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Abstract
The objective of this study was to assess the effect of an optimized hot water treatment (OHWT) on the conservation of fresh 
eggplants (Solanum melongena L.), which was carried out through the Response Surface Methodology (RSM). Activity of 
pectin methylesterase (PME), color difference and firmness parameters, as well as the anthocyanin content were optimized 
according to a rotatable central composite design [process variables: temperature (30–50 °C) and time (5–15 min)]. The 
RSM results showed an activation on PME activity (1.333–2.922 U/g FW) along with a retention on the quality attributes and 
optimized conditions of 40 °C and 15 min. In addition, significant differences in bioactive compound contents were observed 
between treatments, where a greater amount of total phenolic (17.76 mg GAE/100 g) and chlorogenic acid (5.9715 µg CA/
mg ME), and fewer anthocyanins were found at OHWT compared to control. Therefore, the application of the optimized 
conditions (40 °C, 15 min) would be the most suitable to maintain the quality of fresh eggplants.

Keywords Hydrothermal treatment · Optimization · Solanum melongena · Pectin methylesterase · Phenolic compounds

Introduction

Eggplant (Solanum melongena L.) is a member of the Sola-
naceae family which is generally cultivated as a vegetable 
in sub-tropical and tropical regions of the world [1]. It is 
an economically important crop with a wide diversity of 
shapes, sizes and colors [2]. According to diverse reports, 
eggplants are mostly distributed as fresh vegetables, so 
they are harvested and packaged individually in the field to 
reduce quality loss, accelerated softening and tissue darken-
ing [3, 4].

To address these problems, some treatments have been 
used; such as low pH organic solutions [5], 1-methylcyclo-
propene (1-MCP) [6], calcium salts [7], among others. In 
particular, the application of hot water treatment (HWT) 
has shown to be effective as a physical, non-toxic and safe 
mean of maintaining postharvest quality for a range of hor-
ticultural products [8]. In addition, this treatment may affect 
ripening and protect against diverse physiological disorders 
and has been used as an alternative treatment for decay 
control [7]. However, excessive heat application can have 
a negative effect on ripening, due to increased activation of 
enzymes that degrade the cell wall such as pectin methy-
lesterase (PME) (EC 3.1.11) and polygalacturonase (PG) 
(EC 3.2.1.15) [6]. PME and PG act in joint on the pectin to 
increase cell wall solubilization; however, de-esterification 
of cell wall galacturonans by PME may be required prior 
to hydrolysis by PG [7]. In particular, the PME enzyme is 
known to participate in several processes such as catalyzing 
the hydrolysis of methyl-ester groups of cell wall pectin, 
producing free acid, low degree of esterification pectin, and 
methanol [9].

Softening of the tissue is associated with alterations on the 
structure in the middle lamella, where pectin, cellulose, and 
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hemicellulose undergo structural modifications during ripen-
ing due to the activity of cell wall degrading enzymes. The 
activities of these enzymes leads to the solubilization of pec-
tin from the cell wall. In addition to enzymes, there are other 
factors that can contribute to the softening of the fruit. These 
include differences in primary wall structures for different fruit 
varieties, which may be constituted by different proportions of 
polysaccharides and glycoproteins, ionic and covalently bound 
minerals, and phenolic esters [10].

Eggplant is particularly rich in a large number of bio-
active compounds, especially phenolic compounds such as 
flavonoids (anthocyanins) and phenolic acids (chlorogenic 
acid) which are predominantly found in the peel and pulp, 
respectively, and which have been linked to various health 
benefits [11]. Anthocyanins are glycosides of polyhydroxy 
and polymethoxy derivatives of 2-phenylbenzopyrylium 
cation salts, which not only contribute to the color appear-
ance of fruit and vegetables (tissue darkening), but have 
various health-related benefits, such as antioxidants, anti-
cardiovascular, anti-diabetic, anti-tumor, anti-inflammatory 
and anti-cancer [2]. Anthocyanins are unstable compounds 
that degrade easily, and this degradation can be affected by 
various exogenous and endogenous factors, such as proteins, 
oxygen, light, pH, metal ions, but especially heat treatments. 
When this degradation occurs, polymeric compounds can 
also be produced [12].

The application of a hot water treatment has previously 
been carried out in eggplant fruits [5, 6]. However, no math-
ematical model has been carried out to find the appropri-
ate application conditions for said treatment. Therefore, the 
present study aims to optimize the application of the factors 
of a HWT (temperature and time) in eggplant fruit while 
discovering its impact on quality and biochemical attributes. 
For which a characterization of various parameters was car-
ried out, once the optimal hot water treatment (OHWT) was 
obtained.

