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Abstract

Purpose This study implemented strategies to improve citric acid yield by Aspergillus niger through strain improvement
and process optimization using under-utilized cashew apple juice.

Methods A. niger LCFS 5 (MZ448204) earlier isolated from a cashew plantation and produced citric acid on Czapek-Dox
agar supplemented with bromocresol green (CZA-BG) was improved through UV mutation (254 nm). The best mutant was
grown in cashew apple juice medium. The effects of supplementation of medium with 10% sucrose, metal ions, and biogenic
zinc oxide nanoparticles (ZnONPs) were studied and production of citric acid was optimized using Taguchi technique.
Results The mutant A. niger LCFAn40 (MZ448205) had yellow zonation of 9.0 cm on CZA-BG. It produced citric acid
yield of 18.4, 25.03, 34.62 and 92.61%/day for supplementation with sucrose, metal ions, ZnONPs and Taguchi optimization,
respectively. These translate to 2.38—11.98 folds improvement in comparison with wild strain.

Conclusion This study establishes multi-dimensional approach as a viable technique to improve citric acid production in
cashew apple juice. To our knowledge, this is the first report of broad-based optimization regime of citric acid production
that involves nanoparticles supplementation, which may open a new vista of investigations on the use of nanobiocatalysts
in bioprocesses.
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Statement of Novelty

The study extended the frontier of substrates that can be
exploited to produce citric acid in high yield by employ-
ing cashew apple juice that constitutes part of wastes in
cashew processing. Also, a new mutant strain, Aspergillus
niger LCFAN40 that was developed increased yield of cit-
ric acid by 2.38-11.98 folds through innovative optimiza-
tion. The insight into the influence of zinc oxide nanopar-
ticles on citric acid yield is the first report of its kind. The
work is impactful, because a feasible means to expand the
scope of fungal production of citric acid was established,
and can be part of strategies to meet the increasing demand
for citric acid worldwide.

Introduction

Citric acid as a commodity product has been a useful
acidulant in many areas of human activities; it is useful in
pharmaceutical, textile, food, cosmetic, detergent and pho-
tographic industries among others [1]. The demand for cit-
ric acid is on the increase due to high utilization in food
industry, where it is used as preservative, additive, flavour
enhancer, nutrient supplement in foods and as animal feed
improver due to its generally regarded as safe (GRAS) status
[1, 2]. Citric acid is a good antioxidant, an anticoagulant and
a buffer agent to mention just few of the numerous areas of
its biomedical applications [2, 3]. The global annual produc-
tion of citric acid has been put at about 2.1 million tons [3],
with estimated value of $3.6 billion in 2020 [4]. However,
the market demand estimation is about 3 million tons [2];
thereby necessitating ingenuity at finding means to increase
production to meet the demand for citric acid.

Citric acid production has been achieved through the
use of microorganisms which include bacteria, yeasts, and
moulds. Many research works have used bacteria such as
Achromobacter, Aerobacter, Bacillus, Corynebacterium,
Klebsiella, Micrococcus, Nocardia, and Pseudomonas spp.;
yeasts like Candida parapsilosis, C. fibriae, C. zeylanoides,
C. catenulata, C. parapsilosis, Yarrowia lipolytica and Bret-
tanomyces sp., as well as moulds that include Aspergillus
flavus, A. niger A. awamari, A. usamil, A. luchensis, A.
Sfumaricus, A. wentii, and A. foetidus [1, 2, 5, 6]. Among the
organisms that are utilized for producing citric acid, A. niger
has been discovered to be the workhorse for higher yield and
safety. It is easy to handle and has a GRAS status [7, 8]. Itis
a fungus that has been used to produce enzymes, oligosac-
charides and nanoparticles among others [9—-14].

