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Abstract

The cambuci is a fruit that has been attracting interest due to its rich composition of phenolic compounds. However, the fruit’s
peel is an understudied agro-industrial by-product. This study is aimed at assessing the effects of temperature and pH in an
innovative system. This system integrates an in-line UV-VIS analysis detector into the process of extracting and hydrolyzing
bioactive compounds from cambuci peel, enhancing process monitoring. The system operated with 2 g of cambuci peel in the
reactor for 60 min, using a water flow rate of 2 mL min~!, 15 MPa, temperatures ranging from 40 to 160 °C, and pH levels
from 4 to 7. The results indicated that increasing the temperature led to a more favorable response in total phenolic compounds
(TPC) and the antioxidant capacity of the samples. At the same time, the selected pH range had a minimal impact. Further-
more, the obtained material revealed the presence of citric acid, glucose, arabinose, and fructose, with fructose showing the
highest concentration. The in-line coupling system proved to be highly effective in real-time monitoring and determining
the completion of the extraction or hydrolysis process, as it allowed for the observation of decreasing concentrations of the
compounds of interest. Thus, this study contributes to the understanding and optimization of the extraction of bioactive
compounds from cambuci peel, providing valuable insights for future applications in the food and natural products industry.
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Introduction

Brazil is one of the world’s most biodiverse nations, boast-
ing an astounding array of over 40,000 distinct plant spe-
cies, constituting an impressive 20% of the Earth’s plant life
(Oliveira et al., 2012). Nonetheless, numerous native and
exotic species remain relatively untapped but can serve as
a revenue source for the local community. Furthermore, it
presents an opportunity to enter niche markets where con-
sumers seek compounds known for their health benefits
(Seraglio et al., 2018). The Myrtaceae family comprises
approximately 145 genera and 5970 species (Barbieri et al.,
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2017), ranking as one of the prominent families within the
Brazilian Atlantic Forest (Stefanello et al., 2011). Nonethe-
less, several fruits within this family are still classified as
wild plants or are traded at a limited scale (Donado-Pestana
et al., 2015). Among them are the camu-camu (M. dubia
McVaugh), the guabiju, the jambolan (S. cumini (L.) Skeels),
and the cambuci (Campomanesia phaea O. Berg) (Donado-
Pestana et al., 2015; Seraglio et al., 2018).

Cambuci is found mainly in Minas Gerais State, Sdo
Paulo (SP) State, and Rio de Janeiro (RJ) State of Brazil.
The fruit has a diameter of 5-6 cm, high humidity, acidity,
and fiber content (Donado-Pestana et al., 2018). In addition,
it is made up of approximately 80.5% pulp, 18.5% peel, and
1% seeds (Tokairin et al., 2018). The annual production of
this fruit can reach 300 tons (Donado-Pestana et al., 2015).
Certain studies have indicated that cambuci is rich in poly-
phenolic compounds, including ellagitannins and proantho-
cyanidins (Paes et al., 2021; Sanches Azevedo et al., 2017),
and a high antioxidant capacity in vitro (Sanches Azevedo
et al., 2017). The peel becomes the main by-product through-
out the processing and represents an approximate waste of
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55.5 tons per year. Information on the use of cambuci peel is
limited because this fruit lacks a large-scale industry. How-
ever, the company Asmussen (Natividade da Serra, SP, Bra-
zil) has reported that some of the by-products are destined
for composting. On the other hand, Souza Ronchi (2021)
mentions that cambuci peel is used to make tea, represent-
ing a potential market opportunity. This by-product remains
largely unexplored but could be a source of polyphenolic
compounds and sugars of interest to the food industry.

Recently, there has been growing interest in a more sustain-
able economy, with the concept of a circular economy gaining
significance. Its primary goal is the reduction and reuse of by-
products (Grimaldi et al., 2022). Some research has been car-
ried out on the use of by-products in different areas, including
animal feed (Murugesan et al., 2021; Rahmani et al., 2022),
material processing Grimaldi et al., 2022), industrial chemical
products (Arslan et al., 2016), and energy (Chen et al., 2023),
which allows establishing that by-products should continue
to be studied, especially by their applications in the industry.
Besides, over the last 5 decades, environmentally friendly
extraction techniques have been developed to minimize the use
of organic and synthetic chemicals, shorten extraction times,
and enhance the yield and quality of extracts (Jha & Sit, 2022).
The extraction of bioactive compounds from these by-products
often involves the use of solvents such as methanol, ethanol,
water, acetone, and, in some cases, acidified water (Bunmusik
etal., 2022; Chanioti & Tzia, 2018; Cvjetko Bubalo et al., 2016;
Kumar et al., 2021). For a sustainable bioactive compound
extraction process, the use of “green” extraction methods is
essential (Osamede Airouyuwa et al., 2022). These methods
are considered safe and sustainable once proven to eliminate
toxic solvents, reduce energy consumption, and reduce envi-
ronmental impact (Barba et al., 2015; Osamede Airouyuwa
et al., 2022).

Hydrothermal pretreatment (HTP) under high-pressure
conditions becomes a sustainable alternative for the extrac-
tion and hydrolysis process. This is because water in a sub/
supercritical state has low viscosity and high diffusivity,
making it easier to penetrate the structure of the lignocel-
lulosic matrix. Furthermore, the low dielectric constant of
supercritical water enhances the solubility of organic com-
pounds (Maciel-Silva et al., 2019). The manipulation of
temperature and pressure conditions allows for adjustments
to the physical properties of water, including density, ionic
product, and dielectric constant (Cocero et al., 2018).

