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Abstract We report microbially facilitated synthesis of

cadmium sulfide (CdS) nanostructured particles (NP) using

anaerobic, metal-reducing Thermoanaerobacter sp. The

extracellular CdS crystallites were \10 nm in size with

yields of *3 g/L of growth medium/month with demon-

strated reproducibility and scalability up to 24 L. During

synthesis, Thermoanaerobacter cultures reduced thiosulfate

and sulfite salts to H2S, which reacted with Cd2? cations to

produce thermodynamically favored NP in a single step at

65 �C with catalytic nucleation on the cell surfaces. Pho-

toluminescence (PL) analysis of dry CdS NP revealed an

exciton-dominated PL peak at 440 nm, having a narrow full

width at half maximum of 10 nm. A PL spectrum of CdS

NP produced by dissimilatory sulfur reducing bacteria was

dominated by features associated with radiative exciton

relaxation at the surface. High reproducibility of CdS NP

PL features important for scale-up conditions was con-

firmed from test tubes to 24 L batches at a small fraction of

the manufacturing cost associated with conventional inor-

ganic NP production processes.

Keywords CdS nanostructured particles � Nano-

biotechnology � Thermoanaerobacter � Fermentation �
Photoluminescence � Scalable synthesis

Introduction

Electro-optical properties of nanostructured particles (NP)

including semiconducting quantum dots have been applied
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toward solid state lighting [17], photovoltaic devices [11],

and biological labeling [2]. Current approaches for syn-

thesizing NP include colloidal synthesis using organic

solvents [7], solvothermal routes requiring temperatures in

excess of 180 �C for more than 24 h [8], or thermolysis

which may require multiple steps and an energy intensive

process including calcination at high temperature [31]. In

most synthesis techniques, sub-gram quantities of nano-

crystals are produced, as conventional synthetic routes are

limited to small-scale reactions [5]. Recently, efforts for

large-scale NP synthesis ([1 g) were initiated using

organically passivated materials with a narrow size distri-

bution [15]. The search for scalable and environmentally

friendly NP synthesis that also overcomes cost and scaling

limitations of chemical synthesis has attracted significant

attention [28].

Nano-biotechnology, an emerging field of science,

offers the use of organisms [29] for synthesizing cadmium

sulfide (CdS) nanoparticles. Microbial biosynthesis of CdS

NP can offer several advantages—making NP synthesis

scalable, low cost, and environmentally friendly [20]. The

formation of CdS has been found to be compatible with

microbial mechanisms of heavy metal tolerance and

enzymatic mechanisms converting metal ions into precip-

itates [6]. Previous examples of cadmium detoxification by

precipitation included the formation of CdS either on the

surface of K.pneumoniae [28] or inside cells of engineered

E.coli [13, 18], and peptide-capped intracellular CdS par-

ticle formation within living Schizosaccharomyces pombe

yeast cells [23]. Although CdS NP were observed in these

studies, characterization of their optical properties was

limited due to small NP yields. The low yield of previously

biosynthesized NP was in part due to limited numbers of

cells and the product recovery, which required cell lysis

followed by NP purification [13].

The cost of CdS NP production can be compared based

on the price of the components. The price of sulfur sources

vary widely from $1,600/kg for H2S to $86/kg for Na-

thiosulfate and $40/kg for Na-sulfite (Sigma-Aldrich,

Milwaukee, WI, USA). Competitive manufacturing cost of

the biological process uses less expensive oxidized sulfur

sources, while chemical syntheses requires reduced sulfur

compounds at a higher price. Using a more oxidized form

such as thiosulfate or sulfite can produce CdS NP at around

5 % of the cost compared to chemical synthesis requiring

expensive reduced species such as Na2S and H2S.

Here, we report the microbially facilitated synthesis of

extracellular CdS NP with controlled size, crystal structure,

and optical properties using an advantageous low cost and

environmentally friendly process that appears inherently

scalable at yields approaching 3 g/L/month.

Materials and methods

Synthesis of CdS NP

Extracellular CdS NP were produced using thermophilic

metal reducing bacteria, Thermoanaerobacter sp., such as

TOR-39 [16] or X513 [26], which are not sulfate-reducing

bacteria. Results shown here were obtained with Thermo-

anaerobacter sp. X513. The CdS NP synthesized using

Desulfovibrio desulfuricans, G20, a metal and sulfate-

reducing bacterium [34] and inorganically synthesized CdS

NP from Cd salt and sodium sulfide were used as reference

materials.

