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Abstract

In this work the green synthesis of gold nanoparticles (Au-NPs) using the oxidoreductive enzymes Myriococcum thermo-
philum cellobiose dehydrogenase (Mt CDH), Glomerella cingulata glucose dehydrogenase (Ge GDH), and Aspergillus niger
glucose oxidase (An GOX)) as bioreductants was investigated. The influence of reaction conditions on the synthesis of Au-
NPs was examined and optimised. The reaction kinetics and the influence of Au ions on the reaction rate were determined.
Based on the kinetic study, the mechanism of Au-NP synthesis was proposed. The Au-NPs were characterized by UV—Vis
spectroscopy and transmission electron microscopy (TEM). The surface plasmon resonance (SPR) absorption peaks of the
Au-NPs synthesised with Mt CDH and Gec GDH were observed at 535 nm, indicating an average size of around 50 nm.
According to the image analysis performed on a TEM micrograph, the Au-NPs synthesized with Gc GDH have a spherical

shape with an average size of 2.83 and 6.63 nm after 24 and 48 h of the reaction, respectively.

Key points

o The Au NPs were synthesised by the action of enzymes CDH and GDH.
o The synthesis of Au-NPs by CDH is related to the oxidation of cellobiose.
o The synthesis of Au-NPs by GDH was not driven by the reaction kinetic.

Keywords Gold nanoparticles - Cellobiose dehydrogenase - Glucose dehydrogenase - Green synthesis - Kinetics

Introduction

Green nanoparticle synthesis is a fast-developing branch
of nanotechnology that uses environmentally fiendly
bioreductants for the synthesis of metallic NPs, ensuring
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a safe, environmentally friendly, simple, cost-effective
and relatively reproducible process (Adelere and Lateef
2016). Bioreductants successfully used for the Au-NPs
synthesis so far include: (i) agrowastes (grape waste,
watermelon rind, palm oil mill effluent, eggshell mem-
brane, etc.). (Adelere and Lateef 2016; Krishnaswamy
et al. 2014; Patra and Baek 2015); (ii) plants, plant
extracts, and algae (Olax nana, Coriandrum sativum,
Eucalyptus camaldulensis, Pelargonium roseum, Graci-
laria crassa, etc.) (Adelere and Lateef 2016; Kamaraj
et al. 2022; Kuppusamy et al. 2016; Ovais et al. 2018c;
Yadi et al. 2018); (iii) enzymes (sulphite reductase,
disulphide reductase and keratinase, alcohol oxidase,
serratiopeptidase, a-amylase, laccase, ligninase, urease,
glucose oxidase, etc.) (Adelere and Lateef 2016; Ahmed
et al. 2016a; Chinnadayyala et al. 2015; El-Batal et al.
2015; Faramarzi and Forootanfar 2011; Gholami-Shab-
ani et al. 2015; Gour and Jain 2019; Gupta et al. 2015;
Menon et al. 2017; Mishra and Sardar 2014; Muthurasu
and Ganesh 2016; Ovais et al. 2018a; Ovais et al. 2018b;
Rangnekar et al. 2007; Sanghi et al. 2011; Sharma et al.
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2013; Venkatpurwar and Pokharkar 2010; Yasui and
Kimizuka 2005). Agrowastes, plants and plant extracts
are rich in various biomolecules (carbohydrates, flavo-
noids, alkaloids, phenols, proteins, steroids, tannins,
etc.) that serve as reducing and/or stabilizing agents in
the NP synthesis, while enzymes can act as catalysts for
the formation of NP, release acids that act as reducing
and stabilising agents, or serve as a reducing and capping
agent themselves (Adelere and Lateef 2016). The use of
enzymes, as a green synthesis method, has great potential
to overcome the disadvantages of conventional chemical
and physical synthesis of NPs, since enzymatic processes
do not require the use of toxic chemicals and harsh reac-
tion conditions, thus, reducing the negative impact on the
environment (Adelere and Lateef 2016).

Nanotechnology is defined as the design, development,
and application of materials, devices or other structures
that have at least one dimension sized from 1 to 100 nm
(Castro et al. 2014). Global production of engineered
nanomaterials is rapidly increasing due to their specific
properties differing from those of their bulk counterparts,
enabling their application in various research area, as
well as in numerous manufacturing processes and com-
mercial products (Castro et al. 2014; Khan et al. 2017).
Thus, noble metal nanoparticles (NPs) can have unique
physical, chemical, and biological properties, including
electronic and optical properties that are highly depend-
ent on their size and shape, which determines their use
in, i.e. health care, biomedicine, tissue engineering, gene
delivery, drug delivery, food industry, space industry,
optical devices, etc. (Ahmed et al. 2016a; Castro et al.
2014). Au-NPs are among the most important materials
because of their long history of use and biocompatibility.
The use of Au-NPs includes numerous applications such
as biosensor, bioimaging, photothermal and anticancer
therapy, targeted drug delivery, antimicrobial and antioxi-
dant agents, of the cosmetic and textile industry products,
food packaging, etc.

In this research, an enzyme-mediated synthesis of Au-
NPs by Myriococcum thermophilum cellobiose dehydro-
genase (Mt CDH), Glomerella cingulata glucose dehydro-
genase (Gec GDH) and Aspergillus niger glucose oxidase
(An GOX) was investigated and optimised and the synthe-
sized NPs were characterised. The use of CDH and GDH
for Au-NPs synthesis has not been reported yet, while the
data for GOX are scarce (Muthurasu and Ganesh 2016;
Yasui and Kimizuka 2005). To determine the mechanism
of gold nanoparticle synthesis, a kinetic study was per-
formed and a mathematical model was proposed. It allows
us to reveal different mechanisms of nanoparticle synthesis
by the action of these two enzymes. This type of study of
the reaction mechanism of enzyme-mediated nanoparticle
synthesis has not been proposed elsewhere.

