce high-performance ZnS QDs. This approach
creates a synergistic pathway linking heavy metal remediation
with the sustainable biosynthesis of nanomaterials, offering
implications for environmental biotechnology and green
nanotechnology.

2. MATERIALS AND METHODS
2.1. Materials

For S. oneidensis MR-1, Luria—Bertani medium composition and
flotation reagent solutions were identical to those reported in the
previous study.

For sodium sulfide solution, a quantity of 0.39 g of anhydrous sodium
sulfide solid was weighed, dissolved, and diluted to 100 mL with
ultrapure water to obtain a 0.05 mol-L™" sodium sulfide solution. This
solution was used as the sulfur source for QD synthesis and was
prepared fresh for immediate use.

2.2. Strain Activation and Stress Cultivation

All procedures for strain activation, glycerol stock preparation, and
stress cultivation (including inoculum ratio of 5% v/v, incubation at 30
°C and 150 rpm, preculture duration of 48 h, main culture duration of
72 h, and flotation reagent concentrations of 0 to 300 mg-L™") followed
exactly the protocols described in the previous publication.” This
ensured complete consistency with the EPS samples characterized
therein.

2.3. Extraction and Characterization of EPS

The LB-EPS was extracted using the thermal method, and TB-EPS was
extracted via the NaOH method.” Briefly, cells were first harvested from
the culture broth by centrifugation (2100g, 15 min, 4 °C). For LB-EPS
extraction, the cell pellets were resuspended in 0.9% NaCl solution,
incubated in a 60 °C water bath for 30 min, and then centrifuged
(8000g, 15 min, 4 °C). The resulting supernatant was filtered through a
0.22 pym membrane to obtain LB-EPS. The remaining pellets were
further utilized for TB-EPS extraction by resuspending them in 0.9%
NaCl solution supplemented with 0.1 mL of 1 mol-L™' NaOH. This
mixture was incubated at 4 °C for 3 h, followed by identical
centrifugation and filtration steps to collect TB-EPS. Finally, both
EPS fractions were dialyzed (MWCO 4000 Da) against ultrapure water
for 24 h to remove low-molecular-weight impurities before being stored
at =20 °C.

For the present work, additional characterization focused on the
protein secondary structure and amino acid profile was conducted on
the same EPS samples. Protein secondary structure was analyzed by
circular dichroism (CD) spectroscopy using S mL of EPS solution on a
Jasco-815 spectrometer. Secondary structure content was calculated
with CDNN software (version 1998).'° Although CD deconvolution
relies on standard protein databases and may face minor interference
from nonproteinaceous chiral components in the heterogeneous EPS
matrix, it is a well-established and highly sensitive method widely
utilized in EPS research to accurately capture the relative conforma-
tional transitions of the dominant protein backbone.'” Given that acid
hydrolysis inevitably converts asparagine and glutamine into aspartic
acid and glutamic acid, the previous study simply reported these total
pools as Asp and Glu.”> To ensure greater scientific rigor, the current
analysis explicitly reports their combined values as Asx (Asp + Asn) and
Glx (Glu + Gln). This precise classification provides deeper insights
into how specific amino acid side chains contribute to stress-induced
protein secondary structure reorganization.

2.4, Biosynthesis and Characterization of ZnS QDs

ZnS QDs were synthesized via EPS mediation as follows: 10 mL of 0.15
mol-L™" Zn(II) solution (ZnCl, pH 4.0) was added to a 50 mL
Erlenmeyer flask with 10.00 mg of freeze-dried EPS powder and diluted
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Figure 1. Amino acid information on (a) LB-EPS and (b) TB-EPS under SBX stress/induction (Asx = Asp + Asn; Glx = Glu + Gln).

to 20 mL with ultrapure water. The mixture was incubated at 30 °C with
a shaking speed of 150 rpm (pH 5.0) for 120 min to allow Zn(II)
binding to EPS functional groups.

The mixture was dialyzed (MWCO 4000 Da) in 200 mL of ultrapure
water for 12 h to remove free metal ions. Afterward, 10 mL of 0.05 mol-
L™ $*” solution (Na,S) was slowly added dropwise, and the reaction
proceeded for 30 min at room temperature to induce Zn$S nucleation.
The reaction mixture was first centrifuged at 6000g for 10 min at 4 °C to
collect the raw precipitate. This precipitate was then alternately washed
with ultrapure water and anhydrous ethanol for two complete cycles.
The same centrifugation parameters were applied after each washing
step, resulting in a total of five centrifugation cycles. The samples were
freeze-dried and ground to powder for storage in a desiccator.

