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Abstract: In this work, for the first time, different parts of the Finger Lime (Citrus australasica F. Muell.),
such as pulp, peel and seeds, were analyzed by HS-SPME-GC/MS, and NMR techniques in order to
describe its volatile and non-volatile chemical profile. The results highlighted the presence of a high
number of terpenes with limonene as principal component in all investigated parts (ranging from
40.4% to 62.6%) and molecules belonging to the classes of amino acids, organic acids, carbohydrates,
fatty acids, phenols and miscellaneous compounds that followed a different trend between the
investigated different parts. In this study, the inhibition of ChEs (AChE and BChE) was evaluated
using the spectrophotometric method of Ellman. The results showed that only peel extract weakly
inhibited AChE (14%). Based on these data, this extract was further investigated by GC/MS after
derivatization. Furthermore, peel extract was chosen to evaluate the in vitro effects on two human
glioblastoma cells lines (U87 and LN18). Flow cytometry results showed that citrus extract was more
effective in down-regulating the expression of the adhesion molecule CD44. In fact, after 72 h with
400 µg/mL of citrus extract, CD44 expression levels were reduced in both U87 and LN18 glioblastoma
cell lines. This was confirmed by immunofluorescence analysis, which also showed a modification of
CD44 antigen localization in both U87 and LN18 cell lines. Moreover, wound assay data supported its
ability to reduce glioblastoma cell’s motility. The migration ability of U87 cells decreased (85% control
vs. 50% at 400 µg/mL), while it was even more pronounced in resistant LN18 cells (93% control vs.
15% at 400 µg/mL). The findings highlighted that citrus peel extract could have an anti-invasive
activity for glioma management.

Keywords: caviar lime; chemical analyses; biological activity; motility inhibition; cell lines

1. Introduction

Over time it has been demonstrated that regular fruit consumption is closely correlated
with a lower risk of developing chronic diseases linked to oxidative stress thanks to the
beneficial properties conferred by its bioactive fruit constituents [1]. Citrus fruits belonging
to the Citrus L. genus (Rutaceae family) contain so many phytoconstituents belonging to
different chemical classes that they are considered functional foods with multiple activities
including antioxidant, anti-inflammatory and anticancer effects [2–4].

Citrus fruits are generally consumed fresh, but they are also used to produce jams,
juices and more. During the manufacturing process, the peels are the main by-products
which could represent a source of environmental pollution if unused. For this reason, in
recent years there has been an attempt to valorize these by-products since, for various
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fruits, they represent the main source of antioxidants and therefore can be used as natural
preservatives [5].

Citrus australasica F. Muell., also known as “Finger lime”, is a species native to Australia
where it grows spontaneously thanks to the sub-tropical climate [6]. The plant can reach
6 m in height; it is thorny with small leaves and branches that tend to grow horizontally.
The flowering period is spring, but in warm climates it can also continue into autumn.
The flowers are small and white and give life to cylindrical green fruits which turn yellow
when ripe [7]. It has very rich fruiting and its fruits are characterized by a rough skin and a
pulp made up of tiny grains similar to pearls that vary from white to yellow or from pink
to orange. These fruits are also filled with a liquid with an acidic flavor similar to that of
lemon but sweeter. These pearls or round granules are very similar to caviar which is why
the fruit is also called “vegetable caviar” or “caviar lime”.

Over time, much work has been performed to develop new cultivars that differ in the
color of the peel and pulp and the aroma [8]. Certainly, these differences are linked to a
different chemical profile. Despite this, only in the last ten years has this species aroused
considerable interest in the food sector. In fact, thanks to its scent and its particular shape,
it is widely used by chefs to garnish fish or meat dishes [7].

To date, among all the species belonging to the Citrus genus, finger lime is under-
investigated [9]. In line with the growing demand for health-promoting natural products,
several analytical approaches are used to detect and describe the presence of bioactive
phytochemical constituents in foods.

Therefore, in the present study, to provide more compositional and functional informa-
tion about the Finger lime, a metabolomic approach based on gas chromatography/mass
spectrometry (GC/MS) and nuclear magnetic resonance (NMR) was performed, to charac-
terize the peel, pulp and seeds of the Finger lime grown in Switzerland. In order to increase
knowledge on the potential bioactivities of this fruit, an evaluation of the inhibition of ChEs
(AChE and BChE) by the spectrophotometric method was performed on the three different
parts of the fruit. Furthermore, the peel extract has been subjected to wound testing and
is considered to evaluate in vitro effects on two human glioblastoma cell lines (U87 and
LN18).