Materials and methods

Experimental design

This study was divided into two parts: in the first (optimiza-
tion process), different temperatures and times were applied 
to obtain an OHWT evaluating four responses; while in the 
second (chemical characterization), the effect of the OHWT 
was studied and characterized.

Optimization process

Response modeling

For this experiment, the effect of hot water treatment (HWT) 
was tested and modeled in purpose of PME activity, total 

color difference (∆E), firmness, and anthocyanin content of 
eggplant fruit through the use of Response Surface Meth-
odology (RSM) and through a Central Composite Design 
(CCD). The total number of experiments needed (N) of the 
CCD was determined using Eq. (1) as is shown:

where k corresponds to the number of variables studied, in 
this study were temperature (T) and time (t) (k = 2). Mean-
while  2k, 2k and  N0 are the cubic, axial and center point 
runs, respectively. Each variable was examined at five dif-
ferent levels (− α, − 1, 0, 1, and + α) as follows: T = 25.86, 
30, 40, 50 and 54.14 °C; whereas t = 2.93, 5, 10, 15 and 
17.07 min. The selection of the levels was determined based 
on literature review (in cherry tomato [13]; in cucumber 
[14]; in tomato [15]) and preliminary trials. A total of 13 
treatments were conducted (Table 1).

It was assumed that a mathematical function existed 
between the responses studied according to both variables 
related to HWT processing given in Eq. (2).

A second order model with two factors was used to pre-
dict the experimental behavior of each response, using the 
following Eq. (3):

 where Yi is the response studied,  X1 is temperature,  X2 
is time, and  b0,  b1,  b2,  b1

2,  b2
2, and  b1b2 are the regression 

coefficients. Experimental data were analyzed through the 
response surface methodology, using the statistical package 
Design-Expert 7.0 software (Stat-Ease Inc., Minneapolis, 
MN, USA). The desired goals for each variable and response 
were chosen. All the independent variables were kept within 
their respective ranges while the responses were maximized.

Plant material and treatment application

Eggplant fruits harvested at commercial maturity were pro-
vided by farmers from Sinaloa, Mexico. Eggplants culti-
var “Classic” with exportation quality were selected based 
on peel color (deep purple-black color and elongated oval 
shape) uniformity and absence of physical damage. The 
fruits were washed with soap and disinfected with sodium 
hypochlorite (600 mg/L) for 3 min, and then they were 
divided into 13 groups for the application of the different 
temperature/time combinations (Table 1). Three fruits per 
treatment (a total of 39 fruits) received the HWT by com-
plete immersion in a water bath (Cole Parmer, Vernon Hills, 
IL, USA) according with the optimization experimental 
design.

(1)N = 2k + 2k+N0

(2)Y = f(T, t)

(3)Yi = b0 + b1X1 + b2X2 + b2
1
X2
1
+ b2

2
X2
2
+b1b2X1X2



Characterization of an optimized hot water treatment for eggplant as a non‑chemical mean to…

PME activity

The enzyme was extracted according to the method reported 
by Díaz-Corona [7] with some modifications. About 10 g 
of eggplant and 12.5 mL of 1 M NaCl (4 °C) were homog-
enized using an Ultra Turrax (T18 basic, IKA Works, Inc. 
Wilmington, NC, USA) for 1 min. The homogenate was 
centrifuged at 17,000×g for 45 min at 4 °C and filtered with 
Whatman No. 4 paper. The supernatant was saturated at 
80% with ammonium sulfate ((NH4)2SO4) and stirred for 
1 h under refrigeration to precipitate the protein, followed 
by a second centrifugation at 17,000×g for 20 min. The pre-
cipitate containing the protein was resuspended in 15 mL of 
distilled water at 4 °C and was used to measure the enzy-
matic activity.

PME activity was determined based on the change of 
color of a pH indicator during the reaction catalyzed by 
PME [7]. Due to the hydrolyzation of pectin ester bonds, 
acid groups are produced, and pH suffers a decline, caus-
ing the indicator dye to change its color. This change was 
continuously monitored (every min during 5 min) with a 
spectrophotometer (UNICO SQ 2800, New Jersey, USA). 
Two mL of citrus pectin (0.5%) were mixed with 0.5 mL of 
bromothymol blue (0.01%) in potassium phosphate buffer 
(0.003 M) and 4 mL of distilled water. The mixture was 
adjusted to pH 7.5 and the reaction was started by adding 
100 µL of the enzymatic extract. The reaction was carried 
out at 30 °C and was monitored every minute for 5 min at 
620 nm. A standard curve of galacturonic acid (0.5%) was 

used. The PME activity was expressed as PME units per 
gram of fresh weight (U/g FW). Four readings per replicate 
were obtained of three fruits per treatment.

