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This work aimed to establish a chemometric technique for quantifying amylase and protease activities
as well as protein concentration in aqueous extracts of Rhizopus microsporus var. oligosporus obtained via
solid-state fermentation (SSF). The kinetics of four agro-industrial wastes (wheat bran, soybean meal, type
Il wheat flour and sugarcane bagasse) were studied for 144 h, along with two different sets of their ternary
mixtures, ata constant fermentation time of 120 h, to obtain primary data (biochemical parameters as well
as near-infrared (NIR) spectral data). Then, models such as artificial neural network (ANN) and partial least
squares (PLS) were calibrated to predict biochemical parameters using the spectral data. Primary data
and three methods of preprocessing data - first, second and third derivatives — were assessed as inputs
for both chemometric tools. The third derivative, that is, spectral pre-processing plus an optimized ANN,
showed the least relative errors (<8.3% + 10.5%). The third-derivative spectrum was found to be suitable
as the ANN input data for monitoring amylase and protease activities and protein concentration in the
SSF under study. The proposed methodology can serve as a foundation for at-line sensor development
and decrease the time and cost of bioprocess development using Rhizopus microsporus var. oligosporus.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Solid-state fermentation (SSF) is the fermentation of solid sub-
strates with low water content, but sufficient for the metabolism
and growth of microorganisms. While the water content in classical
submerged fermentation (SmF) is >95%, that in SSF varies between
40% and 80%. SSF often utilizes agricultural and food wastes as sub-
strates [1,2]. SSF has been suggested as an alternative to SmF, as the
former has several advantages such as a lower implementation cost
and a decreased chance of contamination. Moreover, the associated
products are generally more tolerant to pH and temperature varia-
tions, and their separation is not complex, asarule [1,3,4]. Recently,
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the SSF has become more accepted by industrial and academic
communities due to its wide range of applications, for instance,
producing secondary metabolites and extracellular enzymes used
in food, pharmaceutical and biofuel industries (i.e., amylases and
proteases). Furthermore, with the growing demand for ‘green pro-
cesses’ as alternatives of chemical processes in the manufacturing
industry, SSF has garnered great interest [5].

However, the major limitations of solid-state bioprocesses
include the control of operation parameters as well as measure-
ments of growth and metabolic parameters, such as cell concen-
tration, substrate consumption and production of biomolecules.
These limitations are attributed to the heterogeneous nature of
the substrate, which has a highly complex structure and nutri-
ent composition [1,6]. Furthermore, unlike SmF, the SSF medium
presents several moisture and temperature gradients, which can
have a negative impact on the process efficiency [7].
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On the other hand, spectroscopy techniques can be used to
monitor several parameters in bioprocesses in three different
ways: (1) off-line methods, which are based on analysis of sam-
ples transferred to the laboratory, away from the bioreactor; (2)
at-line measurements, which also involve manual or automatic
sampling, but the analyses are conducted in the vicinity of the
bioreactor; and (3) online methods, which use sensors in various
ways to provide real-time analyses. Spectroscopy techniques such
as ultraviolet-visible (UV-vis), near-infrared (NIR), mid-infrared
(MIR), Raman and fluorescence spectroscopy, with fibre optic
cables, have been evaluated for their efficiency in bioprocess on-
line monitoring (in situ) [8].

In particular, NIR spectroscopy is classified as a molecular spec-
troscopic method with a spectrum region at 700-2500 nm [9]. The
vibrations associated with the X-H bond type, such as O-H, N-H, C-
H and S-H, show a high dipole momentum, which is widely found in
biological molecules and thus forms the underlying principle of NIR
spectroscopy [ 10]. Currently, NIR spectroscopy is used in the phar-
maceutical, agriculture, chemical and food industries for quality
control from the raw material stage to the final products [11].

Chemometrics, a useful tool for bioprocess monitoring, uti-
lizes mathematical and statistical methods to analyse data from
chemical systems. This tool can be used to model and extract infor-
mation from a large amount of data obtained monitoring with
spectroscopy techniques [12]. For instance, in fermentative meth-
ods, with substantial overall data (input spectral data and related
output biochemical parameters), techniques such as PLS and par-
tial component regression (PCR) can be used to analyse a complex
mixture to determine the quantities of minor compounds [13]. Arti-
ficial neural networks (ANNs) have emerged as an alternative to
these multivariate techniques. This artificial intelligence approach
is amodelling methodology based on the mechanisms of the human
brain. This technology uses simple processing units, known as neu-
rons, arranged in input, hidden and output layers. By learning
functions, the ANN can improve the model results by refining the
parameters based on the obtained errors [14,15]. ANNs can be used
successfully for bioprocess monitoring as they are flexible in the use
of either linear or non-linear functions (or a combination of both)
[16,17].