2. Materials and Methods
2.1. Plant Materials

A C. australasica sample (Figure 1), the object of this study, was grown in the Nyon
region, Switzerland and supplied by Niels Rodin’s citrus farm. A ripe fruit, weighing
approximately 8 g, was harvested in October 2020 and stored in a fridge (about 5 ◦C) until
analysis. Before use, it was washed with deionized water and the mesocarp was manually
separated from the exocarp.
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Figure 1. Illustration of Citrus australsica fruit.

2.2. SPME-GC/MS Analysis of Peel, Pulp and Seeds

Chemical volatile composition of the untreated C. australasica was investigated by
SPME-GC/MS technique. To this aim, thin slices of peel, pulp and seeds, approximately
2 g each, were individually placed into a 7 mL glass vial with PTFE-coated silicone septum.
The sampling was performed by SPME technique [10,11]. To capture the volatiles, a
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SPME device from Supelco (Bellefonte, PA, USA) with 1 cm fiber coated with 50/30 µm
DVB/CAR/PDMS (divinylbenzene/carboxen/polydimethylsiloxane) was used. The fiber
was initially conditioned and then exposed to the headspace of the samples for 20 min at
40 ◦C. Once the sampling phase was completed, the fiber was inserted into the GC injector
kept at 250 ◦C for the desorption of the captured analytes.

A Clarus 500 model Perkin Elmer (Waltham, MA, USA) gas chromatograph coupled
with a mass spectrometer and equipped with a FID (flame detector ionization) was used to
perform the analyses. In detail, a Varian Factor Four VF-1 capillary column was housed in
the GC oven. The temperature ramp was set as follows: 40 ◦C for 2 min, then increasing
to 220 ◦C at 6/min, and finally held for 10 min. Helium was the carrier gas at flow
rate of 1.0 mL min−1 in splitless mode. MS apparatus was equipped with an electron
impact ionization (EI) that operated at 70 eV in scan mode in the range 35–450 m/z. The
identification of components was carried out by matching their mass spectra with those
stored in the Nist 11 mass spectra library database and by comparison of the calculated
linear retention indices (LRIs), relative to C8–C30 n-alkanes, with those reported in the
literature. The amounts of the identified molecules were expressed as percentage of the
relative peak area, obtained from the FID signal to that of the total peak area. No internal
standard or factor correction was used. All analyses were carried out in triplicate.

2.3. Extraction Procedures

The samples were treated with EtOH 96% v/v with a ratio matrix/solvent of 1 g:10 mL
and macerated for 24 h at room temperature. The extraction was repeated 3 times. The
ethanolic solutions were reunited and evaporated under vacuum at 40 ◦C. The obtained
dry extract was used for subsequent analyses.

2.4. GC-MS Analysis of the Peel Extract after Derivatization

To describe the chemical composition of the non-volatile portion of the peel, a deriva-
tization reaction was performed on the extract. For this purpose, approximately 2 mg of
the dried extract was added to 250 µL of pyridine and 80 µL of bis-(trimethylsilyl) trifluo-
roacetamide (BSTFA) with heating at 80 ◦C for 30 min. To perform the analysis the same
apparatus GC-FID/GC-MS and the same capillary column (Varian Factor Four VF-1), were
used. A total of 2 µL of the silylated extract was injected at 280 ◦C into the GC injector
in the splitless mode. The temperature conditions applied were as follows: 60 ◦C, then
a gradient of 7 ◦C/min to 170 ◦C for 1.0 min, a gradient of 7 ◦C/min to 250 ◦C, and a
gradient of 8 ◦C/min to 300 ◦C for 25 min. For the identification of the compounds, the
percentage of similarity and the comparison of the mass spectra (MS) relating to each
individual peak with those of the NIST software (version 1.1) data library, were considered.
For the quantification, relative percentages were obtained by electronic integration of the
GC-FID peak areas, and no response factors were calculated.