Coupling an in-line detector to the extraction and
hydrolysis process in subcritical water is a combination of
technologies that allows real-time analysis of the extracted
components. However, a detailed analysis of samples in an
innovative subcritical water extraction system with in-line
detection is necessary to confirm the benefits of this com-
bination. The hydrothermal treatment of cambuci peel is a
promising option for exploring compounds with potential

value in the cosmetic, pharmaceutical, and food industries.
Moreover, employing water as an extraction solvent facili-
tates an eco-friendly and cost-effective process, given its
short extraction times and high efficiency (Zhang et al.,
2020). Additionally, it enables the comprehensive utilization
of the entire product, thereby minimizing waste generation
and mitigating potential negative environmental impacts.

To achieve this, it is crucial to characterize the extracts
and hydrolysates obtained from the system, enabling future
applications to be envisioned. The study aims to characterize
the extracts and hydrolysates of the cambuci peel obtained
through subcritical water in an in-line detection system,
varying the temperature and pH.

Materials and Methods
Raw Material

The cambuci peel, provided by the Asmussen Company
(Natividade da Serra, SP, Brazil), was dried at 60 °C for
24 h, crushed into 1 mm particles after drying, and stored
at— 18 °C for physicochemical characterization and obtain-
ing the extracts. The analysis included total solids, vola-
tile solids, moisture, ashes, total protein, and total nitrogen
AOAC (2012), and the elementary analysis was conducted
(CHNS-O element analyzer, Thermo Fisher Scientific Inc.,
The Netherlands).

System of Coupling a Detector Analysis In-line
on Subcritical Water Process

The extraction and hydrolysis in subcritical water were car-
ried out using a semi-continuous flow reactor with a total
volume of 100 mL (Fig. 1). The system came equipped
with a high-pressure liquid pump featuring a double piston
(Model 36-USA), which fed and pressurized the system. A
micrometric valve was employed to control the system pres-
sure and was measured with manometers (0-50 MPa). The
extraction and hydrolysis temperature were monitored with
two thermocouples (type K) inside and outside the reactor.
The hydrolysates were cooled using a coil submerged in a
thermostatic bath (Marconi, model MA-184, Sdo Paulo, SP,
Brazil), which used water as a coolant at 10 °C.

The reactor operating conditions and process variables
(temperature and pH) were determined based on information
obtained in previous studies (Barroso et al., 2022a, b; Ferreira
et al., 2023; Lachos-Perez et al., 2020; Maciel-Silva et al., 2019;
Sganzerla et al., 2022). For the hydrothermal pretreatment,
the system was operated for 60 min with a feed of 2 g of dry
cambuci peel at a constant pressure and flow of 15 MPa and
2 mL min~'. Samples were collected at 6-min intervals to ascer-
tain the kinetics of extraction and hydrolysis. Then, the extracts
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Fig.1 Experimental unit for extraction and hydrolysis of cambuci
peel. a Schematic diagram; b 3D representation. Label: WC, water
container; P, pump; GV, gate valve; HE, heat exchanger; B, barome-

and hydrolysates were centrifuged at 3000 rpm for 10 min and
stored at— 18 °C for future analysis. The hydrothermal process
of the cambuci peel was performed using the surface response
methodology (RSM). It involved the utilization of central com-
posite rotatable design (CCDR), for two independent variables
(temperature and pH). The best extraction/hydrolysis condition
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ter; O, oven; R, reactor; T, thermostat; TWB, thermostatic water bath;
SPE, solid phase extraction; COL, column; IV, interface valve; PDA,
detector; C, computer; BPR, micrometric valve; CV, collect vessel

will be selected for monitoring in an in-line system (PLE-PDA).
It utilizes pressurized liquid extraction (PLE) with detection
in-line employing a photodiode array (PDA). The temperatures
of 40 and 57 °C will be considered extraction temperatures,
and temperatures of 100, 143, and 160 °C will be considered
hydrolysis temperatures (Table 1).
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Extract and Hydrolysate Characterization
Color

The colorimetric coordinates L* (lightness), a* (red/green
value), and b* (blue/yellow value) of the CIELab system
were obtained by measuring transmittance values every
5 nm between 340 and 830 nm in a UV-Vis spectrophotom-
eter (Model UV-MS51, Bell Photonics) (Gilchrist & Nobbs,
2017; Ohta & Robertson, 2006). The hue angle (h°) was
calculated using Formula 1.

he =tan_'(z—:> 1)

pH

The pH was measured using a digital pH meter (model THS-
3E- USA) at 25 °C. The pH meter was previously calibrated
with buffer solutions.

Antioxidant Activity Through Free Radical DPPH
and FRAP Assays

The antioxidant capacity of the cambuci peel extracts
and hydrolysates was assessed by measuring their abil-
ity to inhibit the 2,2-diphenyl-1-picrylhydrazyl (DPPH)
free radical (da Silveira et al., 2018). In this assay, 150 pL.
of the sample was mixed with a 5.85 mL DPPH solution
and incubated in the dark for 30 min. After, the absorb-
ance at 515 nm was determined using a UV-Vis spectro-
photometer (Model UV-M51, Bell Photonics). A Trolox
standard curve (50-1000 uM) was used for quantification

Table 1 Model’s experimental parameters and test responses

(y=—0.0006x +0.6762, R>=0.9922). The analysis was car-
ried out in triplicate (n=3). The results were expressed as
umol of Trolox equivalent antioxidant capacity (TEAC) g~!
dry cambuci peel (umol g~1).