The present work aimed to correlate NIR spectral data from the
SSF samples with the total protein concentration as well as amy-
lolytic and proteolytic activities using ANN and PLS models. This
establishes a foundation for developing sensors for SSF monitoring.
It also reduces the time and cost of kinetic studies of the biotrans-
formation of agro-industrial wastes by Rhizopus microsporus var.
oligosporus, as well as quantifying the yield over the course of the
scale-up stages.

2. Materials and methods
2.1. Microorganism strain and substrates

The microorganism used in the present work, R. microsporus var.
oligosporus (CCT 3762), was obtained from the Tropical Foundation
of Research and Technology ‘André Tosello’, Campinas, SP, Brazil.
The microorganism population was expanded in 3.9% (m/v) potato
dextrose agar (PDA) medium using 250-mL Erlenmeyer flasks. The
spore solution, for inoculation of SSF experiments, was obtained
after 7 days of incubation (30 °C), and the biomass was washed with
0.01% (v/v) Tween 80 in an aqueous solution under gentle magnetic
stirring. The SSFs were carried out using agro-industrial wastes as
substrates. The four selected substrates were wheat bran (Moinho
Nacional, Assis, SP, Brazil), soybean meal (Landtech Comércio e
Indastria Ltda, Paraguagu Paulista, SP, Brazil), type I wheat flour
(Moinho Nacional, Assis, SP, Brazil) and sugarcane bagasse (Agua

Table 1

Experimental matrix corresponding to D-optimal mixture design for studying the
influence of ternary mixtures comprising wheat bran (A), type Il wheat flour (B) and
sugarcane bagasse (C) on spectral data modification in extracts and their associated
amylolytic and proteolytic activities as well as total protein concentration by means
of Rhizopus microsporus var. oligosporus in solid-state fermentation.

Run A[%] B [%] C[%]

1 75.00 25.00 0.00
2 60.00 33.33 6.67
3 30.00 50.00 20.00
4 80.00 0.00 20.00
5 50.00 50.00 0.00
6 70.00 16.67 13.33
7 47.50 37.50 15.00
8 82.50 12.50 5.00
9 55.00 25.00 20.00
10 30.00 50.00 20.00
11 50.00 50.00 0.00
12 100.00 0.00 0.00
13 80.00 0.00 20.00
14 90.00 0.00 10.00

Table 2

Experimental matrix corresponding to D-optimal mixture design for studying the
influence of ternary mixtures comprising type Il wheat flour (B), sugarcane bagasse
(C) and soybean meal (D) on spectral data modification in extracts and their associ-
ated amylolytic and proteolytic activities as well as total protein concentration by
means of Rhizopus microsporus var. oligosporus in solid-state fermentation.

Run B [%] C %] D (%]
1 4833 13.33 38.33
2 50.00 15.00 35.00
3 40.00 20.00 40.00
4 48.33 18.33 33.33
5 50.00 15.00 35.00
6 50.00 10.00 40.00
7 4583 1833 35.83
8 50.00 20.00 30.00
9 4333 1833 3833
10 45,00 20.00 35.00
11 50.00 10.00 40.00
12 40.00 20.00 40.00
13 46.67 16.67 36.67
14 45.00 15.00 40.00
15 50.00 20.00 30.00

Bonita, Tarumd, SP, Brazil). They were used individually or as a
component of ternary mixtures.