Color

This parameter was determined using a chroma meter 
(Minolta CR-200 Chroma meter, Osaka, Japan) and L* 
(lightness), a* (green-red tonality), and b* (blue-yellow 
tonality) variables were recorded. Furthermore, to better 
assess the overall color change among samples during stor-
age, the following Eq. (4) was used:

Color variables were measured at six locations per 
sample.

Firmness

A penetrometer (Chatillon DFE-100, AMETEK Inc, Largo, 
FL) equipped with a flat tip of 11 mm of diameter at a con-
stant penetration rate (50 mm/min, and 5 mm penetration) 
was used to evaluate this parameter [7]. Both sides of the 
eggplant fruit were separated, the tip was placed on the sur-
face of the halfway point, and both ends, obtaining six points 
per fruit. Results were reported as Newtons (N).

(4)
ΔE =

(

(

Linitial − Lfinal
)2(

ainitial − afinal
)2(

binitial − bfinal
)2
)0.5

Table 1  Central composite design arrangement for the optimization process and means for each response variable

The first column does not correspond to the running order of the treatments. Values correspond to mean ± standard deviation of data. Different 
letters in the same line indicate a significant difference (Fisher p < 0.05)
PME pectin methylesterase; ∆E total color difference

Run number Process factors Response variables

Temperature (°C) Time (minutes) PME (U/g FW) ∆E Firmness (N) Anthocyanin (Eq. of 
cyanidin-3-glucoside/g 
FW)

1 30 5.00 1.333 1.063 31.9 5.128
2 50 5.00 2.305 1.125 27.56 2.935
3 30 15.00 1.706 1.076 31.9 4.928
4 50 15.00 2.788 1.152 26.3 2.324
5 25.86 10.00 1.353 1.059 32.75 5.375
6 54.14 10.00 2.922 1.149 26.2 2.417
7 40 2.93 1.422 1.075 31.8 4.924
8 40 17.07 2.236 1.14 28.75 3.472
9 40 10.00 1.638 1.093 31 4.578
10 40 10.00 1.624 1.101 32 4.873
11 40 10.00 1.597 1.098 31.5 4.67
12 40 10.00 1.668 1.091 30.9 4.873
13 40 10.00 1.59 1.107 31.2 4.696
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Anthocyanin content

The method described by Abdel-Aal [16] was used to quan-
tify anthocyanin content. The anthocyanin extracts were 
prepared with 0.1 g of lyophilized fruit and acidified cold 
ethanol (95% methanol and 1 N HCI, 85:15, v/v). After that, 
the sample was centrifuged (Model 5415D; Eppendorf AG, 
Hamburg, Germany) at 3000×g for 10 min, and the superna-
tant was collected. The absorbance of the sample was meas-
ured immediately at 520 nm in a microplate reader (Model 
xMark TM; Bio-Rad, CA, USA). Total anthocyanin content 
per sample (mg/kg fresh weight) was calculated as equiva-
lents of cyanidin-3-glucoside using the following Eq. (5):

 where C is concentration of total anthocyanin (mg/kg), A 
is absorbance reading, £ is molar absorptivity (cyanidin-
3-glucoside = 25,965   cm−1  M−1), vol is total volume of 
anthocyanin extract, and MW is molar weight of cyanidin-
3-glucoside (449.2 g).

Chemical characterization of OHWT

Once the OHWT conditions were obtained, a characteriza-
tion of bioactive compounds and antioxidant capacity was 
carried out; this to check the OHWT effectiveness. Ten 
fruits were selected, five of them received the OHWT and 
the remaining were considered as control. Once the treat-
ment was applied to the fruits, the samples were stored at 
− 20 °C (Whirpool freezer, WC150140) immediately after 
the application of OHWT for evaluation.

Phenolic compounds

Methanol extracts (ME) of eggplant were obtained by mac-
eration. Two grams of lyophilized tissue from peel and 
pulp of eggplant fruit were taken, to which 40 mL of dis-
tilled methanol were added. The container with the tissue 
and methanol was shaken, then sonicated for 20 min. The 
supernatant was collected in two 15 mL tubes and centri-
fuged for 10 min, then the supernatant was filtered through 
Whatman No.1 paper and the filtered sample was collected. 
The procedure was repeated 2 more times with washes of 
20 mL of distilled methanol. The solvent was eliminated 
under vacuum (40 °C) with a rotary evaporator (BÜCHI 
Labortechnick AG, Switzerland), followed by removal of 
any residual solvent in a vacuum oven at 40 °C. The ME 
obtained were stored at − 20 °C in the dark until use.

