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Enhanced production of amylase, pyruvate
and phenolic compounds from glucose
by light-driven Aspergillus niger–CuS
nanobiohybrids
Uddandarao Priyanka* and Piet NL Lens

Abstract

BACKGROUND: The demand for value-added compounds such as amylase, pyruvate and phenolic compounds produced by
biological methods has prompted the rapid development of advanced technologies for their enhanced production.
Nanobiohybrids (NBs) make use of both the microbial properties of whole-cell microorganisms and the light-harvesting effi-
ciency of semiconductors. Photosynthetic NBs were constructed that link the biosynthetic pathways of Aspergillus niger with
CuS nanoparticles.

RESULTS: In this work, NB formation was confirmed by negative values of the interaction energy, i.e., 2.31 × 108 to
−5.52 × 108 kJ mol−1 for CuS–Che NBs, whereas for CuS–Bio NBs the values were −2.31 × 108 to −4.62 × 108 kJ mol−1 for
CuS–Bio NBs with spherical nanoparticle interaction. For CuS–Bio NBs with nanorod interaction, it ranged from −2.3 × 107 to
−3.47 × 107 kJ mol−1. Further, the morphological changes observed by scanning electron microscopy showed the presence
of the elements Cu and S in the energy-dispersive X-ray spectra and the presence of CuS bonds in Fourier transform infrared
spectroscopy indicate NB formation. In addition, the quenching effect in photoluminescence studies confirmed NB formation.
Production yields of amylase, phenolic compounds and pyruvate amounted to 11.2 ∼mol L−1, 52.5 ∼mol L−1 and 28 nmol ∼L−1,
respectively, in A. niger–CuS Bio NBs on the third day of incubation in the bioreactor. Moreover, A niger cells–CuS Bio NBs had
amino acids and lipid yields of 6.2 mg mL−1 and 26.5 mg L−1, respectively. Furthermore, probable mechanisms for the
enhanced production of amylase, pyruvate and phenolic compounds are proposed.

CONCLUSION: Aspergillus niger–CuS NBs were used for the production of the amylase enzyme and value-added compounds
such as pyruvate and phenolic compounds. Aspergillus niger–CuS Bio NBs showed a greater efficiency compared to A. niger–
CuS Che NBs as the biologically produced CuS nanoparticles had a higher compatibility with A. niger cells.
© 2022 The Authors. Journal of Chemical Technology and Biotechnology published by JohnWiley & Sons Ltd on behalf of Society
of Chemical Industry (SCI).

Supporting information may be found in the online version of this article.
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INTRODUCTION
With an increase in population globally, use of industrial enzymes
has been extended in recent years to a variety of fields such as
food production, brewing, pharmacy, medicine, textile and deter-
gents.1 Generally, natural products are considered attractive
value-added compounds based on their wide bioactivity spec-
trum2. ⊍-Amylases are extracellular enzymes that cleave the
⊍-1,4-glucosidic bonding of linear amylose and branching amylo-
pectin. They are the most important group of enzymes produced
commercially3. ⊍-Amylase, belonging to the glycosyl hydrolase
family, is a digestive enzyme that catalyses the hydrolysis of starch,
glycogen and related polysaccharides and, therefore, has wide
applications in many industries. ⊍-Amylases have not only been
used in fermentation processes but also in the processed food

industry and the textile and paper industries3. Compared with
the bacterial ⊍-amylases, fungal ⊍-amylases are preferred for starch
hydrolysis applications in the baking, brewing and sweeteners
industries owing to their generally recognized safe status.4

Pyruvate has many important applications, e.g. as a food sup-
plement and as a precursor for chemicals and pharmaceuticals.
This compound has both reactive ketonic and carboxyl groups
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and its demand has greatly increased over the past few decades.5

It is also manufactured for use as a dietary supplement, nutraceu-
tical and antioxidant. For example, pyruvate is used as a promising
raw material for the synthesis of pharmaceutical precursors such
as L-tyrosine, N-acetyl-D-neuraminic acid and (R)-phenylacetylcar-
binol.6 Phenolic compounds are widespread phytochemicals in
nature; usually plant extracts rich in phenolic compounds have
shown increasingly interest to enhance food quality. Therapeutic
use as functional ingredients is the basis of numerous studies on
how processing affects the phenolic composition of foods and
the bioactivity of nanoencapsulated phenolics on cancer cells.7

Phenolic compounds consist of an aromatic ring bearing one or
more hydroxyl substituents, and range from simple phenolic mol-
ecules to highly polymerized compounds.8