2.2. Fermentation process

The SSFs were performed in 250-mL Erlenmeyer flasks in two
different ways: (1) the substrate was composed of 10g of a sin-
gle agro-industrial waste, or (2) the substrate contained the same
mass of a ternary mixture with the composition in line with runs
included in two D-optimal mixture designs (Design-Expert 6.0.1
version, Stat-Ease, Inc., Minneapolis, MN, USA). The ternary mix-
tures are listed in Tables 1 and 2. In the first case, the fermentations
were conducted as kinetic studies. They were conducted in tripli-
cate and monitored at 24-h intervals for 144 h. In the second case,
the duration was 120 h. These two different approaches generated
a wide range of data. In both cases, the substrate was humidified
using an aqueous micronutrient solution composed of 1.25% (m/m)
ammonium sulphate, 0.25% (m/m) potassium phosphate and 1.25%
(m/m)urea, so as to obtain 55% (m/m) moisture [ 18]. After substrate
sterilization (121 °C, 1 atm, 30 min), the inoculation was aseptically
performed with 1 x 106 spores (concentration of spore suspension:
2.27 x 107 spores/mL) of R. oligosporus per gram of the fresh sub-
strate. Subsequently, the Erlenmeyer flasks were incubated at 30°C
(Tecnal TE-421, Piracicaba, Brazil).
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2.3. Enzymatic extraction

The enzyme extraction was performed by adding 100 mL of dis-
tilled water (10 mL H,O per gram of the fresh substrate) in the
fermentation system. Then, the flasks were agitated at 18.85rad/s
for 30 min at 28 °C in an orbital shaker (Tecnal TE-421, Piracicaba,
Brazil). Sequentially, the contents were filtered and then biochem-
ically analysed.

2.4. Proteolytic activity

The proteolytic activity in aqueous extracts was measured
according to Leighton’s method [ 19] with some modifications. First,
a 500-pL aliquot of the enzymatic extract was diluted threefold
in distilled water. Diluted extract samples (150 L) were added to
250 L of azocasein solution (10 mg/mL in 0.05M acetate buffer,
pH=5.5). Consecutively, the samples were placed in a water bath
at 50°C for 30 min. Then, 1000 p.L of 10% trichloroacetic acid (TCA)
(m/v) was added to halt the enzymatic reaction, and the contents
of the test tubes were centrifuged to precipitate proteins. Next,
1000 p.L of the resulting supernatant was mixed with 1000 L of
1 M sodium hydroxide solution. The absorbance of the final mixture
was measured in duplicate at 440 nm using a spectrophotometer
(model UV-M51, Bel Engineering, Piracicaba, Brazil).

The blank was performed replacing the sample by distilled
water. Some components of the diluted extract may interfere in the
absorbance measurement, overvaluing the proteolytic activities in
the extracts. To prevent any interference, an enzymatic control was
performed with an additional test using 150 L of denatured enzy-
matic extract (5 min in boiling bath water).

One unit (U) of proteolytic enzyme activity was defined as the
amount of enzyme needed to change the absorbance by 0.01 per
reaction minute. The calculation of enzymatic activity was per-
formed according to Eq. (1) and expressed as enzymatic activity
unit per gram of the fresh substrate (U/g):

(AbS - Absdn) - Ve - Dg
Vs -t msﬁN.Fc

PA = (1)
where PA is the proteolytic activity (U/g), Abs is the absorbance
corresponding to the sample of the diluted enzymatic extract at
440 nm, Absy, is the absorbance corresponding to the sample of
denatured extract at 440 nm, V. is the volume of the total extract
(100 mL), D is the dilution factor (3), Vs is the diluted sample vol-
ume (150 L), t is the reaction time (30 min), mg, is the solid
substrate mass corresponding to the total extract volume (10g)
and F. is the conversion factor absorbance in enzymatic units
(0.01(1/[U x min])).

2.5. Amylolytic activity

The amylolytic activity was measured by the quantification of
released sugar with reducing groups, using the 3,5-dinitrosalicylic
acid (DNS) method [20]. Test tubes containing 650 wL of 0.5% (m/v)
starch solution in 0.05 M acetate buffer (pH=5.5) were placed in a
water bath with a temperature control (Tecnal TE-056, Piracicaba,
Brasil) to reach 60 °C. To each of these test tubes, 100 p.L of the enzy-
matic extract diluted 20-fold in water was added. After 10 min at
60°C, 500 L of DNS reagent was added. The tubes with the reac-
tion mixtures were sealed and placed in a boiling water bath for
5 min, and then cooled in an ice bath. Distilled water (3750 L) was
added to test tubes, and the absorbance was measured in duplicate
at 540 nm using a UV-vis spectrophotometer (model UV-M51, Bel
Engineering, Piracicaba, Brazil).

As a reference sample (blank), the total reaction mixture vol-
ume (750 L) was replaced by the same volume of distilled water.
As an enzyme control was also needed, 100 wL of the enzymatic

extract was added to 650 wL of distilled water. The same proce-
dure described earlier was followed. One unit of amylase activity
(U)was defined as the amount of enzyme needed to release 1 umol
of glucose per minute of the reaction.