The concentration of free Zn(II) in the water phase was analyzed
using atomic absorption spectroscopy, and the ZnS QD yield/unit EPS
was determined. Various analyses were used to characterize the ZnS
QDs further. Fourier transform infrared spectroscopy (FTIR, 4000—
800 cm™') was utilized to identify functional groups, whereas X-ray
diffraction (XRD, Bruker, Germany) was paired with Jade 9 software for
phase identification. Transmission electron microscopy (TEM, JEM-
F200, JEOL) was used to analyze the morphology and lattice structure.
Lattice analysis was performed with Digital Micrograph 1.6.2, and
particle size distribution was determined by using Image]. Elemental
composition was examined by using scanning electron microscopy
(SEM-EDS, MIRA LMS, TESCAN). Optical properties were
investigated by using a steady-state/transient fluorescence spectrom-
eter (FSS, Edinburgh Instruments). Thermal stability was evaluated
through thermogravimetric analysis (TGA 550, TA) with a heating rate
of 10 °C-min™" under a N, atmosphere. Finally, the specific surface area
and pore-size distribution were determined by Brunauer—Emmett—
Teller (BET) analysis (ASAP 2460, Micromeritics).

2.5. Statistical Analysis

All experiments were performed in triplicate. Data are presented as the
mean + standard deviation (SD). Statistical analyses were conducted
using an OriginPro 2021 (OriginLab, USA). Correlation analysis was
performed using the linear fitting feature in OriginPro 2021.

3. RESULTS AND DISCUSSION

3.1. Impact of Flotation Reagents on EPS Production and
Zn(ll) Adsorption by S. oneidensis MR-1

As previously reported,’ low-dose sodium butyl xanthate (SBX,
10 mg:L™") induced the strongest stress response in S. oneidensis
MR-1, resulting in the highest yield of both LB-EPS and TB-EPS
together with the greatest Zn(II)-binding capacity. A higher

concentration of sodium ethyl xanthate (SEX, 200 mg-L™")
produced the second-highest EPS yield and Zn(II) adsorption
performance, whereas sodium diethyldithiocarbamate (DDTC,
50 mg-L™") showed the weakest induction effect among the
three reagents. Accordingly, EPS samples from these optimal
stress conditions (SBX-10-LB/TB-EPS, SEX-200-LB/TB-EPS,
and DDTC-50-LB/TB-EPS) along with untreated Control-LB/
TB-EPS were selected for subsequent ZnS QD biosynthesis and
detailed structural characterization.

3.2. Characterization of S. oneidensis MR-1 EPS under
Different Flotation Reagent Stress/Induction

3.2.1. FTIR and XPS Analysis of EPS Before and After
Flotation Reagent Stress/Induction. FTIR and XPS
analyses of the EPS samples confirmed that 10 mg-L™' SBX
stress significantly enriched oxygen- and nitrogen-containing
functional groups (C=0, C—O/C-N, C=N, N-H, and
—COOH) in both LB-EPS and TB-EPS, as reported in detail
in the previous study.” These changes provided more Zn-
binding sites and served as the chemical foundation for the
subsequent QD biosynthesis.

3.2.2. Amino Acid Analysis of EPS Before and After
Stress/Induction. The amino acid compositions of the control
groups (Control-LB-EPS and Control-TB-EPS) and optimally
stressed groups exhibiting the highest adsorption capacities
(SBX-10-LB-EPS and SBX-10-TB-EPS) were analyzed by an
amino acid analyzer. Before detailing these profiles, it is worth
noting that while EPS is a heterogeneous mixture containing
both proteins and polysaccharides, this study predominantly
focuses on the protein component. This is primarily because
proteins constitute the overwhelming majority (approximately
68.1-95.9%) of the EPS mass in the SBX-stressed and the
control groups, as detailed in the preceding work.® Nevertheless,
the role of polysaccharides should not be overlooked; they are
rich in —OH groups, which act as vital auxiliary binding sites
contributing to the initial electrostatic trapping of Zn(II) ions.'®
However, given their significantly lower mass fraction, their
structural templating contribution is likely secondary to that of
the dominant protein component.

As shown in Figure 1, Asx (Asp/Asn) and Glx (Glu/Gln)
were dominant in EPS and accounted for more than 30% of the
total amino acid content. SBX stress greatly enhanced the
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relative abundance of Asx and Glx in LB-EPS by 50.6% and
71.5%, respectively, indicating that the composition of EPS
proteins was significantly regulated after stress. Asp and Glu are
both acidic amino acids with terminal —COOH groups that can
act as electron donors to form coordination bonds with
transition metal ions'” and are thus considered as main sites
for metal—EPS interactions. Asn and Gln contain amide groups
(—CONH,) on their side chains, which further enhance this
coordination potential.20 Therefore, the concurrent increase in
Asx and Glx contents contributed additional —COOH and
C=0/C~—N sites, explaining the significant improvement in
metal-binding capacity. The collective enrichment of these
acidic and amide amino acids, providing abundant —COOH
from Asp/Glu and amide C=0O from Asn/Gln, strongly aligns
with the enhanced C=0/—COOH peaks observed in the XPS O
1s spectra.3