In spite of these advantages, the use of enzymes and food addi-
tives in industrial applications suffers from cost limitations.9 From
a bio-industrial viewpoint, microorganisms are the most impor-
tant sources for the production of value-added chemicals.10 Fila-
mentous fungi have the ability to synthesize and secrete large
amounts of extracellular protein, making filamentous fungi attrac-
tive hosts for production of value-added products.11 CuS as an
important multifunctional I–VI chalcogenide visible-light-
absorbing semiconductor12 and has received widespread atten-
tion because of its versatile properties, and has great potential
in a versatile range of applications such as cathode material of
lithium batteries, gas sensors, photocatalysts, photothermal con-
version and high-temperature thermistors.13–15 In this scenario,
nanobiohybrids (NBs) came into the picture, where microbes pos-
sess more desirable metabolic pathways when integrated with
nanoparticles (NPs), offering tunable microbial metabolism.16,17

In this study, we demonstrate a hybrid approach, by integrating
Aspergillus niger with photoactive CuS NPs to synthesize amylase,
pyruvate and phenolic compounds from a medium consisting of
glucose (8 g L−1) and ammonium sulfate (3 g L−1).
The first step towards the development of NBs is assembly, for

chemically/biologically and energetically coupling the NPs with
A. niger cells. The NBs were designed by choosing an NP active
in the visible-light region. The key objectives of the present study
are: (i) to synthesize chemical and biological CuS NPs by the pre-
cipitation method and sulfate reduction method, respectively;
(ii) to bind the synthesized CuS NPs with A. niger cells to form
NBs; and (iii) to produce metabolites such as amylase, pyruvate
and phenolic compounds using the CuS–A. niger NBs.

MATERIALS AND METHODS
Aspergillus niger cultivation
Aspergillus niger strain
The A. niger strain was isolated from effluent of an anaerobic
inverse fluidized bed bioreactor treating selenite-rich wastewa-
ter.18 The A. niger strain was grown on Petri plates with potato
dextrose agar (PDA) medium and incubated at 28 °C. The spores
were collected from the Petri plates using a loop and stored at
−20 °C until future use in the experiments.19

Batch cultivation
For the preliminary experiments, shake flask cultivation was con-
ducted in 250 mL Erlenmeyer flasks with a 100 mL working vol-
ume of potato dextrose broth medium to which 2 × 105 mL−1

A. niger spores were added. The inoculated flasks were incubated
on a rotary shaker at 1157 g and 30 °C. After 2 days of growth,
once the A. niger cells attained the log phase, they were used

for NB formation by adding chemically and biologically synthe-
sized CuS NPs.20,21

CuS NP synthesis
Chemical synthesis route
For the chemical synthesis of CuS NPs, 50 mL of 1 mol L−1 copper
acetate monohydrate (Cu(CH3 COO)2.H2O) and 1 mol L−1 sodium
sulfide (Na2S.9H2O) precursors were added to 250 mL Erlenmeyer
flasks; 2 mol L−1 NaOH was further added to the precursor solu-
tion until it reached pH 11 at room temperature.90 The precursors
undergo a decomposition reaction and the addition of NaOH to
the reactants induces a precipitation reaction leading to the for-
mation of a blue-green precipitate after 2 h (Eqn (1)):15,22

Cu CH3 COOð Þ2:H2O+Na2S:9H2O→CuS+2CH3COONa+10H2O

ð1Þ

The precipitate was dried at 80 °C in a hot-air oven for 4–5 h and
stored at 28 °C for further use.23

Biological synthesis route
Biological CuS NPs were synthesized using anaerobic granular
sludge collected from an upflow anaerobic sludge blanket reactor
(Kilconnell, Galway, Ireland) containing sulfate-reducing bacte-
ria.24 The inoculum had a total solids (TS) content of 62.5 g kg−1

wet granular sludge and its volatile solids (VS)/TS ratio was 89%,
yielding a VS concentration of 55.6 g kg−1 wet granular sludge.25

It was incubated in a medium of 3 g (NH4)2SO4, 0.126 g K2HPO4,
0.875 g MgSO4.7H2O and 1.5 g Ca(NO3)2.4H2O. 50 mL of 60%
(v/v) glucose was taken as the carbon source. The pH of the
medium was adjusted to 7 using 1 mol L−1 NaOH. 10% (v/v) of
the anaerobic sludge was added to a 500 mL serum bottle con-
taining 300 mL medium and the bottles were purged with nitro-
gen gas before and after inoculation.
The serum bottles were incubated in an orbital shaker set at 30 °C

and 1035 g for 7 days. After the reduction of sulfate to sulfide, 50 mL
supernatant from 300 mL anaerobic sludge was added to 50 mL of
1 mol L−1 copper(II) sulfate pentahydrate solution (CuSO4.5H2O)
while stirring for 7 days. The sulfide produced by the anaerobic
sludge reacted with the copper(II) and precipitated as CuS to form
biologically synthesized CuS NPs (CuS-Bio NPs) (Eqn (2)):26,27