Amylolytic activity (AA) was expressed in enzymatic activity
unit per gram of the fresh substrate (U/g) and was calculated by
Eq. (2):

Crg - Ve Dr

AA— B Te ZF
tr~Vs~m5fw

(2)

where Gy is the release glucose concentration, Ve is the extract
volume (100 mL), Df is the dilution factor (20), t; is the reaction
time, V; is the diluted extract sample volume (100 pL) and myz, is
the mass of the fresh substrate (10 g).

2.6. Total protein concentration

The total protein concentration was determined by the Bradford
method [21]. A 1000-p.L aliquot of the working solution, which
contains Coomassie Brilliant Blue G-250 (Bradford reagent), was
added to 100 L of the enzymatic extract. The reaction mixture
was protected from natural light for 5 min, and then its absorbance
was measured in duplicate at 595 nm using a spectrophotometer
(model UV-M51, Bel Engineering, Piracicaba, Brazil).

The reference sample (blank) was prepared by replacing the
enzymatic extract with the same volume of distilled water. The total
protein concentration was calculated using Eq. (3) and measured in
micrograms per millilitre (j.g/mL). Previously, a calibration curve
was elaborated using aqueous solutions of bovine serum albumin
with different known concentrations (range 0-250 pg/mL):

__Abs—b

G 7

-Dr (3)

where Cp, is the total protein concentration of the extract (ug/mL),
Abs is the measured absorbance, a is the calibration curve slope
(mL/pg), b is the calibration curve intercept and D is the dilution
factor.

2.7. NIR spectral data acquisition

The enzymatic extracts (samples) were maintained at —20°C
(within a time frame when spectral changes are not observed)
until the spectrophotometric analysis. For each extract, 3.5 mL of
the sample was analysed in a UV-NIR spectrophotometer (Perkin
Elmer, Lambda 950, EUA) using a quartz cuvette and air as refer-
ence. The spectral analysis was performed at a wavelength range
of 700-1800 nm to obtain transmittance data. In general, the sam-
ples were not diluted, but sample dilutions were necessary in some
cases (dilution factor of 2.3). After the transmittance spectrum
was obtained, the data were saved in a Microsoft Excel 2007 file
(Microsoft Corporation, Redmond, WA, USA) for further analyses.

2.8. Preprocessing of data

Primary data from the NIR spectra were preprocessed using
the SIMCA 14 software demonstration version (Umetrics, Umed,
Sweden). Three preprocessing techniques were assessed — first,
second and third derivatives — because overlapping problems had
to be minimized [22]. Other techniques were also considered (data
not shown), but prediction results were not suitable. The data
matrices derived from preprocessing, as well as the original data,
were used for calibration of the ANN and PLS models.
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Fig. 1. Flow chart representing algorithm to ANN architecture optimization based on genetic algorithm methodology.

2.9. ANN modelling

The authors developed a code for topology optimization of the
ANN based on a genetic algorithm (GA) in the MATLAB platform
(MATLAB R2012a, Mathworks Inc., Natick, MA, USA). The present
code was programmed using a similar algorithm developed by our
group [23]. The steps of the GA-ANN algorithm are described in a
flow chart (Fig. 1). The main input parameters for this algorithm
were as follows: population size (200 individuals); number of neu-
rons in hidden layer 1 (4-100), 2 (4-100) and 3 (1-10); transfer
functions for hidden layers and for output layer (saturating lin-
ear transfer function [satlin], log-sigmoid transfer function [logsig],
hyperbolic tangent sigmoid transfer function [tansig] and linear
transfer function [purelin]); training function (Resilient backprop-
agation [trainrp]); mutation rate (5%); survival rate (20%); and
number of epochs (20).

The 101 samples, which correspond to the overall data obtained,
were randomly divided into training (70%), validation (15%) and
testing (15%) sets. This partitioning of the original database was
done according to criterion previously reported for equivalent
problems (spectral data used as input data for ANN calibration)
[24,25]. At the end of each epoch, the ANN topology with the least
errors (test error) was chosen. The input ‘neurons parameter’ was
fixed as 1102 when the original data were used (associated with
transmittance in the 700-1800-nm range) and 1088 for prepro-
cessing data (associated with transmittance in the 707-1793-nm
range) plus another neuron associated with the dilution factor. One
neuron was present in the output layer, corresponding to values
of individual response variable under consideration (amylase and
protease activities and total protein concentration in extracts). In
summary, four ANNs were assessed for each of the three biochemi-
cal parameters. The four evaluated ANNs corresponded to different
ANN input data, primary spectral data, and three other sets of spec-
tral data derived from preprocessing techniques (first, second and
third derivatives).

