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Abstract. This work investigates the conversion of orange peel waste into effective biomaterials. Two
pectins were first extracted from these peels under acidic conditions using citric acid (PCT-1) or
hydrochloric acid (PCT-2), then thoroughly characterized and finally tested for biomedical applica-
tions. The characterization of pectin was carried out using various analytical techniques includ-
ing Fourier-transform infrared spectroscopy, powder X-ray diffraction, scanning electron microscopy,
and differential scanning calorimetry. The biomedical application of the extracted pectins demon-
strates that neither PCT-1 nor PCT-2 have an antibacterial effect on Pseudomonas aeruginosa or E.
coli. Nevertheless, a significant antibacterial effect was observed on the Staphylococcus epidermidis
strain. This highlights their potential use for the treatment of some infectious diseases and par-
ticularly against Gram-positive strains. Besides, the extracted pectins exhibit a high potential use
as antioxidants. Although PCT-2 does not display marked anticoagulant activities, PCT-1 shows an
interesting potential to be valorized as an anticoagulant. All these results show that pectins ex-
tracted from orange peel waste can be valorized as effective biomaterials with numerous biomedical
applications.

Keywords. Citrus peel wastes, Pectin extraction, Characterization, Biomedical application, Sustain-
ability.
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1. Introduction

Rapid urbanization and population growth generate
significant amounts of food waste. This biowaste
can contaminate and degrade the environment and
ecosystems. Among food biowaste, citrus peels

∗Corresponding author

represent 50% to 60% of the fruit mass [1]. Therefore,
it is crucial to find tailored options for the sustainable
management of this biowaste. Accordingly, several
technologies have been investigated. They include
composting, anaerobic digestion, thermochemical
conversion, and the extraction of biomaterials such
as pectin [2]. The last method promotes the circular
economy concept and also improves the sustainabil-
ity of food production systems [3].
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Pectin is a naturally occurring biopolymer that
it is abundantly found in various plant cell walls
such as lemon, orange, sugar beet, apple, etc. It
is a heteropolysaccharide compound, formed of
linear chains of α-(1→4)-linked D-galacturonic
acid residues and combined with small quantities
of neutral sugars like L-rhamnose, D-galactose, L-
arabinose, and D-xylose [4]. The degree of esteri-
fication (DE) of pectin refers to the percentage of
carboxyl groups esterified with methanol and de-
termines its gelling and functional properties [5].
Pectins with high DE usually form rigid gels, while
those with low DE form softer gels or act as thicken-
ing agents [6]. Additionally, the presence of acetyl
groups can also significantly influence the gelling
properties of pectins [7].

Due to its unique physicochemical properties,
pectin has become the subject of numerous re-
searches in several application fields [8], notably
in the food, pharmaceutical and medical indus-
tries, material engineering, and environmental sci-
ences [9–14]. In this context, several methods have
been tested for pectin extraction from plant sources.
They mainly include the use of enzymes [15], mi-
crowaves [16], ultrasound [17], subcritical water [18],
pressurized carbon dioxide or deionized water [19],
and acids [20,21]. The last method has been widely
tested. It consists in treating the plant material with
an acid to break down the cell walls and release
pectin [22]. Then, the resulting mixture is filtered
and pectin is usually precipitated by adding alco-
hol. Pectin extraction yield is dependent on both the
plant peel type and acid used. For instance, in a com-
parative study, Yu et al. [23] studied pectin extraction
efficiency from potato pulp using five different acids:
nitric (HNO3), hydrochloric (HCl), sulfuric (H2SO4),
acetic (C2H4O2), and citric (C6H8O7). They found
that the highest pectin yield was observed when us-
ing the citric acid. It is important to underline that in
another study [24], pectin extraction yield from un-
ripe Cavendish banana peels by citric acid was eval-
uated at 11.52% with a pH of 1.5. It has been shown
that the yield of pectins extracted from banana and
mango peels under optimal conditions using citric
acid at pH 2.0 was the highest (12.98%). In contrast, a
lower yield (5.28%) was found for extraction with hy-
drochloric acid (pH 1.5). The yield and characteris-
tics of acid-extracted pectin also depend on the ex-

traction parameters used, such as contact time and
temperature [25].