CuSO4:5H2O+S→CuS+5H2O+SO2+O2 ð2Þ

Aspergillus niger cells–CuS NBs
The approach adopted for fabrication of A. niger CuS NP NBs was
carried out based on the Derjaguin–Landau–Verwey–Overbeek
(DLVO) theory of Derjaguin approximation,28,29 which describes
the interaction between A. niger cells and CuS NPs as a sum of
van der Waals attractive and electrostatic repulsive force. Aspergil-
lus niger cells were added to CuS NPs present in the potato dex-
trose broth medium, to which 1 mmol L−1 sodium chloride
(NaCl) was added dropwise at regular time intervals30,31 and stir-
red for 4 h. The amount of biomass used was 32.5 g L−1. A colour
change was observed after 4 h, indicating the formation of NBs.
The binding of A. niger cells and CuS NPs is confirmed by values
of W(D) of −2.31× 108 to −5.52× 108 kJmol−1 for CuS–Che NBs,
as well as for CuS–Bio NBs W(D) values from −2.31× 108 to
−4.62× 108 kJmol−1 for spherical NPs and from −2.3× 107 to
−3.47× 107 kJmol−1 for nanorods. The net interaction energy
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between A. niger cells and CuS NPs was calculated as described by
Uddandarao and Lens.32,33

Experimental set-up
A cylindrical bench-scale stirred tank photobioreactor made of
Pyrex glass (2.5 L capacity and 1.5 L working volume) was used
for the experiments. The medium composition consisted of
8.0 g L−1 glucose and 3.0 g L−1 ammonium sulfate.34 During the
reaction phase, the A. niger NBs were mixed with a magnetic stir-
rer for aeration at 1035 g. The temperature was maintained at
30 °C. A visible-light source of wavelength 400 nm (11935–55
LED lamp, Leuchten Direkt, Galway, Ireland) was placed at 2 cm
distance from the stirred tank photobioreactor. The photobior-
eactor was operated with a hydraulic retention time (HRT) of
5 days (Fig. 1). Samples were withdrawn intermittently from the
top of the sampling port for analysis. The experiments were con-
ducted in five sets: (a) A. niger cells; (b) A. niger cells with CuS–
Che NPs; (c) A. niger cells with CuS–Bio NPs; (d) CuS–Che NBs;
and (e) CuS–Bio NBs. Sets (a), (b) and (c) were considered as con-
trol experiments.

Product recovery and quantification
For the recovery of pyruvate, cell disruption was carried out by
ultrasonication for 30 min with 10 min intervals three times.35

Aspergillus niger cell pellets were suspended in lysis buffer
(50 mmol L−1 Tris–HCl (pH 8.0, 0.1% (v/v) Triton). The cell lysate
from the cell disruption treatment was clarified by centrifugation
at 5488 × g for 10 min. This sample was used for total sugars and
pyruvate quantification. For recovery of amylase and phenolic
compounds, liquid–liquid extraction was carried out, for which
the extracellular components were purified by 25% ammonium
sulfate precipitation.36,37

Total sugars
Quantification of the total sugar concentration was carried out by
the sulfuric acid method.38 A 1 mL aliquot of sample solution was
rapidly mixed with 3 mL concentrated sulfuric acid in a test tube
and vortexed for 30 s. The temperature of themixture rises rapidly
within 10–15 s after sulfuric acid addition; the solution was there-
fore cooled on ice for 2 min to bring it to room temperature.

Absorption at 315 nm was read using a UV–visible spectropho-
tometer. Standard solutions were prepared similarly to the sam-
ple preparation procedure.39

Assays of amylase activity
Amylase activity was determined using soluble starch (1%, w/v) as
the substrate, dissolved in 0.05 mol L−1 sodium phosphate buffer
(pH 6.5). The final reaction mixture, prepared by adding 1.8 mL
starch solution (1 g L−1) and 0.2 mL enzyme solution (0.05 g L−1),
was incubated at 50 °C for 10 min. The reaction was stopped by
adding 3 mL dinitrosalicylic acid (DNS) as described by Miller.40

The amylase was determined by taking absorbance at 540 nm
with a UV–visible spectrophotometer (Shimadzu UV-1800, Duis-
burg, Germany). One unit of amylase activity denotes the amount
of enzyme required for releasing 1 g L−1 reducing sugar per
minute under assay conditions.20,41–43

Pyruvate determination
Pyruvate concentration was measured following the protocol
given in the pyruvate assay kit (MAK071-1KT, Sigma-Aldrich, Saint
Louis, USA). As with the colorimetric assay, 1 nmol mL−1 standard
solution was prepared. Further, to generate 0.1 nmol mL−1 stan-
dard solution, 10 mL of the 1 nmol mL−1 standard solution was
diluted with 90 mL of the pyruvate assay buffer. 0, 2, 4, 6, 8 and
10 mL solutions were added to each well (0.1 nmol mL−1 stan-
dard solution), resulting in 0, 0.2, 0.4, 0.6, 0.8 and 1.0 nmol stan-
dards, and 50 mL pyruvate assay buffer. Samples were prepared
similarly to standards.