@ Springer

Materials and methods
Materials

Gold(III) chloride trihydrate (HAuCl, - 3 H,O), D-(+)-cel-
lobiose, glucose oxidase from Aspergillus niger (Type VII-S,
E.C. 1.1.3.4), citric and succinic acid were purchased from
Sigma-Aldrich (USA), D-(+)-glucose, potassium dihydro-
gen phosphate, dipotassium hydrogen phosphate, and acetic
acid from Carl Roth (Germany) and imidazole from PanReac
AppliChem (Germany). All chemicals were of analytical
reagent grade and were used without further purification.
Milli-Q water (18.2 MQ cm™, Millipore, Bedford, MA,
USA) was used for the preparation of all buffer solutions.
Cellobiose dehydrogenase from Sclerotium rolfsii, Myrio-
coccum thermophilum and Neurospora crassa, and glucose
dehydrogenase from Glomerella cingulata were provided by
the Department of Food Science and Technology (University
of Natural Resources and Life Sciences, Vienna, Austria).
The cultivation of the organisms, enzymes separation and
purification methods were described elsewhere (Harreither
etal. 2011; Sygmund et al. 2011, 2012).

Carbohydrate driven synthesis of the Au-NPs

The reaction conditions under which the carbohydrate driven
synthesis of Au-NPs occurred were explored. Two carbo-
hydrates, cellobiose and glucose, in the concentration range
of 0-5000 pM and 0-10000 pM, respectively, and a metal
salt precursor, HAuCl, - 3 H,O, in the concentration range
of 0—1000 pM were used to design experiments with differ-
ent initial reaction conditions. The impact of light, oxygen,
and reaction medium (Milli-Q water, phosphate buffer pH
5.5 and pH 7, citrate buffer pH 4, pH 5.5 and pH 7, acetate
buffer pH 4 and pH 5.5, imidazole buffer pH 5.5 and pH 7,
succinate buffer pH 5.5) on the carbohydrate driven Au-
NPs synthesis was also tested. All experiments were carried
out in PVC 96 well plates and monitored visually (colour
change) and by recording the spectra on Multimode Plate
Reader EnSpire.

Determination of the optimal reaction conditions
for the enzymatic synthesis

To determine the optimal reaction conditions for the enzy-
matic Au-NPs synthesis, different enzymes and their concen-
trations were tested. Reactions were carried out using cel-
lobiose dehydrogenase (CDH) from three different sources
(Sclerotium rolfsii (Sr CDH), Myriococcum thermophilum
(Mt CDH) and Neurospora crassa (Nc CDH)) at concentra-
tions of 0.01 and 1 mg cm™ with 700 and 5000 uM of a
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cellobiose as substrate and with 100, 550 and 1000 pM of a
HAuCl, - 3 H,O as a metal salt precursor. Similary, reactions
with the enzyme glucose dehydrogenase from Glomerella
cingulata (Ge GDH) and glucose oxidase from Aspergil-
lus niger (An GOX) were tested at concentrations of 0.1,
0.3 and 1 mg cm™> with 1000 pM of glucose as a substrate
and 550 pM of a HAuCl, - 3 H,O as a metal salt precursor.
These experiments were carried out in 0.1 M imidazole and
phosphate buffer both at pH 5.5 and 7 without oxygen and
light in PVC 96 well plates. Nanoparticle formation was
monitored visually (colour change) and by recording spectra
on Multimode Plate Reader EnSpire.

The influence of temperature and stirring rate on an
enzyme driven synthesis of the Au-NPs was examined in
glass reactors (0.5 cm?) and monitored for 72 and 24 h when
performed with CDH and GDH, respectively.

Scaled-up enzymatic Au-NPs synthesis

Scaled-up experiments of the synthesis were done by the
action of the enzymes Mt CDH and G¢c GDH and were car-
ried out in 10 cm? glass volumetric flasks at 7=37 °C with-
out stirring and without oxygen and light in 0.1 M phosphate
buffer pH 7 and 5.5, respectively. The enzyme and metal salt
precursor (HAuCl, - 3 H,0) concentration was 0.3 mg cm™
and 550 pM, respectively, and was the same in both experi-
ments. The cellobiose and glucose concentration was 700
and 1000 pM, respectively. Scaled-up experiments were
monitored for 120 h in the case of Au-NP synthesis with Mt
CDH and 48 h when Gc GDH was used.

Enzyme kinetics

The Mt CDH kinetics in the cellobiose and Gec GDH kinetics
in the glucose oxidation were determined using the initial
reaction rate method. Additionally, the impact of Au ions
on the Mt CDH and Gc GDH activity was tested. Measure-
ments were carried out in 0.1 M phosphate buffer pH 7 for
Mt CDH and pH 5.5 for Gc GDH in a 2.5 cm? reactor at
T=37 °C, without stirring and without oxygen and light
(s cop=0.06 mg cm™; ¥4, o =0.006 mg cm™). The
samples were taken during the first four hours of the reaction
to determine the kinetics and during 28 h to determine the
impact of Au ions on the reaction rate. In these measure-
ments, glucose and cellobiose concentrations were followed
by high performance liquid chromatography (HPLC).

Reactor experiments and model validation

The enzyme mediated synthesis of Au-NP was carried out
in a 2.5 cm? glass batch reactor at T=37 °C without stir-
ring and without oxygen and light in 0.1 M phosphate buffer
pH 7 for Mt CDH and pH 5.5 for Gc GDH. The metal salt

precursor concentration (HAuCl, - 3 H,0) was 550 pM
while the enzyme concentration was 0.3 mg cm™ and was
the same in both experiments. The concentrations of cel-
lobiose and glucose were 700 and 1000 pM, respectively.
The addition of an enzyme to the reactor was considered to
be the start of the reaction. The reactions were monitored
by recording UV-VIS spectra, and sampling for the HPLC
analysis was done at regular intervals during 168 h when
Mt CDH was used and 144 h when Gc¢ GDH was used for
synthesis.

Mathematical model

The kinetics of cellobiose oxidation catalysed by Mt CDH
and glucose oxidation catalysed by Gc GDH were described
by single-substrate Michaelis—Menten kinetics with com-
petitive inhibition by Au ions (Eqgs. 1-2).