The ferric reducing antioxidant power (FRAP) assay,
modified from the procedure outlined by Benzie and Strain
(1996), comprised the combination of 200 pL of the sample
with 200 pL of a 3 mM ferric chloride solution and 3.6 mL
of a 2,4,6-Tris(2-Pyridyl)-S-Triazine (TPTZ) solution. This
mixture underwent incubation at 37 °C for a duration of
30 min, followed by 10 min of rest in a lightless setting.
Subsequently, the absorbance at 620 nm was measured in a
UV-Vis spectrophotometer (Model UV-M51, Bell Photon-
ics). A Trolox calibration curve (1001000 uM) was used
for quantification (y=0.0018x+0.0319, R>=0.9976). The
analysis was conducted in triplicate (n =3). The results were
expressed as pmol of Trolox equivalent antioxidant capacity
(TEAC) g~! dry cambuci peel (pmol g~1).

Total Phenolic Compounds

TPC was measured using the Folin—Ciocalteu method (Singleton
et al., 1999) with modifications. Added 60 pL of samples to a
mixture containing 300 uL of Folin—Ciocalteu reagent and 3 mL
of distilled water. The solution was homogenized, and after 3 min
in the dark environment, 0.9 mL of sodium carbonate (15%) and
1.74 mL of distilled water were added. After 2 h, the absorbance
at 765 nm was determined using a UV-Vis spectrophotometer
(Model UV-MS51, Bell Photonics). The values were determined
based on a calibration curve (0—1000 uM) using a gallic acid solu-
tion (y=0.0005x—0.0127, R*=0.9935). The results were reported
in mg gallic acid equivalent (GAE) g~! dry cambuci peel.

Test Non-codified Codified variables DPPH FRAP Reducing sugar TPC (mg g™}

variables (umol TEAC g™!) (umol TEAC g™") (mgg™)

Temperature pH  Temperature pH

(O] 0
T1 Extraction 57 44 -1 -1 58.30 96.15 104.65 10.55
T2 Hydrolysis 143 44 41 -1 56.36 456.57 105.86 4591
T3 Extraction 57 6.6 -1 +1 57.21 85.70 87.48 10.35
T4 Hydrolysis 143 6.6 +1 +1 52.14 302.29 132.54 38.57
T5 Extraction 40 55 -141 0 55.80 66.34 85.63 6.72
T6 Hydrolysis 160 55  +141 0 47.22 501.91 101.59 46.40
T7 Hydrolysis 100 40 O -1.41 6141 149.55 120.75 17.79
T8 Hydrolysis 100 70 0 +1.41  56.69 156.18 53.15 15.89
T9 Hydrolysis 100 55 0 0 58.91 165.74 116.01 16.75
T10 Hydrolysis 100 55 0 0 58.20 165.35 115.99 15.77
T11 Hydrolysis 100 55 0 0 57.45 163.71 114.98 16.24
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Reducing Sugars

The concentration of reducing sugars (RS) was assessed
through a Somogyi—Nelson Method, described by Norton
(1944). The absorbance of the reaction was determined at
540 nm using a UV-Vis spectrophotometer (Model UV-M51,
Bell Photonics). A calibration curve of glucose was used
for quantification (50-500 mg LY (y=5000.36x—41.108,
R?>=0.9862). The analysis was performed in triplicate
(n=3), and the results were reported as mg glucose g~! dry
peel of cambuci.

Sugars, Citric Acid, and Inhibitors

Sugars, citric acid, and inhibitors were quantified utilizing
HPLC coupled with a refractive index detector (RID), fol-
lowing the procedure described by Barroso et al. (2022a, b).
Concentrations of glucose, fructose, arabinose, citric acid,
and 5-HMF were computed based on calibration curves for
each corresponding standard. The results were reported as
mg g~ ! of dried cambuci peel.

UPLC-PDA-MS Analysis

After establishing optimal conditions, the cambuci peel
extracts were diluted fivefold in water, filtered in a nylon
filter of 0.22 pm, and further injected in an ultra-perfor-
mance liquid chromatography coupled to a photodiode
array and mass spectrometry (UPLC-PDA-MS) (Acquity,
Waters Co., Milford, MA, USA). The separation system
was performed in an Acquity UPLC BEH C18 50 x 2.1 mm,
1.7 um analytical column, and the mobile phases consisted
of water (A) and acetonitrile (B), both acidified with 0.1%
acetic acid (v/v). The gradient elution was 2% B (0—1 min),
2-15% B (1-2 min), 15-35% B (2-8 min), 35-100% B
(8-10 min), and 100% B (10-12 min). The chromatogra-
phy conditions were a flow rate of 0.5 mL/min, a column
oven at 40 °C, and an injection volume of 3 pL. UV spectra
were recorded from 210 to 400 nm at Amax of 254 nm. MS
analysis was performed in positive and negative ionization
mode (100-1000 Da) with cone voltage of 15 V and 30 V,
respectively, capillary voltage of 0.8 kV, and probe at 600
°C. The software Empower 3 was applied for data processing
(Waters Alliance, Milford, MA, USA). The term “fraction”
denotes the specific time intervals during extraction. For
instance, fraction 1 corresponds to the initial 6 min, fraction
2 to 12 min, and so forth, with fraction 10 representing the
entire 60-min extraction period.

