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Abstract
Gold nanoparticles have numerous applications, many of which are notable in industries. The biosynthesis of gold nano-
particles offers an easy, effective, green, and eco-friendly approach. In organisms capable of synthesizing nanoparticles, 
enzymes and proteins are responsible for the structural and functional modifications that lead to their formation. These 
include ABC transporter, peptide-binding proteins, which are dependent on abiotic parameters. This study uses the puri-
fied ABC transporter, peptide-binding protein transformed from Thermus scotoductus SA-01 and expressed in mesophilic 
Escherichia coli BL21 and thermophilic Thermus thermophilus HB27 hosts for the biosynthesis of gold nanoparticles at 
different concentrations, temperatures, and pH values. Gold nanoparticle formation was evaluated with a range of gold (III) 
concentrations (0–10 mM), incubated at temperatures ranging from 30–85 ºC and pH levels from 3.6–9.0. Transmission 
electron microscopy (TEM), energy dispersive X-ray spectrometry (EDX), and UV–Vis absorption spectroscopy were used 
to characterise the formation of nanoparticles. In all of the protein reactions, UV–Vis absorbance peaks at approximately 
520–560 nm confirmed the formation of gold nanoparticles. Optimum nanoparticle synthesis was observed at pH values rang-
ing from 5.5 to 9.0, gold (III) solution  (HAuCl4) concentrations from 0.5–2.0 mM, and a maximum temperature of 65ºC in 
the mesophilic host and 85ºC in the thermophilic host, indicating the significance of temperature in both hosts for the expres-
sion and bioactivity of the purified ABC transporter protein. However, the biogenic formation of gold nanoparticles using 
E. coli and T. thermophilus hosts was not monodispersed, suggesting a necessity for further development of the procedure.

Keywords ABC transporter peptide-binding protein · Biosynthesis gold reduction · Reductase enzymes · Ultrafine 
particles · Biogenic nanoparticles synthesis · Microbial-mediated nanoparticles

Abbreviations
Ag  Silver
Au  Gold (Au)
DNA  Deoxyribonucleic acid
EDX  Energy dispersive X-ray spectrometry
IPTG  Isopropyl β-D-1-Thiogalactopyranoside
IPTG  Isopropyl β-D-1-Thiogalactopyranoside
LB  Luria-Bertani

NBDs  Nucleotide-binding domains
OD  Optical density
PCR  Polymerase chain reaction
PH  Potential of hydrogen
Pt  Platinum
RPM  Revolutions Per Minute
SDS-PAGE  Sodium dodecyl-sulfate polyacrylamide gel 

electrophoresis
TEM  Transmission electron microscopy
TMDs  Two transmembrane domains
TYG   Tryptone, Yeast Extract, Glucose
UV  Ultraviolet

 * Mariana Erasmus 
 erasm@ufs.ac.za

 * Oladayo Amed Idris 
 dayoamed@gmail.com

1 Centre for Mineral Biogeochemistry, University of the Free 
State, Bloemfontein 9301, Free State, South Africa

2 Department of Animal Sciences, University of the Free State, 
Bloemfontein 9301, Free State, South Africa

http://crossmark.crossref.org/dialog/?doi=10.1007/s11756-024-01733-2&domain=pdf
http://orcid.org/0000-0003-2191-762X
http://orcid.org/0000-0002-8053-4824
http://orcid.org/0000-0003-3652-4984
http://orcid.org/0000-0003-1598-6151


2606 Biologia (2024) 79:2605–2619

Introduction

Nanoparticles are fascinating ultrafine particles with dis-
tinct physicochemical properties that could be used for a 
variety of applications in engineering, electrical, medical, 
and biological fields for simultaneous diagnosis and drug 
delivery, electroanalysis, hydrogen gas sensing, and cancer 
diagnosis and treatment. Additionally, they can serve as 
emulsions in oil production, cheap stabilisers,  CO2 foams, 
and reservoir sensing (Salata 2004; Yezhelyev et al. 2006; 
Campbell and Compton 2010; Lee et al. 2011; Ullah et al. 
2017; Ko and Huh 2019). Although the colloidal solutions 
of the metallic nanoparticulate substances are ultrafine, 
with one dimension less than 100  nm, the molecules 
that make them up are very complex. They are made up 
of three layers, which contribute to their extraordinary 
mechanical strength, electrical properties, and thermal 
conductivity for better performance, structural durability, 
and reliability (Khan et al. 2019). Among the commonly 
used classes of metal nanoparticles include silver (Ag), 
gold (Au), and platinum (Pt). However, gold nanoparticles 
get greater attention because of their chemical inertness, 
non-cytotoxicity, less-efficient interactions, and ability to 
manipulate gold particulate size (Asnag et al. 2019). The 
distinct nanoscale properties of gold are utilized in numer-
ous fields, including catalysis, nonlinear optical devices, 
biolabeling, colours and coatings, optical recording media, 
and the biomedical industry (Shnoudeh et al. 2019). How-
ever, gold is predominantly used for jewellery production 
worldwide, nanotechnology can expand its industrial 
applications.