According to the reaction scheme (Fig. 1), the mass bal-
ance equations for the enzymatic synthesis of Au-NP with
Mt CDH in a batch reactor were established (Eq. 3-5). The
deactivation of Mt CDH was described using the first-order
kinetics (Eq. 6).

cellobiose
Vm * Ceellobiose

TAu—cellobiose =

Kcellobiose . m +c . (1)
m KA cellobiose
glucose
Vi * Cglucose
r =
Au—glucose
Kglucose I+c, 3+ @)
m . KAt + Cglucose
i
dccellobiose _ 3
dt = ~TAu—cellobiose (3
chu3+ _ _rAu—cellobiuse (4)
dt 3
dCAu—NPs _ T Au—cellobiose (5)
dt 3
dAvuepn X A 6
T — TRa.MtCDH * “*MtCDH ( )

The model parameters were estimated by nonlinear
regression analysis using simplex or least squares method
implemented in Scientist software, from experimental data,
change of the initial reaction rate with a substrate concentra-
tion or from the reactor experiments. Standard deviations (o)
and the coefficient of determination (R?) of the goodness-of-
fit curve were also provided by Scientist (Vrsalovi¢ Presecki
et al. 2018).
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Fig. 1 Reaction scheme for cellobiose oxidation using Mt CDH

High performance liquid chromatography measurements

The D-(+)-cellobiose and D-(+)-glucose concentrations
were measured by HPLC (Shimadzu, Japan) using a Carbo-
hydrate Ca** Resin column (CS Chromatographie Service
GmbH, 300X 6.5 mm). The analysis was performed at 80 °C
using a refractive index detector (RID). The isocratic method
was used and the mobile phase was Milli-Q water with a

flow rate of 0.8 cm?® min~".

Ultraviolet-visible measurements

Ultraviolet—visible (UV—-Vis) spectra during the investi-
gation of carbohydrate driven Au-NPs, the screening of
enzymes, the determination of optimal reaction conditions,
performance of control experiments for the synthesis of Au-
NPs driven by Mt CDH, and scaling-up the reactions were
recorded using a Multimode Plate Reader EnSpire plate spec-
trophotometer (Perkin Elmer, USA) with samples contained
in PVC 96 well plates, operating at a 5 nm resolution from
300 to 750 nm. During control experiments for the synthesis
of Au-NP driven by Gc GDH and model validation, UV-Vis
spectra were recorded using a Shimadzu UV-1800 spectro-
photometer (Shimadzu, Japan), with samples measured from
300 to 700 nm in a quartz cuvette with a resolution of 1 nm.

Transmission electron microscopy analysis

Samples for transmission electron microscope (TEM) analy-
sis were taken from the reactor during the 48 h of Au-NPs
synthesis when Gc¢ GDH was used and were centrifuged.
The synthesised Au-NPs were washed three times in Milli-Q
water and frozen. In sample preparation for TEM characteri-
sation, a drop of the Au-NPs resuspended in Milli-Q water
was placed on a carbon-coated copper grid and dried at room

@ Springer

temperature. The TEM study was performed on a FEI Tecnai
G? Spirit instrument (Thermofisher Scientific, Eindhoven,
The Netherlands) operated at 160 kV.

Results
Carbohydrate driven synthesis of the Au-NPs

The addition of various carbohydrates such as galactose,
glucose, fructose, maltose and sucrose (as functional
compounds consisting of hydroxyl groups and hemiacetal
reducing end) to the reaction solution containing precursor
salts of gold (Au) could result in the formation of Au-NPs
(Park et al. 2011). Considering that the main objective of
this research was to synthesize Au-NPs by the actions of
the enzymes CDH, GDH, and GOX,, the possible reaction
between carbohydrate and Au salt was preliminarily inves-
tigated to avoid carbohydrate driven synthesis.

The experiments in 0.1 M phosphate buffer (pH 7) con-
taining different concentrations of cellobiose (0-5000 puM)
and Au ions (0-10000 pM) has shown that carbohydrate-
driven Au-NP synthesis occurred at cellobiose concen-
trations greater than 700 uM and Au ions in the range of
100 to 625 pM (Fig. S1). In experiments with glucose
(0-10000 pM) and Au ions, the carbohydrate driven syn-
thesis also occurred as expected and was pronounced at
glucose concentrations greater than 1000 pM and Au ions
in the range of 100 to 1000 uM (Engelbrekt et al. 2009).
At the higher substrate and Au ions concentrations, the
colour change indicated that some reaction took place, but
according to the UV—Vis spectra, no spherical Au-NPs were
formed. It can be assumed that the particles agglomerated
and/or were shaped differently and therefore shifted SPR
absorption peak at longer wavelengths outside the monitored
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range. The spectra of the described reactions resulted with
peaks around 590 nm and 555 nm for cellobiose and glucose,
respectively (Fig. S2a and b). According to the literature,
the peaks around 555 nm correspond to the Au-NP size of
80 nm while the peaks at the longer wavelength (590 nm)
indicate the SPR feature of the aggregated Au-NPs (Xu et al.
2018).

The impact of light, oxygen, and reaction medium (water
and phosphate buffer pH 7) on carbohydrate Au-NPs syn-
thesis was further examined using glucose as a referent sub-
strate at concentrations of 1000 and 10000 pM and Au ions
in the range of 100 to 1000 pM (Fig. S3). Based on visual
observations, it was concluded that fewer particles (less col-
ouration) were formed in experiments conducted without
light and without oxygen, as well as in reactions in water.
However, because enzymes will be further employed for the
reaction and to avoid carbohydrate driven synthesis as much
as possible, it was decided to run future experiments without
oxygen and light, but in an appropriate buffer. Therefore,
five buffers with different pH values were tested (phosphate
buffer pH 5.5 and pH 7, citrate buffer pH 4, pH 5.5 and pH
7, acetate buffer pH 4 and pH 5.4, imidazole buffer pH 5.5
and pH 7, succinate buffer pH 5.5). The results revealed
that carbohydrate driven Au-NPs synthesis did not occur
in 0.1 M imidazole and phosphate buffer at pH 5.5 and 7 at
glucose concentration of 1000 pM (Fig. S4).