2.5. NMR Analysis of the Peel, Pulp and Seeds

C. australasica was also analyzed by NMR spectroscopy. In particular, a non-polar, a
semi-polar and a polar fraction were examined for each portion of the fruit. The non-polar
fractions were resuspended in 700 µL of CDCl3, the semi-polar in 700 µL of DMSO and
the polar 700 µL of D2O containing 3-(trimethylsilyl)-2,2,3,3-d4-propionate sodium (TSP)
as chemical shift reference. The spectra were acquired on a JNM-ECZ 600R spectrometer,
equipped with a 14.09 Tesla magnet with an operating frequency for hydrogen of 600 MHz
and a multinuclear head. The one-dimensional spectra were acquired with a given number
of points equal to 64 k, a spectral amplitude of 15 ppm (corresponding to 9000 Hz), 128 scans
and a recycle time of 7.7 s for a total of 15 s per scan to guarantee the complete relaxation of
the resonances.

The molecules in the spectra were identified on the basis of their chemical shift,
multiplicity and a comparison with the literature data [12].
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2.6. Inhibition of Cholinesterases (ChEs)

To evaluate the inhibition of ChEs (AChE and BChE), the spectrophotometric method
of Ellman with minor modifications [13], was used. AChE (Electric eel AChE, EC 3.1.1.7),
BChE (equine serum BChE, 3.1.1.8) acetylthiocholine iodide (ASCh), butyrylthiocholine
iodide (BSCh) and 5,5’-dithio-bis-(2-nitrobenzoic acid) (DTNB) were purchased from Sigma-
Aldrich (Milan, Italy). The assay was performed by a double beam UV-Vis lambda 40 Perkin
Elmer spectrophotometer, using optical polystyrene cuvettes (10 10 45 mm, 340–800 nm
optical transparency). Each extract was dissolved in methanol/water (70:30 v/v) in the
opportune quantity in order to obtain a final cuvette organic solvent content that does
not affect the enzyme activity (<0.1%). Peel and pulp were diluted to a concentration of
100 mg mL−1, while seeds were diluted to 25 mg mL−1.

Percent Inhibition of ChE

A total of 3.0 mL of 0.1 M (pH 7.4) phosphate buffer containing DTNB (0.25 mM) and
ChE (0.083 U mL−1) were placed in a polystyrene cuvette of 1.0 cm path length; 1 µL of
a solution of the tested extract was added. Then, 30 µL of a 10 mM aqueous solution in
phosphate buffer (pH = 7.4) of ASCh or BSCh was added to achieve a final concentration
of 100 µM of substrate. The increasing amount of the yellow 5-nitro-2-tio benzoic anion
(λmax 412 nm), produced by the enzymatic hydrolysis of the substrate, was recorded at
25 ◦C between 0.5 and 1.5 min. The control without inhibitor, corresponding to 100% of
the enzymatic activity, was prepared in the same way. Each experiment was repeated in
triplicate. The percent inhibition was calculated using the following equation:

inhibition (%) =
Ac − Ai

Ac
× 100

where Ai and Ac represent the change in the absorbance in the presence of inhibitor and
without inhibitor, respectively.

2.7. Cells Cultures

U-87 (U-87 HTB-14TM) and LN18 (CRL-2610) cell lines from the human brain (glioblas-
toma astrocytoma) (ATCC, Manassas, VA, USA) LN18 [14,15], were grown in DMEM/F12
(Euroclone) supplemented with 10% FBS (Corning South America, Sial) at 37 ◦C in a hu-
midified atmosphere containing 5% CO2 and subcultured before confluence using 0.05%
trypsin and 0.002% EDTA solution.

2.8. Cell Viability Assay

Cell viability was evaluated using an MTT assay. Briefly, glioma cells were seeded into
96-well microtiter plates (Nunclon TM, Nunc, Germany) at a density of 8 × 104 cells/well.
After 24 h cells were treated with the peel extract at concentration of 0.5, 1, 5, 10, 20, 40, 80,
100, 150, 200 and 400 µg/mL. After an incubation time of 48 h, the medium was replaced
by a fresh one containing 0.5 mg/mL of MTT (Sigma, Deisenhofen, Germany). After an
incubation time of 2 h at 37 ◦C, unreacted dye was removed, and the purple formazan
product was dissolved in 200 µL/well of dimethylsulfoxide (Merck, Darmstadt, Germany)
and absorbance was read at 570 nm by a Microplate Spectrophotometer (Thermo Scientific
Multiskan SkyHigh, Carlsbad, CA, USA). The data were expressed as absorbance relative
to untreated cells in the same experiment and standardized to 100%. All data points were
performed in triplicate. Results are the average of three independent experiments.