The use of hazardous chemicals in the preparation of 
nanoparticles is not only challenging in terms of its syn-
thesis protocol but also environmentally unfriendly and 
expensive (Shamaila et al. 2016). As a result, the biosyn-
thesized formation of ultrafine particles using microorgan-
isms is believed to be promising, sustainable, non-toxic, 
and economical. However, the utilization of microorgan-
isms for large-scale nanoparticle production is still in its 
infancy. These microbes vary from simple prokaryotic bac-
teria to complex eukaryotic fungi and yeasts. In addition, 
biologically synthesized nanoparticles are typically more 
polydisperse when compared to nanomaterials produced 
using chemicals (Sinha et al. 2009). Many microorgan-
isms can use reductase enzymes to convert metal salts 
into monodispersed metal nanoparticles, detoxify them, 
and use the metal as an energy source. This is due to the 
microbe's inherent ability to facilitate energy-dependent 
proton ion efflux through the cell membrane using ATPase 
(Li et al. 2011).

Microorganisms, including bacteria, have been exten-
sively studied for nanoparticle synthesis with an array of 
biological protocols that have been reported using various 
bacterial biomasses, mostly mesophiles (Singh et al. 2016). 
Some of these techniques, however, have many downsides 
and limitations, particularly when employed for the com-
mercial synthesis of nanoparticles at high temperatures. 
Several thermostable enzymes require cofactors, active 
chaperones, and specific posttranslational processing for 
correct protein folding, which may not be optimal at high 
temperatures in a mesophilic host like Escherichia coli 
(Bhatwa et al. 2021). Thermophiles such as Thermus sco-
toductus and Thermus thermophilus have been proposed as 
reliable sources of industrial thermostable enzymes in bio-
synthesized nanoparticle formation (Turner et al. 2007). 
Thermus species are tolerant to thermophilic environments 
with high natural transformation and genetic plasticity, 
as well as being amenable to genetic manipulation due to 
their inherent ability to be transformed with chromosomal 
or plasmid DNA (Carr et  al. 2015). The rapid growth 
rates and abundance of enzymes produced have made this 
organism useful in various biotechnological applications, 
primarily in the thermostabilizing of enzymes. Several fac-
tors, including temperature, pH, exposure time, biomass, 
and substrate concentration are used to manipulate and 
optimize nanoparticle properties and formation. These 
parameters may thus influence the growth conditions of 
the organisms, their cellular activities, and their enzymatic 
processes (Korbekandi et al. 2009).

Van Marwijk (2009) and Opperman et  al. (2008) 
revealed in their studies that T. scotoductus SA-01 could 
reduce heavy metals with the subsequent formation of 
nanoparticles. In this case, soluble gold (III) was reduced 
to insoluble elemental gold. This thermophilic bacterium 
was isolated by Kieft et al. (1999) from groundwater sam-
ples from Mponeng (a deep South African gold mine in 
the Witwatersrand Supergroup operated by AngloGold 
Ashanti) at a depth of 3.2 km with an ambient rock tem-
perature of 60 ºC and it was later described by Balkwill 
et  al. (2004) as T. scotoductus.  Thermus  scotoductus 
SA-01 has several membrane proteins as well as cyto-
plasmic proteins that participate in the gold reduction and 
nanoparticle formation processes (Erasmus et al. 2014). In 
order to achieve a thermostable microbial strain capable of 
biosynthesis of nanomaterials, a cloning vector from the 
plasmid of Thermus sp. is required (Lasa et al. 1992; De 
Grado et al. 1999). The genome of T. scotoductus SA-01 
is, however, related to that of T. thermophilus HB27, 
which is a commonly used thermophile strain. T. thermo-
philus HB27 consists of 1,894,877 bp chromosomes and 
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232, 605 bp megaplasmid (Henne et al. 2004), whereas T. 
scotoductus SA-01 consists of 2,346,803 bp chromosomes 
and 8,383 bp plasmids with approximately 69% G + C con-
tent similarity to T. thermophilus (Gounder et al. 2011), 
making the strains suitable for transformation.