Lipid yield
Aspergillus niger biomass was harvested by filtration, washed
twice with distilled water and centrifuged at 5488 × g for 15 min.
Dry biomass was determined based on constant weight at 105 °C.
The A. niger biomass was used for lipid extraction. The lipid was
extracted by the method of Folch et al.93

Total amino acids
The protein content of the enzyme extract was estimated by the
Lowry method44 using bovine serum albumin (BSA) as the stan-
dard.45 The calibration curve was plotted using standard
protein BSA.

Total phenols
The total phenolic content was determined colorimetrically using
the Folin–Ciocalteu (FC) method. Test samples (0.5 mL) were
mixed with 0.2 mL FC reagent and allowed to stand for 10 min;
0.6 mL of 20% sodium carbonate was added and mixed
completely. The reaction mixture was incubated at 40 °C for
30 min. Absorbance of the reaction mixture was measured at
765 nm. Gallic acid was taken as standard.46–48

Characterization techniques
Transmission electron microscopy (TEM) was performed as
described by Uddandarao and Lens.32,33 Oven-dried CuS–Che
NPs and lyophilized CuS–Bio NPs were dispersed in ethanol. A
drop of this was placed on the copper grids using a pipette and
kept overnight under vacuum in a desiccator. From these grids,
images were collected on a Hitachi H-7000 transmission electron
microscope (Uedem, Germany). CuS–Che NBs and CuS–Bio NBs
were placed on a cover slip and kept overnight in a vacuum des-
iccator. Later, the samples were sputtered with gold and loaded
onto a specimen holder for analysis by scanning electron

Figure 1. Photograph of stirred tank photobioreactor containing CuS–
Bio NBs.
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microscopy (SEM) coupled to energy-dispersive X-ray spectros-
copy (EDX; Hitachi S2600N variable pressure scanning electron
microscope)49,50.

Analytical methods
X-ray diffraction (XRD) patterns were measured between percent-
age intensities of 20° and 60° (2⊔) using Cu-K⊍ radiation at a wave-
length of 1.54 Å operating at 35 kV and 25 mA (Inel Equinox 6000
powder, Waltham, Massachusetts, USA). Crystallite size was calcu-
lated by employing the Debye Scherrer equation in Supporting
Information (Eqn (S7)).
Optical absorption spectra of the samples were recorded from

200 to 900 nm using a UV–visible spectrophotometer (Shimadzu
UV-1800). Tauc plots were used to estimate the band gap (Eg) of
both CuS–Che NPs and CuS–Bio NPs51 based on the UV–visible
spectra (Supporting Information, Eqns (S3), (S4)). The number of
photons arriving per second was calculated from Eqn (S2). The
band edge positions of the valence band (EVB) and the conduction
band (ECB) edge potentials of the CuS NPs were determined from
Eqns (S5) and (S6). A Fourier transform infrared (FTIR) spectrome-
ter in the spectral range of 4000–600 cm−1 with a 4 cm−1 resolu-
tion was operated at attenuated total reflection (ATR) mode
(Nicolet iS5, Thermo Scientific, Waltham, MA, USA).52

The total organic carbon measurements were assessed using a
total organic carbon analyser (TOC-L, Shimadzu, Hamburg,
Germany). Photoluminescence spectra were achieved through
fluorescence measurements (Fluorolog 3 TCSPC, Horiba, Japan)
using a xenon lamp as an excitation source and grating of
1200 g mm−1. All measurements were performed at room
temperature.

RESULTS
CuS NP synthesis
The chemical precipitation method produced a blue-green pre-
cipitate, consisting of spherical CuS NPs with an average size
range of 10–24 nm (Fig. 2a). The sulfate reduction method pro-
duced a dark-brown precipitate, consisting of both spherical
NPs and nanorods of an average size range of 10–20 nm and
100–150 nm, respectively (Fig. 2b). UV–visible spectra exhibited
strong absorption in the entire visible region (Supporting Infor-
mation, Fig. S1a,c). This intense absorption in the entire visible
range implies that CuS NPs are good visible-light harvesters.53

The absorption edge of these CuS–Che NPs and CuS–Bio NPs is
positioned at, respectively, 953.85 nm and 775 nm according to
the band gap values (Ebg) of 1.3 eV (Fig. S1b) and 1.6 eV (Fig. S1d).
The efficiency of a semiconductor photocatalyst relies primarily

on the electron generation ability of the material at the surface,
which is governed by the energetics of the conduction and
valence bands. The absolute positions of the ECB and EVB band
edges were calculated for Che–CuS NPs to be 0.58 and
− 0.72 eV, respectively; and 0.73 and − 0.87 eV, respectively for
Bio–CuS NPs. The valance band values are thus higher for Bio–
CuS NPs than for Che–CuS NPs, indicating a higher electron pro-
duction.54–57 Photon energy (Eph) corresponding to a wavelength
of 953.85 nm produced 1.04 × 1011 photons s−1 for CuS–Che NPs,
whereas a wavelength of 775 nm produced 1.29 × 1011 photo-
ns s−1 for CuS–Bio NPs. Further, diffraction at 2⊔ values showed
peaks at (100), (102), (110), (108) and (116) (Fig. 3a) that are per-
fectly indexed to the hexagonal phase of CuS and is comparable
with the ICCD card No. 06–0464.15 The average crystallite size of
the CuS–Che NPs is 1.21 nm. The diffraction peaks corresponded

to (002), (111), (202), (020), (113), (311) and (220) for CuS–Bio
NPs (Fig. 3b), which is on a par with ICCD card No. 78–0876.22

The average crystallite size of the CuS–Bio NPs is 1.07 nm.