Statistical Analysis

The results were subjected to statistical analysis using
one-way analysis of variance (ANOVA), and significant
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differences at the 5% level were further assessed through
Tukey’s test. Statistical analysis was conducted using
Statistica® software (version 10.0, StatSoft Inc., OK, USA).
The experimental results for antioxidant activity, phenolic
compounds, reducing sugars, and organic acids were ana-
lyzed by response surface methodology (RSM).

Results and Discussion
Evaluation of Raw Material

The composition of dried cambuci peel is presented in
Table 2. The value obtained for the moisture of the cambuci
peel was 7.36 +£0.11%. The protein results (4.93 +0.04%)
are higher than those reported by Sanches Azevedo et al.
(2017) for the cambuci pulp (2.09 +0.01%) and even higher
than those reported by Damiani et al. (2011) for araga peel
(1.39£0.76%), a fruit that also belongs to the Myrtaceae
family. On the other hand, the ash content of the cambuci
peel is higher than those reported by Schiassi et al. (2018)
for the araca and cagaita pulp (belonging to the Myrtaceae
family). However, the ashes obtained from the cambuci
peel (1.23+0.11%) turn out to be approximately 50%
of that obtained in the pulp of this fruit, as reported by
Sanches Azevedo et al. (2017) and Sanches (2013). Ele-
mentary analysis shows that the cambuci peel is composed
mainly of oxygen (48.70%) and carbon (44.38%) and to a
lesser extent, hydrogen (5.93%) and nitrogen (1.00%), val-
ues close to those reported by Rojas-Gonzélez et al. (2019)
for by-products such as passion fruit peel, soursop peel,
and pineapple peel.

Table 2 Composition of dried cambuci peel

Parameters Cambuci peel
Total solids (%) 92.64+0.11
Volatile solids (%) 91.41+0.01
Moisture (%) 7.36+0.11
Total protein (%) 4.93+0.04
Total nitrogen (%) 0.79+0.01
Elementary analysis

Ashes (%) 1.23+0.11
Nitrogen (%) 1.00
Carbon (%) 44.38
Hydrogen (%) 5.93

Sulfur (%) 0

Oxygen (%) 48.70

The results are presented as the mean + standard deviation

The analysis was performed in triplicate (n = 3)
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Color

Figure 2 presents the color of extracts and hydrolysates for
11 tests. The extract obtained at 40 °C (T5) had a lower color
intensity during all the collection times. Likewise, at 57 °C
(T1 and T3), the extracts show less color intensity in the first
12 min, increasing after up to minute 48. Later, intensity
decreases, possibly due to extraction process completion
(Ferreira et al., 2023). At 100 °C (T7-T11), between 12 and
24 min, slight darkening appears in extracts. On the other
hand, the tests at 143 and 160 °C (T2, T4, and T6) show
significant color change, becoming darker and browner.
This can be attributed to Maillard reaction products and
sugar decomposition products, also called caramelization
products, which are directly related to the high temperatures
of the process (Agcam, 2022). Similar results have been
observed in extracts and hydrolysates of jaboticaba peel
(Barroso et al., 2022a, b), pitaya peel (Ferreira et al., 2023),
and acai seeds (Maciel-Silva et al., 2019).

Table 3 presents the CIELab color appearance param-
eters (h°, b*, L*, and a*) of the extracts and hydrolysates
post-hydrothermal pretreatment. For the extracts that were
obtained at low temperatures (40 and 57 °C), the luminosity
values (L*) ranged between 74.68 and 98.04, which indi-
cates that the coloration of the extract is closer to white (Yee
et al., 2023). For the tests carried out at 100 °C, the values
of L* oscillated between 30.27 and 95.86, which allows
for determining a greater variation in the luminosity of the
extracts with increasing temperature. Likewise, significant

differences were found between the collection times of
hydrolysates at 100 °C. The hydrolysates at temperatures of
143 and 160 °C presented an oscillation between 0.08 and
97.42 for this parameter, with significant differences for all
collection times. However, it was possible to establish that
the values closest to 0.08 were found at 12 and 18 min and
gradually increased to 60 min.

For the parameter a* (greenness (—) to redness (+)),
extraction temperatures yielded the lowest values (40 and
57 °C), varying between —0.48 and 1.18. Furthermore,
extraction at 40 °C showed no significant differences in any
sampling times by the Tukey test. For hydrolysis at 143 °C
and pH 4.4, the maximum value was obtained at 36 min
(a*=29.01). In the case of hydrolysis at 143 °C and pH 6.6
and hydrolysis at 160 °C, the highest values of a* param-
eter were 27.82 and 36.56, respectively, and were found at
30 min. As expected, the highest values for the a* parameter
were found in the samples subjected to higher temperatures,
which could induce oxidation of the phenolics present in
the extracts and generate a reddish color (He et al., 2019;
Yao et al., 2023). The highest a* values for hydrolysates at
100 °C were achieved between 18 and 24 min during the
hydrothermal process.