Studies have identified that ABC transporter peptide-
binding genes are membrane proteins, consisting of eight 
subfamilies (A-H), depending on their structural arrange-
ment and phylogenetic analyses (Dean et al. 2001; Popovic 
et al. 2010). They are composed of four core domains, 
namely, two nucleotide-binding domains (NBDs) and 
two transmembrane domains (TMDs). The former con-
tains sequence motifs needed for ATP hydrolysis, whereas 
the latter comprises 4–10 α-helices and serves as a sub-
strate translocation pathway across the lipid bilayer (Cai 
and Gros 2003). The four domains are either encoded on 
a single gene, one NBD and one TMD connected on a 
gene, or all the domains are encoded by separate genes 
(Rea 2007). ABC transporter, peptide-binding protein, is 
a reductase-like protein that has been identified as capable 
of reducing uranium and thus could have been the prin-
cipal protein in the Thermus species that aids in reducing 
gold, chromate, iron, and uranium (Balkwill et al. 2004; 
Opperman and Van Heerden 2007; Gounder et al. 2011; 
Cason et al. 2012). In this study, ABC transporter peptide-
binding protein identified in T. scotoductus SA-01 (Eras-
mus et al. 2014), was transformed in E. coli BL21 (DE3) 
and T. thermophilus HB27 as mesophilic and thermophilic 
hosts, respectively for gold reduction and nanoparticle 
formation. Effects of varying gold (III) concentrations, 
temperatures, and pH values were assessed on the gold 
reduction and nanoparticles formation. This was followed 
by the characterization of the obtained nanoparticles using 
transmission electron microscopic and energy dispersive 
X-ray spectrometric analyses.

Materials and methods

Bacterial strains, growth conditions and genomic 
DNA isolation

In this study, chromosomal DNA was isolated and trans-
formed from T. scotoductus SA-01 (ATCC 700910) strain 
using an adapted SDS-proteinase procedure. E. coli TOP10 
(Invitrogen) was used as a host for cloning of the protein 
while T. thermophilus HB27 (ATCC BAA-163) and E. coli 
BL21 (DE3) were used as hosts for the expression of the 
ABC transporter peptide-binding protein. T. scotoductus 
SA-01 (American Type Culture Collection) grown in glyc-
erol stock (maintained at -80 ºC), was cultured in Tryptone, 
Yeast Extract, Glucose (TYG) broth [18 g  L−1 bacteriologi-
cal agar (Biolab), 5 g  L−1 tryptone (Biolab), 3 g  L−1 yeast 
extract (Biolab), and 1 g  L−1 glucose (Saarchem), pH 7.0], 
and incubated, under aerobic conditions for 24 h at 65 ºC to 
reach the mid-exponential growth phase. E. coli TOP10 and 
E. coli BL21 (mesophilic host) cells were grown aerobically 
in Luria–Bertani (LB) medium with a final pH of 7.0 at 37 
ºC. The LB medium was supplemented with 100 µg  mL−1 
ampicillin or 30 µg  mL−1 kanamycin as required (Sambrook 
et al. 1989). Thermus thermophilus HB27 (ATCC BAA-163), 
on the other hand, was used as a thermophilic host for the 
expression of the protein at 60–70 ºC. The host, T. thermophi-
lus was cultured from a 20% glycerol stock (maintained at -80 
ºC) as described (Erasmus et al. 2014). Thermus broth [8 g 
 L−1 tryptone (Biolab), 4 g  L−1 yeast extract (Biolab), 3 g  L−1 
NaCl (Saarchem), and 2 M NaOH, pH 7.0] (Ramírez-Arcos 
et al. 1998), was used as the growth medium. The thermus 
broth medium was supplemented with 3 µg  mL−1 bleomycin 
or 30 µg  mL−1 kanamycin as required. Amplification of ABC 
transporter peptide-binding gene was carried out using the 
primers mentioned in Table 1. The PCR was performed in 

Table 1  Oligonucleotide 
primers used for PCR 
amplification and sequencing

Underlined sequences indicate the introduced restriction sites for NdeI in primers 1 and 5 and EcoRI in 
primers 2 and 6, respectively. TM: Melting temperature in degrees Celsius

Primer Nucleotide sequence Tm (ºC)