The high cost of production is one of the major problems
facing citric acid production, and the yield obtained is directly
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dependent on the type of substrate employed. Most of the
suitable substrates like sugar and starch are much expensive
[15]. The by-products of sugar production like molasses that
may be cheaper source of substrate for production require
rigorous purifications because of high level of chemical con-
taminants. As for other cellulose-based materials, extra efforts
will be needed to hydrolyse the cellulose to simple sugars that
will give better yield and fast recovery of citric acid. Most
often, hydrolysis of cellulose and some non-cellulose materi-
als involves the use of mineral acid and other chemicals for
bleaching which eventually become hazardous to the environ-
ment when disposed [16], and does not represents a progress
towards green and eco-friendly process. Hence, there is the
need to source for simple raw materials that will require less
energy and processing as substrates for the production of citric
acid [17].

Among those promising substrates of high sugar qual-
ity is the cashew apple juice that has not been utilized in
such appreciable quantity. Due to astringent taste of cashew
juice, over 50-80% of the cashew apple produced in Nigeria
is regarded as waste besides the cashew nut that is highly
valued for exportation [18, 19]. Nigeria has production of
100,000 tons of cashew nut [20], as the world production
stands at 3.96 million tons [21]. However, the cashew apple
that constitutes 90% weight of the fruit has not been fully
explored biotechnologically as both the cashew apple juice
and cashew apple bagasse are largely wasted [22, 23]. The
cashew apple juice is composed of valuable nutrients that
can support growth of microbes as evaluated by Lowor
and Agyente-Badu [24]. It contains (mg/100 mL): tan-
nins (266.0), phenolics (269.5), and Vitamin C (231.4). It
is very rich in sugars (12.05 mg/mL). The mineral com-
position (mg/100 mL) included potassium (76.0) cal-
cium (43.0), magnesium (10.92), phosphorous (0.79) and
sodium (0.41), while copper, iron and zinc occurred at
0.05-0.08 mg/100 mL.

It is obvious that the demand of citric acid is far higher
than the supply, and optimization of the production process
has been identified as a novel way to solve the problem
[5]. Several optimization techniques have been reported to
enhance bioproducts formation such as Taguchi technique,
artificial neural network, genetic algorithm and central com-
posite design [7, 25-32]. In citric acid production, optimi-
zation of substrate concentration, temperature, pH, fermen-
tation time, and supplementation of substrates have been
reported by many authors [7, 29, 33-36]. The uses of trace
metals and strain improvement through genetic engineer-
ing and mutation have also been reported to enhance citric
acid production [7, 37-40]. However, there is no report on
the supplementation of fermentation medium with metal
nanoparticles to improve the microbial production of citric
acid. In this work, the quartet of physical mutation, nutrient
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supplementation, nanoparticles supplementation and Tagu-
chi optimization have been uniquely used to improve citric
acid formation by Aspergillus niger in cashew apple juice-
based medium.

Materials and Methods
Isolation and Identification of Fungus

The fungal strain used for this work was isolated from
LAUTECH Teaching and Research farm as previously
reported [41] and it produced citric in cashew apple juice
medium. The isolate was repeatedly screened and sub-
cultured on potato dextrose agar (HiMedia Lab. Pvt. Ltd,
Mumbai, India) plates to obtain pure culture. The plates
were incubated for 7 days at room temperature 30+ 2 °C.
The isolate was identified based on the morphological iden-
tity peculiar of Aspergillus niger, which are characteristic
black colour due to black pigment production and whitish
slender wool-like mycelium at early stage of growth. Micro-
scopic structures of the mould were examined on the plates,
stained with lactophenol cotton blue and investigated for
microscopic structures. Conventional identification was done
following the techniques of Domsch et al. [42]. The molecu-
lar identification was based on the use of ITS4 (5'-TCCTCC
GCTTATTGATATGC-3') and ITS5 (5'-GGAAGTAAAAGT
CGTAACAAGG-3') primers [43] for the amplification of the
genomic DNA following standard protocols [44]. The prod-
ucts of PCR were analyzed on agarose gel electrophoresis,
and also sequenced in a commercial facility. The alignment
of sequences was done using BioEdit sequence software, and
consensus sequences then deposited in GenBank of National
Centre for Biotechnology Information (http://www.ncbi.nlm.
nih.gov/) to identify the isolate.