Currently, the increasing number of food-
borne pathogenic bacteria such as Pseudomonas
aeruginosa, E. coli, and Staphylococcus aureus has
become a major public health problem, since it can
cause serious foodborne diseases [26]. Therefore,
it is crucial to develop natural, biodegradable, ef-
ficient, and renewable alternatives. Gao et al. [27]
showed a good antibacterial activity of pectin against
the growth of E. coli and S. aureus at minimum in-
hibitory concentrations (MICs) of 25.0 and 50.0 g/L,
respectively. In addition, Di Rong et al. [28] in-
vestigated citrus pectin oligosaccharides on anti-
adhesion activity against E. coli and showed that
they could be used as a reliable antibacterial agent
in functional foods. In addition, Tripathi et al. [29]
evaluated the antibacterial and antioxidant activity
of pectin obtained from banana peels. They found a
maximum antibacterial activity against Staphylococ-
cus aureus (19.6 mm in the well-diffusion method).
Furthermore, their antioxidant activity study showed
that pectin, up to a concentration of 75 µg/mL,
increases the free radical scavenging activity of 2-
2-diphenyl-1-picrylhydrazil (DPPH). On the other
hand, Santana et al. [30] showed that sulfated pectin
extracted from Citrus sinensis has interesting anti-
coagulant activity. The current study provides a new
contribution to a better understanding of the an-
tibacterial, antioxidant, and anticoagulant behavior
of pectin obtained by a simple extraction from an
abundant and renewable raw material (orange peel
waste). The main aim of this work is to convert Alge-
rian citrus peel waste into value-added biomaterial
through pectin extraction using a mild organic acid
(citric acid) and a strong mineral acid (hydrochloric
acid) to assess their antibacterial, antioxidant, and
anticoagulant effects. This approach will clarify the
trade-off between extraction efficiency and struc-
tural integrity, and it would also address inconsis-
tencies in prior works. Practically, the specific ob-
jectives are: (i) to study the role of the acid used on
pectin extraction yield, (ii) to fully characterize the
extracted pectins by various analytical techniques,
and (iii) to assess the potential biomedical appli-
cation of these pectins through the assessment of
their antibacterial, antioxidant, and anticoagulant
activities.
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2. Materials and methods

2.1. Materials collection and preparation

The citrus fruit used consists in sweet oranges (Citrus
sinensis). They were gathered from an agricultural
farm located in the Sidi Matmar region in the north-
western part of Algeria. The orange peels were
thoroughly washed with distilled water, then cut
into small pieces, and subsequently dried at 50 °C
for 24 h. Finally, the dried pieces were manually
crushed and sieved. The bacteria used in this work,
Pseudomonas aeruginosa (ATCC:27853), Escherichia
coli (ATCC:25922), and Staphylococcus epidermidis
(ATCC:12228) were provided by the Laboratory of
Microbiology, Hassani Abdelkader Hospital, Sidi Bel
Abbes, Algeria. They were kept at +4 °C and renewed
every 24 h on nutrient agar at 37 °C.

2.2. Pectin extraction

Pectin extraction from orange peels was carried out
with two different acids, citric and hydrochloric, as
follows.

2.2.1. Extraction by citric acid

Pectin extraction by citric acid was performed ac-
cording to the following steps [31]: (i) agitation of
40 g of dried orange peel waste in 1 L of a 0.1 N cit-
ric acid solution at a constant pH of 2 and tempera-
ture of 70 °C for 40 min, (ii) storing this suspension
for 24 h at room temperature, (iii) recovery of the liq-
uid phase by centrifugation at 6000 rpm for 10 min,
(iv) mixing (1:2 v/v) this solution with 95% ethanol at
25 °C for 24 h to allow the precipitation and flotation
of pectin, (v) filtration of the precipitated pectin us-
ing a Büchner funnel and washing twice with ethanol
(70%), and (vi) drying in an oven at 65 °C for 24 h. The
resulting product was named PCT-1.

2.2.2. Extraction by hydrochloric acid

Pectin extraction by hydrochloric acid was carried
out through the boiling of 40 g of dried orange peels
in 0.8 L of a 0.1 N HCl solution in a reflux system
at 90 °C for 45 min. After 6 min, the suspension
was placed on ice to stop the hydrolysis reaction.
Then, it was filtered and the filtrate precipitated in
ethanol. This filtrate was washed with 60%, 80%,
and 98% ethanol, then centrifuged at 10 000 rpm for

20 min and dried at 50 °C for 2 h, then crushed. The
obtained product was called PCT-2 and used in the
experimental study below.