The CdS NP synthesis was initiated with the inoculation

of 10 mM glucose, 2 % volume of mid-log phase growth

of X513 culture plus 10 mM of a sulfur source such as

thiosulfate or sulfite added to a modified TOR-39 media at

65 �C [22], which kept bicarbonate concentration low so as

to prevent otavite (CdCO3) precipitation. After 1 to 4 days

of incubation aliquots of cadmium chloride (0.4–1.6 mM/

day) were dosed a single time for high impact or ten times

via pulsed dosing to produce CdS NP. Screening the Cd2?

toxicity revealed that dosing at 0.01 mM proved inhibitory

to growth by 91 % loss of optical density and dosing at

0.05–0.5 mM lost more than 97 % compared to the control

sample without Cd2? after 24 h. More than 1 mM resulted

in lower optical density than the background of sterile

growth medium. Control experiments without microbes

were performed at pH 6.96 for thiosulfate and pH 7.01 for

sulfite in the same growth medium incubated with X513 for

24 h. Both samples were incubated with the same pulsed

dosing of 0.4 mM Cd2? at 65 �C.

Cultured samples were incubated for another 24 h after

the final dosing and harvested. Culture medium volumes

varied from 10 mL to 24 L with the same dosing ratio and

the Cd concentration was increased in the same medium

volume for mass production. The total effect of incubation

time and dosing methods was evaluated. Some samples

were centrifuged in an anaerobic glove bag (Coy, Ann

Arbor, MI, USA) to remove background effects of medium

and kept reduced with 0.2 mL of 11.5 mM Na-dithionite.

The CdS NP products were washed with deionized water

and centrifuged five times. After each centrifugation, cell

pellets were readily removed from the denser NP by

scraping. After five washes microscopic cell counts were

reduced more than three orders of magnitude while the

sodium concentration of the suspension was similarly

reduced from 2000 mg/L to 5 mg/L. Aliquots of the CdS

NPs were mixed with methanol and the slurry was applied

to a silicon zero background plate for X-ray diffraction

(XRD) analysis.
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Characterization

After cooling withdrawn samples, the final pH and Eh of

bacterial cultures and controls were measured in an

anaerobic chamber using combination pH and Eh elec-

trodes [22]. Dissolved sulfur species in the medium such as

sulfite and thiosulfate were diluted with degassed deionized

water, and then measured by an ion chromatograph

equipped with a conductivity detector (DX-120, Dionex,

Sunnyvale, CA, USA). The concentrations of dissolved

hydrogen sulfide species including H2S and HS- were

measured by colorimetry [4]. Carbon dioxide and hydrogen

sulfide gases in the headspace were collected using a gas-

tight syringe and analyzed on an Agilent 5850 gas chro-

matograph (Agilent Technologies, USA) equipped with a

thermal conductivity detector as described previously [19].

The protein concentration was measured before Cd2?

dosing with a BCATM protein assay kit (Pierce, Rockford,

IL, USA) using bicinchoninic acid and the calibration

curve was obtained using albumin as a standard.

Absorption properties were measured using samples

directly extracted from the culture vessel using a syringe

and analyzed using a UV-vis spectrophotometer (HP 8453,

Hewlett-Packard). Photoluminescent (PL) properties of NP

were measured using a fluorescence spectrometer (JY

Horiba, Spex). The fluorescent luminance (FL) measure-

ment was performed with a washed, stored NP suspension

reduced with 0.2 mL of 11.5 mM Na-dithionite and pre-

pared with degassed deionized water to adjust the extracted

volume prior to the measurements. The PL of solid NP

powders (deposited on glass slides) was measured with the

sample positioned at 30� to the excitation beam with 5 nm

slits on excitation and emission monochromators and 0.1 s

integration time. The excitation was with a 400 nm light.

An X-ray diffractometer (X’pert PRO, PANanalytical,

Natick, MA, USA) equipped with Cu–Ka radiation at

45 kV/40 mA from 10�–70� 2h was used to obtain XRD

profiles. Data were analyzed by profile fitting without any

structural parameters using the JADE software package

(Material Data Inc.) following previous research [21].