Total phenolics were quantified by Folin–Ciocalteu (FC) 
method with slight modifications [17]. The determination 
was carried out in a 96-well microplate. Ten microliters of 

(5)C = (A∕£) × (vol∕1000) ×MW × (1∕sample weight)

the ME (10 mg/mL), gallic acid (standard) or distilled water 
(negative control) were mixed with 100 µL of the FC rea-
gent diluted in water (1:10, v/v). The microplate was gen-
tly shaken and allowed to stand for 2 min, 90 µL of a 10% 
sodium carbonate solution  (Na2CO3) was added, the mixture 
was shaken and incubated at 40 °C for 30 min in the dark. 
Finally, absorbances were measured in a microplate reader 
(Multiskan Bichromatic, Fisher Scientific, USA) at 765 nm. 
Quantification was carried out using a gallic acid calibration 
curve (0–250 µg/mL) and the results were expressed as mil-
ligrams Gallic Acid Equivalents (GAE) per 100 g, dry base 
(mg GAE/100 g DB).

To evaluate the content of chlorogenic acid (CA), 50 mg 
of ME were dissolved in 5 mL of  H2O:methanol (9:1, v/v) 
and partitioned with ethyl acetate (5 mL/3 times); this phase 
was brought to dryness, the residue was dissolved in metha-
nol (10 mg/mL) and filtered through a polyvinylidene dif-
luoride membrane (17 mm × 0.45 μm). The mobile phase 
consisted of 1% formic acid (A) and acetonitrile (B), with 
an initial gradient of 0.5 of B, linear increase of 30% of B at 
10 min, remaining so for 10 min, and finally linear increase 
until 60% B at 30 min. Total running time was 35 min. Flow 
rate was 0.4 mL/min and injection volume of 15 µL. Detec-
tion was performed at 320 nm. Quantification was performed 
using a calibration curve with a commercial CA standard 
and the results were expressed as micrograms of CA per 
milligrams of ME (µg CA/mg ME) [18].

The anthocyanin content was determined as previously 
reported in the “Optimization” section.

Antioxidant capacity

2,2-Diphenyl-1-picrylhydrazyl (DPPH) analysis was per-
formed with some modifications [19]. In a 96-well micro-
plate, an aliquot of 20 µL of the diluted methanolic extract 
(1:2 v/v) was mixed with 180 µL of the 150 mM DPPH 
radical (methanol). The mixtures were incubated for 30 min 
in complete darkness (27 °C) and were read at an absorbance 
of 525 nm in a microplate reader (SynergyTM HT Multi-
Detection, Biotek, Inc., Winooski, VT). Trolox was prepared 
as a calibration curve (0–200 µg/mL) and the antioxidant 
capacity was reported as Trolox equivalent (µmol TE/100 g 
DB).

In the 2,2′-azinobis-3-ethylbenzotiazoline-6-sulfonic acid 
(ABTS) method, the reagent is oxidized to its correspond-
ing radical ABTS˙+, which shows an intense coloration in 
solution. The antioxidant substances transfer electrons or 
hydrogen atoms to the radical ABTS˙+ species being inac-
tivated and measured as the loss of color. This method was 
evaluated according to López-Angulo [19] with some modi-
fications. The ABTS˙+ was prepared by mixing ABTS (7 
mM) reagent and potassium persulfate (2.45 mM) in a 1:1 
ratio, and the mixture was allowed to stand for 12 h at 25 °C 
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in darkness. The ABTS˙+ radical was diluted with phos-
phate buffer solution (7 mM, pH 7.4) to get an absorbance 
of 0.7 ± 0.02 at 734 nm. In assay tubes, 100 µL of samples 
were diluted in methanol (1:20) and mixed with 1900 µL of 
ABTS˙+ diluted radical; the mixtures were allowed to stand 
for 30 min at 27 °C in darkness and their absorbances were 
measured at 734 nm. A Trolox calibration curve was pre-
pared in the range of 0–225 µg/mL and the antioxidant activ-
ity expressed as Trolox Equivalent (µmol TE/100 g DB).

Statistical analysis

For the characterization technique, all experiments and anal-
ysis were completely randomized with five replicates. The 
statistical analysis of variance was performed using Stat-
graphics Centurion XVI software (Statpoint Technologies, 
Inc., Warrenton, VA, USA). The means specific differences 
were determined by Fisher’s least significant difference 
(LSD) method, which was applied following the analysis of 
variance (ANOVA), significance of differences was defined 
at P ≤ 0.05.