Aspergillus niger cells–CuS NB formation
Dense growth and thickening of the hyphae were observed in
SEM images of CuS–Che NBs (Fig. 4b) and CuS–Bio NBs (Fig. 4c),
indicating the presence of CuS NPs. Such modification on the
A. niger cell surface indicated the production of intracellular com-
pounds, and cell wall protrusions increased the formation of intra-
cellular vacuoles, resulting in bulging of mycelia, leading to the
outward growth of cell wall structures.58,59 Aspergillus niger cells
without the addition of CuS NPs are the control (Fig. 4a). Further,
the binding of A. niger cells and CuS NPs is confirmed by W(D)
values of −2.31 × 108 to −5.52 × 108 kJ mol−1 for CuS–Che NBs,
as well as for CuS–Bio NBs W(D) values from −2.31 × 108 to
−4.62 × 108 kJ mol−1 for spherical NPs and from −2.3 × 107 to
−3.47 × 107 kJ mol−1 for nanorods. Subsequently, for CuS–Che
NBs, the EDX data (Fig. 3d) showed copper (Cu) and sulfide
(S) peaks. The oxygen (O), carbon (C) and aluminium (Al) peaks
correspond to the medium components, the gold (Au) peak is
due to sputtering and the sodium (Na) peak is due to impurities
present in the CuS–Che NPs. Besides, the EDX pattern (Fig. 3e) of
CuS–Bio NBs affirms the presence of copper (Cu) and sulfide (S).
The carbon (C), oxygen (O), sodium (Na), iron (Fe) and aluminium
(Al) peaks are due to the medium components and the gold
(Au) peak to sputter coating of the sample during TEM sample
preparation.
The presence of vibrational peaks at 618 and 872 cm−1 in the

FTIR spectra of the CuS–Che NPs indicates the Cu S stretching
modes,49 the 1136 cm−1 peak corresponds to C N stretching
and the 1425 cm−1 peak corresponds to C C stretching, as
shown in Fig. 5(a). In CuS–Che NBs, 637 and 872 cm−1 peaks
appeared in the FTIR spectra, indicating the presence of CuS–
Che NPs. The peak at 1014 cm−1 corresponds to stretching vibra-
tions of C O groups of amides (amide I) or stretching vibrations
of C N; the peak at 1425 cm−1 confirms the presence of COO−

groups in the sample; the 1720 cm−1 peak is the ester C O
stretch of lipid triglycerides; and the 3128 cm−1 peak corresponds
to the bending modes of H O H moieties of absorbed water by
CuS NPs (Fig. 5d). Similarly, in CuS–Bio NPs, the peaks at 610 and
838 cm−1 indicate Cu S stretching modes; the 1109 cm−1 peak
is the C N stretch and the 1402 cm−1 peak is the C C stretch;
the 1564 cm−1 peak is the amide II (protein in N H bend, C N
stretch) and the 3305 cm−1 peak is the O H stretch (Fig. 5b).
The presence of vibrational peaks around 637 and 872 cm−1 are
due to the presence of Cu S stretching modes indicating the
presence of CuS–Bio NPs. The 1109 cm−1 peak is the C N stretch
and the peak 1398 cm−1 is the C C stretch; the 1720 cm−1 peak is
the ester C O stretch of lipid triglycerides; and the 3128 cm−1

peak corresponds to the bending modes of H O H moieties of
absorbed water by CuS Bio NBs (Fig. 5e). Control experiments of
A. niger cells show peaks at 1014, 1398 and 1647 cm−1, represent-
ing vibrations for C C, and the peak at 3128 cm−1 corresponds to
water molecules (Fig. 5c).60–63

Figure 6(a) plots an overlay of the photoluminescence emission
spectra at 530 nm, and shows a narrow peak corresponding to
intensity 5.7 × 105 (a.u.) for CuS–Che NPs and 1.52 × 106 (a.u.)
CuS–Bio NPs, respectively, while the bare A. niger solution shows
no photoluminescence emission. However, CuS–Bio NPs showed
more quenching effects than CuS–Che NPs. Before carrying out
the light exposure experiments, the photoluminescence emission
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spectrum of the A. niger–CuS system gives a broader peak with
visible light than the bare CuS NPs solution. However, during
the light exposure experiments, the photoluminescence emission
of the A. niger–CuS–Che NBs and A. niger–CuS–Bio NBs solution is
totally quenched compared to A. niger–CuS–Che NPs and
A. niger–CuS–Bio NPs (Fig. 6b). Thus it can be concluded that,
instead of undergoing a recombination process, photoexcited
electrons from the CuS NPs are transferred to the cytoplasm and
distributed among the redox mediators of the A. niger cells.