Screening of enzymes and reaction conditions
for the synthesis of Au-NPs

Cellobiose dehydrogenase (CDH) from three different
sources (Sclerotium rolfsii (Sr CDH), Myriococcum ther-
mophilum (Mt CDH), Neurospora crassa (Nc CDH), glu-
cose dehydrogenase from Glomerella cingulata (Gec GDH)
and glucose oxidase from Aspergillus niger (An GOX) were
examined for the synthesis of Au-NPs at different reaction
conditions (enzyme, substrate, and Au ions concentration,
buffer, stirring, and temperature). To avoid carbohydrate
driven Au-NPs synthesis, experiments were conducted with-
out light and oxygen and in phosphate or imidazole buffer.
To determine the appropriate reaction conditions, vari-
ous concentrations of cellobiose dehydrogenases (0.01 and
1 mg cm™) and Au ions (100 and 550 pM) in 0.1 M imida-
zole and phosphate buffer (pH 5.5 and 7 each; Fig. S5) were
examined. At a lower CDH concentration (0.01 mg cm_3) no
Au-NPs synthesis occurred. The results obtained at a higher
enzyme concentration (1 mg cm™) are shown in Fig. 2.
Approximately the same Au-NPs formation was observed
by Mt CDH in all buffers, Sy CDH in phosphate buffer pH
5.5 and Nc CDH in imidazole buffer pH 7 Since the highest
amount of NPs was obtained by Mt CDH in 0.1 M phosphate
buffer pH 7 and Au ions concentration of 550 uM, these
conditions were used for further tests. In addition, three

02
|l A 2
|
00—
KPi pH 7.0 ——__ ,
KPi pH 5.5 -

ImpH7.0

= _J%
Im pH 5.5

Fig. 2 Effect of different buffers and Au?* concentration on Sr CDH,
Mt CDH and Nc CDH driven Au-NPs synthesis (without light, with-
out oxygen and stirring, 0.1 M phosphate and imidazole buffer pH 5.5
and 7, Ceepopiose =700 UM, cpy3, =100 (dark bars); 550 uM (white
bars), ycpg =1 mg cm.™3)

concentrations of Mt CDH (0.1, 0.3 and 1 mg cm™>) were
tested for the synthesis of Au-NPs. According to the maxi-
mal absorbances (data not shown), almost the same results
were obtained when 0.3 and 1 mg cm™ Mr CDH were used.
Therefore, the enzyme concentration 0.3 mg cm™ was used
for the further experiments.

The influence of temperature (room temperature and
T=37 °C) and stirring rate (without stirring and stirring
on a rotator (20 rpm)) on Au-NPs synthesis was exam-
ined at previously determined optimal reaction conditions
(0.3 mg cm™ Mt CDH, 550 uM HAuCl, - 3 H,0, 700 uM
cellobiose, 0.1 M phosphate buffer pH 7, without light
and oxygen). The experiments on the rotator were carried
out in triplicate and the reaction was monitored for 72 h.
The absorption spectrums measured at the end of the reac-
tions are shown in Fig. S6, while the maximum absorbance
obtained are given in Table 1. Since maximum absorbance
during Au-NPs synthesis were observed at room temperature
at 540 nm and at 7=37 °C at 535 nm, it can be assumed that
NPs of similar size were synthesized. The highest amount
of NPs with Mt CDH was achieved, at T=37 °C and with-
out stirring and these conditions were applied in further
experiments.

Preliminary experiments with Gc GDH and An GOX
were performed with three enzyme concentrations (0.1,
0.3 and 1 mg cm™>) and constant concentrations of glucose
(1000 pM) and Au ions (550 uM) in 0.1 M imidazole and
phosphate buffer pH 5.5 and 7 each (Fig. S7). Although it
was previously shown that it is possible to synthesize Au-
NPs with the GOX enzyme, this did not occur under the
above conditions (Muthurasu and Ganesh 2016; Yasui and
Kimizuka 2005). Namely, to avoid carbohydrate driven
synthesis of Au-NPs the reactions were performed without

@ Springer
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Table 1 Maximum absorbance

; . . Experiment ROOM TEMPERATURE T=37°C

obtained during Mt CDH driven

Au-NPs synthesis at room Time ABS,. [-] ABS,. [-]

temperature and at 7=37 °C - — - — - — - —

with and without stirring Without stirring With stirring* Without stirring With stirring*
Beginning 0.024 - 0.022 -
After 24 h 0.099 0.125+0.01347 0.261 0.262+0.01014
After 48 h 0.176 0.198 +0.01406 0.567 0.360+0.02449
After 72 h 0.234 0.218+0.01189 0.755 0.505+0.01975

N
mean value of three measurements

oxygen and at low glucose concentration. With respect to
the gathered results, the Au-NPs formation by An GOX was
not further investigated.

The formation of Au-NPs by Gc¢ GDH occurred in
phosphate buffer pH 5.5 and 7 which was not the case in
imidazole buffer at both tested pH values. The maximum
absorbance shown in Fig. 3 indicates that more Au-NPs
were formed in phosphate buffer pH 5.5 (light grey bars).
Enzyme concentration did not significantly affect Au-NPs
formation. Therefore, further experiments were carried out

1.0
C— pHS5.5
= pH 7.0
0.8 |
T 06
5
CQE
Q04
=
0.2
0.0
0.1 0.3 1.0

Y6e cou (Mg cm™]

Fig.3 Maximum absorbance of Au-NPs synthesized with Gc GDH
(without light, without oxygen, 0.1 M phosphate buffer pH 5.5 (light
bars) and pH 7 (dark bars), ¢ =1000 uM, cp3, =550 uM,
Y6e gou=0.1/0.3/1 mg cm.™3)

glucose

at a Gc GDH concentration of 0.3 mg cm™ in phosphate
buffer pH 5.5.