Average crystallite size was determined using the JADE

software along with the Scherrer equation. Transmission

electron microscopy (TEM, FX 2000, JEOL, Japan) was

used to examine the morphology and grain size of the

precipitated NP.

Results and discussion

The effect of microbes and sulfur sources on crystal

phases of CdS NP

Incubation of metal-reducing X513 with 10 mM thiosulfate

or sulfite as electron acceptors resulted in production of

C6 mM sulfide which reacted with cadmium salt concen-

trations of 4.45 mM or 8.90 mM (with pulsed dosing of

0.45 and 0.89 mM/day, respectively). After 10 days XRD

patterns (Fig. 1a, b) revealed CdS NP in polymorphic

phases of cubic hawleyite and hexagonal greenockite

(Fig. 1c). The TEM micrographs of CdS NP (Fig. 1e)

Fig. 1 a, b TEM micrographs of CdS cultured with X513 after 4.5

and 8.9 mM of pulsed dosing with Cd2?, respectively; c XRD

patterns of CdS NP final products with differing sulfur sources and

microbes; d, e co-existence of cubic hawleyite phase (d) and

hexagonal greenockite phase (e) of CdS NP
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produced from thiosulfate exhibited a clear crystal pattern

with 0.359 and 0.672 nm spacing corresponding to (100)

and (002) that was in agreement with the hexagonal crystal

structure. Fast fourier-transforms of lattice fringe spacings

of CdS NP were consistent with cubic and hexagonal

structures (Fig. 1d, e). Only the cubic hawleyite phase

(Fig. 1c) was found in CdS NP when a cysteine sulfur

source was used. Abiotic controls using Cd salts and

sodium sulfide, and a biological method with Desulfovibrio

desulfuricans, G20 cultures with sulfate, produced the

cubic phase but not the hexagonal crystal structure. Cad-

mium (sulfate) hydroxide and/or cadmium carbonate were

observed as impurities in G20 and abiotic samples. Control

samples without microbes showed negligible precipitation.

The mechanism of CdS NP formation

Test tubes with 10 mL medium were prepared in duplicate

for the incubation of X513 with 10 mM glucose and

10 mM thiosulfate for 24 h, after which 0.4 mM/day

CdCl2 was dosed as a discrete pulse for 10 days. The ali-

quots of CdS NP were sampled nine times between 5 min

and 240 h. The formation of CdS NP was apparent by an

immediate color change from colorless to yellow upon

Cd2? dosing, indicating a reaction between Cd2? and the

reduced sulfide species from microbially mediated reduc-

tion of thiosulfate.

Cultures with X513 produced significant amounts of

organic acid and CO2 by the metabolic activity [39] which

increased acidity. As a result, decreases of live cell counts and

an increase in redox potential were observed after t = 0

(Fig. 2a). Continuous microbial activity throughout the

experiment was evidenced by the accumulation of CO2 gas in

the headspace. Concentration of H2S above the fermented

medium stabilized to a relatively constant level after 100 h

(Fig. 2b). The results demonstrated that the extracellular

formation of CdS NP was the result of the reaction of

microbial reduction of the sulfur source to sulfide followed by

its reaction with Cd2? cations. The CdS formation was the

thermodynamically favored reaction in that the free energy of

formation of CdS by [Cd2? ? H2S = CdS ? H2 (g)] or

[Cd2? ? HS- = CdS ? H?] was estimated to be -46.3 and

-68.3 kcal, respectively [33]. One mechanism in the mi-

crobially facilitated synthesis of CdS NP is the reducing force

of the microbial activity which transfers electrons from glu-

cose as an electron donor to adjacent thiosulfate as a terminal

electron acceptor. Factors causing pH drop can be acetate

formation from glucose, dissolution of CO2 into HCO3
- at

neutral pH, conversion of H2S gas to dissolved hydrogen

sulfide species HS-, incorporation of Cd2? with HS- to

precipitate sparingly soluble CdS NP, and combinations of

any of these.

Control experiments without microbes with pH drop

showed no precipitation. Without microbial activity, there

was no driving force to reduce intermediate sulfur sources

to sulfide species to react with Cd2? thermodynamically

under the same temperature and pH condition.