Production on amylase, pyruvate, phenols and TOC
The incubation was started as a normal batch mode for the first
48 h. The A. niger cells from the shake flask were transferred to
the stirred tank 2.5 L photobioreactor. When the A. niger cells

attained the late log phase after 96 h incubation, the maximum
amylase activity was observed on the third day after transferring
to the reactor, i.e. 6, 6.4, 6.8, 10.16 and 11.2 μmol mL−1 for
A. niger cells, A. niger cells–CuS–Che NPs, A. niger cells–CuS–Bio
NPs, A. niger cells–CuS–Che NBs and A. niger cells–CuS–Bio NBs,
respectively, in the presence of visible light by utilizing approxi-
mately 3 g L−1 glucose (Fig. 7a,b). However, amylase activity in
the absence of light amounted to 4 μmol mL−1 for A. niger cells
utilizing 2.2 g L−1 glucose (Fig. 7a,b). After the third day in the
reactor, it reached the stationary phase and the amylase activity
gradually declined.
The A. niger cells possessed a high total phenol content yielding

10.6 μmol mL−1 in the absence of light. The phenols amounted to
16.4, 26.2, 26.5, 50.2 and 52.5 μmol mL−1 for A. niger cells, A. niger

Figure 2. TEM image of (a) CuS–Che and (b) CuS–Bio NPs.

Figure 3. XRD pattern of (a) CuS–Che and (b) CuS–Bio NPs.
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cells–CuS–Che NPs, A. niger cells–CuS–Bio NPs, A. niger cells–CuS–
Che NBs and A. niger cells–CuS–Bio NBs, respectively, in the pres-
ence of light (Fig. 7c). In the same period, the pyruvate concentra-
tion was 9 nmol μL−1 A. niger cells in the absence of light. The
pyruvate yield amounted to 18.95, 25, 25.5, 27.5 and 28 nmol μL−1

for A. niger cells, A. niger cells–CuS–Che NPs, A niger cells–CuS–Bio
NPs, A. niger cells–CuS–Che NBs, A. niger cells–CuS–Bio NBs,
respectively, in the presence of visible light (Fig. 7d). Along with

the increase in efficiency in the presence of light, the amount of
TOC generated also increased around 2.7, 2.8 and 2.9 times
for A. niger cells, A. niger cells–CuS–Che NPs and A. niger cells–
CuS–Bio NPs, respectively, and a 3.1 times increase for A. niger
cells–CuS–Che NBs and A. niger cells–CuS–Bio NBs in comparison
to dark conditions (Fig. 7e). Quantum efficiency is defined by the
ratio of the effective electrons used for amylase, pyruvate and
total phenol production to the total input photon flux

Figure 4. SEM images of the (a) A. niger cells, (b) CuS–Che and (c) CuS–Bio NBs, as well as EDX images of (d) CuS–Che and (e) CuS–Bio NBs.
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(Supporting Information, Table S1). The amylase, pyruvate
and total phenolic compound content was higher in A. niger
cells–CuS–Bio NBs compared to A. niger cells–CuS–Che NBs as
the biologically synthesized NPs have higher compatibility to
A. niger cells than CuS Che NPs.

Amino acid content and lipid yield in NBs
The total amino acid content in the A. niger cells–CuS NBs
remained the same with the amylase, phenolic compound and
pyruvate production (Fig. 8a). This is because the membrane pro-
teins play a role in the electron transport chain; therefore NPs did

Figure 5. FTIR spectra of (a) A. niger cells, (b) CuS–Che and (c) CuS–Bio NPs, as well as (d) CuS–Che and (e) CuS–Bio NBs.
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not influence the amino acid yield.64,65 The total amino acid con-
tent amounted to 5.8 mg mL−1 for A. niger cell dry weight,
6 mg mL−1 for A. niger–CuS–Che NPs, and 6.2 mg mL−1 for
A. niger–CuS–Bio NPs, A. niger–CuS–Che NBs and A. niger–CuS–Bio
NBs, respectively (Fig. 8a).
Aspergillus niger has the ability to produce substantial amounts of

storage lipids.66,67 The biomass dry weight slightly decreased in the
presence of light and upon the addition of CuS NPs, corresponding
to a biomass weight of 20.2 g L−1 for A. niger cells in the dark,
24.5 g L−1 for A. niger cells in the presence of light, and 25.7 g L−1

for A. niger–CuS–Che NPs, 25.8 g L−1 for A. niger–CuS–Bio NPs,
26.4 g L−1 for A. niger–CuS–Che NBs and 26.5 g L−1 for A. niger–
CuS–Bio NBs (Fig. 8b). On the other hand, under these conditions,
it was found that the A. niger biomass (Fig. 8b) continued to increase
for 5 days. Lipid yields were correlated with the generated biomass,
as shown in Fig. 8(b). It was also possible that, at the beginning, the
lipid yield greatly dependedon the excretionof amylolytic enzymes,
but when the enzymes reached their minimum requirement the
lipid yield was limited by other factors such as the amount of avail-
able carbon source or the carbon-to-nitrogen ratio.68