2.9. Cell Cycle Analysis

U-87 and LN18 cells were seeded in complete medium (3 × 105/25 cm2 flask). After
24 h, they were treated with 100, 200 and 400 µg/mL for 24, 48 and 72 h at 37 ◦C. Then, both
floating and adherent cells were collected, washed twice with cold PBS and centrifuged.
The pellet was fixed in 70% ethanol in distilled water at 4 ◦C for 1 h, washed twice with
cold PBS and then resuspended in PBS containing 40 µg/mL propidium iodide (PI) and
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100 µg/mL RNAse, at 37 ◦C for 1 h. Samples were then analyzed by a flow cytometry
instrument (Gallios Instrument, Beckman Coulter, Brea, CA, USA). After activation of the
“doublet discrimination module” and exclusion of cell debris defining a gate in the side and
forward scatter dot-plot, at least 10,000 events per sample were acquired in linear mode.
The percentages of cells in the different phases were analyzed using Kaluza software for
analysis v. 2.2 (Beckman Coulter).

2.10. Wound Assay

Cells were added and allowed to adhere to the culture plate in 24-well plates 2.5 × 105

(cell number was matched across conditions within each given experiment). A total of 24 h
later, cells were treated with peel extract (100 and 200 and 400 µg/mL) and immediately
scratched using a 200 µL sterile pipette tip. After 24 h of treatment, cells were fixed using
70% ice-cold ethanol and then were stained by Crystal violet dye and observed using an
inverted microscope equipped with an Olympus camera. Wound areas were measured
using the select tool in ImageJ software (version 1.54j). The calculated areas were then
statistically compared using SPSS software (version 29.0).

2.11. CD44 Expression by Flow Cytometric Analysis

The level of CD44 positivity was evaluated using a flow cytometer. Cells (1 × 106)
were cultured in 25 cm 2 flasks and treated with 100, 200 and 400 µg/mL of the peel extract
for 48 and 72 h. After treatment, cells were collected and then incubated for 1 h with
anti-mouse monoclonal CD44 antibody (2 µg/mL in Phosphate buffer saline, PBS) (HCAM
Antibody DF1485-Santa Cruz Biotechnology, Inc. Bergheimer, Heidelberg, Germany). For
negative controls, cells were incubated with mouse IgG1 isotype immunoglobulins at
a concentration of 2 µg/mL in PBS. The samples were then washed with ice-cold PBS
containing 10 mM NaN3 and 1% BSA (Sigma) and incubated for 30 min at 4 ◦C with a
secondary goat anti-mouse IgG Alexa-Fluor 488-conjugate (Invitrogen, Eugene, OR, USA)
at 1:50 dilution. After two washes in cold PBS, the cells were labeled with propidium iodide
(PI, Sigma, final concentration 40 µg/mL) and immediately analyzed by a flow cytometry
instrument (Gallios). Fluorescence emissions were collected through 530 nm and 570 nm
band-pass filters for Alexa-Fluor and PI signals, respectively. At least 10.000 cells per
sample were acquired in log mode, and only PI-negative cells were considered for analysis.
The data were analyzed using Kaluza software (version 2.2), (Beckman Coulter, Milan,
Italy) and expressed as mean ± standard deviation from three independent experiments.

2.12. CD44 Expression by Immunofluorescence Microscopy Observations

Glioma cells were grown on coverslips and treated with the peel extract at 200 and
400 µg/mL for 48 h. Then, cells were fixed with 4% p-formaldehyde in phosphate-buffered
saline (PBS, pH 7.4) for 30 min at room temperature. After washing in the same buffer,
samples were permeabilized with 0.5% Triton X-100 (Sigma Chemicals Co., St. Louis, MO,
USA) in PBS for 5 min at room temperature. To detect CD44, cells were stained with the
anti-mouse monoclonal CD44 antibody HCAM Antibody (2 µg/mL) for 1 h, followed by
incubation with the goat anti-mouse IgG Alexa-Fluor 488-conjugate secondary antibody
(Invitrogen™, Eugene, OR, USA, 1:100 work solution). Then, cells were washed with PBS
containing 10 mM NaN3 and 1% BSA and incubated for 30 min at 37 ◦C with the dye
Alexa Fluor™ Plus 555 Phalloidin (Invitrogen™) to detect F-actin (filamentous actin). The
cells were finally stained with Hoechst 33258 (861405, Sigma-Aldrich, St Louis, MO, USA,
1:10.000 work solution) for nuclei detection at 37 ◦C for 15 min. After a final PBS wash,
coverslips were mounted using a 2:1 mixture of glycerol and phosphate-buffered saline
and images were acquired using a Ti2 Nikon ECLIPSE microscope (Florence, Italy).
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2.13. Statistical Analysis