Another mechanism of CdS NP formation is the cata-

lytic nucleation on the cell membrane combined with the

reducing force. A comparison study was conducted with

24 h incubated samples of X513 only with thiosulfate and

glucose (as pristine), 2 h-autoclaved, and filtered using

0.2 lm filter in the glove bag. Only a 0.6 % fraction of

the protein remained after filtering from pristine samples.

They exhibited little differences of pH–Eh conditions at

room temperature before dosing with Cd2? (Fig 3a).

Samples incubated for 30 h were also tested as pristine

and filtered, because approximately 50 % of the sulfide

was lost during filtering or to volatilization or adsorption

(Fig 3b). The Cd2? was dosed at room temperature for

30 min and 3 h. A short reaction time (5 min) generated a

broad recombination peak in the red-region (Data not

shown).

Incorporation of Cd2? and reduced sulfide with live or

dead cells produced expected FL emission peaks at 515 nm

(Fig 3c), but the filtered sample exhibited some variance;

(1) very small peak at 515 nm or (2) only broad emission

peak in the red region with higher intensity. Autoclaved

samples with dead cells showed a slight blue-shift. The

reason is not certain, but one possibility is that the 2 h-
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autoclaving process resulted in breakdown of cells, that in

turn increased the specific surface area with increased cell

debris and increased nucleation sites. It was concluded that

the combined reduction driving force by microbial activity

and catalytic nucleation are responsible for CdS NP pro-

duction in our microbially facilitated synthesis.

Impact of incubation time on the structure of CdS NP

The CdS NP precipitates from a time course experiment

in Sect. 3.2 were also examined to discern the impact of

incubation time on the CdS NP structures. The XRD

analysis indicated a transition (after 24 h of incubation)

from cubic to a mixture of cubic and hexagonal phases

until the end of the experiment at 240 h (Fig. 4a). Rel-

ative abundance between the two phases was obtained

using reference intensity ratios [3]. After 24 h of incu-

bation, XRD analysis distinctively revealed the formation

of the hexagonal phase as indicated by (002) and (102)

peaks at about 26.4o and 28.1� 2h, respectively, in

addition to the cubic phase. After 240 h of incubation,

the CdS NP contained a larger fraction of the hexagonal

phase. Until 24 h, the average crystallite size of the

precipitated cubic phase was about 5 nm without addi-

tional supply of CdCl2, but increased to 7 nm at 48 h

with an additional dose. It was in agreement in that CdS

was previously obtained from hexagonal-phased nucle-

ation seeds under high temperature conditions (*300 �C)

and cubic-phased seeds dominated at lower temperatures

(*120 �C) [12].

Nucleation of less thermodynamically stable cubic
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hexagonal phase correlates well with the Ostwald’s step

rule [24] which implies that the cubic phase probably has a

lower interfacial free energy than the hexagonal phase. The

observed changes in the crystal structure of CdS NP can

also be explained using a phase stability reversal mecha-

nism previously reported for thermal and photochemical

synthesis of CdS nanoparticles [10]. This mechanism has

been suggested for the 3 nm sized cubic phase [1] and the

100 nm size of the hexagonal phase [35] of CdS formed via

thermal and photochemical reduction, respectively. In our

case, chelation of organic acid byproducts on the surface of

CdS NP could cause significant changes of surface free

energy of the NP [27] facilitating accumulation of the

hexagonal phase.

Size-dependent optical properties of CdS NP were

confirmed by red-shifts of absorption and FL spectra

(Fig. 4b,c). Absorption spectra did not show well-resolved

peaks; therefore, the inflection points from patterns were

obtained after smoothing and differentiation of absorption

spectra. Acquired absorption peaks that were shifted from

490 to 510 nm correlated well with the dosing amount of

Cd2? and incubation time as well as average crystallite size

obtained from XRD.