Results and discussion

Optimization process

Fitted model checking

Response surface analysis was applied to the experimental 
data. Table 1 shows the different combinations of tempera-
ture and time factors used to obtain an OHWT. ANOVA 
and least squares regression were performed for each of the 
response variables.

The predictive models in terms of coded factors were 
Eq. (6) for PME, Eq. (7) for ∆E, Eq. (8) for firmness and 
Eq. (9) for anthocyanins content:

 (p-value of model < 0.0001; adjusted R2 = 98.82)

 (p-value of model < 0.0001; adjusted R2 = 92.58)

 (p-value of model < 0.0001; adjusted R2 = 93.28)

(6)
PME = 1.62 + 0.53(T) + 0.25(t) + 0.027(T)(t) + 0.27(T)2+0.12(t)2

(7)�E = 1.10 + 0.033(T) + 0.017(t) + 3.47810−3(T)(t) + 2.85810−3(T)
2
+4.39810−3(t)

2

(8)Firmness = 31.32 − 2.40(T) − 0.70(t) − 0.31(T)(t) − 1.04(T)2−0.64(t)2

(9)Anthocyanins = 4.74 − 1.12(T) − 0.36(t) − 0.10(T)(t) − 0.48(T)2−0.32(t)2

 (p-value of model < 0.0001; adjusted R2 = 94.92)
The ANOVA showed that the models were highly sig-

nificant for all responses (p < 0.0001). The F values for 
the four responses were significant. The predictive capa-
bility of the model is usually explained by the adjusted 
coefficient of determination, which for all responses were 
R2

adj > 0.8, indicating that a high proportion of variability 
was explained by the data. The lack of fit did not result 
in a significant p value, indicating that these models 
should be used for predicting those responses. As a rule, 
the coefficients of variation (CV) should not be greater 
than 10%. In this study in particular, the CVs were less 
than 10% for all responses. This indicates that the models 
were adequate for describing the behavior of the response 
variables.

Effect of process variables on PME activity

Eggplants subjected to HWT showed PME activities 
ranging from 1.333 to 2.922 (U/g FW) (Table 1). The 
analysis of variance of the prediction model for PME 
activity in eggplant showed the relationship between this 
response variable and the HWT factors (T and t). Con-
tour and response surface graphs were constructed from 
the mathematical prediction model of PME activity in 
which the effect of the HWT factors on PME activity is 
observed (Fig. 1a). It is important to mention that apply-
ing the treatment with the higher temperature (54.14 °C) 
(Fig. 1a), did not inactivate the PME enzyme and on the 
contrary, an irreversible activation was carried out for 
all treatments, as desired. PME activity has a key role in 
the degradation process of the cell wall of eggplants [6]. 
In this study, as the factors (temperature and time) of the 
treatments increased, PME had greater activity (Fig. 1a). 
These results could be due to the participation of the PME 
enzyme in the fruit softening process, this enzyme cata-
lyzes pectin demethylation, which allows PG to further 
degrade the cell wall, this process would be accelerated 
when the fruit is subjected to high temperatures, since 
the application of a moderate stress causes the activa-

tion of PME enzyme [6]. Likewise, in previous studies 

it has been mentioned that this difference in the activity 
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of the enzyme under different temperatures could be due 
to a low thermostability of the enzyme, since it is the 
increase in temperature that influences the activity of 
PME [20]. Similar results were previously reported in 
kiwi fruits [21], when temperature (25–45 °C) and time 
(from 0 to 25 min) were increased, a higher PME activ-
ity was obtained, which tripled when the fruit was sub-
jected to 45 °C (9.00 µmol  COO−  g−1  min−1) compared 
to the application of 25 °C (3.19 µmol  COO−  g−1  min−1). 
Similarly, when a HWT at 55 °C for 60 s in eggplant 
was applied, it was obtained a higher PME activity com-
pared to the control after 15 days of storage [6]. These 
results could be attributed to the fact that the application 
of HWT at high temperatures caused a higher solubiliza-
tion of pectin as a result of the catalytic action of cell 
wall enzymes [6]. A HWT was applied at 60 °C for 1 min 
on melon fruits, with higher PME activity noted in the 
treated fruits compared to the control [22]. In the same 
way, in another study, greater PME activity was obtained 
in lettuce samples subjected for 1 min to a HWT at 50 °C 
compared to those subjected to 25 °C [23].