Screening of Fungal Isolates for Citric Acid
Production

Screening for the production of citric acid was done on
Czapek-Dox agar (HiMedia Lab. Pvt. Ltd, Mumbai, India)
embedded with 5 mL of 5% bromocresol green indicator as
previously described [41], and the development of yellow
halo which indicated citric acid production was monitored
and measured [35, 38, 45].

Mutation of the Fungal Strain

The wild strain of A. niger LCFS 5 which produced the
highest halo in the screening assay was used for physical
mutation through exposure to UV light at 254 nm [7]. The
fungus was allowed to produce spores, which were harvested
by washing the surface of the culture plates with saline

solution into 100 mL stock. Dilutions of 107, 107 and 107°
were prepared and distributed into sterile Petri plates. The
plates were exposed to UV radiation at a distance of 15 cm
for duration of 5, 10, 15, 20, 30, and 40 min. The selected
strains from the preliminary exposure were treated with fur-
ther dose of UV for 60 min at interval of 3 days till the 8th
generation. After the UV exposure, the plates were kept in
the dark for stability. Thereafter, the spores were incubated
on PDA plates, and several mutant strains were isolated and
evaluated for the production of citric acid [45, 46]. The best
mutant was identified using both conventional and molecular
techniques as stated under “Isolation and Identification of
Fungus” section.

Substrate Preparation, Production
and Quantification of Citric Acid in Cashew Apple
Juice-Based Medium

The cashew apples used in preparing the substrate were
sorted out, washed and pressed to extract the juice with the
aid of juice extractor. The juice was pasteurized and stored
at 4 °C until required as previously stated [41]. Both wild
and mutant strains of A. niger were investigated for the citric
acid production in submerged fermentation as described by
Adeoye et al. [7]. The process was monitored for citric acid
production and fermentation was terminated when decline
in yield was noticed. Other parameters such as pH, total
soluble solid and total titratable acidity were determined on
daily basis.

Acid production was determined using acid—base titration
method [47, 48], where 0.1 M NaOH and 1% phenolphtha-
lein indicator were used to obtain a pink colour that persisted
for few seconds when titrated against the fermented broth.
Production of citric acid was quantified as follows [49]:

Citric acid (g/L) = 0.64 X titre value;

Citric acid equivalent factor is 0.0064 g/L of citric acid.

However, a measure of total performance of the fermenta-
tion process under specific cultivation condition was derived
thus:

Amount of citric acid produced

Yield of citric acid(%/day) =

Sugar concentration
1

X x 100
Number of fermentation days

where amount of citric acid produced is in g/100 mL.

Supplementation of Cashew Apple Juice with Salts
and ZnONPs for the Production of Citric Acid

Further to the procedure in “Substrate Preparation, Produc-
tion and Quantification of Citric Acid in Cashew Apple
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Juice-Based Medium” section, cashew apple juice was
fortified with K,HPO, (1%) NaNO; (1.5%) MgSO,-7H,0
(1.5%) and KCl1 (0.3%) and the production of citric acid in
submerged fermentation was monitored for 21 days. The
effects of these metals were studied on citric acid production
and biomass development of the organism.

In the case of ZnONPs supplementation, 5 mL of 1| mM
ZnO was reacted with 1 mL of clarified cashew apple juice
at 37 °C for 24 h for the bioreduction of Zn* to Zn®, which
was monitored for colour development. In the control experi-
ment, cashew apple juice was not added to the solution of
ZnO. The effect of ZnONPs on production of citric acid by
A. niger was investigated as follows:

Set-up Treatment Concentration
of ZnONPs (ug/
mL)

A: Cashew apple juice + ZnONPs (9:1) 81

B: Cashew apple juice + ZnONPs (8:2) 162

C: Cashew apple juice +ZnONPs (7:3) 243

Optimization of the Production of Citric Acid Using
the Taguchi Technique

Cashew apple juice, fermentation time, pH and inoculum
size were the selected parameters to be optimized and desig-
nated as A, B, C, D, while the levels of variation designated
as 1, 2 and 3, which are the lower, intermediate and upper
limit, respectively. The substrates were in the range of 0.5%
as the lower limit to 3% as upper limit; fermentation time
in the range of 24—-144 h, pH was adjusted from 4.5 to 6.5
as described by orthogonal array, and inoculum sizes in the
range of 2 to 10% (Table 1). All the investigations were con-
ducted in 100 mL medium under submerged fermentation,
using the L9 orthogonal array as described by Taguchi [50].