The FL of the CdS NP in the time course experiment

with a pulsed dosing showed the red shift from 505 to

540 nm (excitation at 400 nm) which correlated well with

the change in average crystallite size (ACS) from 5 to

11 nm. The red shift of both the absorption and the FL

spectra can be ascribed to weak dielectric confinement [30]

induced by increased ACS, as a result of increased dosing

of Cd2?. The ACS of the cubic phase CdS determined from

TEM images were 17.1 ± 6.6 nm (N = 156) that was

comparable to the *11 nm diameter estimated from XRD

measurements. The ACS of hexagonal phase CdS was

found to be 49.9 ± 29.9 nm (N = 104), significantly larger

than the * 10 nm estimated from XRD. The difference

between TEM and XRD derived ACS might be due to

oriented aggregation of the CdS. Crystrallographically

driven aggregation of NP seeds has been observed in other

sulfide systems [14]. Each smaller CdS in the aggregates

could serve as a coherent scattering domain for X-rays.

The effect of medium volume, biomass, and dosing

concentration on scalability of CdS NP production

Nucleation and growth of CdS NP also depended on

incubation time, dosing concentration, and initiation time

of dosing with subsequent H2S development. For example,

using 1 L-scaled medium, 7.8, 7.2, and 6.1 nm ACS of

CdS NP were synthesized with pulsed dosing of 0.4 mM/

day, 0.8 mM/day for 10 days and 1.6 mM/day for 5 days

indicating smaller crystallite sizes with increased dosing

concentrations (Table 1). The average crystallite size of

CdS NP increased with longer incubation times with 0-and

5-days aging producing 5.7 and 6.1 nm, respectively

(Table 1). Another batch initiated with 0.5 vol. % of mid-

log phase growth of X513 with 4.45 or 8.90 mM of Cd2?

produced the same mixed bio-CdS phases with 17.1 ± 1.4

and 13.0 ± 0.7 nm, respectively. Smaller inocula of X513

delayed the production of H2S and increased CdS average

crystallite size (even for 10 % higher Cd2? dosing) com-

pared to reactions conducted with the conventional 2 %

inocula. Under conditions of higher concentration of Cd2?

dosing, nucleation of new CdS NP dominated kinetics over

the crystal growth [21].

After washing and freeze-drying, the yield of CdS NP

was 0.58 ± 0.02 g/L of medium after 12 days with

99.7 ± 3.9 % of the Cd having been incorporated into CdS

NP (Table 1). The highest yield of 3.7 ± 0.25 g/L/month

CdS NP was achieved among various Cd2? dosing con-

centrations, times, and aging, but with only 70 ± 4.7 %

conversion efficiency.

Scalability of microbially facilitated synthesis of CdS

NP was tested for increasing medium volume from 10 mL

to a dual 24 L parallel reactor (Fig. 5a–d) with the same

Cd dosing conditions (0.4 mM/day for 10 days). Scaling

showed no significant influence on size or optical prop-

erties of CdS NP, as evidenced by the same fluorescent

luminance (FL) with emissions at 530 nm (Fig. 5e). This

demonstrated a factor of 2,400 scalability of the micro-

bially facilitated synthesis of CdS NP. The scalability

factor was similar to that demonstrated for biomagnetite

as it proceeded from 10 mL to 30 L [20]. Increased

Table 1 Variation of ACS, conversion efficiency, and yield according to different dosing regimes, and incubation times with 1L medium scale

in duplicates with 2 % X513 inocula of mid-log phase growth

Series Dosing Incubation (day) ACS

(nm)

CE

(%)

Yield

(g/L/month)
Con (mM/day) Times Enrichment Inoculation Aging

S-1 0.4 1 2 10 0 7.8 ± 0.3 99.7 ± 3.9 1.44 ± 0.06

S-2 0.8 1 2 10 0 7.2 ± 0.1 82.2 ± 1.2 2.37 ± 0.03

S-3 0.8 2 2 4.5 0 5.7 ± 0.1 69.9 ± 4.7 3.73 ± 0.25

S-4 0.8 2 2 4.5 5 6.1 ± 0.4 88.7 ± 3.5 2.67 ± 0.10

Con concentration, ACS average crystallite size, CE conversion efficiency
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dosing concentrations of Cd2? from 1 to 6 mM followed

by 3-days incubation did not change the average crys-

tallite size but higher dosing concentrations resulted in

lower FL properties (Fig. 5f). Results suggested the pre-

ferred formation of additional nucleation centers over the

crystal growth. The highest FL intensity of CdS NP was

observed for a batch inoculated with 1 mM of Cd2? in

(Fig. 5f). Reduced FL intensity associated with reduced

CdS quality might be related to the cation/anion ratios in

the medium, which was also related to the production of

H2S.