DISCUSSION
Aspergillus niger cell–CuS NBs
This study showed for the first time the enhanced production of
the value-added products amylase, pyruvate and phenolic com-
pounds by an A. niger cell–CuS NB system. The formation of NBs
can be explained by the DLVO theory. Figure 3 shows changes
in the structure of A. niger cell hyphae, and the EDX results
reported in Fig. 4 confirm that most of the Cu and S was retained
within the A. niger biomass, further confirming NB formation. The
FTIR results (Fig. 5) confirm the presence of Cu S bonds on the
A. niger cells. To illustrate the photosensitizing behaviour of CuS
NPs associated with A. niger cells, photoluminescence spectros-
copy was used to confirm the electron transfer between CuS
NPs and A. niger cells, as reported in Fig. 6. Cell membranes are
semi-permeable and thus serve as barriers and gatekeepers for
small-molecular-weight CuS NPs.50,69 However, the passage of
these molecules relies on specific transport proteins embedded
in the membrane.70

The A. niger cell–CuS NB photosystem has both oxidative and
reductive components and requires a sacrificial electron donor
for the NP. Those components are the CuS NPs photocatalysts
that harvest visible light and convert it into chemical potential,
i.e. into reductive or oxidative potential that allows the sacrificial
donor to provide electrons on the photoinduced CuS NP photoca-
talyst, thereby enhancing H+ ions in the electron transport chain
and the redox shuttling of electrons between CuS NPs and
A. niger cells.71,72 When the CuS NPs are present within the
A. niger cells and exposed to a light source, the electrons move
from the valence band to the conduction band (e−), leaving pos-
itive holes (h+). The electron transport chain stores these elec-
trons; thus these electrons serve as a proton sink for the A. niger
cells.73 Figure 9 gives a pictorial representation of the A. niger
cells–CuS NBs hybrid system. Organic electron shuttles, either
produced by A. niger cells, i.e. flavins, phenazines and cysteine,
or commonly found in the extracellular environment, i.e. media
components, can facilitate electron transfer to the A. niger cells.
Upon photoexcitation of CuS NPs, oxidation of cysteine (Cys) to
cysteine (CySS) takes place and H+ ions quench the valence band
h+, while the conduction band electron may be transferred to
membrane-bound proteins.74,75

Proposed mechanism for value-added product formation
by A. niger cell–CuS NBs
When A. niger cell–CuS NBs were exposed to light, the total lipid
content increased with decrease in biomass dry weight, as shown
in Fig. 8(a). Glycerophospholipids are by far the most abundant
lipids in cell membranes, and lipids account for about half the
mass of cell membranes.51 Therefore, the total amino acid content
remained constant in A. niger cell–CuS NBs, as shown in Fig. 8(a).
In addition, lipidmembranes are loadedwith proteins. In fact, pro-
teins account for roughly half the mass of most cellular mem-
branes (Sperelakis, 2001).
The quantum efficiency was calculated, which is the ratio of inci-

dent photons converted into electrons, from photoluminescence
data (Supporting Information, Table S1). The reducing equivalents
present in the CuS NPs to A. niger cells NB entered mainly into the
glycolysis pathway after acetyl-CoA synthesis via NADPH required
for acetoacetyl-CoA reduction. For each mole of the value-added

Figure 6. Photoluminescence spectra of (a) CuS–Che and CuS–Bio NPs, as well as (b) A. niger cells with CuS–Che NPs and CuS–Bio NPs (added separately),
A. niger–CuS–Che and A. niger–CuS–Bio NBs.
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product (amylase, pyruvate and phenolic compounds) produced
from acetoacetyl-CoA, 1 mol of NADPH+ and H+ is required, carry-
ing 2 mol of electrons.76–78

The cellular respiration of NBs (glycolysis) generates ATP, and
cells performing aerobic respiration synthesize much more ATP
compared to A. niger cells.79,80 These aerobic reactions use