1. ABC_F_Nde 5'- CAT ATG  AGA AAA GTA GGC AAG CTG GCT G -3'  59.5
2. ABC_R_Eco 5'- GAA TTC  TTA CTT GAC GGA AAG AGC GTA C -3' 57.4
3. ABC_Int_F 5'- AGG ATG CGG AGA GGC TC -3'  56.9
4. ABC_Int_R 5'- CGC TGG ATG TAG TCG TCG -3' 55.4
5. ABC_2F_-LP 5’- CAT ATG  GGG CCC CAG GAC AAC AGC -3’ 64.1
6. ABC_C-His-1R 5’- GAA TTC  GCC TTG ACG GAA AGA GCG TAC TT -3’ 62.1
7. T7 Terminator 5’- GCT AGT TAT TGC TCA GCG G -3’ 53.4
8. T7 Promoter 5’- TAA TAC GAC TCA CTA TAG GG -3’  47.5
9. ABC_pWUR_R 5’- CCG GCT CGT ATG TTG TGT GG -3’ 58.5
10. ABC_pWUR_F 5’- AAC TGC GTG CAC TTC GTG G -3’ 58.8
11. ABC_pMK184_R 5’- GCG ATT AAG TTG GGT AAC G -3’ 51.2
12. ABC_pMK184_F 5’- CTT TAT GCT TCC GGC TCG -3’ 53.6
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a total reaction volume of 50 µL, using a Thermal Cycler 
(PxE 0.2, Thermo Electron Corporation). The oligonucleotide 
primers (Primers 1 and 2) were designed to yield constructs 
that included the leader peptide and contained no His-Tag 
when expressed in pET-22b( +) and a N-terminal His-Tag 
when expressed with the pET-28b( +) vector.

Cloning and expression of protein

Plasmid pGEM®-T Easy (Promega) was used for sub-clon-
ing of the gene into E. coli and plasmids pET-22b( +) and 
pET-28b( +) (Novagen) were used to express the gene in 
E. coli BL21(DE3). The pET-22b( +) vector was used for 
expression without any His-Tags by cloning into the vector 
between the EcoRI and NdeI sites and contains an ampicillin 
resistance. pET-28b( +) vector was used for expression with 
a N-terminal His-Tag by cloning into the vector between the 
EcoRI and NdeI sites that contains a kanamycin resistance 
gene. The recombinant vector map, designed by SnapGene 
software v5.0, was used for the expression of transgenes in 
pET-22b( +), pET-28b( +), pWUR and pMK184 as shown 
in Figs. 1 and 2. Plasmids pWUR (Brouns et al. 2005) and 
pMK184 (De Grado et al. 1999) were used to clone and 
express bleomycin resistance and kanamycin resistance 
gene, respectively by removing two of the three BamHI 
restriction sites in T. thermophilus as described (De Grado 
et al. 1999; Brouns et al. 2005) (Fig. 2). PCR amplification 
with oligonucleotide primers (primers 1, 2, 5, and 6) for 
cloning and expression are described in Table 1.

Purification and identification of ABC transporter, 
peptide‑binding gene

The inserted plasmid was purified by excising the band 
at ± 1.9 kb on the agarose gel using a non-UV transillu-
minator (Dark Reader™ transilluminator DR-45 M, Clare 
Chemical Research) and extracted using the BioSpin Gel 
Extraction Kit (BioFlux), following the manufacturer’s 
instructions. The purified inserts were confirmed using 
Sanger sequencing (ABI Prism® Big Dye™ Terminator 
Cycle Sequencing Ready Reaction Kit V.3.1) as described 
by the manufacturer, and the primers used in the reaction are 
3, 4, 7, and 8 (Table 1). The purified inserts were sequenced 
again using Sanger sequencing with primers 9, 10, 11, and 
12 (Table 1) to confirm the nucleotide composition of the 
ABC transporter, peptide-binding gene.

Positive clones for the constructs in pET-22b( +) and 
pET-28b( +) as well as plasmids pWUR and pMK184 were 
identified through selection on an LB medium and Ther-
mus broth, respectively, containing the required antibiotic. 
E. coli BL21 cells were incubated at 37 ºC and T. ther-
mophilus HB27 at 70 ºC with aeration (200 rpm) until an 
 OD600nm of approximately 0.8–1.0 was reached. Isopropyl 

β-D-1-Thiogalactopyranoside (IPTG) was added to a final 
concentration of 1 mM, and cells were again incubated for 
an additional 4 h. Samples were collected every 2 h for the 
homogeneity of the ABC transporters, peptide-binding pro-
teins present in each fraction using sodium dodecyl sulphate 
polyacrylamide gel electrophoresis (SDS-PAGE) analysis as 
described (Laemmli 1970).