Analyzing the b* parameter, it is evident that the extrac-
tion temperatures displayed lower values, ranging from 1.98
to 10.87. Regarding hydrolysis temperature, the peak value
(b*=58.28) occurred at 160 °C, precisely at 42 min into
the process. Based on the above, it can be concluded that
higher temperatures promote the extraction of water-soluble
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Fig.2 Visual depiction of the color of the extracts and hydrolysates acquired from the cambuci peel
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Table 3 (continued)

T2 T3 T4 T5 T6 T7 T8 T9 T10 T11

T1

Parameters

78.12+1.25%¢

82.70+1.45"¢

78.77+1.10%¢
78.71+1.03>¢
77.82+0.94°

75.70+0.65°
74.03+0.43"
72.41+0.21°

81.11+1.38%"
81.09+1.35%°

65.02+0.66%

85.07+1.48"
88.49 +1.00°

71.58+1.24%
72.27+1.268

83.48+1.67*
84.91+1.67*

86.03 +1.65°

66.21+0.95
66.77 +0.99

74.28 +1.58"

80.38 +1.53°
79.65+1.53"

48 min

77.80+0.97¢
68.97+1.15"

82.36+1.43%¢

67.91+0.87%¢
70.69 +1.00¢

88.39+1.34%

81.60+ 1.62*°

54 min
60 min

82.45+1.51>¢

81.11+1.32%°

7272 +1.27%¢

phenolic compounds associated with reddish and yellowish
colors (Ali et al., 2019).

For the extracts and hydrolysates obtained in the hydro-
thermal process, the h° angles varied between 17.26 and
88.58. Regarding extraction temperatures, the extracts have
hue angles exceeding 79.55°, suggesting a tendency towards
yellow color. In contrast, hydrolyzed at 100 °C, display hue
angles range from 68.97 to 88.34, indicating a color between
red and yellow. For hydrolysates at temperatures of 143 °C
and 160 °C, the h° values indicate a brown coloration, align-
ing with the coloration seen in Fig. 2.

pH

According to the kinetic curves of the pH (Fig. 3), it is pos-
sible to establish that throughout the process of extraction
and hydrolysis of 11 tests, pH tended to increase, a trend that
was also reported by Castro et al. (2023) for grape pomace.
However, within the first 6 min of extraction, a decrease in
pH is evident, attributed to the consumption of amino groups
and the release of organic acids in the initial stage of the pro-
cess (Li et al., 2021). Its subsequent increase is associated
with the neutralization of organic acids and the formation
of products from Maillard reactions (Ferreira et al., 2023).
In addition, it was observed that the pH was influenced by
temperature, presenting a variation between 2.98 (T1) and
7.87 (T6). Extraction tests (T1, T3, and TS) presented the
lowest pH results during the 60 min of the process, reaching
a maximum pH value of 4.1. On the other hand, hydrolysis
temperatures favored the increase in the pH of the obtained
hydrolysates (T6). Similar results were obtained for jabuti-
caba peel extracts/hydrolysates (Barroso et al., 2022a, b),
soybean residues (Vedovatto et al., 2021), and brewers’
spent grains (Sganzerla et al., 2022). This behavior could be
related to the decrease in amino acids because of the interac-
tion between amino groups with reducing sugars during the
Maillard reaction (Jeong et al., 2021), to the neutralization
of organic acids (Ferreira et al., 2023), and an increase of
[OH—] ions by self-ionization due to high temperatures and
pressure (Ahmed & Chun, 2018; Park et al., 2015).

Antioxidant Activity

Figure 4 illustrates the antioxidant capacity of the cambuci
peel extracts/hydrolysates as assessed using the DPPH and
FRAP tests. The DPPH method revealed that the antioxi-
dant capacity of tests conducted at 100 °C exhibited a linear
trend from 6 to 60 min, with values ranging between 5.60
and 6.21 umol TEAC g~!. Moreover, hydrolysates obtained
at higher temperatures (T2, T4, and T6) yielded lower anti-
oxidant capacity values, ranging from 3.18 to 6.11 umol
TEAC g~!. An explanation for this could be the degradation
of tannins because of high temperatures (Pinto et al., 2021).
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Fig.3 pH of the samples extracted from the cambuci peel using hydrothermal processing

For the T1 and T3 extraction tests, carried out at 57 °C, a
decrease in antioxidant capacity was obtained after 36 and
42 min of extraction, respectively. The test carried out at
40 °C presented a marked decrease after 24 min of the pro-
cess. Similar results were obtained by Bodoira et al. (2019)
for Pistachio (Pistacia vera L.) nuts extract. The accumu-
lated values of antioxidant capacity by the DPPH method
(Fig. 4b) allowed to establish that T7 (100 °C and pH 4)
had a greater antioxidant capacity (61.41 umol TEAC g™ 1).

The FRAP assay revealed that high temperatures favor
antioxidant capacity (Fig. 4c). The maximum value of all the
kinetics was obtained at 160 °C and pH 5.5 (118.07 umol
TEAC g7, followed by 107.28 umol TEAC g~! and
45.26 umol TEAC g~! (T2 and T4, respectively), obtained
at the 18 min of the process. Similar behavior was observed
by Gan and Baroutian (2022) from New Zealand Wakame
(Undaria pinnatifida) seaweed. Furthermore, the results of
antioxidant capacity by this method show a behavior similar
to that of phenolic compounds, which indicates a possible
correlation between these parameters. Also, it was evident
that the extraction temperatures of 40 and 57 °C exhibited the
lowest levels of antioxidant capacity throughout the 60-min
extraction period, the values oscillated between 4.24 and
19.34 umol TEAC g~! for T1, between 4.84 and 11.83 umol

@ Springer

TEAC g_1 for T3, and between 3.06 and 11.37 umol TEAC
g~ ! for T5. The cumulative values of antioxidant capacity for
this assay (Fig. 4d) revealed that the most favorable condition
for antioxidant capacity was T6 (160 °C and pH 5.5), and the
most unfavorable condition was T5 (40 °C and pH 5.5).