2.10. PLS modelling

The matrix X, comprising independent variables, included
transmittance data within the spectrum range under study
(700-1800nm) in the original or preprocessed form with better
prediction results obtained by ANN modelling. The dilution factors

were also considered. Response matrix Y was defined by a column
vector comprising values of amylolytic and proteolytic activities or
total protein concentration, depending on the model to be adjusted.
PLS modelling was performed in SIMCA 14 demonstration version
(Umetrics, Umed, Sweden). All samples were utilized to adjust the
PLS models. The quality of prediction for these models was assessed
by coefficients of correlation (R) and prediction (Q2).

2.11. Statistical analysis

The selection of the best set of spectral data (original or any
preprocessed alternative) to ensure the least prediction error asso-
ciated with each response variable under consideration in both
correlation techniques was defined by one-way analysis of vari-
ance and subsequently Tukey’s test for multiple comparison of the
set of means. This procedure was performed to detect differences
among means of errors. Statistical decisions were made with the
level of significance at 95% (o =0.05).

The comparison between PLS and ANN (best data preprocess-
ing and ANN architecture) models was performed considering the
absolute error. For this purpose, a one-tail Student’s t-test was con-
ducted with «=0.05.

All statistical tests were performed in the software BioEstat 5.0
(Instituto de Desenvolvimento Sustentavel, Mamiraua, Brazil).

3. Results
3.1. Kinetic studies: enzyme activities and protein concentration

The amylase produced from SSF depended on the agro-
industrial wastes used. Among the assessed wastes, wheat bran
showed better results (Fig. 2A). By contrast, sugarcane bagasse
showed the lowest values for this group of enzymes. The fermen-
tation times for maximum amylolytic activity values were not the
same among the residues under study. The maximum amylase pro-
duction for wheat bran was confirmed at 120 h. Then, a decrease
in amylolytic enzyme activities was observed. A similar expres-
sion profile was confirmed for sugarcane bagasse as well, which
was similar to those reported for different microorganisms [26].
Moreover, the kinetics profiles of amylase production associated
with type Il wheat flour and soybean meal differed from others;
between them, the highest amylase activities were detected at a
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Fig. 2. Kinetic studies for enzyme and protein production by Rhizopus microsporus
var. oligosporus (CCT 3762) using different agro-industrial wastes as substrates. A:
Amylolytic enzyme. B: Proteolytic enzyme. C: protein concentration. Symbols and
bars represent the averages and standard deviations for three determinations of
each monitored parameter.

fermentation time of 144 and 96 h, respectively. The high levels
of amylase activity for wheat bran compared with other assessed
agro-industrial wastes can be attributed to the physical and chemi-
cal (protein content of 15% and high levels of polysaccharides (56%),
most of them being starch) properties of this substrate [27,28].

As noted in the study of amylase production, the patterns of
proteolytic enzyme production were not similar for the wastes
under study. Maximum protease production was again confirmed
for wheat bran and minimum for sugarcane bagasse (Fig. 2B). How-
ever, the differences in protease expression among agro-industrial
wastes were not as significant as those observed in the study of
amylases (Fig. 2A). For example, the protease activity for wheat
bran was 1.49-fold higher than the corresponding activity for type
Il wheat flour, whereas this ratio was 3.25 for amylase activity
(Fig. 2A and B). The fermentation times associated with maximum
protease activity as a rule were similar to or shorter than those
values observed for amylase activity.

The protein profiles in aqueous extracts from fermented agro-
industrial wastes were significantly different from those reported
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Fig. 3. Response variables, amylolytic and proteolytic activities and protein con-
centration in aqueous extract from experimental runs associated with mixture
designs previously defined. A: Results corresponding to D-optimal design described
in Table 1 (ternary mixtures comprising wheat bran, type Il wheat flour and sug-
arcane bagasse). B: Results corresponding to D-optimal design described in Table 2
(ternary mixtures comprising type Il wheat flour, sugarcane bagasse and soybean
meal).

for amylase and protease activities. The highest values of protein
concentration in the extract were related to soybean meal, followed
by type Il wheat flour, wheat bran and sugarcane bagasse (Fig. 2C).
In the case of protein profiles, soybean meal and type Il wheat
flour showed similar patterns corresponding to the amylase and
protease activities. The protein concentration ratio between soy-
bean meal and wheat bran was 11.3-fold at the concentration peaks
(Fig. 2C). The highest values of protein concentration obtained for
soybean meal, despite its poor amylolytic and proteolytic enzyme
expression, can be attributed to the high protein content (49.24%)
in this substrate [27].