The impact of temperature and stirring on Au-NPs syn-
thesis when Ge GDH employed was studied analogously to
the experiments with Mt CDH, but in this case the reaction
was monitored for 24 h. The results are given in Table 2
Therefore, further experiments were conducted with Gc
GDH at T=37 °C and without stirring.

Scaled-up experiments

Scaled-up synthesis of Au-NPs by the action of the enzymes
Mt CDH and Ge GDH was scaled to a volume of 10 cm?
and performed under most appropriate reaction conditions
for each enzyme as previously determined. The maximum
absorbance obtained after 72 h of reaction with Mt CDH was
0.705 (at 540 nm; Fig. S8c).

The synthesis of Au-NPs by the action of enzyme Gc¢
GDH was monitored for 48 h and the maximum absorbance
measured after 24 h of reaction was 0.696 (at 525-530 nm;
Fig. S8d).

Enzyme kinetics

The Mt CDH and Gc GDH kinetics in the oxidation reac-
tion of cellobiose and glucose, respectively, were measured
by the initial reaction rate method and described by single-
substrate Michaelis—Menten kinetics. Maximal activities
and Michaelis constants for cellobiose and glucose were
estimated from experimental data (Table 3). Impact of the

Table 2 Maximum absorbance

) . . Experiment ROOM TEMPERATURE T=37°C

obtained during Ge¢ GDH driven

Au-NPs synthesis at room Time ABS, . [-] ABS, .« [-]

temperature and at 7=37 °C ; - . - - o

with and without stirring Without stirring With stirring* Without stirring With stirring
Beginning 0.022 0.022+0.00309 0.022 0.020+0.00262
After 6 h 0.408 0.503 +0.00974 0.638 0.637+0.01929
After 24 h 0.686 0.629+0.03549 0.810 0.817 +0.04000

“mean value of three measurements data (Table 3)

@ Springer
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Table 3 Kinetic parameters of Mt CDH and Ge¢ GDH catalysed oxi-
dation of cellulose and glucose

Parameter Value

Mt CDH Gec GDH
Vv, [Umg™] 0.0557 0.6118
K, [mmol dm™] 0.7736 0.6901
K; [mmol dm™] 1.71 - 1073 4.17- 1073

Au ions on the reaction kinetics was also investigated and
it was found out that it decreases the reaction rates of both
enzymes. The inhibitions were described by the Michae-
lis—Menten equation with competitive product inhibition
(Egs. 1-2) and the inhibition constants were estimated from
the experimental.

Reactor experiment and model validation

The synthesis of gold nanoparticles was carried out in a
batch reactor by the action of Mt CDH and Ge¢ GDH using
cellobiose and glucose as substrate, respectively. In order
to examine the influence of reaction kinetics on formation
of Au-NPs, carbohydrate concentrations were monitored in
these experiments in addition to maximal absorbance. The
reactions were carried out under the previously determined
optimal reaction conditions.

The results of Au-NPs synthesis using the enzyme Mt
CDH are shown in Fig. 4 as the change in maximum absorb-
ance (at 530-540 nm) and cellobiose concentration during
the reaction time. A very good correlation was observed
between the experimental data and the data obtained by the

® ABS

max

O cellobiose
—— model

ABSmax [-1, € ellobiose [mM]

0 30 60 9 120 150 180 210
t[h]

Fig.4 Validation of the mathematical model for Mt CDH driven
Au-NPs synthesis (V=3.5 cm’, without light, oxygen and stir-
ring, 0.1 M phosphate buffer pH 7, T=37 °C, ¢, =700 pM,
Ymicpn="0.3 mg em. Cauze =550 pM)

cellobiose

model simulation (Chapter Mathematical model, R>=0.99;
c=0.08), that is, the mathematical model was validated.
Additionally, a correlation was observed between the
increase in maximum absorbance (Au-NPs concentration
simulated by the model was multiplied by estimated extinc-
tion coefficient, e=5.4267 mM‘l) and the decrease in cel-
lobiose concentration. During the experiment, the Mt CDH
deactivation was noticed and was described by first-order
kinetics (Eq. 6). The deactivation rate was estimated based
on the experimental data — k,=0.00019 min™".

In contrast, the results of an experiment in which Au-NPs
were synthesized by Ge GDH (Fig. 5) did not show the cor-
relation between the Au-NPs synthesis and glucose oxida-
tion, as no change in glucose concentration was observed
during the reaction.

TEM characterization

TEM images (Fig. 6a and b) and especially the quantitative
determination of the size of the nanoparticles (Fig. 6¢ and d)
showed that the particles agglomerated and increased over
time (average size of 2.83 +2.40 and 6.63 +3.03 nm after
24 and 48 h, respectively).

Discussion

The aim of this work was to examine the possibilities of
synthesis of Au-NPs by the action of oxidoreductases, which
provide electrons for the reduction of the metal ions by oxi-
dising the substrate. The oxidoreductases studied catalyse
carbohydrate oxidation reactions, which themselves can
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Fig.5 Results of the Gc¢ GDH driven Au-NPs synthesis show-
ing that glucose oxidation and Au-NPs formation are unrelated
(V=2.5 cm’, without light, oxygen and stirring, 0.1 M phosphate
buffer pH 5.5, T=37 °C, c, =1000 pM, 74, gpy=0.3 mg cm.™,
CAu3+ =550 MM)

glucose
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Fig.6 Results of the TEM
analysis of gold nanoparticles
synthesized using Gc GDH: a
and ¢ — after 24 h; band d —
after 48 h (V=10 cm®, without
light, oxygen and stirring,