Effect of process variables on color

From the mathematical prediction model of the ∆E variable, 
response surface graphs were created (Fig. 1b) in which the 
effect of the HWT factors (T and t) on the ∆E was observed. 
Color is a particularly important sensory attribute in the 
eggplant fruit, since its decrease is an indicator of loss of 
quality. In this study, it was observed that the higher the tem-
perature and time of the HWT in eggplant fruit, the greater 
changes occurred in their external color. This behavior 
obtained for color change could be attributed to the exposure 
of the eggplant to a moderate stress factor (HWT) that could 
be causing a greater degradation of temperature-sensitive 
phenolic compounds such as anthocyanins [24]. In accord-
ance with this work, in a research carried out in cucumber 
[14], four different hydrothermal treatments were applied, it 
was found that when applying two intermittent HWT (40 °C 
for 30 and 50 min) and two continuous (40 °C for 30 and 
50 min) these had positive effects in terms of reducing the 
development of yellow zones in the peel of the fruit; this was 
also reported in spinach leaves (heat shock treatment) [25], 

Fig. 1  Response surface showing the effect of HWT with different temperature and time on the PME enzyme activity (a), total color difference 
∆E (b), firmness (c) and anthocyanin content (d) in eggplant fruits
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while the continuous treatment at a temperature of 40 °C 
for 50 min caused severe stress, triggering an evident etiola-
tion during storage. Another research conducted on fresh-cut 
eggplant [5] concluded that the behavior of browning when 
applying a HWT (50 °C × 60 s) was similar to that of the 
general appearance, since temperatures below 40 °C and 
above 60 °C produced a significant decrease in the scores 
of this parameter.

Effect of process variables on firmness

Figure 1c shows that the shorter the application tempera-
ture and time (25.86 °C × 10 min) of HWT, the higher the 
firmness (32.75 N), i.e., firmness is closer to that of fresh 
product due to temperature is low. This parameter has great 
importance because it determines the commercial value of 
eggplants. The results obtained in this study agrees with 
the evaluation of the activity of the PME enzyme, where it 
was reported that at a longer time and temperature, a higher 
activity of this enzyme was obtained, which is the cause of 
an accelerated loss of firmness. This process occurs in vari-
ous fruits and vegetables products, due to the degradation 
of polyuronides, which leads to the degradation of cell wall 
components, such as cellulose, hemicellulose, and pectin 
[6, 26]. Which would explain the results found in this study, 
given that when the PME activity was higher, a greater loss 
of firmness was obtained in the fruits. It has been reported 
in minimally processed kiwi fruit that their immersion in hot 
water (45 °C for 25 min) maintained firmness for a period of 
10 days, and then, after a storage period of 3 days the control 
samples suffered a rapid loss (64%) of firmness compared 
to the first 10 days of storage [21]. These samples showed 
significantly different firmness in relation to those treated 
with a HWT. Similarly, other authors found greater firm-
ness retention in melon immersed in hot water (70 °C) for 
3 min, compared to melon immersed in cold water (10 °C) 
for 20 min [27]. These authors mentioned that firmness 
retention was related to the activity of cell wall degrading 
enzymes (PG, PME, glucanase, and galactosidase); which 
coincides with the results obtained in this research, since 
when PME activity was lower, firmness variable was higher.

Effect of process variables on anthocyanin content

In Fig. 1d it can be observed the effect that the temperature 
and time factors had on the anthocyanin content, since when 
these factors were higher (54.14 °C × 10 min), the anthocya-
nin content was lower (2.417 Eq. of cyanidin-3-glucoside/g 
FW). Which may be indicators of condensation with other 
compounds, greater degradation of anthocyanins and non-
enzymatic browning reactions, that have been reported to 
produce the brown and polymeric color pigments that are 
believed to be one of the main causes of quality loss during 

postharvest handling and processing of fruit due to cleavage 
of covalent bonds, oxidation or intensification of oxidation 
reactions [28]. In a study carried out on eggplant [28], it was 
mentioned that changes in its coloration and anthocyanins 
degradation were affected to a greater extent by an increase 
in temperature and exposure time, due to a loss in the sta-
bility and concentration of anthocyanins, being delphinidin 
and nasunin the most abundant anthocyanins [29]. Where 
the accumulation of other than nasunin and delphinidin 
3-rutinoside (tulipanin) in eggplant is extremely rare [4]. 
Furthermore, they reported that the brown color occurred 
along with the reduction of anthocyanin content, which is 
consistent with this and previous works [30]. It was reported 
that monomeric anthocyanin degradation was faster than the 
formation of nonenzymatic browning products in reconsti-
tuted blackberry juice at high temperatures [30]. Similar 
results were reported when applying a blanching treatment 
in yams, where a loss of anthocyanins of up to 14.7% was 
observed [31]. It is important to mention that the degrada-
tion of anthocyanins causes a darkening phenomenon in the 
peel when exposed to high temperatures and changes the 
antioxidant capacity that depends largely on the food system 
and the method used to apply heat [2], which matches with 
the results observed for color change in this study.