3.2. Mixture experimental designs

The values corresponding to response variables, which charac-
terize the aqueous extracts for both ternary agro-industrial waste
mixtures included in the present work, are presented in Fig. 3. No
statistical modelling was performed to determine the influence of
residue proportion on amylase and protease activities, because it
was outside the scope of this paper. Similar results were obtained
for protein concentration (Tables 1 and 2, Figs. 2 and 3). However,
a significant difference was noted between enzyme activities asso-
ciated with similar fermentation experiments in previous kinetic
studies. This finding was more remarkable for amylolytic enzyme
activity and could be explained by changes in the sporulation lev-
els (Fig. 4). In a previous study, five levels of sporulation for R.
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Fig. 4. Different sporulation levels in Rhizopus microsporus var. oligosporus (CCT 3762) at the same growth conditions in an experiment included in kinetic studies (A) and

equivalent run of mixture design (B).
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(each spectrum represents the average for three repetitions). B: Samples corresponding to kinetic study of type Il wheat flour (each spectrum represents the average for
three repetitions). C: Samples corresponding to kinetic study of sugarcane bagasse (each spectrum represents the average for three repetitions). D: Samples corresponding
to kinetic study of soybean meal (each spectrum represents the average for three repetitions). E: Samples corresponding to experimental runs (1-7) from D-optimal design
described in Table 1. F: Samples corresponding to experimental runs (8-15) from D-optimal design described in Table 1. G: Samples corresponding to experimental runs
(1-7) from D-optimal design described in Table 2. H: Samples corresponding to experimental runs (8-15) from D-optimal design described in Table 2.
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microsporus were reported. In most strains of R. microsporus var.
oligosporus, amylase production is associated with high sporulation
levels [29].

3.3. Spectral data

The spectral data corresponding to the aqueous extracts from
kinetic studies are presented in Fig. 5A-D. The spectral profiles
are similar in the overall shape, but they differ with the type of
agro-industrial waste and fermentation time. The spectral profiles
are characterized by two valleys (around 970 and 1200 nm) and
three peaks (around 880, 1080 and 1270 nm) of transmittance.
The spectral data corresponding to aqueous extracts from ternary
mixture studies are presented in Fig. 5E-H. The spectral patterns
corresponded to the proportions of agro-industrial residues.

The preprocessed spectra from the first, second and third deriva-
tive were compared with the original spectrum. The spectrum
pattern was found to increase in complexity with higher derivatives
(Fig. 6).

3.4. GA-ANN modelling

The values of the correlation coefficients (R) for training, valida-
tion, test and overall stages as well as averages for absolute errors
(absolute difference between observed and predicted values) for
each ANN with optimized topology are reported in Table 3.

The influence of the preprocessing technique for primary spec-
tral data on the decrease of absolute errors was only statistically
significant for the protein concentration, with the first and third
derivatives improving the prediction quality in relation to the orig-
inal data (Tukey’s test, Table 3). However, preprocessing of the
spectral data with the third derivative showed the lowest average
and highest overall correlation coefficients for the three responses
under consideration. The optimal ANN topologies for these input
data sets are presented in Table 4. As a rule, two hidden layers and
the training function ‘trainrp’ were common for all three responses,
but the distribution of neurons in layers and the transfer functions
were dissimilar. The need for two hidden layers for three extract
parameters is common in complex problems [30].

The amylolytic activities ranged from 3.35 to 399.86 U/g. The
average of absolute error (12.03 +17.82U/g) was relatively low,
taking into account the size of the range (difference between
maximum and minimum value of the range, 396.51U/g). The rel-
ative error considering the range for this response variable was
3.0% +4.5%. In the case of protease activity, the relative error was
8.3% +10.5%, whereas this prediction quality index was 5.1% + 7.4%
for protein concentration.