For both methods, the pectin extraction yield was
evaluated on the basis of three parallel experiments
and the mean values are presented in this work.
The following equation was used for the calculus of
these yields:

Yield (%) = Obtained product mass

Initial orange peel waste mass
×100 (1)

2.3. Pectin characterization

2.3.1. Solubility

The solubility of the pectins in different solvents
was assessed in batch mode. The assays con-
sisted in stirring 0.05 g of pectin for 3 h in 10 mL
of ethanol, petroleum ether, ketone, cyclohexane,
dichloromethane, cold water, or hot water.

2.3.2. Humidity

The humidity (H) of the pectins was evaluated
through the drying of 1 g of pectin at 105 °C for 24 h
in a porcelain capsule. The humidity value is deter-
mined as follows:

H(%) = m1 −m2

m1
(2)

where m1 and m2 are the masses (g) of pectin before
and after drying.

2.3.3. Organic matter and ash contents

The organic matter (OM) and ash (Cd) contents
were assessed according to the protocol given by Soli-
man et al. [32]. It consists in placing a porcelain
capsule containing 4 g of pectin in a muffle furnace
(Biobase, China) at 550 ± 15 °C for 5 h until a light
gray or whitish color is obtained. Then, the capsule
is cooled in a desiccator until a constant weight. The
OM content is calculated as follows:

OM (%) = m3 −m4

m3
×100 (3)

with m3 and m4 the masses (g) of pectin before and
after carbonization. The ash content (Cd) is deduced
as:

Cd (%) = 100−OM (%) (4)
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2.3.4. Degree of esterification

The degree of esterification (DE) of the extracted
pectins was assessed according to the following ex-
perimental protocol [33]: first, 0.2 g of the dried
pectin is moistened with ethanol and dissolved in
20 mL of distilled water, then three drops of phe-
nolphthalein are added to the sample and titrated
by a 0.1 N NaOH solution. The result is recorded as
the initial titration volume once the pink color ap-
pears and the number of free carboxyl groups can
be deduced. After that, 10 ml of a 0.1 N NaOH solu-
tion is added to neutralize the polygalacturonic acid.
The sample was capped with a cork and shaken vig-
orously for 5 h, then kept at room temperature for
2 h to permit the deesterification of the pectin. Af-
ter that, 10 mL of a 0.1 N HCl solution was added to
neutralize the excess of NaOH and the sample was
shaken until its pink color disappears. Then, three
drops of phenolphthalein were added to the sample
and titrated with a 0.1 N NaOH solution. The titra-
tion volume was recorded as the final titration vol-
ume once a pink color appears, and the number of
esterified carboxyl groups can be deduced. The DE of
pectins is defined as the ratio of the esterified galac-
turonic acid to the galacturonic acid groups and cal-
culated as follows [26]:

DE (%)

= Final titration volume (mL)
Initial titration volume (mL)+Final titration volume (mL)

×100 (5)

All the above parameters were evaluated through
triplicate assays and the mean and standard variation
were calculated using Excel 2016 software.

2.3.5. Morphology and structure

The morphology of the extracted PCT-1 and PCT-
2 was determined through scanning electronic mi-
croscopy (SEM, brand: Carl Zeiss, model: Sigma
300 VP) coupled with an energy dispersive X-ray
(EDX) detector capable of elemental surface analysis.
Moreover, in order to study their crystalline structure,
the pectins were examined using an X-ray diffrac-
tion (XRD) apparatus (Bruker model D8 ADVANCE).
The diffraction data was recorded in a 2θ range of
5° to 40° at a scan rate of 1°/min. The X’Pert High
score program was used for the analysis. The Inter-
national Center for Diffraction Data (ICDD) database
was used to identify the crystalline peaks.

2.3.6. Surface chemistry

The richness in functional groups of the ex-
tracted pectins was assessed using a Fourier-
transform infrared (FTIR) spectrometer (Bruker
alpha-P) equipped with an ATR (attenuated total
reflectance) diamond crystal. The infrared spectra
of the pectin samples were obtained over a 400–
4000 cm−1 wavenumber range.

2.3.7. Thermal properties

Thermal analysis of the extracted pectins was
carried out using a differential scanning calorime-
try (DSC) device (DSC-NETZSCH DSC-214 polyma).
During this analysis, 10 mg of the sample was placed
in the crucible and heated for 45 min at a rate of
10 °C/min.