The antioxidant capacity for the DPPH and FRAP assays
was assessed using a central composite rotational design
(CCRD) with two independent variables: temperature and pH
(Table 1). In the DPPH method, the significant coefficients
were associated with temperature (both linear and quadratic
terms) and pH (linear term). This method yielded a coefficient
of determination (R?) value of 0.9581. For the FRAP method,
the significant coefficients were linear and quadratic tempera-
ture, presenting an R* of 0.9797, which suggests that the mod-
els effectively match the selected parameters. The models for
the DPPH and FRAP assays are shown below:

DPPH = 53.5924 + 0.3118 - (Temperature)
—0.0018 - (Temperature?)
—1.384 - (pH), (R*> Adj =0.9162)

FRAP = 169.8880 — 3.6345 - (Temperature)
+0.0356 - (Temperature?), (R> Adj = 0.9593)
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Fig.4 Antioxidant activity of the samples extracted from the cambuci peel using hydrothermal processing. a DPPH; b accumulated DPPH; ¢

FRAP; d accumulated FRAP

The optimization results for the antioxidant capac-
ity by the DPPH assay were Temp=79.6 °C, pH=06.4,
and DPPH = 58.15 umol TEAC g~'. For the FRAP essay,
the optimization parameters were Temp =160 °C and
FRAP =500.24 umol TEAC g~'. By performing the
hydrolysis again at 160 °C, it was possible to determine
that the antioxidant capacity accumulated by the FRAP
method was 483.72 pmol of TEAC g~!, which differs by
3.3% from the value predicted by the model obtained.
The behavior of the antioxidant capacity as determined
by the FRAP test closely resembled the results reported
by Ferreira et al. (2023), who studied the extracts and
hydrolysates of pitaya residues using a high-pressure
hydrothermal process. However, for the antioxidant activ-
ity by the DPPH assay, there was a variation in behav-
ior, which could be attributed to the fact that DPPH has a
reduced solubility in aqueous media, which means that this
radical has a low availability to interact with antioxidant

compounds (Angonese et al., 2021). Furthermore, the
pigmentation of some compounds present in the samples
could also interfere with absorption due to the spectra
overlapping (Yeo & Shahidi, 2019).

Figure 5 illustrates the behavior of antioxidant capacity
(DPPH, FRAP, and TPC). Noticeably, the lowest values
correspond to the green areas, while the highest values are
found in the red or brown areas. This provides an insight
into the range of values that these variables can assume
for different combinations of temperature and pH. In the
case of DPPH, it is evident that both pH and temperature
impact the analyzed response (Fig. 5a, b). This suggests
that at temperatures around 80 °C and low pH, better anti-
oxidant capacity yields could be generated when employ-
ing this method. On the other hand, regarding the FRAP
method, it can be concluded that pH does not affect the
response variable; instead, it is solely influenced by the
temperature of the process.
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Fig.5 The influence of temperature and pH on the antioxidant capacity of cambuci peel hydrolysates. a DPPH response surface; b DPPH
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Total Phenolic Compounds

Phenolic compounds were monitored in extracts and hydro-
lysates of cambuci peel, and the results are presented in
Fig. 6. It was observed that the greatest concentration of
phenolic compounds was obtained mainly between 12 and
18 min of extraction/hydrolysis. Likewise, it was possible
to establish that the hydrolysates at 143 and 160 °C (T2,

@ Springer

T4, and T6) presented a higher concentration of phenolic
compounds, with maximum values of 12.44 mg g~! (T2),
9.50 mg GAE g™! (T4), and 12.76 mg GAE g~! (T6). Moreo-
ver, it was established that extraction temperatures (40 and
57 °C) did not favor the concentration of TPC in the extracts
since these tests obtained the lowest concentrations, varying
between 0.35 and 1.97 mg GAE g~!. The accumulated con-
centration of the extracts and hydrolysates of the cambuci
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Fig.6 Kinetic and accumulated performance of total phenolic compounds (TPC) from the cambuci peel through hydrothermal processing. a

TPC; b accumulated TPC

peel presented in Fig. 6b makes it easier to visualize the
behavior described above. The maximum accumulated con-
centration of TPC was obtained at 160 °C (46.40 mg GAE
g_l), and the lowest accumulated concentration was at 40 °C
(6.72 mg GAE g71).

TPC was also evaluated with a CCRD, with temperature
and pH as independent variables (Fig. 5e, f). For TPC, the
significant coefficients were linear and quadratic tempera-
ture, with an R2=0.9776, thus indicating a high correlation
between the data and the model presented below.

TPC = 15.3136 — 0.3057 - (Temperature)
+0.0033 - (Temperature?), (R> Adj = 0.9553)
For TPC, the optimization parameters were

Temp =160 °C and TPC =50.88 mg g~'. After performing
the hydrolysis again at 160 °C, it was determined that the
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accumulated TPC was 48.3 mg ¢!, which differs by 5.1%
from the value predicted by the model obtained. The rise
in temperature and the total phenolic compound concentra-
tion can be explained by the fact that increased temperature
reduces the surface tension of water. This reduction allows
water to penetrate the solid matrix more easily and pro-
motes the dilution of the compounds (Herbst et al., 2021).
Results with this trend were obtained for potato peel (Singh
& Saldafia, 2011), carrot leaves (Song et al., 2018), acerola
pomace (Mesquita et al., 2022), and pitaya peel (Ferreira
et al., 2023).