Optical properties of CdS NP

The photoluminescence (PL) spectra (Fig. 6a) with freeze

dried samples of CdS NP produced by X513 and thio-

sulfate or sulfite exhibited a sharp peak around 440 nm,

which was also observed in CdS synthesized by standard

procedures [37]. The full width at half maximum

(FWHM) for Cd NP was found to be *10 nm, compared

to 28 nm [7] or 20 nm FWHM [32] of chemically syn-

thesized CdS, suggesting a narrower size distribution of

our CdS NP.
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Fig. 6 a Photoluminescence spectra of various CdS NP (Excitation at 400 nm); b, c principal component analysis results exhibiting slow and

fast kinetics
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Abiotic reaction with cysteine revealed a PL spectrum of

CdS NP showing the same emission peak at 440 nm and a

broad band between 450 and 750 nm. This can be attrib-

uted to radiative electron and hole relaxation at the defects

and impurities on the surface and/or within the CdS NP [7,

30, 37] or charge carriers recombination [32]. The PL

spectra with a sharp peak at 440 nm and weak broad

emission between 450 and 600 nm was also observed when

samples were cultured with G20. This may indicate that

microbial fermentation-facilitated CdS NP manufacturing

may represent an advantageous route to abiotic reaction in

aqueous phase.

Principal component analysis of PL spectra of dried CdS

NP shown in Fig. 6b revealed two components in solid

samples such as relaxation via excitonic transition and

surface trap recombination. However, the resulting product

from our thiosulfate or sulfite precursors exhibited exciton-

dominated PL, in contrast to either samples from the sul-

fate-reducing bacterium G20, or samples from an abiotic

process with sulfide that exhibited a mixed mechanism of

surface trap-exciton PL. The analysis of absorption spectra

indicated the presence of slow and fast kinetics during the

CdS NP synthesis (Fig. 6b). The principal component

analysis of PL spectra in the solutions revealed that slow

kinetics were associated with insignificant changes in the

480 nm component (Fig. 6c). At a later time, the 480 nm

component loading decreased with a lifetime of

21.6 ? 5.9 h while the 500 nm component loading

increased with a longer life time (58.7 ? 1.5 h). The

growth of the second component, likely associated with the

large diameter nanoparticles, was not limited by the small

nanoparticle seeds (480 nm).

Conclusions

We have demonstrated that thermophilic metal-reducing

bacteria can be used to produce CdS NP of controlled size

and crystal structure with high yield and size uniformity.

Controlling factors such as cell mass, dosing concentra-

tions, type of precursors, and the basal medium composi-

tion using appropriate microbial populations as a reducing

force were critical in producing copious CdS NP.

Advantages of our CdS NP synthesis using Thermo-

anaerobacter X513 include: (1) a relatively simple proce-

dure without complicated steps [31], (2) low energy

consumption at near room temperature compared to tradi-

tional methods requiring 250–300 �C [36] or high

mechanical energy like ball-milling up to 30 h [25], (3)

easily tunable synthetic conditions for size control without

implementation of additional steps like anion exchange

chromatography [13], (4) semi-continuous production

without sacrificing the culture and anaerobic system, (5)

minimizing the use of organic solvents and hazardous

precursors [9], and (6) no need for post-treatment such as a

lengthy dialysis [38].

Stoichiometrically incorporated CdS NP can be easily

fabricated into a thin film using the spray or ink-jet method.

This process does not require high temperature, an

expensive vacuum, or sputtering equipment. The synthetic

approach is also not limited to the production of a large

surface thin film. Further optimization is underway so as to

improve PL of CdS NP and to investigate the influence of

other parameters including the concentration of dissolved

H2S, cation/anion ratio, pH, and the monodispersity in the

presence of capping agents and surfactants.

Microbially facilitated synthesis processes may offer a

novel green technology for low cost, low energy, scalable

production of CdS NP with properties comparable to their

abiotically synthesized analogs. This approach is not lim-

ited to CdS NP, and may be implemented for scalable, cost-

effective, green synthesis of other nanoparticles.
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