2.4. Antibacterial activity

The antibacterial action of the extracted pectins was
studied using the disk diffusion method and the
bacteria Pseudomonas aeruginosa, Escherichia coli,
and Staphylococcus epidermidis were chosen for this
study [34]. For this purpose, pure colonies were col-
lected, isolated, and stored at 4 °C. This method is
particularly suitable for studying the action of antibi-
otics on the growth of bacteria; it allows determining
their antibiograms (data not shown), which reflect
the specific sensitivity of different bacterial species
to given antibiotics. Petri dishes containing an al-
ready solidified suitable agar medium were inocu-
lated with the tested microbial strain [34]. The an-
tibiotic discs were then placed on the surface of the
agar; the antibiotics used in these tests were: fusidic
acid, vancomycin, spiramycin, ampicillin, oxacillin,
norfloxacin, cefotaxime, doxycycline, and cefixime.
The bacterial strains were stored at 4 °C, and these
strains were renewed every 24 h on nutrient agar at
37 °C. The most commonly used medium for antibac-
terial susceptibility testing is Mueller Hinton Agar
(MHA) [35]. Using a sterilized (Bunsen burner) Pas-
teur pipette, a few pure colonies were collected and
isolated in a test tube containing 9 mL of saline so-
lution and then thoroughly vortexed. The resulting
bacterial solution was inoculated over the entire sur-
face of the culture medium using a swab in each Petri
dish.

Furthermore, the antibacterial action of PCT-1
and PCT-2 was assessed at different concentrations
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(5, 2.5, 1.66, and 1.25 mg/mL) against the selected
bacteria on MHA culture medium, then incubated
at 37 °C for 24 h. Whatman paper discs of diameter
6 mm were prepared and sterilized in the autoclave
at 120 °C for 15 min. The discs were removed us-
ing sterilized forceps, and then soaked with the PCT
solutions of each concentration for 30 s. Using ster-
ile forceps, five discs at different concentrations were
placed in each Petri dish containing a bacterium to
be tested and then incubated at 37 °C in the oven for
24 h. The reading was carried out by measuring the
diameter of the inhibition zone around the two tested
pectins PCT-1 and PCT-2 [28].

2.5. Antioxidant activity

Unlike most free radicals, DPPH• is stable in so-
lution; it cannot dimerize, due to steric hindrance
around the nitrogen atom carrying the free electron.
It exhibits a characteristic absorbance in the 512–
517 nm range. The purple color disappears rapidly
after reduction of DPPH to diphenylpicrylhydrazine
by a compound with anti-radical properties, result-
ing in discoloration. The color intensity is propor-
tional to the proton-donating capacity of antioxi-
dants present in the medium [29]. The antiradical
scavenging activity of the extracted pectins was stud-
ied by measuring the retention power of the DPPH•
radical according to the protocol described by Qian
et al. [36]. However, this radical can be reduced by
a hydrogen transfer from the various antioxidants
found in the reaction medium. Pectin (0.5, 1, 2, and
4 mg/mL) was mixed with DPPH (0.2 mmol/L) in
ethanol (0.5 mL) and incubated at 37 °C for 35 min.
After 2 h, the optical density (OD) of the samples was
determined by a UV spectrophotometer (Shimadzu
UV-2401PC) at a wavelength of 517 nm. These re-
sults were compared to those from blank tests pre-
pared by replacing the sample solution with anhy-
drous ethanol. The antiradical power is deduced as
follows:

Y1 (%) = Acontrol − Asample

Acontrol
×100 (6)

with Y1 (%) the reduction percentage of the free rad-
ical (DPPH•), Acontrol the absorbance of the con-
trol sample, and Asample the absorbance of the sam-
ple. The reaction can be summarized in the form
below, where (AH)n represents a compound capa-
ble of donating a hydrogen to the (DPPH•) radical

(purple) to transform it into diphenylpicrylhydrazine
(yellow) [37].

DPPH•+(AH)n → DPPH−H+ (AH)n−1A•

2.6. Anticoagulant activity

The anticoagulant activity of the pectin samples
was evaluated in vitro through the activated partial
thromboplastin time (APTT) and prothrombin time
(PT), with a saline solution as negative control and
heparin sodium as positive control, according to the
experimental protocol given by Souza et al. [38]. The
APTT and PT of the pectins were measured through
the analysis of 100 µL of citrated normal human
plasma mixed with 50 µL of PCT-1 or PCT-2 incu-
bated at 37 °C for 15 min by a specific automated
device.