Furthermore, changes in amino acid composition provide an
explanation for the significant increase in the C—N component
observed in the XPS C 1s spectra.’ Specifically, the enrichment
of Asn and Gln contributes an abundance of amide C—N bonds.
Concurrently, the substantial increase in the content of basic
amino acids (His, Lys, and Arg) also contributes to C—N bonds.
Whether through the —CONH, of the amide amino acids or the
additional —NH, groups within the side chains of the basic
amino acids, both exhibit strong chelating capabilities toward
heavy metals. Among the basic amino acids, the imidazole C=N
groups of His demonstrate a strong affinity for heavy metals;”’
this observation aligns with the enhanced C=N signal detected
in the XPS N 1s spectra.” Lys and Arg may also facilitate the
immobilization of metals and the aggregation of EPS through
electrostatic interactions and hydrogen bonding.”* Conse-
quently, the synergistic upregulation of these nitrogen-rich
amino acids directly results in a macroscopic increase in the C—
N/C=N content within the EPS, thereby enhancing the Zn(II)
adsorption capacity of the EPS.

Overall, SBX stress leads to a marked increase in acidic, amide,
and basic amino acids, thereby strengthening the coordination
capacity of the EPS. The resulting constellation of functional
groups promotes the robust adsorption and stabilization of
metal ions, providing the chemical groundwork necessary for
achieving a high ZnS QD yield. Alongside these compositional
changes, the altered amino acid profile drives a notable
restructuring of the protein framework: EPS proteins begin to
unfold, exposing previously buried domains and adopting a
more flexible extended conformation. This transition in the
protein architecture emerges as the central physical factor
governing the templated nucleation pathway. Its contribution
becomes clearer in the following text where circular dichroism
spectroscopy is employed to quantify the associated structural
shifts.

3.2.3. Changes in Protein Secondary Structure of EPS
Before and After Stress/Induction. The CD spectra of
Control-LB-EPS, SBX-10-LB-EPS, Control-TB-EPS, and SBX-
10-TB-EPS are shown in Figure 2, revealing clear spectral
deviations after SBX stress that point to substantial reorganiza-
tion of the EPS protein architecture. Corresponding secondary
structure quantification (Table 1) highlights this shift: in LB-
EPS, the a-helix fraction declines from 7.7% to 6.6%, whereas
the f-sheet fraction shows a modest rise from 40.4% to 42.1%.
TB-EPS undergoes an even more pronounced transition, with a-
helix content dropping from 13.2% to 8.2% and f-sheet content
increasing from 35.8% to 39.7%. The proportions of S-turns and
random coils remain comparatively steady, suggesting that the

Control-LB-EPS
SBX-10-LB-EPS

25

20 Control-TB-EPS
—— SBX-10-TB-EPS

15 A

10

Circular Dichroism (medg)
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Figure 2. Circular dichroism (CD) spectrum of EPS.

Table 1. Changes in the Secondary Structure of Proteins in
LB-EPS and TB-EPS Before and After SBX Stress/Induction

secondary structures

random  a-helix/ (f-sheet +

EPS type a-helix  f-sheet f-turn  coil random coil)

Control- 7.7% 40.4% 17.5% 34.9% 0.1022
LB-EPS

SBX-10- 6.6% 42.1% 17.0% 34.3% 0.0865
LB-EPS

Control- 13.2% 35.8% 16.0% 35.2% 0.1859
TB-EPS

SBX-10- 8.2% 39.7% 17.4% 34.8% 0.1101
TB-EPS

most significant redistribution occurs between a-helix and f-
sheet populations. Such conformational alteration, from the
rigid a-helix to the extended fS-sheet, can be connected with the
alterations in amino acid compositions that are observed in
Section 3.2.2. According to Chou—Fasman predictive parame-
ters,”” the f-sheet propensities [P(f8)] of the amide-containing
amino acids (Asn: 89 and Gln: 110) and basic amino acids (Arg:
93, His: 87, and Lys: 74) are significantly higher than Asp (54)
and Glu (37). Though the amino acid analysis measured the
acidic and amide residues combined as Asx and Glx, the
pronounced transition toward f-sheet structures strongly
suggests that SBX stress specifically drove a higher proportional
incorporation of Asn and Gln within these combined pools. The
—CONH, of Asn and GIn together with the nitrogen-rich
functional groups of the basic residues readily participate in
robust intermolecular hydrogen-bonding networks and electro-
static interactions. This thermodynamically favors the formation
of f-sheet structures. The observed rise in the level of f-sheet is
therefore a synergistic amplification of these particular high-
P(/) amino acids as a result of the action of SBX stress.