0.1 M phosphate buffer pH 5.5,
T=37°C, cgjycose = 1000 pM,
Ywecon=0-3 mg cm. ™,
Cauzy =550 pM)
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serve as Au ion reductants. (Park et al. 2011). The carbo-
hydrates used with the enzymes investigated in this work
are cellobiose and glucose. To the best of our knowledge,
Au-NPs formation using cellobiose as a reducing agent has
not yet been reported. Scampicchio et al. (2009) observed
Au-NP formation by addition of galactose, glucose, fruc-
tose, maltose and sucrose to the reaction solution contain-
ing HAuCl4 - 3 H20 and a surfactant in alkaline media,
thus demonstrating the ability of these compounds to reduce
Au(III) to Au(0). Castro-Guerrero et al. (2018) used fruc-
tose and citric acid as reducing and stabilising agents, and
as a co-reducing agents for Au-NP synthesis, resulting in
spherical NPs with an average diameter of 12 nm. Successful
synthesis of Au-NPs using purified bacterial exopolysaccha-
ride (consisting mainly of glucose and galactose), hyaluronic
acid, cellulose dextran, alginic acid and chitosan as reduc-
ing and/or stabilising agents was also reported (Huang and
Yang 2004; Park et al. 2011; Sathiyanarayanan et al. 2014).
Suvarna et al. (2017) used glucose for the same purpose,
while Engelbrekt et al. (2009) used glucose and starch for
the synthesis of spherical Au-NP with an average diameter
of 13 and 4 nm when the synthesis was carried out in phos-
phate and MES (2-(N-morpholino)ethanesulfonic acid) buff-
ers, respectively. The latter research indicates the importance
of the chemical nature of the buffers as one of the key factors
for the formation of Au-NPs. In addition to the chemical
nature, the pH of the buffer, the concentration of the reduc-
ing agent and the metal precursor, the temperature and the
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incubation time are also among the most important reaction
parameters directly affecting the shape, size and homogene-
ity of the synthesised NPs (Ahmed et al. 2016b; Engelbrekt
et al. 2009; Jalani et al. 2018; Patra and Baek 2014; Shervani
and Yamamoto 2011). Harada and Kizaki (2016) found that
photoreduction has a major impact on the formation of Au
nanoparticles in an aqueous ethanol solution of a polymer
and is involved in the successive stages of reduction —nucle-
ation, autocatalytic surface growth on nucleates, aggrega-
tive growth and aggregation/precipitation process. Sylvestre
et al. (2004) reported that the oxygen present in water leads
to partial oxidation of the synthesised gold nanoparticles,
which eventually increases their chemical reactivity and has
a great influence on their growth.

Therefore, preliminary experiments were carried out
with enzyme substrates (cellobiose and glucose) and Au
ions and the impact of light, oxygen, and reaction medium
was examined to find suitable conditions under which car-
bohydrate driven synthesis will be avoided. UV—vis spectra
were measured to confirm the Au-NP formation, taking into
account their characteristic absorption spectrum and absorp-
tion band around 520 nm, which is related to the surface
plasmon resonance (SPR) of Au-NPs (Huang and El-Sayed
2010). The position and width of the SPR absorption peak
are strongly dependent on both the size and shape of the Au-
NPs. A shift to longer wavelengths and a broadening of the
SPR peak was observed with an increase in Au-NP size and
a decrease in the distance between the particles due to their
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aggregation (Zuber et al. 2016). Zuber et al. (2016) and He
et al. (2005) reported that the intensity of the SPR band was
related to the concentration of Au-NPs and showed that the
peak maximum shifted from 514 to 526 nm and from 520 to
530 nm for Au-NPs of 5 and 50 nm and 12 to 41 nm in diam-
eter, respectively. With the further increment of the Au-NP
size to 100 nm, the peak maximum is expected to shift to
572 nm. Shi et al. (2012) showed that rod-shaped Au-NPs
have two bands in the absorption spectrum. The lower peak
near 520 nm represents the SPR along the transverse direc-
tion, while the dominant peak arises from the SPR along the
longitudinal direction and was shifted to the near-infrared
(NIR) region from 650 to 1050 nm (Shi et al. 2012).

The performed experiments showed that carbohydrate
driven synthesis occurred in the presence of high concentra-
tions of cellobiose (¢ > 700 pM) and glucose (¢ > 1000 pM),
as well as at high Au ion concentration (Fig. S1). It was
found that, the carbohydrate-driven synthesis by glucose
resulted in the smaller NPs according to the maximum
absorbance peak (Fig. S2). Investigation of the impact of
light and oxygen on the synthesis of NPs by glucose showed
that they both had a positive influence (Fig. S4). Thus, to
avoid carbohydrate driven synthesis, the experiments with
the enzymes are performed in the dark and without oxygen.
The synthesis of Au-NPs by glucose was p carried out in
water and different buffers (Fig. S3 and S4). The impact of
the reaction medium was evident and the citrate buffers (pH
4,5.5 and 7), acetate (pH 5.5) and succinate (pH 5.5) were
those that promoted the synthesis even at low glucose con-
centration (1000 uM). NPs synthesis did not occur in water
and other buffers (phosphate pH 5.5. and 7, acetate pH 4 and
imidazole pH 5.5 and 7) at a lower glucose concentration.

Enzymes are considered as the preferred bioreductants for
the green synthesis of Au-NPs of different sizes and shapes.
The use of various extracellular and intracellular bioreducing
microbial enzymes has already resulted in mostly spherical,
but also hexagonal, triangular, octahedral, polygonal, planar
and cubic Au-NPs with sizes in the range of 8—70 nm (Ovais
et al. 2018a). For instance, the a-NADPH-dependent sulphite
reductase was used for the synthesis of spherical Au-NPs with
a size of 7-20 nm, the enzyme laccase from Paraconiothyrium
variabile and Pleurotus ostreatus was used for the synthesis
of Au-NPs with a size of 71-266 nm and 22-39 nm, respec-
tively, while the use of laccase and ligninase in combination
resulted in a spherical Au-NPs with a size of 10-100 nm (El-
Batal et al. 2015; Faramarzi and Forootanfar 2011; Gholami-
Shabani et al. 2015; Sanghi et al. 2011). For the same purpose,
Chinnadayyala et al. (2015) reported the use of alcohol oxi-
dase and Venkatpurwar and Pokharkar (2010) of serratiopepti-
dase enzyme. Mishra and Sardar (2014) and Rangnekar et al.
(2007) reported the use of the enzyme a-amylase and Sharma
et al. (2013) used urease as both reducing and stabilising agent
for the synthesis of Au-NP.