Reducing Sugars

The kinetic profile of reducing sugars is presented in
Fig. 7. For the tests, the highest yield was obtained during

(b)

Reducing sugar (mg g-1)

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11
Test

Fig. 7 Kinetic and accumulated performance of the production of reducing sugars obtained from the cambuci peel hydrothermal processing. a

Reducing sugars; b accumulated reducing sugars
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the first 12 min of the extraction/hydrolysis process. In
all cases, the kinetics decrease after reaching the highest
yield, achieving stabilization after 30 min. The extraction
tests presented a maximum reducing sugar yield between
34.20 and 39.35 mg g~!. Meanwhile, the hydrolysis tests
carried out at temperatures of 100 and 160 °C presented
the highest yields of reducing sugars between 27.33 and
50.42 mg g~'. In the case of the tests carried out at 143 °C
(T2 and T4), the reducing sugars obtained were 33.56

and 39.33 mg g, respectively. After the first 6 min of
extraction/hydrolysis, T6 (160 °C and pH 5.5) was the test
with the highest yield of reducing sugars, which could
be attributed to an increase in the ionization constant of
water at high temperature and pressure (Ahmed & Chun,
2018; Park et al., 2015). These results favor the increase
of H* and OH™ ions and facilitate the hydrolysis of cel-
lulose and hemicellulose to monosaccharides (Pattnaik
etal., 2021).
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Fig. 8 Kinetic and accumulated performance of monosaccharides obtained from the cambuci peel through hydrothermal processing. a Glucose;
b accumulated glucose; ¢ fructose; d accumulated fructose; e arabinose; f accumulated arabinose

@ Springer



Food and Bioprocess Technology (2024) 17:4960-4979

4973

From the kinetics of reducing sugars, it is possible
to determine that until 30 min (process stabilization), a
higher recovery of 86.69% (m/m) is achieved for all extrac-
tion and hydrolysis tests. This indicates that the extraction
and hydrolysis process could be limited to 30 min. The
accumulated values of reducing sugars at the end of the
60 min of extraction/hydrolysis are presented in Fig. 7b.
T4 obtained the highest accumulated production of reduc-
ing sugars (132.54 mg g7"), followed by treatment T7 with
120.75 mg g~ .

Sugars, Citric Acid, and Inhibitors

The kinetics and accumulation of sugars such as glucose,
fructose, and arabinose obtained in the extraction/hydroly-
sis process are presented in Fig. 8. The analysis revealed
that the sugars that presented the best yields in the cambuci
peel were glucose and fructose. The highest glucose and
fructose results were obtained in T7 with 21.85 mg g~! and
40.20 mg g~!, respectively, 6 min after starting the pro-
cess. Furthermore, it is possible to establish that between
6 and 12 min of the extraction/hydrolysis process, there are
increased yields of these two monosaccharides for all the
tests in the study. At the end of the extraction/hydrolysis,
the treatments that obtained the highest accumulated glu-
cose yields were T1 (57 °C and pH 4.4) (106.35 mg g™ })
and T7 (100 °C and pH 4.0) (102.4 mg g™ '), values higher
than those reported for peach palm by-products (glucose
65.5 mg g~ '—fructose 53.5 mg g~!) (Giombelli et al.,
2020) and orange peel (glucose 50.8 mg g~!'—fructose
34.2 mg g_l) (Lachos-Perez et al., 2020).

Arabinose was only present in hydrolysis tests. In the
case of the tests carried out at 100 °C, the maximum yield
of this monosaccharide was evident 30 min into the pro-
cess. In comparison, the hydrolysates at 143 °C and 160 °C
presented better yields at 18 and 12 min, respectively. The
accumulated arabinose maximums were obtained in T2

80 ¢
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(27.40 mg g_l) and T4 (26.86 mg g_l). The observation
indicates that the monosaccharide is formed due to the
hydrolysis process of polysaccharides since elevated tem-
peratures facilitate the breakdown of lignocellulosic struc-
tures (Barroso et al., 2022a, b; Castro et al., 2023). The
citric acid obtained in the extracts and hydrolysates of the
cambuci peel presented its maximum values between 6 and
12 min of the process (Fig. 9), being T2 (23.50 mg g™ 1),
T4 (24.58 mg g~ 1), and T6 (23.03 mg g~}), the tests with
better yields.

The 5-hydroxymethylfurfural (5-HMF) is a fermentation
inhibitor that is related to the breakdown of glucose (T. C.
G. Oliveira et al., 2020) and the increase in temperature
(Martins-Vieira et al., 2023). This was confirmed as the
inhibitor 5-HMF was only detected in hydrolysates T4
(143 °C and pH 6.6) and T6 (160 °C and pH 5.5), with
accumulated concentrations of 0.87 mg g~! and 0.59 mg g™/,
respectively. In both tests, the inhibitor was identified
after 12 min of extraction. The presence of this compound
in cambuci peel hydrolysates is due to the breakdown of
biomass, which utilizes carbohydrates like fructose, glucose,
hemicellulose, and cellulose in the formation of 5-HMF
(Ozkaynak Kanmaz, 2018; Pirikowska et al., 2020) (Fig. 10).