From the responses that represent citric acid production
(R), the signal-to-noise ratios (n) were calculated for the
different profiles in the L9 orthogonal array as defined by
Chou et al. [51]:

SNR(#7) = —10log (R™?) (1)

The combinations with the largest value of signal-to-noise
ratio give the optimal conditions for the production of citric
acid. The main effect of each variable was calculated as the
difference between the average of measurement made at the
upper limit level and lower limit level of all the variables
(Eq. 2).

n=4
Ypr = Yav + z (Y()pt(n) - Yave) )]

i=1

Thereafter, the optimized condition obtained through
Taguchi optimization was then validated through experi-
mentation. Analysis of variance on (ANOVA) was employed
to determine the significance of the four parameters on the
production of citric acid. The flowchart for the optimization
is as presented in Fig. 1 [26].

Results and Discussion
Identification of the Fungus

Different biological, biomedical and computational tech-
niques have been adopted by different authors to classify
Aspergillus strains [52]. In this work, the identification was
based on macro and micro-morphological examination as
previously reported [41, 53]. The early growth of Aspergil-
lus niger LCFS 5 appeared whitish, thread-like and turned
black on the plate. The growth pattern is usually radial or
circular in feature on agar plate, cotton-like in appearance,
turned black when matured and possession of slender stipes
bearing conidiophores on elliptical vesicles (Fig. 2). These

START Select L9 Conduct the Obtain response
orthogonal array experiment Citric acid production
Construct effect table
combination and effect plot Calculate SNR
Project performance Confirmation experiment

Fig. 1 Taguchi approach for the optimization of the production of cit-
ric acid

Select optimal

Table 1 Cultural parameters

. o Parameters Designation Unit Levels of variation
and their levels of variation
in Taguchi experiment for the Lower (1) Intermediate (2) High (3)
production of citric acid
Cashew apple juice A % 0.5 1.75 3
concentration
Fermentation time B H 24 84 144
pH C - 4.5 5.5 6.5
Inoculum size D % 2 6 10
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Fig.2 Macro and micro-mor- |
phological features of Aspergil-
lus niger LCFS 5 : s ‘.“
3
24 h 120 h Microscopic view

features have been previously described in literature [53,
54]. Its molecular characterization as earlier reported identi-
fied it as a strain of Aspergillus niger with accession number
MZ448204 [41].

Qualitative Screening and Quantitative Production
of Citric Acid by A. niger LCFS 5

Strains LCFS 5 yielded 7.5 cm zonation on CZA-BG agar
after 6 days of cultivation. Similar works reported by many
authors have taken the yellow zonation as a measure of
citric acid production [33, 49]. The zone of yellow col-
ouration obtained in this work was better when compared
with those obtained for strains of Aspergillus niger in our
previous works [7, 47]. Therefore, A. niger LCFS 5 was
chosen for further work on quantitative production of citric
acid, mutation and optimization studies.

As earlier reported, the quantitative evaluation of pro-
duction of citric acid by LCFS 5 led to the maximal pro-
duction of 92.8 g/L at 10th day of fermentation in cashew
apple juice medium [41], which translates to citric acid
yield of 7.73%/day. During the period, pH and total solu-
ble solid reduced from their initial values of 6.5 and 12
°brix to reach 3.44 and 4.2 °brix, respectively on the 10th
day of fermentation. However, the total titratable acid-
ity increased gradually from the initial value of 2.5 to
14.5 under the same fermentation period. It was evident
from the yield of citric acid that the medium supported
good growth of A. niger LCFS 5, thereby establishing the
medium as a viable complex medium for the production
of citric acid and extends its frontiers of biotechnological
valorization as a resourceful agrowaste [41] to develop
bioeconomy. Similarly, the new strain LCFS 5 adds to
the growing list of viable strains that can be explored for
industrial production of citric acid. With the supplemen-
tation of cashew apple juice medium with 10% sucrose,
the amount of citric produced by LCFS 5 increased to
220.08 g/L at 10th day of fermentation (Table 2), hav-
ing the citric acid yield of 18.40%/day. The inclusion of
sucrose which increased the citric acid yield by 2.38 folds