It is worth mentioning that antibacterial, antiox-
idant, and anticoagulant activities were assessed in
triplicate. The mean values and the standard varia-
tion of the experimental data are given in the corre-
sponding figures.

3. Results and discussion

3.1. Pectin extraction yields

The pectin extraction yields with citric acid (PCT-1)
and hydrochloric acid (PCT-2) were determined ac-
cording to the experimental protocol given in Sec-
tion 2.2.2 at 6.3% and 4.7%, respectively (Table 1).

The higher extraction yield observed with cit-
ric acid is mainly due to its larger extraction time
(overnight). Moreover, the cleavage action of hy-
drochloric acid on pectin’s glycoside and ester bonds
leads to a reduction in pectin extraction yield. A simi-
lar trend was observed by Chan et al. [39] when inves-
tigating pectin extraction by these same acids from
cocoa husks. Our results are also in agreement with
those reported by Nateghi et al. [40] who reported
that citric acid has a greater pectin extraction ability
than hydrochloric acid and sulfuric acid due to the
chelating characteristic of citric acid. On the other
hand, Maran et al. [41] obtained a higher pectin ex-
traction yield (9.0%) when using citric acid assisted
with ultrasound for pectin extraction from an indus-
trial waste (Musa balbisiana). It is worth mention-
ing that pectin extraction yields are very dependent
on the citrus variety studied. Comparable yields were
reported in previous published works [42].
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Table 1. Main physicochemical parameters of the extracted pectins

Biomaterials Extraction process Yield (%) H (%) Cd (%) DE (%)

PCT-1 Citric acid 6.3 ± 0.21 4.4 ± 0.26 3.5 ± 0.32 40.0 ± 2.10

PCT-2 Hydrochloric acid 4.7 ± 0.20 3.6 ± 0.21 4.6 ± 0.28 57.0 ± 3.56

3.2. Characterization of pectins

3.2.1. Solubility, humidity, organic matter, and ash
contents

Solubility tests showed that both extracted pectins
are perfectly soluble in hot and cold water. This
finding may be attributed to pectin’s richness in hy-
drophilic groups (i.e., hydroxyl OH, carboxyl COOH).
Moreover, ionization of the carboxyl groups into neg-
atively charged carboxylate ions can enhance pectin
solubility in water through electrostatic interaction
with water molecules. A similar outcome was re-
ported for pectins extracted from sweet oranges (Cit-
rus sinensis L) by citric acid [43]. However, PCT-1
and PCT-2 were completely insoluble in all the or-
ganic solvents tested (ethanol, petroleum ether, ke-
tone, cyclohexane, dichloromethane). This result is
in agreement with those reported by Würfel et al. [44].
Pure white powdered pectin dissolves in water with a
1:20 (w/v) ratio to form a negatively charged viscous
colloidal solution, but it is insoluble in organic sol-
vents such as ether and acetone. Generally, the sol-
ubility of pectin in water is linked to its long chains
of galacturonic acid and richness in hydrophilic car-
boxyl and hydroxyl groups, which easily form hydro-
gen bonds with water. The longer the polygalactur-
onic acid chain, the lower the pectin solubility in wa-
ter. As shown in Table 1, PCT-1 had a higher hu-
midity than PCT-2. This finding can be explained
by the characteristics of the chelator present in cit-
ric acid [43]. Moreover, the ash contents of PCT-1
and PCT-2 were evaluated at 3.5 ± 0.32% and 4.6 ±
0.28%, respectively. Akhtar et al. [45] investigated
the extraction of pectin from orange and lime peels
using hydrochloric, sulfuric, nitric, and citric acids.
The pectin extracted from orange and lime peels had
ash contents of 4.26% ± 0.12% and 2.41% ± 0.07%,
respectively, which are consistent with our results.
Mamiru et al. [46] found higher ash contents for
pectins extracted from watermelon peels and sug-
gested that ash content variation is primarily affected
by both the feedstock type and the extraction con-

ditions. Comparable values were reported for pectin
extracted from orange peels using the acid extraction
and a Box-Behnken design [47]. It is important to
underline that the ash content of pectins is usually
dependent on the mineral composition of the raw
material. For instance, due to the high content in
mineral salts and heavy metals in dragon fruit peels
(Hylocereus polyrhizus), the ash contents of the re-
lated extracted pectins under three different extrac-
tion conditions were higher than our measured value
(7% to 11%) [48].