Optimization

The RSM was used through the application of a CCD, where 
different combinations of temperature and immersion times 
of the HWT were established to optimize the process. Fig-
ure 2 was obtained from the superposition of the previously 
described contour graphs (Fig. 1). The central point of the 
optimization region in Fig. 2 corresponds to the optimal 
combination of process variables to obtain adequate values 
of the HWT, which were: temperature of 40 °C and a time 
of 15 min. The predicted values of PME activity, ∆E, firm-
ness, and anthocyanin content, using the prediction models 
of each of the response variables and the optimal conditions 
of the HWT were 1.90 U/g FW, 1.12, 29.99 N, and 4.05 
Eq. of cyanidin-3-glucoside/g FW, respectively (Fig. 2). To 
validate the predictions the HWT was fulfilled using the 
optimal conditions of temperature and time. The experimen-
tal values of PME activity, ∆E, firmness, and anthocyanin 
content obtained with optimal conditions (1.62 U/g FW, 
1.09, 31.32 N, and 4.74 Eq. of cyanidin-3-glucoside/g FW, 
respectively) were similar to the previously mentioned pre-
dicted values, indicating that the optimal conditions of the 
HWT process were suitable and reproducible.

Chemical characterization of OHWT fruits

As shown in Fig. 3a, results indicated 10.5 mg GAE/100 g 
for control and 17.76 mg GAE/100 g for OHWT for phenolic 



 D. A. Díaz-Corona et al.

content evaluation, with significant difference. For the deter-
mination of anthocyanin content, it was obtained 0.3467 and 
0.2819 Eq. of cyanidin-3-glucoside/g FW for control and 
OHWT, respectively (Fig. 3b). Regarding the content of 
chlorogenic acid, fruit of both treatments showed differences 
obtaining 4.74627 µg CA/mg ME for control and 5.9715 µg 
CA/mg ME for OHWT (Fig. 3c). Eggplant is a fruit with a 
high content of phenolic compounds, in both the peel and 
the pulp, being anthocyanins and chlorogenic acid the most 
abundant [29]. Previous studies have shown that the phe-
nolic content can decrease or increase in fruit and vegeta-
bles depending on storage conditions, such as cold storage 
(chilling injury temperatures), and the application of physi-
cal and chemical treatments [32]. In this study, total phenolic 
content increased in response to the OHWT (Fig. 3a), which 
could be the result of the generation of a moderate stress 
in the fruit due to the application of the OHWT causing 
the activation of the non-enzymatic antioxidant system and 
the synthesis of these compounds [33]. HWT also produces 
lower oxidative stress, which changes the amount of antioxi-
dants and promotes tolerance to subsequent severe stress in 
horticultural products [8]. Similar results were previously 
reported in heat-treated (boiling, steaming, and microwav-
ing) eggplant where an increase in phenolic compounds, and 
a reduction in the activity of the PPO enzyme (the enzyme 
responsible for the oxidation of phenolic compounds) was 
observed compared to untreated eggplant [34]. Secondary 

metabolites present in plant tissues, such as phenolic sub-
stances, are believed to have antioxidant properties, so the 
phenolic substances they produce are beneficial in counter-
acting oxidative stress [28, 35]. During the present experi-
ment, it was observed that the presence of total anthocya-
nins was affected by the application of an OHWT (Fig. 3b). 
This may be because temperature is shown to be a crucial 
factor in the degradation of anthocyanins and its degrada-
tion increases in proportion to the increase in temperature. 
Hot water treatments by immersion cause even greater loss 
of anthocyanin content than in other thermal processes, as 
more water is involved, a greater dissolution of anthocyanins 
occurs, degrading more easily, since they are compounds of 
a water-soluble nature [28]. The same behavior was reported 
previously in eggplant when evaluating anthocyanins and 
antioxidant capacity in the peel subjected to different heat 
treatments (steam or boiled) [28]. In addition, eggplant 
stands out for its antioxidant activity, which is related to 
its content of phenolic compounds, with chlorogenic acid 
(5-O-caffeoylquinic acid) being the most abundant in the 
pulp [36]. On this study, it was observed a higher content of 
chlorogenic acid in the OHWT (Fig. 3c), which may be due 
to an increase in the isomerization and hydrolysis reactions, 
which leads to the distribution of phenolic acid concentra-
tion, due to the massive trans-etherification occurring during 
the application of the heat treatment [36]. These results are 
similar to those previously reported in heat treated eggplant, 

Fig. 2  Overlay plot showing the region with the best combination of the process variables with which a HWT was optimized for eggplant fruits
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where it was observed an increase of chlorogenic acid in 
samples treated during four weeks of storage [36].