3.5. PLS modelling

The preprocessing of spectral data, by the third derivative, sig-
nificantly increased the correlation coefficient associated to linear
regression between observed and predicted values of response
variables (values nearest to 1, better fit to the experimental data)
with respect to primary data in the case of PLS modelling (Table 5).
However, the prediction coefficient was not suitable (Q%<0.5) for
all extract parameters, even with data preprocessing. According
to one-way analysis of variance and subsequently Tukey’s test,
the absolute error was lower for proteolytic activity and pro-
tein concentration associated with preprocessed data (p <0.05). No
improvement was observed for amylase activity through data pre-
processing (p=0.0639).
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Fig. 6. Changes in the spectral profile caused by preprocessing data for a generic
sample included in input data set. Where A is the original transmittance spectra; B
is the first-derivative transmittance spectra; C is the second transmittance and D is
the third transmittance spectra.

3.6. Comparison between modelling approaches

On comparing the absolute errors associated with ANN (Table 3)
and PLS (Table 5) models, using the third derivative as spectral data
pre-processing, ANN errors were found to be lesser than PLS errors
for amylase activity and protein concentration (p <0.0001 for one-
tail Student’s t-test). However, no difference was noted between
the two modelling approaches for protease activity (p=0.069).
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Table 3

1345

Artificial neural network models with best network topology defined by computational algorithm for each response variable being considered and their corresponding
correlation coefficient for linear regression between predicted and observed values as well as their absolute error.

Response variable Data preprocessing R (training stage) R (validation stage) R (test stage) R (overall) Absolute error
(aver-
age + standard
deviation)
Amylolytic Activity Primary data 0.9833 0.7971 0.7472 0.9302 19.31+30.41U/g@"
(U/g) 1 st derivative 0.8853 0.7908 0.7506 0.8361 34.53 +41.42U/g®
2nd derivative 0.6408 0.8468 0.7505 0.6723 49.75 +54.36 U/gl9
3rd derivative 0.9954 0.9358 0.8939 0.9755 12.03 +17.82U/g®
Proteolytic Activity Primary data 0.8981 0.7355 0.8221 0.8446 23.49+28.96U/g®
(U/g) 1 st derivative 0.7687 0.7717 0.7423 0.7648 29.30+33.00U/g®
2nd derivative 0.7572 0.7887 0.7874 0.7657 28.77 +£33.39U/g@
3rd derivative 0.8755 0918 0.8838 0.8677 21.19+26.83U/g®
Protein concentration Primary data 0.6556 0.656 0.8124 0.6632 382.81 +386.16 pg/mL®
(pg/mL) 1 st derivative 0.8021 0.8661 0.7168 0.7936 153.06 +159.57 pug/mL®@
2nd derivative 0.6558 0.5744 0.6757 0.6416 392.7 +334.83 pug/mL®)
3rd derivative 0.9895 0.8369 0.8721 0.9529 64.04 +92.68 pug/mL®

" Means with different letters were significantly different (p <0.05, ANOVA, Tukey’s test).

Table 4

Parameters of optimal artificial neural network topologies for best preprocessing data associated with each response variable under consideration.

Parameters Amylolytic Activity (U/g)

Proteolytic Activity (U/g) Protein concentration (g/mL)

Hidden layers 2

Distribution of neurons in layers 1088-82-24-1
Transfer function logsig-logsig-tansig
Training function trainrp

Spectral data preprocessing 3rd derivative

2 2

1088-16-8-1 1088-84-29-1
logsig-tansig-tansig logsig-logsig-tansig
trainrp trainrp

3rd derivative 3rd derivative

Table 5

PLS modelling for each response variable under study and their respective values of correlation coefficient (R, linear regression between predicted and observed values),

prediction coefficient (Q%) and absolute error.

Response variable Spectral data Number of Correlation Prediction Absolute error
preprocessing significant principal coefficient (R) coefficient (Q?) (Average + Standard
components deviation)
Amylolytic Activity (U/g) Primary data 5 0.7688 0.371 45.89+41.73U/g
Proteolytic Activity (U/g) 5 0.712 0.274 35.59+32.055U/g
Protein concentration (pg/mL) 2 0.4099 0.118 262.47 +196.99 p.g/mL
Amylolytic Activity (U/g) 3rd derivative 3 0.8643 0.3842 36.21+£32.71U/g
Proteolytic Activity (U/g) 3 0.8701 0.3317 26.42 +20.77U/g
Protein concentration (pg/mL) 3 0.8927 0.483 128.62 +98.39 pg/mL

4. Discussion

The challenge in the present work was to establish a corre-
lation between NIR spectral data and amylolytic and proteolytic
activities as well protein concentration. The aim was to design a
chemometrics ANN-based technique that could replace conven-
tional analyses, which have many steps, require expensive reagents
and are time consuming [31].