Gold reduction and nanoparticle formation

The purified protein solutions were used in reducing gold 
(III) for nanoparticle production by adapting the procedure 
described (Erasmus et al. 2014). An aliquot of 100 µL of the 
purified protein was reacted with 100 µL gold (III) solution 
 (HAuCl4; 0–10 mM), 100 µl methyl viologen (1 µM), 100 
µL phosphate buffer (50 mM; pH 7.4), and 500 µL double 
distilled water. The reaction was activated by adding 100 
µL sodium dithionite (46 µM) dissolved in sodium hydro-
gen carbonate (100 µM). The reaction was incubated and 
maintained for 24 h. The transition from a pink/purple to 
a blue colour indicated gold reduction and nanoparticle 
(Lazarides and Schatz 2000). A control sample was pre-
pared by replacing the purified protein with 100 µL phos-
phate buffer (50 mM; pH 7.4). Denatured protein was tested 
for gold reduction and nanoparticle formation by boiling 
protein for 3 h, which replaced the purified active protein. 
A SpectraMax M2 UV–Vis Scanner (Labotec) was used to 
measure gold reduction and nanoparticle formation in the 
range of 300–800 nm. Gold reduction  (HAuCl4) and nan-
oparticle formation were tested through the range of gold 
(III) concentrations (0, 0.5, 1.0, 2.0, 5.0, 7.5, and 10 mM) at 
85 °C in the thermophilic host and 30 °C in the mesophilic 
host; the effect of temperature was tested at the optimum 
concentration of  HAuCl4 (2 mM) through the incubation 
of 30, 37, 42, 55, 65, and 85 °C; and the effect of pH was 
also tested at the optimum concentration of  HAuCl4 through 
pH levels of 3.6, 5.5, 7.5, and 9.0 at 85 °C and 30 °C in the 
thermophilic and mesophilic host, respectively.

Transmission electron microscopy and energy 
dispersive X‑ray spectrometry

The size and morphology of the nanoparticles were assessed 
using transmission electron microscopy (TEM). A drop of 
the washed sample was placed on Formvar carbon-coated 
200-mesh copper grids for analysis. After allowing the grid 
to air-dry, electron micrographs of the gold nanoparticles 
were taken with a JEOL TEM 1010, 60 kV TEM. Energy 
dispersive X-ray spectrometry (EDX) was used to identify 
the chemical composition of the particles using an EDAX 
DX4 energy dispersive X-ray spectrometry system, coupled 
to a 200 kV Philips CM 20 TEM.
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Fig. 1  Vector maps of pET-
22b( +) and pET-28b( +)
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Results and discussions

Purification and identification of ABC transporter, 
peptide‑binding gene

Thermus scotoductus SA-01 is a well-known bacteria strain 
capable of reducing numerous compounds, including U 
(VI), Fe (III), Mn(IV), and Au (III) (Kieft et al. 1999). The 
inherent characteristic of the strain having several membrane 

proteins and cytoplasmic proteins which accept electrons 
through dissimilatory pathways gave T. scotoductus SA-01 
the affinity to contribute to the gold reduction and nano-
particle production processes (Van Marwijk 2009; Gounder 
et al. 2011). Following N-terminal sequencing, an ABC 
transporter, peptide-binding protein from T. thermophilus 
(YP_144900) was identified (Van Marwijk 2009). However, 
the gene sequence, matches the ABC transporter, peptide-
binding protein in the T. scotoductus SA-01 genome in the 

Fig. 2  Vector maps of pWUR 
and pMK184
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database, constructed by Gounder (2009) using pyrose-
quencing. The ABC transporter, peptide-binding protein 
has been identified as a reductase protein capable of reduc-
ing uranium (Cason et al. 2012), gold, chromate, and iron 
(Balkwill et al. 2004; Opperman and Van Heerden 2007; 
Gounder et al. 2011). Furthermore, the genome of T. scoto-
ductus SA-01 has an average G + C content of approximately 
69%, similar to that of T. thermophilus, and T. thermophilus 
genes are part of the T. scotoductus chromosome, but due 
to mutations that resulted in a loss of synteny between the 
chromosomes of the two strains, they became individual 
microbes (Gounder et al. 2011). Therefore, the peptide-
binding protein in T. scotoductus gDNA was transformed 

into the thermophilic host T. thermophilus HB27 due to their 
similarity and the mesophilic host E. coli BL21 for protein 
expression in this study. The final elution profile of the puri-
fied protein showed distinct peaks in the clones pET-22b( +), 
pET-28b( +), pWUR, and pMK184 vectors for overexpres-
sion of the ABC transporter, peptide-binding protein. The 
overexpressed protein on the SDS-PAGE gel gave high lev-
els of peaks at ± 70 kDa (Fig. 3A and B). There were no 
significant changes between the protein expressed in pET-
22b( +), which had no His-Tags, and the protein expressed 
in pET-28b( +), which had an N-terminal His-Tag. However, 
the expression levels in the pWUR and pMK184 vectors 
were notably lower than the expression done with the pET 