Table2 The effect of supplementation of cashew apple juice with
5 mL of sucrose (10%) on the production of citric acid by LCFS 5

Days of fer- TSS (°brix) pH TTA Citric acid
mentation (g/100 mL)
5 6 3.98 20.1 13.00

6 55 3.85 23.7 15.17

7 55 3.71 235 15.04

8 55 3.75 24.5 15.68

9 55 3.70 29.0 18.56

10 55 3.70 34.5 22.08

Each value is an average of three readings

to that of cashew apple juice alone was premised on the
fact that it remains the prime choice of source of carbon
in chemically-defined media for the production of citric
acid [29] and also used to supplement complex media to
improve citric acid production [55].

Generation of Mutants and Evaluation
for Production of Citric Acid

To further enhance the potential of LCFS 5 in producing
higher yield of citric acid, the fungus was exposed to UV
radiation to produce mutants via random mutation. Sev-
eral mutants that were generated produced yellow zonation
ranging from 4.5 to 9.0 cm on the 6th day on CZA-BG
agar showing their capabilities at producing citric acid.
The width of growth and spread were more expansive
and similar in both mutants designated LCFAn25 and
LCFAn40 that produced 9.0 cm zonation (Table 3). Thus,
mutant strain LCFAnM40 was selected for further studies,
and it was identified using molecular biology technique
as a strain of Aspergillus niger with accession number
MZ448205. The PCR products of both LCFS 5 (wild) and
LCFAn40 (mutant) were electrophoresed on agarose as
shown in Fig. 3, and the phylogenetic construct showed the
relatedness with the wild type (Fig. 4). Mutants of Asper-
gillus niger have shown improved production of citric
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Table 3 Generation of mutants of Aspergillus niger LCFS 5 and qual-
itative production of citric acid on CZA-BG agar

S/N Exposure time to UV Designation Yellow
irradiation (min) zonation
(cm)*
1 5 LCFAn5 4.5
2 10 LCFAn10 4.5
3 15 LCFAn15 5.2
4 20 LCFAn20 54
5 25 LCFAn25 9.0
6 30 LCFAn30 8.5
7 40 LCFAn40 9.0

*Each value is an average of three readings

M LCFS 5 LCFAn40

1500 bp
1000 bp

500 bp

100 bp ==

Fig.3 The PCR products obtained via electrophoresis on 1.5% aga-
rose {M, marker; LCFS 5; genomic DNA of Aspergillus niger LCFS
5 (MZ448204); LCFAn40, genomic DNA of Aspergillus niger
LCFAn40 (MZ448205)}

acid compared with the wild strains [7, 38, 56], showing
that mutation is a viable means to improve the strains for
enhanced productivity as obtained in this study.

Production of Citric Acid by LCFAn40 in Cashew
Apple Juice Medium Supplemented with Salts
and ZnONPs

The effects of supplementation of cashew apple juice with
K,HPO, (1%) NaNO; (1.5%) MgSO,-7H,0 (1.5%) and KCI
(0.3%) on the production of citric acid by LCFAn40 are as
stated in Table 4. The amount of citric acid produced by
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the mutant ranged from 4.4 g/L. at day 1 to 85.1 g/L at day
20 with corresponding reduction in the pH of the ferment-
ing broth from 5.6 to 2.0. The medium also supported good
growth of the mutant with the biomass steadily increasing
from 0.36 g at day 1 to reach maximum of 1.17 g at day
19 before it reduced to 1.01 g at 21st day. In our earlier
investigation, the cashew apple juice has been described as
a good medium for the propagation of Aspergillus niger for
citric acid production [41]. The citric acid production which
peaked at 85.1 g/L at the 20th day of fermentation trans-
lates to citric acid yield of 25.03%/day which is a 3.24-fold
improvement compared to the maximum value obtained for
the wild strain. It also gave 1.36-fold improvement compared
to the yield obtained for supplementation of cashew apple
juice with sucrose. Therefore, it means that scope exists
to increase the citric acid yield by the fungus with supple-
mentation of the medium with salts instead of sucrose. The
sustenance of citric acid production by the organism under
this condition for extended period of 21 days as investigated
in this study showed that the medium formulation can be
ideal for continuous fermentation to produce citric acid with
acceptable yield.