To quantify the overall flexibility of the protein, the a-helix/
(B-sheet + random coil) ratio was introduced and calculated.'® A
decrease in this ratio can reflect a transition of the protein from a
compact conformation to a more loose and extended
conformation. Under SBX stress, this ratio decreases from
0.1022 to 0.0865 in LB-EPS and from 0.1859 to 0.1101 in TB-
EPS, confirming that SBX exposure promotes substantial
structural loosening. The observed increase in f-sheet content
implies the formation of an extended backbone hydrogen-bond
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Figure 3. Adsorption properties of (a) LB-EPS and (b) TB-EPS on Zn(II) under stress/induction and ZnS QDs yields. (c) FTIR, (d) XRD patterns,
and PL fluorescence of (e) LB-ZnS and (f) TB-ZnS. Note: PL fluorescence excitation at 295 nm. No discrete XRD peaks for EPS are observed in panel

(d) due to its inherent amorphous nature.

network that likely facilitates protein self-assembly into a more
pliable, mesh-like supramolecular scaffold.** Such an unfolded
ligand framework is highly relevant to biomineralization as it
creates a spatially ordered template for nucleation. By freeing the
main-chain C=0 and N—H groups from the intramolecular
hydrogen bonds that stabilize the a-helix and by aligning polar
side chains more uniformly along the protein backbone, the
conformational shift produces an accessible and orderly
coordination environment.”> Among the examined samples,
SBX-10-LB-EPS exhibits the lowest a-helix/(f-sheet + random
coil) ratio (0.0865), indicating the most extensively unfolded
and flexible conformation. This structural feature of LB-EPS not
only facilitates rapid ion diffusion and immobilization but also
foreshadows its superior capability in regulating nucleation
uniformity compared to the more rigid TB-EPS, a hypothesis
validated by the QD characterization in subsequent sections.

3.3. EPS-Mediated Synthesis of ZnS QDs under Flotation
Reagent Stress

The effects of EPS extracted under different flotation reagent
stress-induction conditions on the synthesis of ZnS QDs were
investigated. ZnS QDs synthesized with LB-EPS and TB-EPS
extracted under optimal stress concentrations were designated
as SBX-LB/TB-ZnS, SEX-LB/TB-ZnS, and DDTC-LB/TB-
ZnS. The control groups synthesized using unstressed LB-EPS
and TB-EPS were denoted as Control-LB/TB-ZnS. Chemically
synthesized ZnS (without EPS) was designated as None-ZnS.
3.3.1. Yield, XRD, FTIR, and PL Analyses of ZnS QDs.
The yield of ZnS QDs and the equilibrium adsorption capacity
of Zn(Il) were evaluated under different EPS-mediated
conditions. As shown in Figure 3ab, the yields of ZnS QDs
varied significantly following flotation reagent stress. SBX-10-
EPS and SEX-200-EPS markedly enhanced QD production,

with SBX-stressed EPS being the most effective. Specifically,
SBX-10-LB-EPS and SBX-10-TB-EPS vyielded 1.51 g-g_1 EPS
and 1.62 g.g~' EPS, representing increases of 21.83% and
16.23% compared with the controls, respectively. In contrast,
DDTC-50-EPS-mediated synthesis resulted in reduced yields,
with LB-EPS and TB-EPS producing 1.14 g-g~' EPS and 1.36 g-
g~' EPS, corresponding to decreases of 7.82% and 2.49%,
respectively. After normalization to cell dry weight (VSS), the
ZnS QD yield per unit LB-EPS under SBX stress was 0.484 g-g~'
VSS, a 140.68% increase. The yield per unit TB-EPS was 0.284 g-
g' VSS, a 50.78% increase (the cell dry weight results are
detailed in the previous study”). Furthermore, SBX-10-LB-EPS
and SBX-10-TB-EPS exhibited equilibrium Zn(II) adsorption
capacities of 3.14 g-g~' EPS and 3.00 g-g~' EPS, respectively,
representing 41.90% and 19.17% increases over the controls.
Although SBX-10-LB-EPS had a greater equilibrium Zn(II)
adsorption capacity compared with SBX-10-TB-EPS, the QD
yield of SBX-10-LB-EPS was lower. To explain this phenom-
enon, the concentration of Zn(II) in the supernatant was
determined following the first, second, and fourth centrifugation
cycles in the washing of SBX-LB-ZnS and SBX-TB-ZnS (see
Figure S1 in the Supporting Information). Higher Zn(II)
concentrations were detected in the supernatant of SBX-LB-
ZnS, suggesting that Zn(II) bound to LB-EPS was more easily
released. This indicates that although LB-EPS is capable of
adsorbing high concentrations of Zn(II), the interaction mainly
relies on weak forces, thus causing higher desorption or loss of
ZnS QDs during the washing process. In contrast, TB-EPS,
which is rich in high-molecular-weight components, presumably
forms more effective coordination with heavy metals,”>*” which
stabilizes the QDs. Thus, the capacity of EPS adsorption and the
binding strength do not always have a positive correlation.
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Figure 4. TEM images of Control-LB-ZnS, SBX-LB-ZnS, Control-TB-ZnS, SBX-TB-ZnS, and None-ZnS. HRTEM and diffraction ring images were
generated by Digital Micrograph 1.6.2 of Control-TB-ZnS and SBX-TB-ZnS.