Data were expressed as means ± SD of three individual experiments; statistical signifi-
cance was determined by unpaired t-test, considering p-values < 0.05 statistically significant,
according to GraphPad Prism 10.

3. Results and Discussion
3.1. Volatile Chemical Composition

SPME-GC/MS analysis allowed to describe the volatile fraction from the headspace of
fresh C. australasica peel, pulp and seeds. In total, eighteen compounds have been identified
and are listed in Table 1.

Table 1. Chemical composition (percentage mean value ± standard deviation) of C. australasica peel,
pulp and seeds.

N◦ COMPONENT 1 LRI 2 LRI 3 Peel 4 (%) Pulp 5 (%) Seeds 6 (%)

1 α-thujene 918 923 0.4 ± 0.02 0.4 ± 0.03 0.6 ± 0.03
2 α-pinene 935 943 1.5 ± 0.02 - -
3 sabinene 958 962 - 0.8 ± 0.03 -
4 β-pinene 981 986 32.4 ± 0.15 - -
5 α-phellandrene 1000 1005 - 0.5 ± 0.02 -
6 α-terpinene 1017 1019 0.2 ± 0.02 - 4.8 ± 0.05
7 limonene 1024 1023 62.6 ± 0.17 41.5 ± 0.20 40.4 ± 0.14
8 cis-β-ocimene 1035 1032 0.2 ± 0.02 0.4 ± 0.02 -
9 γ-terpinene 1049 1054 0.7 ± 0.03 14.8 ± 0.09 13.9 ± 0.07

10 isoterpinolene 1078 1081 0.1 ± 0.00 2.0 ± 0.02 1.3 ± 0.02
11 trans-sabinene hydrate 1091 1098 0.1 ± 0.02 38.4 ± 0.20 35.9 ± 0.11
12 1,3,8-p-menthatriene 1115 1118 - 0.7 ± 0.20 -
13 δ-elemene 1341 1347 0.6 ± 0.06 - -
14 α-cubebene 1355 1350 0.1 ± 0.00 - -
15 γ-elemene 1447 1445 1.0 ± 0.03 - -
16 α-farnesene 1489 1496 - 0.2 ± 0.01 -
17 guaia-1(10),11-diene 1501 1505 - 0.3 ± 0.02 3.0 ± 0.03

SUM 99.9 100.0 99.9

Monoterpene
hydrocarbons 98.1 60.4 61.0

Oxygenated
monoterpenes 0.1 38.4 35.9

Sesquiterpene
hydrocarbons 1.7 0.5 3.0

Others - 0.7 -
1 the components are reported according to their elution order on apolar column; 2 linear retention indices
measured on apolar column; 3 linear retention indices from the literature; peel 4: percentage mean values of peel
components (%); pulp 5: percentage mean values of pulp components; seeds 6: percentage mean values of seeds
components—not detected; tr: traces (mean value < 0.1%). The analyses were conducted in triplicate.