Biofabrication of ZnONPs was undertaken using the
cashew apple juice which produced yellowish colloidal
solution after 24 h, and absorbed maximally at 240 nm with
particle sizes of 30.21-67.37 nm (Fig. 5). Its use to sup-
plement cashew apple juice afterwards led to the improved
production of citric acid at lower sugar content (6.5 °brix)
and shorter days of fermentation (Table 5). Specifically,
between 3.2 and 9.0 g/100 mL of citric acid was pro-
duced within 5 days of fermentation, with the best produc-
tion (9.0 g/100 mL) at 4 days which translated to yield of
34.62%/day. This nano-supplementation is suggestive of the
importance and application of nanomaterials in microbial
physiology, where such materials can stimulate the synthesis
of bioproducts that may open a new vista in bioprocess opti-
mization. Sanusi et al. [31] reported the positive influence
of nickel oxide nanoparticles with improved yield of 18%
achieved in bioethanol production by Saccharomyces cer-
evisiae BY4743 in potato peel-based medium, and enhanced
fermentation efficiency from 40 to 60%. The citric acid yield
obtained using ZnO nanobiocatalyst in this study led to 4.48-
fold improvement compared with non-supplemented cashew
apple juice and 1.38-fold of the supplementation with
K,HPO,, NaNO;, MgSO,-7H,0 and KCI. To the best of
our knowledge, there is no report of nano-supplementation
of media to increase citric acid production via fermentation.
The inclusion of nanobiocatalyst in fermentation medium
may be a new springboard to increase citric acid yield via
fermentation. In previous works, Mg?*, Zn>*, and K* among



Waste and Biomass Valorization (2022) 13:2195-2206

2201

Fig.4 The phylogenetic tree of

—MZ448204_WILD

both wild (LCFS 5; MZ448204)
and mutant (LCFAn40;

MZA448205) strains showing
genetic relatedness

MZ448205_MUTANT

NT_166520.1 Aspergillus niger

NC 036441.1 Aspergillus oryzae

NC_007197.1 Aspergillus fumigatus

——NW_001509767.1 Aspergillus fischeri

——NT_165929.1 Aspergillus terreus

NW_019170274.1 Aspergillus bombycis

NW_001510380.1 Aspergillus clavatus

NW_017253164.1 Malassezia pachydermatis

Table4 The effect of supplementation of cashew apple juice with
K,HPO, (1%) NaNO; (1.5%) MgS0,7H,0 (1.5%) and KCI (0.3%)
on the production of citric acid by LCFAn40

Fermentation days pH Biomass weight (g) Citric acid

(/100 mL)
1 5.6 0.36 4.4
2 4.4 0.33 10.8
3 35 0.41 16.6
4 3.1 0.58 23.0
5 3.1 0.64 26.2
6 3.6 0.78 30.1
7 33 0.79 36.5
8 2.7 0.79 39.1
9 2.7 0.71 39.7
10 2.7 0.85 41.7
11 25 0.85 49.3
12 2.8 0.84 53.1
13 2.6 0.91 58.9
14 2.7 1.16 58.9
15 2.4 1.16 60.2
16 25 1.16 61.4
17 25 1.16 64.0
18 2.3 1.16 64.0
19 2.4 1.17 64.9
20 2.3 1.07 85.1
21 2.0 1.01 74.9

Each value is an average three readings

NW_001510346.1 Aspergillus clavatus

others have been identified as important metal ions neces-
sary for increased formation of citric acid by Aspergillus
niger [57, 58].