Thermal treatments generally affect antioxidant content 
[5]. Furthermore, during postharvest storage, the free radi-
cals produced may be responsible for the overall decrease 
in total antioxidants in fresh fruits [35]. For DPPH analysis, 
it was obtained 236.60 and 259.10.91 µmol TE/100 g for 
control and OHWT, respectively (Fig. 4a). Meanwhile, for 
the total antioxidant capacity using ABTS methodology it 
was obtained as results 188.18 and 169.17 µmol TE/100 g 

for control and OHWT respectively as shown in Fig. 4b. 
Treatments evaluated by both methods showed significant 
differences (p < 0.05). Antioxidative systems respond to tem-
perature stress, so if horticultural products are subjected to 
moderate and reversible stress (heat treatment) in the fruit 
tissue with different levels of severity, which will depend 
on the temperature and exposure time, species and variety; 
it is possible to lower oxidative stress, which modulates 
antioxidant levels and induces a reversible suspension of 
ripening [8]. Studies reported that some small molecules 
with antioxidant capacity could be distilled away with the 
application of HWT [28]. Similar to the results presented in 
this study, it has been reported that total antioxidant capac-
ity levels in mume fruit were higher in HWT fruits than in 
control fruits during complete storage [37]. At the beginning 
of the experiment, OHWT showed a significant increase 
in antioxidant capacity compared to the control (Fig. 4a). 
These results coincide with those obtained in radish slices 
treated with HWT (50 °C, 1.5 min) and an immersion in 
a 2% ascorbic acid solution, where it was determined that 

Fig. 3  Effect of the application of an optimum hot water treatment 
(OHWT) (40 °C, 15 min) on total phenolic (a), anthocyanin (b) and 
chlorogenic acid contents (c) in eggplant fruits. Data represents the 
mean + standard deviation (n = 5). Different letters in each graph indi-
cate a significant difference (Fisher p < 0.05)

Fig. 4  Effect of the application of an optimum hot water treatment 
(OHWT) (40  °C, 15  min) on DPPH (a), and ABTS (b) antioxidant 
capacities in eggplant fruits. Data represents the mean + standard 
deviation (n = 5). Different letters in each graph indicate a significant 
difference (Fisher p < 0.05)
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the antioxidant capacity was significantly higher than the 
untreated samples [38]. This may be due to heat treatments 
also employ a beneficial effect on the antioxidant capacity 
of eggplant fruit as a result of the disruption of the cell wall 
and a consequent release of antioxidant compounds, which 
leads to an increase in antioxidant capacity. It has been 
issued that the antioxidant capacity was higher in steamed 
and boiled eggplant fruit than in control fruit [34]. It is 
possible that high temperatures cause a rupture in the cell 
wall and release phenolic compounds causing an increase 
in antioxidant capacity, just as it is well known that these 
compounds exert antioxidant capacities and that the con-
tent of these compounds is affected and could decrease or 
increase depending on exposure to thermal processes [34]. 
Temperature and storage could also be determining factors 
in the antioxidant capacity of the fruit since in this study it 
was observed that the control fruit had a higher antioxidant 
capacity (ABTS) as shown in Fig. 4b, possibly related to a 
high content of phenols in eggplants, and also that possibly 
other substances of a nature other than polyphenols contrib-
ute to the antioxidant capacity, such as anthocyanins, beta 
carotenes, and others [5]. This coincides with a previous 
report [39], where it was evaluated the changes in the con-
tent of phenolic compounds and antioxidant capacity during 
storage and it was observed an increase in the antioxidant 
capacity of eggplant fruit stored at 10 °C, which was attrib-
uted to the accumulation of the phenolic compounds in the 
fruit during the storage at low temperatures (0 °C). This is 
consistent with a previous report [5], where changes in the 
content of phenolic compounds, antioxidant capacity and 
activities of oxidative enzymes were evaluated when apply-
ing a HWT (50 °C × 60 s).

Conclusions

The optimal hot water treatment conditions for eggplant 
were 40 °C for 15 min; being the first experiment where the 
thermal variables are optimized. This could serve as a basis 
for other studies on eggplant and may be applied for extend-
ing its shelf life for exportation with a positive effect. These 
results prove that OHWT had a benefit in numerous quality 
attributes and maintained the antioxidant capacity thanks to 
the retention of bioactive compounds.
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