In all three samples the monoterpene content exceeds the sesquiterpene one with
limonene as the main compound reaching a percentage mean value of 62.6% in the peel,
41.5% in the pulp and 40.4% in the seeds. These data are in agreement with what was
previously reported. In fact, limonene was found to be the main volatile constituent present
in C. australasica peels although with percentage values that may vary compared to the total
volatile content [7,16]. Relevant differences were detected between the investigated samples.
From a qualitative point of view, the seeds were characterized by a fewer number of
components detected. As known, VOCs compounds such as monoterpenes, sesquiterpenes
and their oxygenated derivatives are primarily concentrated in the peel portion of the citrus
fruit; in fact, essential oils are generally extracted from the peel. In contrast, the seeds are
enriched in fixed oils sugars, tocopherols, phytosterols, carotenoids and minerals [17–19].
In the present work, β-pinene was detected only in the peel and with a significant relative
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concentration (32.4%). Other components such as, sabinene (0.8%), α-phellandrene (0.5%),
1,3,8-p-menthatriene (0.8%) and α-farnesene (0.2%), were present only in the pulp. On
the other hand, the sesquiterpenes δ-elemene (0.6%), α-cubebene (0.1%) and γ-elemene
(1.0%) were found only in the peel. Elemene has been found to reverse drug resistance and
sensitize cancer cells to chemotherapy. Possible mechanisms of action include the induction
of apoptosis and autophagy and the regulation of the expression of key genes and proteins
in various signaling pathways [20].

Trans-sabinene hydrate was mainly present in the pulp (38.4%) and in the seeds (35.9%)
and was barely detected in the peel (0.1%). The pulp and seeds, however, contained a
comparable relative percentage of γ-terpinene (14.8% and 13.9%).

3.2. Peel Extract Chemical Composition

By direct injection analyses of the silylated extract, a large number of compounds
belonging to different chemical classes have been identified (Table 2). Carboxylic acids
represented the most representative class of compounds both numerically and quantita-
tively. In fact, citric acid covered 88.7% of the total. This component has been reported
to be the most abundant among carboxylic acids also by Ramón Aznar et al. [21]. Citric
acid is a known antioxidant that acts to inhibit the oxidation of other molecules by scav-
enging reactive oxygen species (ROS) that are produced as by-products of normal cellular
function [22]. Furthermore, clinical studies have shown how its antioxidant power can
be useful for combating various disorders including metabolic, neurological (Alzheimer’s
disease) and cardiological disorders [23]. Both fatty acids and sugars were characterized by
three components each whose relative percentages were less than 1%. The presence of the
triterpene ursolic acid is interesting.

Table 2. Chemical composition (percentage values) of peel extract after derivatization.

N◦ Component Extract (%) 1

Carboxylic Acids

1 pyruvic acid tr
2 succinic acid tr
3 itaconic acid 0.6
4 glycolic acid 0.2
5 malic acid 2.3
6 citric acid 88.7
7 quininic acid 2.8
8 ascorbic acid 0.2

Fatty Acids

9 linoleic acid 0.5
10 palmitic acid 0.5
11 trans-9-octadecenoic acid 0.9

Sugars

12 D-talopyranose 0.6
13 D-talofuranose 0.5
14 D-allofuranose 0.4

Triterpenes

15 ursolic acid 1.1
1 Percentage values of the components of peel extract after derivatization. The analyses were conducted in
duplicate.

3.3. NMR Results

In the examined samples it was possible to identify molecules belonging to the classes
of amino acids, organic acids, carbohydrates, fatty acids, phenolics and miscellaneous
compounds (Table 3). In all fruit parts, it was possible to detect the presence of amino
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acids (valine, isoleucine, leucine, threonine, alanine, aspartate, asparagine, proline, tyrosine,
phenylalanine and tryptophan), organic acids (citrate, malate and formate), carbohydrates:
(sucrose, fructose and glucose), fatty acids: (stearate, oleate, linoleate and linolenate) and
the alcohol ethanol.

Table 3. Qualitative Chemical composition assessed by NMR Spectroscopy.

Molecule Peel Pulp Seed

Amino Acids

Valine X X X
Isoleucine X X X
Leucine X X X

Threonine X X X
Alanine X X X

Aspartate X X X
Asparagine X X X

Proline X X X
Tyrosine X X X

Phenylalanine X X X
Tryptophan X X X

Organic Acids

Citrate X X X
Malate X X X

Formate X X X
4-hydroxycoumarate X X
4-hydroxybenzoate X X

Gallate X

Carbohydrates
Sucrose X X X
Fructose X X X
Glucose X X X

Fatty Acids

Stearate X X X
Oleate X X X

Linoleate X X X
Linolenate X X X

Other
Compounds

Ethanol X X X
Quercetin-3-O-glycoside X X

Trigonelline X X
1,3,4-tryhydroxybenzene X

Monoterpenes X
Diterpenes X

In the pulp and seeds polar extracts only, it was possible to observe the presence of
quinic acid, 4-hydroxycoumaric acid, 4-hydroxy benzoic acid, trigonelline and quercetin-3-
O-glycoside; while in the pulp polar fraction only, it was possible to detect the presence of
gallic acid and 1,3,4-trihydroxybenzene.