Optimization of Production of Citric Acid by A. niger
LCFAN40 in Cashew Apple Medium Using Taguchi
Technique

The strain with evidence of stability and higher yield
among the mutants LCFAn40 was further explored for
optimization using Taguchi technique [26] which produced
variations of 2.30-11.80 g/100 mL in the production of
citric acid and signal-noise ratio of 7.23-21.43 (Table 6).
Citric acid production of 11.80 g/100 mL was therefore
regarded as the local optimum. The signal-noise ratio
was used to obtain the effect values (Table 7) to show the
influence of each investigated parameter on the produc-
tion of citric acid. It has been previously stated that the
higher the signal-noise ratio, the more influential is such
parameter on the production process [59]. The optimum
condition, A3B3CI1DI1 (substrate concentration, 3%; fer-
mentation time, 144 h; pH, 4.5; and inoculum size, 2%)
was therefore obtained as combinations of parameters that
gave the highest signal-noise ratio (Table 7). The experi-
mentation of this profile yielded citric acid production of
16.67 g/100 mL as against 3.2 and 11.80 g/100 mL for
the experimental lower and higher values, respectively
(Table 5). It is evident that the improvement must have
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Fig.5 UV-Vis spectrum (A) 3.000,
and TEM micrograph (B) of
biogenic ZnONPs produced

using cashew apple juice
2500,

240 0nm-2 255 Abs

2000

1500f---

Absorbance(Abs)

1.000

0500

Table 5 The effect of zinc oxide nanobiocatalyst on citric acid pro-
duction by A. niger LCFAN40 in cashew apple juice medium

Day Medium pH Citric acid
(g/100 mL)
1 A 4.50 3.8
B 4.68 5.1
C 4.55 32
2 A 4.60 3.8
B 3.87 5.1
C 3.99 4.5
3 A 3.76 3.8
B 3.69 5.1
C 3.99 5.1
4 A 3.70 4.5
B 3.71 9.0
C 3.53 7.7
5 A 3.61 4.5
B 3.70 7.7
C 3.73 6.4

ZnONPs (ug/mL) A, 81; B, 162; C, 243. Each value is an average of
three readings

resulted from the interactive effects of the different param-
eters to produce the global optimum value. Further, from
ANOVA (Table 8), substrate concentration, fermentation
time, initial pH and inoculum size contributed 61.08,
22.14, 9.50, and 7.28%, respectively to the global opti-
mal citric yield recorded. Taguchi technique is gaining
wider applications in the optimization of bioprocesses that
include production of citric acid [26, 59-61].

@ Springer
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Comparative Analysis of Citric Acid Yield (%/Day)

In Table 9, the performance of the different optimization
strategies were compared, which showed gradual improve-
ment in the yield from 18.40%/day for mutant grown
with sucrose supplementation to 92.61%/day for Taguchi
approach. Correspondingly, the yield witnessed 2.38—11.98
folds in improvement. In the same vein, a comparative analy-
sis of the optimal yield obtained in this study with those
obtained in the literature (Table 10) showed that A. niger
LCFAn40 produced higher yield of citric acid in cashew
apple juice via Taguchi optimization. The greater results
obtained in this study might have been influenced by the
strain, the richness of cashew apple juice and the regimen
of optimization techniques that were used. Specifically, this
study reports the effect of nanobiocatalyst for citric acid pro-
duction for the first time, and adds to the few reports on the
use of the robust Taguchi technique for the optimization of
production of citric acid. These adventures may serve as new
inputs into investigations aiming at increasing citric acid
production via fungal fermentation.

Conclusion

In this work, multi-dimensional techniques have been
employed in achieving higher yield of citric acid up to
92.61%/day through fungal fermentation in cashew apple
juice-based medium. A mutant strain, Aspergillus niger
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Table 6 Experimental design
for production citric acid by
A. niger LCFAn40 through
Taguchi approach

Table 7 The effect table of the
production of citric acid by A.
niger LCFAn40

Table 8 Analysis of variance of
main effects of fermentation of
cashew apple juice by A. niger
LCFAn40

Table 9 Comparative study of
citric acid production/day of
different treatment process