The oxidoreductase glucose oxidase from Aspergillus niger
(An GOX) was also reported as suitable for the reduction and
stabilization of Au(III) ions in the presence of #-D-glucose and
glucose with sodium metal addition as this enzyme is able to
perform direct electron transfer (DET) of two electrons through
its flavin adenine dinucleotide (FAD) part. The synthesized Au-
NPs were stable and had an average size of 14.5 and 5.4 nm
when f-D-glucose and glucose with sodium metal addition
were used, respectively (Muthurasu and Ganesh 2016; Yasui
and Kimizuka 2005). However, the influence of the various
reaction parameters on the characteristics of the synthesised
NPs remained unknown. The enzyme cellobiose dehydroge-
nase, also from the family of oxidoreductases, consists dehydro-
genase domain (DH) with FAD as the prosthetic group, and a
b-type heme-containing cytochrome domain (CYT), connected
via the linker region (Malel et al. 2010; Wang et al. 2012). The
ability to perform internal electron transfer (IET) from the FAD
to the CYT domain and DET of electrons from the oxidation of
its natural substrate (cellobiose) to a certain electron acceptor
i.e. gold electrode, is being investigated for the development of
biosensors and enzymatic biofuel cells (Ma and Ludwig 2019;
Tavahodi et al. 2017). Malel et al. (2010) explored DET and
mediated electron transfer (MET) using benzoquinone/hydro-
quinone as mediators and Au seeds as catalysts for Au-NPs
reduction. This research showed that these processes are pH
dependent and resulted with relatively large Au-NPs. Therefore,
more information about the process is still needed. Glucose
dehydrogenase from Glomerella cingulata is another FAD-
dependent oxidoreductive enzyme capable of performing elec-
tron transfer that has been studied by several research groups
(Muguruma et al. 2017; Zafar et al. 2012). As far as we know,
there are no reports on the use of this enzyme as a reducing
agent for the synthesis of Au-NPs.

Three types of oxidoreductases, cellobiose dehydroge-
nase (CDH), glucose dehydrogenase from Glomerella cin-
gulata (Gec GDH) and glucose oxidase from Aspergillus
niger (An GOX) were employed in this work. Also for CDH,
the enzymes from thee different sources were investigated:
Sclerotium rolfsii (Sr CDH), Myriococcum thermophilum
(Mt CDH) and Neurospora crassa (Nc CDH). To optimize
the NPs production, the impact of reaction conditions on
NPs synthesis was examined. These investigations were per-
formed without light and oxygen and in phosphate or imi-
dazole buffer to minimize the effects of carbohydrate driven
Au-NPs synthesis.

The experimental data showed that of the CDHs tested,
Mt CDH in phosphate buffer pH 7 at an enzyme concentra-
tion of 0.3 mg cm™ and the Au ion concentration of 550 uM
resulted in the highest NP formation (Fig. 2). CDH consists
of a dehydrogenase domain (DH) carrying flavin adenine
dinucleotide (FAD) and a cytochrome domain (CYT) con-
nected by a flexible linker region (Malel et al. 2010; Tava-
hodi et al. 2017). To find out which domain is crucial for
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Au-NPs formation, experiments were conducted at a pre-
viously defined substrate and Au ions concentration with
Mt CDH, bovine serum albumin (BSA) as control protein,
isolated CYT, and two types of DH domain. The results
showed (Fig. S9) a low Au-NPs formation in the presence
of DH domain (Fig S9 d and e) and an absence of the same
in the presence of the other proteins examined (Fig S9 b
and c). It was concluded that none of the domains is indi-
vidually responsible for NPs synthesis, but their interac-
tion. Likewise, possible Au-NPs synthesis was examined in
the reaction without cellobiose (only Au ions and MtCDH)
(Fig. S9g) and without the enzyme (only cellobiose and Au
ions) (Fig. S9f), and in both cases no Au-NPs formation
was observed.

The reaction temperature is one of the reaction conditions
that play an important role in NPs synthesis. While various
physical and chemical methods require high temperatures
(even above 350 °C), the synthesis of NPs with bioreduct-
ants can be achieved at temperatures below 100 °C or at
room temperature (Jalani et al. 2018; Patra and Baek 2014).
It has been reported that regardless of the method used for
synthesis, temperature directly affects reaction rate, size,
shape, morphology and final properties of the synthesized
NPs and therefore needs to be optimized for a single process
(Iravani and Zolfaghari 2013; Khalilzadeh and Borzoo 2016;
Kumari et al. 2016; Mountrichas et al. 2014; Rajeshkumar
et al. 2017). For instance, Iravani and Zolfaghari (2013)
and Rajeshkumar et al. (2017) reported that higher reac-
tion temperatures resulted in smaller NPs. Khalilzadeh and
Borzoo (2016) and Mountrichas et al. (2014) observed that
the reaction rate decreases with decreasing temperature in
NPs synthesis and vice versa by, while the dependence of
NPs shape on reaction temperature and pH of the reaction
medium was determined in the work of Kumari et al. (2016).
Ahmad et al. (2006) reported that stirring can also affect
NPs production by enzymes and proteins (responsible for
reduction) in the reaction medium.

Accordingly, the influence of temperature (room tem-
perature and =37 °C) and stirring (without stirring and
stirring on a rotator at 20 rpm) on Au-NPs synthesis by Mt
CDH was examined (Table 1, Fig. S6). Based on the values
of the maximum absorbance, it can be concluded that more
Au-NPs were formed at higher tested temperature, which
was expected considering reduced diffusion effect and thus
higher reaction rate at elevated temperatures (Khalilzadeh
and Borzoo 2016; Mountrichas et al. 2014). The effect of
stirring at room temperature was insignificant, and this can
be explained by lower enzyme deactivation and lower release
of proteins/amino acids at lower temperatures. At higher
tested temperatures, the difference between the maximum
absorbance with and without stirring during the reaction
was more pronounced. More Au-NPs formed in the reaction
without stirring may be the result of more enzyme (amino
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acids that build the enzyme) available and released into the
reaction medium under stationary conditions than under stir-
ring conditions as was found in the literature (Ahmad et al.
2006). Therefore, further experiments with Mt CDH were
performed at T=37 °C and without stirring.