UPLC-PDA-MS Analysis

The extracts were analyzed by UPLC-PDA-MS to tenta-
tively identify potential candidates in each extract. Consid-
ering previous reports in the literature about the metabolites
already identified in the cambuci fruit (Donado-Pestana
et al., 2021), it was possible to point out the potential iden-
tifications related to the compounds presented in Table 4.
The results indicate that ellagic acid and digalloyl-hexoside
were consistently present in the cambuci peel throughout
the entire extraction period of 60 min. Notably, quercetin
pentoside was observed only within 6 min of the extraction
process. The quantification of ellagic acid was carried out

T1 T2 73 T4 T5 T6 T7 T8 T9 Ti0 T11
Test

Fig.9 Citric acid obtained from the cambuci peel through hydrothermal processing. a Citric acid; b accumulated citric acid
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Fig. 10 Ellagic acid concentration for different extraction times in the optimal condition

due to its presence at all extraction times. Figure 10 quanti-
fies the acid in the cambuci peel extracts in the best extrac-
tion condition (160 °C). There, it is observed that at 18 min,
a higher ellagic acid content is obtained, values higher than
those reported for mango pulp residue extract (200 pg/mL)
(Murugan et al., 2020) and Nigella sativa L. straw (25.54 pg/
mL) (Farouk et al., 2023).

In-line Process

The behavior of the in-line process is presented in Fig. 11. The
monitoring of the process was carried out at three different wave-
lengths. The wavelengths were selected from the literature for
compounds present in cambuci. For instance, ellagic acid was
identified at 253 nm (Akter et al., 2021), galloyl-hexoside was

identified at 273 nm (Aguilar-Zérate et al., 2017), and querce-
tin-O-(O-galloyl)-pentoside was identified at 356 nm (Saldanha
etal., 2013). After 42 min, the 253 nm and 273 nm curves show
near-zero absorbance, which indicates that the compounds at
these wavelengths are in very low concentrations and are not
easily identifiable. The 356 nm curve, starting at 36 min, begins
to decrease rapidly, which indicates a decrease in the compounds
identifiable at that wavelength. This information allows us to
approximate when the extraction or hydrolysis process is com-
pleted in an in-line process, as the compounds of interest show
a rapid decrease in concentration, sometimes reaching values
that are too low for identification. For cambuci peel, this time is
approximately 42 min. This method of in-line analysis enables a
reduction in resource usage, minimizes the need for human inter-
vention, and enables real-time monitoring of the entire process

Table 4 Tentative identification of metabolites present in extracts the extracts by UPLC-PDA-MS

Retention Name m/z Lamba (A) Fraction Ref.

time (min)

1.1 p-Coumaric acid hexoside 325.17 [M-H]- 256, 291 1,4,5,7,9, 10 (Barros et al., 2012)

1.2 Digalloyl-hexoside 483.14 [M-H]- 277 1,2,3,4,5,6,7,8,9, 10 (Garcia-Villalba et al., 2015)
3.3 Ellagic acid 301.06 [M-H]- 253,356 1,2,3,4,5,6,7,8,9, 10 (Aguilar-Zarate et al., 2017)
3.7 Quercetin pentoside 433.22 [M-H]- 266, 364 1 (Carocho et al., 2014)
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(Da Silva et al., 2023). Furthermore, since the online system is
automated, data collection is facilitated, which allows adequate
monitoring of the process in real time (Maciel-Silva et al., 2022).

Conclusions

The hydrothermal process on semi-continuous flow is
a viable alternative for the valorization of cambuci peel
because it is a safe and sustainable process for the recov-
ery of bioproducts. In the extraction and hydrolysis of
the studied by-product, temperature was the predomi-
nant parameter in the analyses conducted. The antioxi-
dant activity by the FRAP method presented a maximum
yield at 160 °C (501.91 pmol of TEAC g™ '), as did the
total phenolic compounds (46.40 mg g~! of dried cam-
buci peel). The maximum yield of total reducing sugars
(132.54 mg g~") was observed at 143 °C. Likewise, high

temperatures promoted the formation of inhibitors such
as 5-HMF after 12 min of the process, which is related to
Maillard reaction products and fructose and glucose degra-
dation. On the other hand, the sugars identified in the cam-
buci peel were glucose, arabinose, and fructose, the latter
being the sugar with the highest yields (102.44 mg g~ ").
The compounds identified in the cambuci peel were p -
coumaric acid hexoside, digalloyl-hexoside, ellagic acid,
and quercetin pentoside. The hydrothermal process was
carried out for 60 min. However, in-line analysis revealed
that 42 min is sufficient to recover more than 80% of the
bioactive compounds. This finding suggests potential
savings in time and money, which may spark industry
interest. The use of this technology is promising for the
valorization of a by-product such as cambuci peel, which
has not yet been widely studied and could contribute to
the reduction of waste and would consequently favor the
circular economy, a topic of great interest at present.
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Finally, additional analyses, such as infrared (IR) spec-
troscopy for the identification of functional groups, mass
spectrometry for identifying and quantifying compounds,
or nuclear magnetic resonance (NMR), along with assess-
ments for toxicity, microbiological activity, and stability of
phenolic compounds, could be conducted. These analyses
would provide detailed structural information about the
compounds in this raw material and explore its potential
applications across various industries.
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