Figure 3c shows the FTIR spectra of the synthesized ZnS. The
characteristic absorption bands were similar to those of EPS,
which validated the participation of EPS in QD synthesis (the
FTIR spectra of EPS can be found in the previous study.”). The
ZnS spectra, however, had redshifts at 3440 cm™), 1645 cm™},
1546 cm™', 1400 cm™" and 1054 cm ™", the loss of the 1241 cm™
band, and the appearance of a new peak at 1123 cm™, as
compared with the EPS spectra. Changes in the vibrational
frequencies of these C=0, O—H, N—H, and C—N functional
groups indicate their involvement in complexing or coordinating
with Zn(II).”**? The appearance of the new band likely reflects
the binding of certain EPS functional groups to the ZnS surface,
forming new vibrational modes. Specifically, the significant shift
at 1645 cm™' (amide I band) strongly indicates that the main-
chain C=0 groups of the protein played a critical role in the
Zn(II) coordination and subsequent nucleation process. This
observation provides direct molecular-level evidence for the
main-chain group liberation discussed in the later conforma-
tional templating mechanism.

Figure 3d displays the XRD patterns. Compared with the
standard reference card PDF#97-005-3943, three distinct
diffraction peaks were observed at 26 values of 28.53°, 47.73°,
and 56.64°, corresponding to the (111), (220), and (311)
planes, respectively. These are the main peaks of ZnS, which
validates the existence of cubic #-ZnS.*® There were no observed
peak shifts, which suggested that the EPS-mediated synthesis
yielded highly uniform crystal phases. It is worth noting that

although the FTIR results of ZnS QDs confirmed the tight
binding of EPS to ZnS, no diffraction peaks corresponding to the
EPS component were observed in the XRD pattern. This is
attributed to the inherent amorphous nature of the EPS as a
biomacromolecule.®!

The PL spectra (Figure 3e,f) showed a strong emission peak at
361 nm for the ZnS QDs. It is noteworthy that the EPS-
mediated ZnS QDs exhibited a stronger fluorescence intensity
than the None-ZnS, with a further enhancement observed after
flotation reagent stress. This variation is associated with the
abundance, size uniformity, and dispersion state of the QDs
within the material,"***** which will be discussed in detail in
Sections 3.3.2—3.3.4.

3.3.2. TEM, HRTEM, and SEM-EDS Analyses of ZnS
QDs. The particle size distribution, lattice spacing, and
diffraction rings of ZnS QDs were analyzed by using TEM
and HRTEM combined with relevant software. As shown in
Figure 4, the TEM image (scale bar: 20 nm) revealed that the
EPS-mediated ZnS QDs were primarily attached to the EPS
macromolecular structures. This was attributed to the fact that
the EPS adsorbed Zn(II) ions, and after the introduction of a
sulfur source, the QDs were formed on the functional groups of
the EPS.

The HRTEM images (scale bar: S nm) showed nearly
spherical ZnS QDs with distinct boundaries, uniform distribu-
tion, and good crystallinity. Particle size statistics obtained using
Image]J indicated average sizes (ACS) of 6.63 + 1.46 nm for
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Figure 5. SEM-EDS profiles of (a) Control-LB-ZnS, (b) SBX-LB-ZnS, (c) Control-TB-ZnS, (d) SBX-TB-ZnS, and (e) None-ZnS, alongside the
corresponding EDS elemental mapping images of C, N, O, Zn, and S.

Control-LB-ZnS, 6.44 + 1.37 nm for SBX-LB-ZnS, 6.81 + 1.85 all within the QD size range (<20 nm). To provide a quantitative
nm for Control-TB-ZnS, and 6.67 + 1.60 nm for SBX-TB-ZnS, scientific definition of size uniformity, the statistical polydisper-
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Figure 6. (a) TGA, (b) N, adsorption—desorption curves (degassing temperature: 300 °C) of LB-ZnS, (c) TB-ZnS, and (d) pore-size distribution.

sity index (PDI = (6/u)?, where o is the standard deviation of
the particle size distribution (nm) and y is the mean particle size
(nm)), was calculated based on the TEM size distribution data.
The results showed that the SBX-induced groups possessed
lower PDI values (SBX-LB-ZnS: PDI = 0.045; SBX-TB-ZnS:
PDI = 0.058) compared to their respective controls (Control-
LB-ZnS: PDI = 0.048; Control-TB-ZnS: PDI = 0.074). This
mathematically confirms that the particle size distribution of
SBX-LB-ZnS and SBX-TB-ZnS was significantly more con-
centrated. In contrast, the None-ZnS sample synthesized
without EPS as a template exhibited a highly nonuniform
particle size distribution, with large particles exceeding 50 nm.
The TEM results further explain the PL findings in Section 3.3.1
by directly visualizing the particle size distribution. Since a
broader size distribution is a known critical factor for increasing
defects and reducing fluorescence intensity in QDs,”” the
superior uniformity observed in these EPS-mediated QDs
provides a direct explanation for the enhanced PL.