In general, the NIR spectra for all samples showed modification
of one basic profile, which is associated with the NIR spectrum for
water molecules [32]. The observed valleys in the NIR transmit-
tance spectra (around 970 and 1200 nm) match with previously
reported peaks in the NIR absorbance spectra for water. The 970-nm
peakisrelated to a combination band (2 x symmetric OH stretching
mode (v;)+antisymmetric OH stretching mode (v3)) and the 1200-
nm peak to another combination band (v; + OH bending mode (v;)
+v3)[33,34]. Similar spectral data were obtained for other systems;
thus, small changes in the spectra were highlighted to quantify
chemical compounds in aqueous solutions [35]. For this reason,
all spectral data of the samples included in this work were con-
sidered to predict the most appropriate system. Nevertheless, data
pre-processing techniques were required to optimize the predic-
tive and generalization power of chemometric models. This type of
technique is widely used to increase the applicability of chemosen-

sors based on NIR spectra [14]. The most classical spectral data
pretreatments include normalizations, derivatives and smoothing
[36]. Specifically, derivatization of spectral data, as a rule, has the
advantages of sharpening peaks and resolving overlapping bands to
some extent, although this kind of pretreatment amplifies the noise
of the data [37]. However, the best data preprocessing approach for
NIR spectral data must be selected empirically, using a trial-and-
error methodology, which is a major drawback [38].

In this study, the application of third-derivative preprocessing
was found to cause marked changes in the NIR spectrum, which
allowed the GA-ANN model to detect subtle differences among the
samples. Moreover, in the literature, ANN is considered suitable for
biocompound estimations when the overall correlation coefficient
is >0.89 [39]. Spectral data pre-processing with the third derivative
met this criterion for amylase activity and protein concentration;
the corresponding value for protease activity was almost similar to
but lower than the reference value for the correlation coefficient.

The superior or similar prediction performance of the ANN
modelling approach to PLS models (even without performing
validation-test of PLS models and including all samples in calibra-
tion stage of PLS models) can be explained by the limited linearity
of biological systems. Therefore, ANNs are best suited for exper-
imental data compared to multivariate techniques such as PLS
[25,39]. PLS was assessed in the present work because it is relatively
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simple and widely used in chemometrics associated with NIR spec-
troscopy. Thus, PLS results were used as a reference for comparison
with the GA-ANN model proposed.

As mentioned in Section 3.4, the GA-ANN model successfully
predicted the response variables. Furthermore, the set of samples,
which was used to train, validate and test the model derived from
SSF systems, differed in the substrate composition, fermentation
time and sporulation levels. This helped ensure the comprehen-
siveness of the proposed ANN model. However, this model is only
useful within the experimental domain considered. For this rea-
son, this calibrated ANN did not provide good results with different
substrates and microorganisms. We recommend calibrating new
ANN models with particular conditions or establishing a collabo-
rative database to widen their use in both industrial and academic
research.

This work establishes the foundation for developing at-line sen-
sors to determine simultaneously two types of enzymes in SSF
with R. microsporus var. oligosporus. This chemosensor would be
extremely useful for pilot-scale equipment to understand better
the bioprocess and to assess different scale-up criteria, as well as
for designing successful commercial-scale bioreactors. Studies on
at-line sensors for simultaneous enzyme determination in SSF are
scarce.

5. Conclusion

In conclusion, it is worth noting that ANN in combination with
the third derivative as NIR spectral data preprocessing is suit-
able for monitoring amylase and protease activities and protein
concentration in SSF of R. microsporus var. oligosporus in a wide
range of experimental conditions, including four individual agro-
industrial wastes, a ternary combination of these wastes, various
fermentation times and different sporulation levels of the microor-
ganism under study. For this reason, this chemometric technique
can serve as the foundation for developing at-line chemosensors
and can decrease time and cost of the bioprocess development,
and also make these activities environmentally friendly (exempt
for chemical reagents). To confirm the results of this work and
before developing at-line chemosensors, validation experiments at
a larger scale are needed.
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