3.2.2. Degree of esterification

The degree of esterification (DE) of pectin has sig-
nificant implications for its functional properties in
various applications, such as food and pharmaceuti-
cals [49]. Pectins with a DE above 50% are designated
high-methoxyl pectins (HMPs), while those with a
DE under 50% are designated low methoxyl pectins
(LMPs). Such a difference in the DE value is due
to the distribution of methyl ester groups along the
polygalacturonic acid chain, the molecular weight,
and the type and amount of neutral sugars bound to
the pectin molecules [50]. The DE of the extracted
pectins is highly dependent on the extracting acid
used. Indeed, the DE of PCT-2 extracted with hy-
drochloric acid was evaluated at 57%, which makes
PCT-2 a HMP (Table 1). This value was obtained at an
acidic pH of 3.3 with a short extraction time (45 min),
conditions favorable to the preparation of sugar-rich
products [51]. However, the DE of PCT-1 extracted
using citric acid is much lower (40%) and indicates a
LMP (Table 1). A similar trend was reported by Man-
sor et al. [52] who show that the DE of pectins de-
pends on both the type of extracting acid and its in-
teractions with the citrus matrix.

On the other hand, the reduction in carboxylate
functions is responsible for the diminishing repulsive
forces of the polysaccharides, which favors pectin
gelation and results in more precipitated pectin at
lower pH values. This finding is in agreement
with those reported for pectins extracted from apple
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Figure 1. SEM micrographs of PCT-1 (left) and PCT-2 (right).

pomace and sugar beet pulp [49,53]. It is important
to mention that the DE highly influences the func-
tional properties of pectins. Indeed, high DEs usu-
ally result in more rigid gels [54], whereas lower DEs
lead to softer gels or even to pectin dissolution. This
property is crucial in various food applications, such
as in the production of jams, jellies, and fruit-based
desserts, where the desired texture and stability de-
pend on the DE of the pectin used [55]. Additionally,
the DE affects the interactions of pectin with other
molecules (e.g., sugars, proteins) which significantly
impact the overall texture and stability of food prod-
ucts [54].

3.2.3. Morphology and structure

Figure 1 shows the SEM images of both PCT-1 and
PCT-2. These images indicate that the small pectin
particles exhibit the same rough and irregular mor-

phological characteristics with no coherent porous
surface. However, differences were observed when
changing the image acquisition and resolution, as
shown in Figure 1. On the other hand, these particles
are able to disperse in solutions thus improving the
solubility and intermolecular interactions through
H-bonds and dipole formation [56].

The XRD analyses show that PCT-1 and PCT-2 ex-
hibit only a weak characteristic diffraction peak at 2θ
around 21° and another small peak at 2θ of 6° for PCT-
2, as shown in Figure 2. This result shows that both
pectins have a semi-crystalline nature. This finding is
in agreement with that reported for pectins extracted
from apple waste [57].

This can be attributed to the variation in their
molecular weights due to the use of different extrac-
tion conditions. Similar observations have been re-
ported by previous studies on pectin extracted from
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Figure 2. XRD patterns of PCT-1 and PCT-2.

Figure 3. FTIR spectra of PCT-1 and PCT-2.

black carrot pomace, fruit peels, citrus fruits [56–58],
sunflowers [59], and sweet lemon [60].

3.2.4. Surface chemistry

The FTIR spectra of both extracted pectins are
shown in Figure 3. The wave number range of
850 and 1250 cm−1 corresponds to the “fingerprint”
region of carbohydrates [61]. In this spectral re-
gion, and for both PCT-1 and PCT-2, the char-
acteristic peaks observed at 920, 1016, 1090, and
1130 cm−1 confirm the typical profile of polygalac-
turonic acid [62].