The same investigations as for CDH were performed with
GDH and GOX (Fig. S7). Although it has previously been
shown that it is possible to synthesize Au-NPs with the GOX
enzyme (Muthurasu and Ganesh 2016; Yasui and Kimizuka
2005), this was not the case under the conditions chosen
to eliminate carbohydrate driven synthesis. Therefore, the
study of Au-NPs synthesis with GOX was not further per-
formed. The tests with the Gc GDH revealed that the Au-
NPs were successfully formed in the 0.1 M phosphate buffer
pH 5.5 at an enzyme concentration of 0.3 mg cm™ and the
Au ion concentration of 550 uM (Fig. S7, Fig. 3). Investiga-
tion of the impact of temperature and stirring on Au-NPs
synthesis by Gc GDH (Table 2) revealed that the influence
of stirring on Au-NPs formation was less significant when
Gc GDH was used compared to Mt CDH driven Au-NPs
synthesis (Table 1). As in the case of Mt CDH, higher tested
temperature resulted in enhanced Au-NPs formation, con-
firming a lower diffusion effect at higher temperature. Since
the maximum absorbance of the synthesised Au-NPs were
obtained at 540-550 and 525-530 nm (data not shown)
during the reaction carried out at room temperature and
T=37 °C, respectively, smaller NPs are expected at higher
tested temperatures. The obtained results suggested that it
is optimal to carry out Au-NPs synthesis by Gc GDH at
T=37 °C and without stirring.

Scale-up experiments were performed in a volume of 10
cm?, which corresponds to a 20-fold magnification compared
to the volume of the test experiments (Fig. S8). Scaled-up
synthesis of Au-NPs by the Mr CDH resulted with the maxi-
mum absorbance of 0.705 (at 540 nm; Fig. S8c) which was
in good correlation with the maximum absorbance obtained
at the same reaction time in a preliminary experiment in
a reactor of 0.5 cm® (Table 1, ABS,, . =0.755 at 535 nm).
This indicates that Au-NPs synthesis by Mt CDH is repro-
ducible on a larger scale under the optimal reaction condi-
tions. Upscaling the process was not so successful in the
case of Gc GDH. Obtained maximal absorbance of 0.696 (at
525-530 nm; Fig. S8d) corresponds to a 10% lower Au-NPs
production compared to 0.810 (at 530-535 nm) obtained at
a volume of 0.5 cm® (Table 2).

A kinetic study of the Mt CDH and Gc¢ GDH together
with the proposed model (Chapter Mathematical model) was
performed to investigate whether is the rate of the Au-NPs
formation related to the reaction performed by examined
enzymes. The kinetics of both enzymes were examined in
the reaction of the corresponding carbohydrate oxidation
by initial reaction rate method. In addition, the impact of
Au ions on the reaction rate was measured. The values of
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Michaelis constants are similar, and thus both enzymes
have similar substrate specificity. The maximal activity
of Gec GDH is higher, and therefore, glucose oxidation is
faster than cellobiose oxidation. Furthermore, the impact of
different Au ions on both enzyme activities was examined
(Table 3). The obtained data indicated that the increased Au
ions concentration led to a decrease in enzymes activities
and the reactions were described by single-substrate Michae-
lis—-Menten kinetics with competitive inhibition by Au ions.
Based on the estimated inhibition constants (Table 3), it was
found that Au ions slightly inhibit the cellobiose oxidation
while the inhibition of glucose oxidation is significantly
higher.

Using the kinetic data, the mathematical model (Chapter
Mathematical model) was validated in the batch reactor. For
the enzyme Mt CDH, results obtained by model simulation
were in very good agreement with the experimental data
(Fig. 4). This suggests that the mechanism of formation of
Au NPs with the Mt CDH enzyme is directly related to the
kinetics of cellobiose oxidation, i.e. reduction of Au ions, as
shown in Fig. 1. This was also proven by the control experi-
ments mentioned previously in which single impact of Mt
CDH and cellobiose on Au ion reduction was examined
(Fig. S9 fand g).

This was not the case for the Gc GDH enzyme in the
reaction of glucose oxidation, which was proved to be sig-
nificantly inhibited by Au ions (Fig. 5, Table 3). In order to
reveal the mechanism of NPs formation for this enzyme,
control experiments for the formation of Au-NPs were
performed in the following combinations: Gc GDH + glu-
cose + Au’*, G¢ GDH + Au®*, and glucose + Au’*
(Fig. S10). Based on the maximum absorbances, reaction
rate was estimated from the first four hours of reaction. From
the results, it was concluded that the synthesis of Au-NPs
by Gc GDH occurs due to the reduction of Au ions along
with glucose and amino acids, which are an integral part of
the enzyme (Coronato Courrol and de Matos 2016; Engel-
brekt et al. 2009; Maruyama et al. 2015). The final amount
of Au-NPs obtained after 120 h is approximately the same
regardless of the presence of glucose, as it is determined by
the initial concentration of Au ions in the solution. How-
ever, the estimated reaction rate of these separate reactions
is lower than in the case when enzyme and substrate were
used together for Au-NPs synthesis, implying that Gc GDH
and glucose in synergy have a positive effect on the forma-
tion rate of Au-NPs.

TEM measurements showed that the average size of the
Au-NPs synthesised with Gc GDH was less than 10 nm.
According to the absorption peak for theses Au-NPs
(Fig. S8D), which was detected at 535 nm, the size of the
nanoparticles corresponds to a size of 50 nm according to
He et al. (2005). The reason for this discrepancy lies in the
fact that the spectrum was recorded in a buffered solution

containing protein. It is known that the environment has an
influence on the optical properties of metal nanoparticles
(Kelly et al. 2003).
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