ZnS in the presence of EPS had a significantly better size
uniformity than None-ZnS, which was due to the stabilizing
effect of EPS throughout the synthesis. As discussed above,
functional groups such as C=0 and N—H are also capable of
inducing adsorption of Zn(Il) ions, which provide nucleation
sites and subsequently control ZnS QD growth when the sulfur

sources are introduced. This controlled nucleation and growth
process efficiently prevented excessive particle enlargement,
resulting in smaller, uniformly distributed nanoparticles. This
mechanism is similar to that described by Soltani et al.,** where
polyvinylpyrrolidone was used as a capping reagent to make ZnS
nanoparticles small and uniform. Likewise, the high concen-
tration of functional groups in EPS might have enabled QD
nucleation by taking place via steric hindrance and electrostatic
stabilization. Furthermore, SBX-LB-ZnS and SBX-TB-ZnS
displayed narrower particle size distributions, which may be
attributed to stress-induced changes in protein secondary
structures that exposed additional binding sites and enhanced
the reactivity of functional groups, as will be discussed in Section
3.34.

To further verify the data obtained during the XRD analysis,
the Electron Diffraction Tools plugin of Digital Micrograph
1.6.2 was employed to carry out FFT analysis of the HRTEM
images. To measure fine lattice spacings, Gaussian filtering and
autocorrelation were used to optimize ring diffraction. These
findings confirmed the high crystallinity of EPS-based ZnS QDs;
the distinct interplanar spacings of 0.3180 nm for ZnS (111) and
0.1906 nm for ZnS (220) aligned with the XRD results. The
presence of multiple diffraction spots forming concentric rings
indicated an isotropic polycrystalline structure.”
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SEM-EDS analysis (Figure S) confirmed the elemental
composition of the synthesized QDs. The measured Zn:S
atomic ratios across all samples were approximately 1:1, aligning
with the stoichiometry of ZnS. QDs synthesized from SBX-
stressed EPS (both LB and TB fractions) showed an atomic
percentage of Zn higher than those of their controls, accounting
for the greater abundance of ZnS QDs observed. This finding
directly explains the enhanced fluorescence intensity recorded
after SBX stress.”” The higher Zn content in SBX-TB-ZnS
compared to that in SBX-LB-ZnS was consistent with the
respective QD yields. Furthermore, the presence of C, N, and O
elements in all EPS-mediated samples verified the incorlporation
of EPS biomacromolecules into the final QD product.*

To further validate the adsorption and nucleation behavior of
EPS on the QDs, the EDS elemental mapping results for C, N,
O, Zn, and § are listed in Figure S. The strong Zn and S signals
distinctly delineate the inorganic nanoparticle cores. The
distributions of C, N, and O, which originate from the EPS
biomacromolecules, appear spatially uniform and closely
coincide with the Zn and S signals. This clear overlap provides
direct visual confirmation that the EPS matrix adsorbs onto and
homogeneously encapsulates the ZnS QDs. As an effective
biological coating, EPS is capable of stabilizing nanocrystals and
maintaining their structural integrity.

3.3.3. TG and BET Analyses of ZnS QDs. TG analysis was
used to analyze the thermal stability of Control-LB-ZnS, SBX-
LB-ZnS, Control-TB-ZnS, SBX-TB-ZnS, and None-ZnS
(Figure 6a). Between 30 and 200 °C, there was a total of
about 10% of weight loss in all the samples, likely due to the
evaporation of absorbed or structural water.*® This suggests that
the thermal stability of the ZnS QD core structure was
maintained, as the weight loss was attributable solely to the
removal of physisorbed water. The weight loss of 2.23—5.16% at
300—460 °C was observed among the four EPS-mediated
synthesis samples, which was primarily due to the thermal
degradation of EPS proteins and polysaccharides.”” At 540—720
°C, further decomposition of protein and polysaccharide
residues containing carbonaceous compounds took place and
led to further weight losses of 0.72—2.41%. Above 720 °C,
Control-LB-ZnS, SBX-LB-ZnS, and Control-TB-ZnS stabilized
with residual weights of 84.90—86.55%. Nonetheless, SBX-TB-
ZnS continued to lose mass, resulting in a residual mass of
80.67%. This can be attributed to the fracture of the framework
and the collapse of mesoporous structures at high temper-
atures.”” Conversely, the mass decrease pattern in the None-Zn$S
samples was limited in 540—720 °C, which led to a 4.43% loss.
The same was not the case with a range of 300—460 °C. The
remaining residual mass of the sample was 82.77%.

In summary, the residual mass of EPS-ZnS composites
(80.67—86.55%) was comparable to that of None-Zn$S
(82.77%). Crucially, the distinct, multistep degradation profile,
particularly the significant mass loss observed in the 300—460
°C range, confirms the formation of a robust bioinorganic hybrid
structure. Such behavior indicates that EPS macromolecules
wrap tightly around the ZnS cores, functioning as stabilizing
ligands that maintain both dispersibility and structural integrity.
Drawing on this robust bioinorganic coordination, it is
anticipated that these biological capping layers provide excellent
long-term protection against environmental degradation.
Consistent with this, previous research has shown that such
protein capping can maintain the stability of biosynthesized
QDs in liquid suspension for several months.*” The TG data also
demonstrate that the ZnS core and its ligand shell remain highly

stable up to 300 °C, validating the reliability of subsequent
surface characterizations.