Figure 7. Concentration of (a) total sugars, (b) amylase activity, (c) total phenols, (d) pyruvate concentration and (e) TOC in various incubations of
A. niger–CuS NBs and controls.
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pyruvate, NADH+ and H+ from glycolysis. There is an increased
availability of NADH+ and H+ in the A. niger cell–CuS NBs,
thereby improving the amylase, pyruvate and phenolic com-
pounds yield, as reported in Fig. 7(b)–(d). Therefore, the impact
of light-driven A. niger cell–CuS NBs on intracellular NADPH/
NADP+ was significantly higher than that of A. niger cells grown
in the absence of light. The CuS NBs produced the secondary
metabolites amylase and phenolic compounds as well as the
primary metabolite pyruvate. The secondary metabolites pro-
duced often depend on the environmental conditions and
genetic make-up of the A. niger cells.81,82 In A. niger, the shiki-
mate pathway has been correlated with the production of phe-
nolic compounds.
Sakimoto et al. (2016) highlighted the formation of Moorella

thermoacetica–CdS bacterial cells. A similar study was conducted
by Wang et al. (2019) to produce polyhydroxybutyrate using Rho-
dopseudomonas palustris with CdS NPs. However, studies on the
production of value-added products are limited. Ding et al.83

reported Saccharomyces cerevisiae–InP hybrids to produce shiki-
mic acid, Cupriavidus necator–cadmium sulfide, cadmium sele-
nide, indium phosphide, and copper zinc tin sulfide core–shell
ZnS hybrids to produce methyl ketones, butanediol, ethylene,

polyhydroxybutyrate and propanol. In our previous studies, we
reported the use of Aspergillus niger cells–ZnS NB formation for
enhanced degradation of methyl orange dye32,33 and conducted
experiments for the removal of benzene, toluene and xylene indi-
vidually as well as in binary and trinary mixtures.32,33

However, in this study we have demonstrated the formation of
CuS NPs embedded in the A. niger cells. The production yields of
amylase, phenolic compounds and pyruvate were higher in
A. niger–CuS NBs in comparison with solely A. niger cells and
A. niger coincubated with CuS NPs. The A. niger coincubated with
CuS Che NPs produced amylase (6.4 μmol mL−1), pyruvate
(25 nmol μL−1) and phenols (26.2 μmol mL−1); A. niger coincu-
bated with CuS–Bio NPs produced 6.8 μmol mL−1 amylase,
25.5 nmol μL−1 pyruvate and 26.5 μmol mL−1 phenols.
Conversely, A. niger–CuS NPs NBs were better in terms of produc-
tion of amylase (11.2 μmol mL−1), pyruvate (28 nmol μL−1) and
phenols (52.5 μmol mL−1) for A niger cells–CuS–Bio NBs, and amy-
lase (10.16 μmol mL−1), pyruvate (27.5 nmol μL−1) and phenols
(50.2 μmol mL−1) for A niger cells–CuS–Che NBs. This inorganic–
bio hybrid system technology could become an alternative
approach for the utilization of light energy to produce value-
added chemicals in the near future.91

Figure 8. (a) Total amino acids and (b) lipid yield with respect to biomass dry weight of A. niger cells.

Figure 9. Schematic representation of formation of value-added products by A. niger cell–CuS NBs.
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Practical implications
Industrial biotechnology has the potential to drive new growth,
encourage innovation, boost productivity and address environ-
mental/climatic issues.84 In this regard, industrial biotechnology
routes can replace many chemical production steps in terms of
environmental and economic performance. At the same time,
shifting from chemical to biological processes can result in a sub-
stantial reduction in carbon dioxide emissions and energy con-
sumption, and allows the use of renewable substrates (Jenck
et al., 2004; Hatti-Kaul et al., 2007).85,86,88

Using a traditional bioreactor with enzyme/chemical light-
emitting diode panels, production using NBs may be simply
scaled up from lab size to pilot scale, and potentially to commer-
cial scale with configuration changes.83 This can also be imple-
mented by replacing light-emitting diode lamps with sunlight.
Alternatively, other organisms, including those that directly
absorb light such as algae or cyanobacteria,87 can be used for
NBs. Thus the NB platform has the potential for the direct and scal-
able production of renewable biofuels and bioproducts as well as
a variety of enzymes from sunlight.17

CONCLUSIONS
In this study, CuS–BioNPs showedhigher amounts of amylase, pyru-
vate and phenolic compounds, i.e. 11.2 μmol mL−1, 28 nmol μL−1

and 52.5 μmol mL−1, respectively, for A. niger–CuS–Bio NBs in com-
parison to A. niger–CuS–Che NBs, as well as A. niger–CuS coincu-
bated with Che NPs or Bio NPs. The A. niger cell–CuS NBs
framework introduced here is a promising choice for use of light
and chemical energy from NBs in a synergistic way to achieve
higher yields than what can be accomplished with solely
microbial-based processes. The CuS–Che spherical NPs exhibited a
size range of 10–24 nm, whereas CuS–Bio spherical NPs had a typi-
cal size of 10–20 nm and nanorods a size of 100–150 nm, respec-
tively. The band gap values (Ebg) were 1.3 eV and 1.6 eV for CuS–
Che NPs and CuS–Bio NPs, respectively. The XRD patterns of both
CuS Che NPs and CuS Bio NPs were in the hexagonal phase. The
NB arrangement was affirmed by SEM by changes in the fungal
hyphal structures and by the presence of peaks in the FTIR spectra.
The presence of Cu and S in EDX affirmed the NB formation.
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