Moreover, other specific functional groups are
present in both extracted pectins. They include a
broad peak at 3700–3000 cm−1 corresponding to O–
H stretching due to hydrogen bonds in galacturonic
acid [62]. Peaks at 2954 and 2941 cm−1 for PCT-
1 and PCT-2, respectively, can be attributed to C–H
bond stretching [62]. Peaks at 1730 and 1620 cm−1

correspond to esterified and free carboxyls, respec-
tively. Bands at 1100–1020 cm−1 can be imputed to
C–O–C stretching vibrations and confirm the pres-
ence of pyranoses in the structure of both pectins.
Peaks around 1000–1030 cm−1 correspond to the C–O
stretching vibrations of ether or ester groups.

The asymmetric stretching observed around
1643–1626 cm−1 can be imputed to carbohydrate
functions, and the bands in the 1300–800 cm−1 re-
gion correspond to the main carbohydrate chem-
ical groups in galacturonic acid [62]. Finally, the
peaks observed at 920–820 cm−1 refer to the absorp-
tion of D-glucopyranosyl and α-D-mannopyranose,
respectively.

3.2.5. Thermal behavior

The thermograms (Figure 4) show endothermic
peaks at 89.0 and 77.7 °C for PCT-1 and PCT-2, re-
spectively. These peaks correspond to residual water
retention due to existing hydrogen bonds between
the galacturonic acid units [58]. Moreover, exother-
mic peaks are recorded at 260 and 253 °C for PCT-1
and PCT-2, respectively; they are related to the ther-
mal degradation of polymers and pectin [58]. A close
value (240 °C) was reported by Aldemir et al. [50] for
pectin extracted from crab apple peels.

In addition, PCT-1 has a higher degradation tem-
perature than PCT-2. This can be explained by
the different operating conditions used during the
two extraction processes. Moreover, PCT-1 exhibits
greater changes than PCT-2 during the heating pro-
cess (Figure 4). This finding indicates that PCT-1
has a higher thermal stability than PCT-2. Similar
trends were observed by Ezzati et al. [59] and Rah-
mani et al. [60] when studying pectin extraction from
sunflowers and sweet lemon, respectively.

3.2.6. Antibacterial action

The antibacterial action of PCT-1 and PCT-2 on
Pseudomonas aeruginosa, E. coli, and Staphylococcus
epidermidis has been assessed in vitro according to
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Figure 4. Differential scanning calorimetry thermograms of PCT-1 (left) and PCT-2 (right).

the experimental protocol given in Section 2.4. Re-
sults (data not shown) indicate that neither PCT-1 nor
PCT-2 has an antibacterial effect on Pseudomonas
aeruginosa or E. coli. Both pectins exhibit signif-
icant antibacterial potential against Staphylococcus
epidermis. Indeed, for a content of 1 mg/mL, the
zone of inhibition was evaluated at 11 and 9.5 mm
for PCT-2 and PCT-1, respectively. This result high-
lights the effect of the acid extraction method used
and of the pectin’s properties (humidity H, ash con-
tent Cd, and degree of esterification DE). The high
resistance level of these Gram-negative bacteria to
the extracted pectins can be attributed to the com-
plexity of their cell envelope, which contains dou-
ble membranes [63]. It is important to underline
that antibacterial activity is determined not only by
the number of free OH groups, but also by the over-
all structure of the molecule; molecular mass and
monosaccharide composition can influence its abil-
ity to reach and interact with the bacterial mem-
brane. In general, a lower DE, or a higher number
of free hydroxyl groups, is associated with stronger
antibacterial activity. This is because free OH groups
can interact more easily with bacterial membranes,
disrupting their structure and function, leading to in-
creased antibacterial activity. They are more reactive
and can interact with bacterial cellular components.
Moreover, free OH groups can form hydrogen bonds
with phospholipids and proteins in the bacterial cell
membrane, increasing its permeability and leading

to cell death [63,64]. In contrast to that, a significant
antibacterial effect was observed on the Staphylo-
coccus epidermidis strain (Figure 5a). Indeed, PCT-
1 and PCT-2 show a concentration-dependent in-
hibitory effect against Staphylococcus epidermidis
strain (Figure 5a). Pectin suspensions of 1 mg/mL
showed a significant reduction in the growth curve
of Staphylococcus epidermidis compared to the low-
est concentration group of 1/6 mg/mL. In con-
trast, neither PCT showed an antibacterial effect at
1/8 mg/mL. Likewise, Abdelgawad et al. [63] ob-
served a concentration-dependent inhibitory effect
of pectin against two bacterial strains (E. faecalis
and F. nucleatum). This significant antibacterial ac-
tivity can be explained by a higher sensitivity of
Staphylococcus epidermidis, as a Gram-positive bac-
teria with a simple membrane structure, to the ac-
tion of the pectins. Pectins easily act on their cell
wall leading to a significant change in cell permeabil-
ity [64].