Fig. 3  A Expression of the 
ABC transporter, peptide-bind-
ing protein at ± 70 kDa. Lane 1: 
Precision Plus  ProteinTM Stand-
ard; Lanes 2 and 6: negative 
controls of pET-22b( +) and 
pET-28b( +) respectively, in 
4 h. Lanes 3–5: clone 7 in 
pET-22b( +) in 0, 2, and 4 h, 
respectively. Lanes 7–9: clone 9 
in pET-28b( +), in 0, 2, and 4 h, 
respectively. B: Expression of 
the ABC transporter, peptide-
binding protein of ± 70 kDa. 
Lane 1: Precision Plus 
 ProteinTM Standard; Lanes 2 and 
6: negative controls of pWUR 
and pMK184, respectively; 
Lanes 3–5: clone 10 (Construct 
1), clone 2 (Construct 2), and 
clone 7 (Construct 3) in pWUR, 
respectively. Lanes 7 and 8: 
clone 4 (Construct 2 and 3) in 
pMK184, respectively
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vectors. This is probably due to the weaker PslpA promoter 
in T. thermophilus as compared to the strong T7 promoter 
system in E. coli.

Gold reduction nanoparticle formation

Protein-mediated reduction and nanoparticle forma-
tion reactions were done using the purified protein and 
a UV–Vis spectrum was used to observe changes. The 
surface plasmon resonance obtained from the UV–Vis 
spectrum reveals that optimum nanoparticle formation 
occurs at concentrations ranging from 0.5 mM to 2 mM 
of  HAuCl4 in proteins from both mesophilic [pET-22b( +) 
and pET-28b( +)] and thermophilic (pWUR and pMK184 
vectors) hosts. Nanoparticle formations were notable in 
the absorbance around 520–560 nm in the protein reac-
tions (Fig. 4A and B), similar to the UV–visible spectra 
wavelength (524 nm) reported by Monsalve et al. (2015). 

Nanoparticle formations from 5.0 to 10 mM were weak, as 
the curves slanted downward and nanoparticle formations 
may not be properly formed in the thermophilic host. On 
the other hand, there was no significant change in absorb-
ance for the mesophilic host, indicating the particle form 
may not be nanosized, and there was no reaction at 0 mM, 
indicating no interference that could have influenced nano-
particle formation. The formation of nanostructures occurs 
when Au(III) is reduced to Au(0), thereby leading to the 
formation of nucleation sites that initiate the synthesis of 
nanoparticles (Tang and Hamley 2009).

The response of extracted proteins from mesophilic and 
thermophilic hosts to temperature differs in terms of gold 
reduction and nanoparticle production. Nanoparticle for-
mation in mesophilic host proteins was observed to begin 
at 55 °C, with optimum formation at 65 °C and exces-
sive chemical reduction at 85 °C as protein reaction gave 
a dark pink coloration at 65 °C, indicating polydispersed 

Fig. 4  UV–Vis absorption 
spectra of the surface plasmon 
resonance and protein reactions 
recorded for the overexpression 
of ABC transporter, peptide-
binding protein at 30 °C and 
85 °C in Escherichia coli BL21 
and Thermus thermophilus 
HB27 hosts, respectively. (A 
and B): represent the different 
HAuCl4 concentrations, indicat-
ing gold nanoparticle formation 
at wavelengths 540–560 nm. (C 
and D): effect of different tem-
peratures on gold nanoparticle 
formation with changes in the 
absorbance around 520–560 nm. 
(E and F): different pH values, 
gold nanoparticle formation 
changes are in the absorbance 
between 520–650 nm
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nanoparticles at absorbance ranging from 520 to 550 nm 
(Rajeshkumar et al. 2013) (Fig. 4C). Gold reduction and 
nanoparticle formation in thermophilic host are signifi-
cantly pronounced at temperatures 65 ºC and 85 ºC with 
optimum formation at 85 °C, revealing through a change in 
the absorbance from 520 to 560 nm in the protein reactions 
(Fig. 4D), suggesting thermostable protein expression in the 
T. thermophilus HB27. The thermophilic host favours nano-
particle formation at higher temperatures, unlike the meso-
philic host, whose biosynthesis efficiency decreases at high 
temperatures due to enzyme denaturation (El-Shanshoury 
et al. 2020). This corroborates the findings of Gericke and 
Pinches (2006), where an increase in temperature permits 
faster particle formation. Therefore, the biogenic synthesis 
of gold nanoparticles is temperature-dependent to attain an 
optimum ultrafine particulate and also depends on the host 
and environmental conditions.