BET characterization shows how this structural stability
translates into textural properties. All five samples exhibit type
IV adsorption—desorption isotherms with H2-type hysteresis
loops (Figure 6b,c), a signature of mesoporous materials. The
corresponding pore-size distributions (Figure 6d) are concen-
trated mainly in the 2—17 nm range. This can be attributed to
the interparticle voids generated by the packing of near-spherical
nanoparticles.””*" The specific surface areas (Table 2) highlight

Table 2. Results of BET Specific Surface Area (Sgzr), Pore
Volume, and Pore Diameter of Control-LB-ZnS, SBX-LB-
ZnS, Control-TB-ZnS, SBX-TB-ZnS, and None-ZnS

samples ?;;E; ) I(’:rl:3-‘:;1113me ?r?rlﬁ)dlameter
Control-LB-ZnS 221.9496 0.5304 9.5590
SBX-LB-ZnS 268.0593 0.5976 8.9171
Control-TB-ZnS 185.7836 0.4439 9.5572
SBX-TB-ZnS 219.9209 0.4488 8.1626
None-ZnS 148.2005 0.1510 4.1902

a clear trend: EPS-directed synthesis substantially increases Sggr
relative to the template-free control (None-ZnS, 148.20 m*
g™'), and SBX-induced stress amplifies this enhancement. SBX-
LB-ZnS and SBX-TB-ZnS reach remarkably high values of
268.06 and 219.92 m*g~", respectively.

This enhancement is in agreement with the conformational
unfolding mechanism described in Section 3.2.3. The network
consisting of f-sheets and random coils acts as a loose, porous
scaffold,"” which spatially isolates the nucleating ZnS nano-
crystals. Such steric confinement helps prevent the aggregation
of primary particles into larger solid clusters, thereby preserving
a high density of mesopores and active sites. For example, in this
study, SBX-LB-ZnS exhibited a much higher Sgpy than SBX-TB-
ZnS. This coincides well with the secondary structure result: LB-
EPS had the lowest a-helix/(/-sheet + random coil) ratio, which
favored the formation of a more open and expansive spatial
configuration. In contrast, the relatively more rigid structure of
TB-EPS leads to a slightly denser particle packing. Collectively,
SBX-LB-ZnS exhibited the highest Sppr, highlighting its
optimized potential for applications in photocatalysis, sensing,
and other nanomaterial fields.*’

3.3.4. Correlation between the Protein Secondary
Structure and ZnS QD Properties. Building upon the results
in Section 3.2.3, this section extends the exploration of the
structure—performance relationship between EPS protein
secondary structure and the properties of the biosynthesized
ZnS QDs. Figure 7 presents the correlation analysis between the
a-helix/(f-sheet + random coil) ratio of Control-LB-ZnS, SBX-
LB-ZnS, Control-TB-ZnS, and SBX-TB-ZnS and key ZnS QD
metrics: yield, fluorescence intensity, polydispersity index
(PDI), and specific surface area (Sgpr).

The results reveal a distinct dichotomy in how EPS properties
regulate QD synthesis. There is a strong correlation between the
protein secondary structure and certain physical properties of
QDs. Specifically, the a-helix/(f-sheet + random coil) ratio
displayed high coefficients of determination with PDI (R* =
0.9327) and specific surface area (R* = 0.7632). A strong
positive correlation was observed with PD], indicating that a
lower ratio directly leads to a lower PDI. A strong negative
correlation with Sgpr indicates that a lower ratio correlates with a
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Figure 8. Schematic illustration of the conformational templating mechanism for the ZnS QD biosynthesis.

greater specific surface area. In contrast, the correlations with the
QD yield (R*= 0.0318) and fluorescence intensity (R*=0.1875)
were notably weaker. This indicates that while structural
conformation dictates morphological quality, the yield is
predominantly controlled by the chemical abundance of
metal-binding groups. This chemical abundance varies signifi-
cantly between the LB-EPS and TB-EPS fractions.” Similarly,
the weaker correlation observed for fluorescence intensity
reflects that this optical property is comprehensively coregulated
by multiple factors. These include the total QD yield, which is
governed by functional groups, and size uniformity, which is
governed by protein structure.'*

Figure 8 schematically illustrates the proposed mechanistic
origin of this structure—performance relationship. The signifi-
cant association between the protein secondary structure and
QD properties suggests a critical role of the EPS matrix as a
physical template. When the proportion of a-helix decreases
while the content of f-sheet and random coil increases, the
proteins undergo conformational remodeling, adopting a loose
and flexible structure.*” Although this unfolding leads to the
exposure of previously buried hydrophobic domains, it
concurrently liberates and reorients the hydrophilic coordinat-
ing groups. This structural remodeling maximizes the accessi-
bility and uniform positioning of these metal-binding sites,
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thereby constructing a spatially ordered "ligand mesh". This
open architecture significantly enhances the diffusion of Zn(II)
ions into the EPS matrix, achieving uniform preimmobilization
of metal ions prior to the subsequent sulfidation and nucleation
reactions.