LCFAn40 which yielded yellow zonation of 9.0 cm CZA-
BG had its performance at producing citric acid improved
by nutrient and nanobiocatalyst supplementation as well
as Taguchi optimization. At each step of the optimiza-
tion, the yield of citric acid increased to give 2.38—11.98

Profile Substrate con- Fermentation pH Inoculum Citric acid Signal-noise ratio
centration (%) time (h) size (%) (g/100 mL)

1 0.50 24 45 2 3.20 10.10299

2 0.50 84 5.5 6 2.30* 7.234557

3 0.50 144 6.5 10 3.30 10.37028

4 1.75 24 45 10 3.97 11.97581

5 1.75 84 6.5 2 7.10 17.02517

6 1.75 144 45 6 9.30 19.36966

7 3.00 24 6.5 6 420 12.46499

8 3.00 84 45 10 10.30 20.25674

9 3.00 144 55 2 11.80%* 21.43764

*Experimental lower value

**Experimental higher value

Levels of Substrate conc. (A) Fermentation time (B) pH (C) Inoculum size (D)

parameters
9.23595 11.51460 16.57647* 16.18860*
16.12355 14.83882 13.54939 13.02307

3 18.05312* 17.05919* 13.28681 14.20094

*A3B3C1Dl1 is the optimum condition

Substrate conc  Fermentation time Initial pH

Inoculum size Error

Pooled error Total

DF 2 2 2 2 0 0 8

SS 171.8733 62.29738 26.73906 20.47839 281.388

Variance 85.93663 31.14869 13.36953 10.23919

% 61.0805 22.13931 9.502554 7.277631 100

DF Degree of freedom, SS sum of squares

Fermenta- Treatment Sugar conc Citric acid Yield* (%/day) Fold

tion day (g/100 mL) improve-
ment

10 Wild strain 12 9.28 7.73 -

10 Strain improvement with muta- 12 22.08 18.40 2.38

tion and sucrose fortification

20 Additional nutrients 17 85.1 25.03 3.24

4 ZnONPs supplementation 6.5 9.00 34.62 4.48

6 Taguchi optimization 3 16.67 92.61 11.98

*Yield (%/day) :Amounl of citric acid produced X % 100

Sugar concentration

Number of fermentation days

folds improvement with the optimum obtained through
Taguchi technique. These efforts have positioned both A.
niger LCFAn40 and cashew apple juice as valuable inputs
in the production of citric acid at high titers. For the first
time, the employment of nanobiocatalyst in the form of

@ Springer



2204

Waste and Biomass Valorization (2022) 13:2195-2206

Table 10 Comparative analysis of citric acid yield obtained in different studies

Strain Substrate Substrate conc  Fermentation day Citric acid pro- Optimization Yield (%/day) References
duction technique
A. niger mutant Sugar molasses 4 g/ 3 68.8 g/ OVAT 57.33 [38]
EB-12 with chicken
feather supple-
ment
A. niger BMF-1  Banana peels 140 g/L. 6 0.51 g/100 mL OVAT 0.61 [33]
A. niger sp. ZJUY Sweet potatoes 12% 5 3.729 g/LL Plackett-Burman 0.62 [62]
vine hydrolysate design
A. niger Pineapple waste 38 g/L 2.083 15.51 g/L CCD 19.59 [63]
A. niger Orange peels 10% 4 45.37 g/LL OVAT 11.34 [64]
ASnO
A. niger Orange peels 25¢g 9.492 ¢g/100mL  RSM 6.33 [65]
A. niger Date fruits 14% 8 42.70 g/L OVAT 3.75 [66]
(GHARS)
A. niger Cashew apple 6.5% 4 9.0 g/100 mL Nano-biocatalyst 34.62 Present work
LCFAn40 juice with
ZnONPs
A. niger Cashew apple 3% 6 16.67 g/100 mL  Taguchi tech- 92.61 Present work
LCFAn40 juice nique

OVAT one variable at a time, CCD central composite design, RSM response surface methodology

biogenic ZnONPs to improve citric acid production in A.
niger is reported, and this may open a new frontier aiming
at improved bioprocess operations.
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