The alteration of pH has significant effects on gold 
reduction and nanoparticle formations, as revealed through 
UV–Vis spectra (Fig.  4E and F). Nanoparticles were 
formed at all pH values, with optimal formation occur-
ring at pH 5.5–9.0 for mesophilic host protein. This cor-
responds to the findings of Abdulazeem and Abd (2022), 
who reported the optimal pH for  HAuCl4 salt reduction 
(10–3 mM) by E. coli at 37 °C to be 8.0. Thermophilic 
host proteins also formed nanoparticles at all pH val-
ues except 3.6, but the optimal nanoparticle formation 
occurred at pH 7.5 and 9.0, as indicated by the absorbance 
between 520 and 650 nm in the protein reactions. This sug-
gests that protein constructs in T. thermophilus could per-
form optimally at higher pH levels, as the strain has been 
reported to grow optimally at a pH of 7.5 and at relatively 
high pH levels but not more than pH 9.6 (Oshima and 
Imahori 1974; Miyamoto et al. 2020). However, reports 
indicate that T. thermophilus's protein activity was high at 
pH 9.0 (Miyamoto et al. 2020). This supports the optimal 
nanoparticle formation in this study, which occurred at 
pH 7.5–9.0. For each parameter, the effect of denatured 
proteins on gold reduction and nanoparticle formation was 
examined. Denatured proteins do not effectively initiate 
gold reduction and nanoparticle formation under all condi-
tions, as there were no significant changes in absorbance 
(520–560 nm) in the protein reactions and corresponding 
blank reactions (results not presented). This is not surpris-
ing because proteins tend to lose activity when subjected 
to high temperatures as a result of denaturation.

TEM micrographs and EDX measurements 
of the nanoparticle formation

Transmission electron microscopic and energy-disper-
sive X-ray spectroscopic analyses were carried out. These 
analyses elucidate the formation and spatial distribution of 

nanoparticles. This is associated with the purified ABC trans-
porter peptide-binding protein constructs from cloned E. coli 
and T. thermophilus. The TEM micrographs and EDX con-
firmed that the particles formed were in the nanosize range. 
Nanosized particles were formed with spherical gold shapes 
in the range of 0.5 mM to 2.0 mM concentrations of gold in 
both hosts (Fig. 5). However, no significant biosynthesized 
formation was observed at the remaining concentrations as 
samples showed a larger mean particle size; hence, the micro-
graphs were not included in this study. The micro-diffraction 
pattern for gold is noticeable in Fig. 5C and D, with several 
shapes and sizes formed, mostly spherical, at 1.0 mM gold 
concentration, but as the concentration increases, particle for-
mation increases in size which may be larger than nanosize 
range. However, no observable differences were obtained 
using similar gold concentrations with the protein expressed 
in a thermophilic host, confirming that biogenic nanoparticle 
formation using microbes is concentration dependent. On the 
other hand, abiotic control experiments without purified pro-
tein did not demonstrate the presence of  HAuCl4 nanoparticle 
formation in the solution either by a colour change which is 
an indicator or by TEM micrograph (Daruich De Souza et al. 
2019). Similarly, TEM micrographs confirmed no interfer-
ence for the assays with a 0 mM  HAuCl4 solution.

The transmission electron micrographs confirmed that 
particles were indeed formed at each temperature, with 
improved formation at the optimal temperatures of the meso-
philic (30 ºC) and thermophilic (85 ºC) hosts, and that all the 
particles are in the nano-size range and shapes but are not 
homogeneous (Fig. 6). At 30 ºC, 37 ºC, and 42 ºC, proteins 
from the mesophilic host exhibit well-defined spherical-
shaped particles. However, as the temperature rises, the size 
of the particles increases, and at 85 ºC, the shape becomes 
less defined. The TEM micrographs confirmed significant 
biosynthesized nanoparticle formation at 65 ºC and 85 ºC 
(Fig. 6C and D) in the thermophilic host protein which cor-
responded to the UV–Vis absorption spectra. The formation 
of nanoparticles at high temperatures indicates that the ABC 
transporter peptide-binding gene encoding thermostability 
and resistance to antibiotics was not distorted, and the pro-
teins are stable at high temperatures. It has been confirmed 
that enzymes and proteins are stable in thermophilic micro-
organisms at high temperatures and under other adverse con-
ditions, including extreme pH, concentrated detergents, and 
chaotropic agents (Politi et al. 2016). This could be advanta-
geous in the formation of nanoparticles using thermophilic 
microorganisms.