Upon the introduction of S$*7, these homogeneously
distributed precursor sites are hypothesized to induce a rapid
nucleation event resembling a "burst nucleation” process. From
the perspective of nucleation kinetics, this behavior is
conceptually consistent with the framework of the LaMer
nucleation model. This rapid process effectively narrows the
nucleation window relative to the growth stage.*’ More
critically, the exposed hydrophobic domains and the S-sheet-
rich network can form a cage-like physical barrier, serving as a
robust steric confinement effect. This steric hindrance restricts
mass transfer between particles, thereby suppressing Ostwald
ripening (the spontaneous process where small crystals dissolve
to feed larger ones) more effectively than chemical adsorption
alone.*® Characterized by the lowest a-helix/(f-sheet + random
coil) ratio, SBX-10-LB-EPS likely provided the most ideal
physical template for synchronous nucleation and confined
growth. Consequently, this optimal templating endowed the
material with the narrowest particle size distribution and the
lowest PDI.

To elucidate the specific binding interactions within this
confined growth, a proposed facet-selective adsorption mech-
anism at the microinterface is depicted in the inset of Figure 8.
This mechanism is based on the interfacial assembly model
described by Bakshi.*® In this framework, the hydrophilic and
charged domains consist of polar side-chain residues (e.g., —
COOH and — NH,) and main-chain C=O groups liberated
from a-helix hydrogen bonding.”> These domains are
hypothesized to preferentially coordinate onto the high-energy,
highly polar {111} facets’” of the $-ZnS nanocrystals via
multipoint interactions. Conversely, the newly exposed hydro-
phobic domains favorably passivate the lower-energy, less polar
{100} facets to minimize contact with the aqueous phase.

This study demonstrates that manipulating the protein
structure of EPS is as crucial as modulating its chemical
composition for the biosynthesis of high-quality nanomaterials.

4. CONCLUSIONS

This study demonstrates that flotation reagents, especially SBX,
act as efficient "nongenetic regulators” that play a critical role in
tailoring S. oneidensis MR-1 EPS for ZnS QD biosynthesis. SBX
stress triggered a series of synergistic modifications. Beyond
increasing EPS yield and enriching metal-binding functional
groups, it drove a profound conformational transition from a
rigid a-helix to a flexible f-sheet and random coil.

Further comparative analysis also indicated that there was a
functional difference between LB-EPS and TB-EPS in the
biosynthesis of QDs. LB-EPS, possessing the most unfolded
conformation, served as a superior physical template for quality
enhancement. This expanded spatial network enables an
efficient, uniform adsorption reaction (i.e., preimmobilization).
Furthermore, the resulting steric imprisonment likely enhances
synchronous burst nucleation, while effectively suppressing
Ostwald ripening. This structural advantage yielded QDs with
superior size uniformity and a larger specific surface area.
Conversely, although TB-EPS attained a greater QD yield, its
more rigid structure failed to regulate the particle morphology as
effectively. Correlation analysis further solidified these insights,
demonstrating that QD physical properties (size distribution

and specific surface area) strongly depend on the a-helix/(f-
sheet + random coil) ratio, while the yield is predominantly
controlled by chemical composition. In addition, it was observed
that the change in the fluorescence intensity was synergistically
controlled by the protein secondary structure and chemical
composition.

Overall, this work proposes a novel strategy utilizing
environmental stressors for the in situ engineering of the
biophysical state of microbial EPS. This conformational
regulation principle has strong universality; any external
stress/induction conditions, such as other organic pollutants,
heavy metals, or even pH and temperature changes that can
effectively alter the amino acid composition of EPS as reported
in previous literature, may induce favorable structural
remodeling of biopolymers, thereby achieving similar control
over the properties of nanomaterials. Consequently, this
research offers a fresh understanding of the importance of
transforming heavy metal pollutants into high-value nanoma-
terials. The proposed mechanism reveals that conformational
control of the biological template strongly influences the
morphology and performance of the QDs. This concept will
play a crucial role in advancing both environmental cleanup and
sustainable nanomaterial technologies.

Furthermore, it is important to acknowledge that the current
proposed model is primarily based on protein-dominated EPS.
For EPS where polysaccharides constitute the major compo-
nent, the interfacial templating mechanisms and subsequent QD
regulatory behaviors may differ. Nevertheless, drawing upon the
physical principles elucidated in this study, it is reasonable to
hypothesize that inducing a looser, more expanded architecture
in polysaccharide chains could similarly enhance spatial
confinement and mass transfer, thereby improving the overall
quality of the synthesized QDs. Future systematic investigations
into these polysaccharide-dominated EPS are warranted to fully
uncover the diverse biomineralization mechanisms within
complex biological matrices, thereby paving the way for more
tailored and comprehensive biosynthesis strategies.
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