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Abstract Time-domain nuclear magnetic resonance (NMR) has been widely used
in food science. In this work, we demonstrate that the NMR decay obtained with the
Carr—Purcell-Meiboom-Gill (CPMG) sequence can be used to estimate the peroxi-
dase activity (PA) in cassava roots. This enzyme has been involved in post-harvest
physiological deterioration (PPD), which limits the storage of fresh cassava to a
few days. Cassava is a staple food for almost one billion people in tropical areas in
Americas, Africa and Asia. A multivariate method using CPMG data and reference
values of PA from a standard biochemical assay was built with 216 measurements
for non-refrigerated and refrigerated samples of cassava roots. The figures of merit
of the global partial least squares model using both types of roots showed a 0.06
pmol min~! limit of detection (LOD) and a 0.2 pmol min~! limit of quantification
(LOQ) for PA, with 0.4 [intensity (a.u.)/(pmol min~1)] sensitivity and a standard
error of cross-validation (SECV) of 0.7 pmol min~'. All of the results demonstrated
that TD-NMR has the potential to predict PA in cassava roots that is indicative of
the PPD problem.

1 Introduction

Time-domain nuclear magnetic resonance (TD-NMR) has been used in food quality
control and quality assurance for more than five decades. However, only in the last
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two decades has TD-NMR expanded its applications to basic food studies, including
water status, water compartmentalization and molecular mobility, using relaxation
and diffusion measurements [1-3]. Transverse relaxation (7,) measurements have
been performed with the Carr—Purcell-Meiboom-Gill (CPMG) pulse sequence, and
measurements of longitudinal relaxation time (7)) or the T',/T), ratio have been per-
formed using continuous wave free precession (CWFP) pulse sequences [1-5].

To the best of our knowledge, there is no application of TD-NMR to predict enzyme
activity in foodstuff. Therefore, we propose a rapid and simple method to monitor per-
oxidase activity (PA) in cassava using a benchtop time-domain NMR relaxometer.
The method is based on a multivariate regression model with exponential decay of the
NMR signal measured via the CPMG pulse sequence as the independent variable and
PA measured with a standard biochemical assay as the dependent variable.

Cassava, also known as manioc or tapioca (Manihot esculenta Crantz), is a staple
food for almost a billion people living in tropical areas of Africa, Latin America,
Oceania and Asia [6-8]. Cassava roots have been considered the “food for the poor”,
comprising more than 80% of starch [6] and are an important food source in tropical
areas, including sub-Saharan countries, due to drought resistance and the ability to
grow in marginal land [6, 7, 9]. Cassava is also cultivated in these areas because it
produces approximately ten times more starch per unit area than most of the cereals
[9, 10].

Despite the high agronomical productivity, cassava production is constrained by
biotic and abiotic stresses when compared with other carbohydrate sources such as
maize, wheat, rice and potato. The major cassava post-harvest constraint is the short
life of fresh roots, limiting storage to a few days. Compared to potato tuber, fresh
cassava roots deteriorate shortly after harvesting due to the post-harvest physiologi-
cal deterioration (PPD) process that is induced by wounds suffered during harvest-
ing and handling. PPD reduces cassava eating and processing quality; specifically, it
takes a longer time to cook and acquires an unpalatable bitter taste, lower elasticity
and unattractive appearance. PPD is a complex process involving changes in gene
expression and environmental factors. The wounds in the roots trigger an oxidative
burst that changes the activity of oxidative enzymes such as peroxidases, converting
phenols into tannins [6, 7]. The oxidative trigger is supported by the fact that oxygen
exclusion, by immersion in water, low temperature or antioxidant compounds can
eliminate or minimize the PPD process [7].

Therefore, a rapid, simple and non-destructive NMR method to monitor PA in
cassava roots can be a highly practical alternative approach to the standard biochem-
ical assay, which is laborious, time consuming and destructive and requires chemical
reagents and specialized professionals [11, 12].

2 Methods
2.1 Sampling

Cassava roots, non-refrigerated (samples N) and stored at room temperature or
peeled and refrigerated at 10-12 °C (samples R), were purchased locally. The N
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root samples were washed to remove soil and other impurities, dried with absorbent
paper and peeled. The R samples had no need for cleanup procedure. None of the
samples showed any damage or deterioration. In the case of industrialized R prod-
ucts, the expiration date was appropriate during the time of the tests. Subsequently,
the N and R samples were milled with a domestic food chopper (Black & Decker,
Uberaba, MG, Brazil). The N and R samples were fractionated in 24 subsamples of
10 g each. The subsamples were exposed to air and subsequently analyzed by TD-
NMR and the enzymatic assay at time 0, 24, 48 and 72 h.