3.2.7. Antioxidant activity

The antioxidant activity of PCT-1 and PCT-2 was
evaluated based on the experimental protocol given
in Section 2.5. Results (Figure 5b) show that both
pectins exhibit a significant DPPH• scavenging ca-
pacity. Moreover, this effect is highly dependent
on the pectin concentration used (Figure 5b). In-
deed, for an initial concentration of 0.5 mg/mL, the
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Figure 5. (a) Illustration of the antibacterial action of PCT-1 and PCT-2 against Staphylococcus epidermidis, (b) DPPH radical
scavenging activity of PCT-1 and PCT-2, (c) Anticoagulant activity of PCT-1 and PCT-2 fractions.

DPPH scavenging capacity was evaluated at 13.8%
and 12.0% for PCT-1 and PCT-2, respectively. Increas-
ing pectin concentration to 4 mg/L allowed this ca-
pacity to reach more than 36.3% and 26.0% for PCT-
1 and PCT-2, respectively. This result is imputed
to the presence of more free hydroxyl groups in the
polysaccharide structure [64]. Moreover, PCT-1 has
a better antioxidant activity than PCT-2 (Figure 5b).
This may be linked to its lower DE (see Table 1). In-
deed, polysaccharides with low DE values have more

terminal reducing hydroxyl groups and more effec-
tiveness in scavenging free radicals. Relatively high
antioxidant capacities were also reported for pectins
extracted using citric acid [65,66]. It is worth men-
tioning that the antioxidant capacity of polysaccha-
rides is mainly affected by electron- or hydrogen-
donating abilities. The higher DPPH• scavenging ca-
pacity of PCT-1 compared to PCT-2 may be attributed
to its higher total sugar content, making it the better
hydrogen donor [65].
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3.2.8. Anticoagulant activity

The anticoagulant activity of PCT-1 and PCT-2 was
evaluated as described in Section 2.6. Experimental
results (Figure 5c) show the PT values for PCT-1 (15.3
s) and PCT-2 (14.9 s) as well as the APTT values for
PCT-1 (33.4 s) and PCT-2 (31.9 s).

These values are comparable to those of hep-
arin (a sulfated polysaccharide of animal origin) in-
dicating an interesting potential use for our pectins.
Likewise, Chaouch et al. [78] developed two sulfated
pectins. They showed that their extracted pectins ex-
hibited a strong anticoagulant activity and could be
considered as potential alternatives of heparin. Fur-
thermore, Bae et al. assessed the anticoagulant activ-
ity of commercial pectin and found PTs and APTTs
of 22–38 s and 10–14 s, respectively [79]. Further re-
search is crucial to determine whether our pectin can
be used safely and effectively as a substitute for hep-
arin, particularly in the context of PT/APTT testing in
normal plasma.

Table 2 gives a comparison of the antibacterial,
antioxidant, and anticoagulant effects of our pectins
with those of common polysaccharides from plants,
animals, and marine algae.

4. Conclusion

The aim of this work is to turn abundant agricultural
waste (local Algerian orange peels) into an effective
biomaterial. Two pectins were extracted using citric
(PCT-1) and hydrochloric acid (PCT-2). Their thor-
ough characterization shows that both pectins have
interesting thermal and physicochemical properties.
PCT-1 is more stable. It showed a better antibacterial
activity with a concentration-dependent inhibitory
effect against Staphylococcus epidermidis but had no
antibacterial effect on Pseudomonas aeruginosa or
E. coli. PCT-1 also exhibits greater antioxidant activ-
ity than PCT-2. The prothrombin and activated par-
tial thromboplastin time values of PCT-1 (15.3 and
33.4 s) and PCT-2 (14.9 and 31.9 s) demonstrated that
the extracted pectins could be considered as a poten-
tial alternative to heparin. Future work will be under-
taken to optimize the extraction process using other
methods (i.e., microwave, ultrasound), to evaluate
the antimicrobial capacity of the extracted pectins on
other pathogenic bacteria, and the antioxidant and
anticoagulant activities under a wider range of exper-
imental conditions.
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