The pH range of 3.6–9.0 used to test the impact of pH 
on gold reduction and nanoparticle formation showed that 
pH can affect the microbial biosynthesis of gold nanopar-
ticles (Fig. 7), which is also confirmed in the study of He 
et al. (2007). In the mesophilic host proteins, nanoparticles 
were formed at all pH values, with optimum formation 
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at pH 5.5–9.0 and the response of proteins is observed 
at absorbance 540–550 nm (Fig. 7A, B, and C1). How-
ever, the effect of pH on gold reduction and nanoparticle 
formation was significant at pH 7.5 and 9.0 (Fig. 7D and 
E1) with corresponding colour change and changes in the 
UV–Vis spectra absorbance 520 and 650 nm in thermo-
philic host proteins. Different pH values correlate with 
the proton concentration of a solution, thereby influencing 
nanoparticle morphology. Incubation at higher pH values 
must have led to the formation of more spherical nano-
particles (Erasmus et al. 2014). Politi et al. (2016) also 
observed optimal activities of arsenate reductase from T. 
thermophilus at pH 8.0 and 9.0, indicating that these pH 
values could optimize the formation of T. thermophilus 
biosynthesized nanoparticles. The morphology and chemi-
cal composition of nanoparticles is influenced by biosyn-
thetic conditions, including pH, temperature, and  HAuCl4 
concentration (Sun and Xia 2002). As a result, the nano-
particles formed at the range of temperatures (30–85 ºC), 
pH (3.6–9.0) and concentrations of  HAuCl4 solution using 

the ABC transporter, peptide-binding protein constructs 
in E. coli and T. thermophilus were further examined by 
EDX analysis, which confirmed the nanoparticles to be 
gold as shown in Fig. 8. However, there are limitations in 
synthesising monodisperse nanoparticles using the protein 
constructs from E. coli and T. thermophilus. This is not 
peculiar to our study. It has been reported in other studies 
that synthesising monodisperse nanoparticles with long-
term stability and exceptional mass activity is challenging 
due to the uneven reduction rates of metal precursors (Lao 
et al. 2021; Kar et al. 2024). However, the use of the one-
step oil bath method has been proposed to improve the 
metals reduction process and reaction intermediates (Lao 
et al. 2021). EDX spectrum diffraction can characterize 
the chemical or elemental components of nanoparticles 
(Menon et al. 2017), thus, it was used in this study to 
determine whether the gold nanoparticles produced were 
gold. Carbon and copper were also detected in the samples 
due to the TEM grids, as the analysis was done on Formvar 
carbon-coated 200-mesh copper grids.

Fig. 6  TEM micrographs at dif-
ferent temperatures, indicating 
the shapes and sizes of gold 
nanoparticles in Escherichia 
coli BL21 (A and B) and Ther-
mus thermophilus HB27 (C and 
D) host proteins. Square-shaped 
panels represent the magnifica-
tion
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Conclusion

The ABC transporter, peptide-binding protein, from T. 
scotoductus SA-01 was cloned and expressed in a meso-
philic E. coli and thermophilic T. thermophilus host. The 
purified ABC transporter, peptide-binding protein, suc-
cessfully reduced gold (III) to gold (0) nanoparticles, 
which were validated using various abiotic parameters. 
However, the formation of gold nanoparticles using pro-
tein constructs from E. coli and T. thermophilus was not 
monodispersed, suggesting further research might be nec-
essary to optimise the formation. Monodisperse nanoparti-
cles hold great promise in several applications, including 
biological, medical, and engineering applications, due to 
their unique natural compatibility characteristics. Overall, 
the optimum nanoparticles were observed at higher pH 
values (5.5 to 9.0), lower gold (III) concentrations (0.5 to 
2.0 mM), and at room temperature but not more than 45 
ºC in the mesophilic host but higher temperature (85 ºC) in 
the thermophilic host, indicating the significance of tem-
perature in both hosts for expression, folding, and activity 
of the ABC transporter protein. Furthermore, transmission 
electron microscopy and energy-dispersive X-ray spec-
trometry confirmed that the nanoparticles were associated 
with the purified protein constructs from the cloned hosts. 
Findings from this study suggest the level of effectiveness 
of the purified ABC transporter peptide binding protein 
in the reduction of gold and formation of nanoparticles, 
especially when expressed in thermophilic T. thermophi-
lus. The technique employed in this study could further be 
optimized for commercial or large-scale synthesis of nano-
particles at high temperatures using thermophilic organ-
isms for various biological applications of nanoparticles, 
including drug delivery, diagnosis, catalysis, sensors, elec-
tronics, and bioremediation of gold-bearing waste.
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