2.2 TD-NMR Measurements

The TD-NMR analyses were carried out at 22 °C in a 0.27 T (11.3 MHz for 'H)
benchtop SLK200 Spinlock instrument (Spinlock Magnetic Resonance Solutions,
Cordoba, Argentina) using a probe 32 mm in diameter and 32 mm in height. The
measurements were performed using the standard CPMG sequence to obtain the
exponential decay signal that is governed by the transverse relaxation time (7,). The
sequence used z/2 and z of 11.56 and 19.6 ps, respectively, an echo time of 600 ps,
four scans and 1500 echoes.

2.3 Reference Method for Enzymatic Activity

Just after the TD-NMR analyses, the subsamples were used to measure the enzy-
matic activity by a standard biochemical assay [12]. This method used the reaction
between guaiacol ((CH,O0)C¢H,OH) and hydrogen peroxide (H,O,, 30%; Synth) in
the presence of enzymatic extracts of the milled cassava roots.

The extractions were performed at 10 °C, using 50 mL of buffer solution contain-
ing 0.1 mol L™! potassium phosphates (KH,PO, and K,HPO,; Synth, Diadema/SP,
Brazil (pH 7.5) and 200 mg of polyvinylpyrrolidone (CHgNO),, PVP-10); Sigma
Aldrich, Saint Louis, MO, USA. The milled cassava sample and the extraction solu-
tion were mixed using a domestic food chopper. Afterward, the suspensions were
filtered using gauze. Then, the supernatant that contains the enzymatic extract of
peroxidases was separated using an 80-2BU centrifuge (Centrilab, Monte Alto, SP,
Brazil) for 30 min at 3800 rpm.

The biochemical assay was performed with 500 pL. of enzymatic extract from
cassava, 500 pL of 1.5 mmol L™ guaiacol (98%; Sigma Aldrich), 500 pL of
1.5 mmol L™! hydrogen peroxide (30%; Synth) and 1500 pL of 0.1 mol L™! (pH
7.5) potassium phosphate buffer solution. The solutions were stirred manually, and
after 4 min the reactions were monitored at 470 nm (the maximum absorbance
for tetraguaiacol, £4,o = 26.6 mmol™' L cm™") using a 1 cm optical length cuvette
in a Femto 600 plus instrument (Femto Ind. e Com. de Instrumentos, Sdo Paulo,
SP, Brazil) to measure PA. The calculations of PA were based on the definition
that one unit of peroxidase is equal to the amount of enzyme that yields 1 pmol
L~! tetraguaiacol per minute. The reactions and spectrophotometric measurements
were performed at 22 °C.
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2.4 Data Evaluation

Multivariate analyses were performed using the partial least squares (PLS) algo-
rithm available in Pirouette 4.5 rev. 1 (Infometrix, Bothell, WA, USA). To deter-
mine the composition of the samples in the training and validation datasets, the
Kennard—Stone algorithm was applied [13]. The TD-NMR decays data were used
as independent variables, and the measured values of PA using the reference method
for enzymatic activity were used as dependent variable. The goal was to estimate
the enzymatic activity of two types of cassava (non-refrigerated and refrigerated)
exposed to air environments using reference values from a standard biochemical
assay and signals of TD-NMR combined with PLS.

3 Results and Discussion

Figure 1 shows the values of peroxidase activity (PA) in non-refrigerated (N) and
refrigerated (R) samples at 0, 24, 48 and 72 h after milling. For the N and R samples
at time 0, the means and standard deviations were 3.9 + 1.2 and 2.7 + 0.73, respec-
tively. The PA for the N samples decays to 2.9 + 1.2, 1.8 + 0.9 and 1.8 + 1.4 for
24, 48 and 72 h, respectively. A similar monotonic tendency was observed for the
R samples with the PA decay to 1.6 + 0.18, 1.5 + 0.23 and 1.4 + 0.16, for 24, 48
and 72 h, respectively. It is relevant to emphasize that the refrigerated samples were
purchased from three different markets, with differences in expiration dates. There-
fore, Fig. 1 shows that the PA was higher in the N samples than in the R samples and
that the upper magnitude for activity was observed in the N sample at time 0 (NO).
The higher SD values for cassava samples non-refrigerated than for the refrigerated
samples is associated with higher variability of PA. A possible explanation for these

T N {
- |
E | 1 l =S 1i==1RI= =

0 24 48 72
Time of Exposure (h)

Fig. 1 Box plots for enzymatic activity measured using a standard biochemical assay for non-refriger-
ated (N) and refrigerated (R) commercial cassava samples
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differences is that the R roots are normally treated with sodium or potassium chlo-
rides that have been used as preservatives in refrigerated cassava [14].

Figure 2a, b shows the typical normalized CPMG decays for the N and R sam-
ples, respectively, at time O and after 72 h. In both plots, the CPMG was much
shorter for samples after 72 h of experiments and showed lower PA values than at
time 0, as shown in Fig. 1.

Figure 3a, b shows the inverse Laplace transform relaxation distribution of the
CPMG decays of the N and R samples of Fig. 2a, b, respectively. All samples
showed three T, peaks. In Fig. 3a, the black line shows a small peak at 2.8 x 107> s
and two intense peaks at 3.9 X 1072 and 1.9 x 107! s for the NO sample with a PA
of 4.1 pmol min~!. The violet line in Fig. 3a shows the relaxation distribution of the
sample with 2.0 pmol min~! PA, with a broad peak at 8.5 X 107, an intense peak at
2.0 x 1072 and a small peak at 2.3 x 107! s. The relaxation profile of the R samples
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0.0 T T \
0.0 0.3 0.6 0.9

Time (s)
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Fig. 2 Transverse relaxation time (7,) from CPMG signals representing non-refrigerated samples (time
0) and after 72 h of air environment exposure for a non-refrigerated (NO) and b refrigerated (R) samples.
The peroxidase activity (PA) values in pmol min~" are denoted by circles
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Fig. 3 Transverse relaxation time (75,) distribution for the CPMG signals calculated with inverse Laplace
transform for a non-refrigerated (N) and b refrigerated (R) samples for times 0 and 72 h

was similar to that of the N samples with similar PA, i.e., with the increase in the
intensities of the peaks with shorter relaxation times, for samples with lower PA, as

shown in Fig. 3b.

The potential of TD-NMR for measuring the enzymatic activity of cassava roots
using a minimum sample preparation method was evaluated using multivariate PLS
models. The total signals were from 6 fractions X 6 samples X 4 exposure times for
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non-refrigerated samples (n = 144) and 6 fractions X 3 samples X 4 exposure times
for refrigerated samples (n = 72). The first model was built with CPMG signals up
to 0.9 s (1500 independent variables) from N and R samples with the entire matrix
data, with a total of 216 signals. The CPMG and PA data from N and R contributed
112 and 61 samples, respectively, for the training set and 43 samples for the valida-
tion set (32 for N and 11 for R). The information of three latent variables (LVs)
explained almost 100% of the variance from the training set using leave-one-out
cross-validation.

Figure 4a, b shows the PLS regression model of the training and validation data-
sets. The reference values were obtained using a standard biochemical assay that
was correlated with CPMG signals for the PLS models. The validation set com-
prised samples that were not included in the training data. As also verified, a notable
result was the same magnitude of standard errors of cross-validation (SECV) and of
prediction (SEP) for the sets, which indicates that the models are very promising for
the prediction of PA.

Two other models were constructed for samples N and R, considering their dif-
ferences in the magnitude of enzymatic activity (Fig. 5). For this case, a selection of
variables was also performed considering the first 319 independent variables, from 0
to 0.19 s of CPMG signals, with approximately 100% of explained variance using 3
LVs. This selection of variables was based on the evidence that after 0.19 s, the sig-
nal response has low values of almost zero that did not contribute to the model. The
data were highly correlated (» = 0.9) for the non-refrigerated set and the SECV with
the same values reported for the previous model, as shown in Fig. 5a. The external
samples showed slight differences considering the correlation and SEP, as can be
verified in Fig. 5b. The model including the entire profile of CPMG decays showed
the same magnitude of errors.

The noteworthy result was for the refrigerated samples using a model with 360
independent variables from O to 0.22 s and the same above-mentioned criteria for
variable selection. Figure 6a, b shows that the models confirmed the high correla-
tion of both datasets with a low magnitude for SECV and SEP equal to 0.3 pmol
min~! for both parameters, using 4 LVs, with approximately 100% of explained
variance.

In the case of the separate models for N and R, the errors showed different
magnitudes due to the differences in ranges for PA. To select the better model,
the figures of merit for the PLS models were calculated [15], and Table 1 sum-
marizes the lowest limit of detection (LOD) and limit of quantification (LOQ)
for the global model with both type of samples. These results show that the
model with all samples (N and R) has a greater potential to predict enzymatic
activity in cassava roots than the individual models constructed for either N or
R samples.

4 Conclusions

CPMG signals were able to verify variations in PA for both types of cassava roots,
such as non-refrigerated roots and those industrialized refrigerated. In addition,
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Fig. 4 Correlation between reference values from a standard biochemical assay to predict the enzymatic
activity of peroxidase and predicted values using TD-NMR signals and partial least squares (PLS) algo-
rithm for a global model with non-refrigerated (N) and refrigerated (R) samples for the a training and b
validation datasets, calculated with 1500 independent variables

variations in PPD were also monitored upon exposure of the samples to air. This
evidence was supported using the calculations of inverse Laplace transform for the

decays.
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independent variables

The model with either samples (N and R) was shown to be promising for the
prediction of the enzymatic activity of peroxidase, with low standard errors and
good indexes for figures of merit. Furthermore, this method will minimize the use
of chemical reagents and accelerate this parameter in solid foods with high water

contents.
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