In the peel non-polar extract only, it was possible to identify mono- and diterpenes.
The analyses were conducted in duplicate.

3.4. Enzyme Inhibition

The extracts were evaluated as AChE and BChE inhibitors. As shown by the results
in Table 4, only the peel weakly inhibits the enzyme. Some compounds identified in
the extracts have shown cholinesterase inhibition. Sadaoui et al. [24], demonstrated that
limonene, the main volatile terpene in C. australasica, inhibits AChE and BChE with an IC50
value of 51.6 ± 0.7 and 66.7 ± 12.6 µg mL−1, respectively. The capacity to inhibit ChEs was
found also for β-pinene [25], quercetin-3-O-glycoside [26] and ursolic acid [27]. Taking into
consideration the phytochemical composition of C. australasica, the extracts were evaluated
as AChE and BChE inhibitors. As shown by the results reported in Table 4, only the peel
weakly inhibited the enzyme.
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Table 4. Inhibition of cholinesterases by tested extracts.

Extract AChE Inhibition (%) BChE Inhibition (%)

Peel (33 µg mL−1) a 14 NI
Pulp (33 µg mL−1) a NI NI
Seeds (8 µg mL−1) a NI NI

a Final concentration in cuvette, NI = no inhibition; the analyses were conducted in duplicate.

3.5. Cell Viability Assay

The possible cytotoxic activity of the citrus extract on the U87 and LN18 glioma cell
lines was evaluated by MTT assay at 48 h with different concentrations (0.5, 1, 5, 10, 20,
40, 80, 100, 150, 200, and 400 µg/mL). The MTT assay results demonstrated that the citrus
extract did not exhibit cytotoxic effects on U87 or LN18 glioma cell lines across the tested
concentration range (0.5 to 400 µg/mL). In fact, the viability of U87 cells treated with
citrus peel extract at concentrations ranging from 0.5 to 400 µg/mL remained above 70%,
indicating non-cytotoxicity (Figure 2). Similarly, the viability of LN18 cells treated with
the citrus extract at the same concentration range remained above 90%, confirming the
non-cytotoxicity (Figure 3). These findings suggest that the citrus peel extract was safe for
these cell lines at the tested concentrations and time point (Figure 3).
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Figure 2. Cell viability analysis in U87 cells treated with peel extract at 48 h. All experiments were
conducted in triplicate and the results are expressed as mean ± SD values. According to GraphPad
Prism10, unpaired t-test, * p-value < 0.05.
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Figure 3. Cell viability analysis in LN18 cells treated with peel extract at 48 h. All experiments were
conducted in triplicate and the results are expressed as mean ± SD values. According to GraphPad
Prism10, unpaired t-test, * p-value < 0.05, ** p-value 0.01.
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3.6. Cell Cycle Analysis

Cell cycle analysis was performed to gain further insights into the mechanism of
the minimum effect of the phytocompound on cell viability. U87 and LN18 cells were
treated for 24, 48, and 72 h with peel extract at concentrations of 100, 200, and 400 µg/mL.
Flow cytometer analysis of U87 and LN18 glioblastoma cells control samples, treated with
different concentrations at different times, did not show modulation in the cell cycle phases
at 24, 48, and 72 h (Figure 4), respectively.
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Figure 4. Cell cycle analysis. Percentages of U87 (A) and LN18 (B) cells in the different phases of the
cell cycle after treatment with 100, 200, and 400 µg/mL of peel extract at 48 and 72 h by DNA flow
cytometry analysis using Kaluza software for analysis v. 2.2 (Beckman Coulter). Values are the means
± SD of three individual measurements.

3.7. Wound Assay

The chemotherapy failure and the difficulties in glioma treatment are also caused
by the cell’s ability to infiltrate adjacent healthy tissues [28]. Roooprai et al. [29], studied
the anti-invasive activities of four citrus flavonoids, demonstrating that tangeretin and
chokeberry extracts can reduce the migration and invasiveness of glioma cells. In order to
propose another integrative treatment for glioma, after the previous results demonstrating
the absence of C. australasica cytotoxicity against U87 and LN18 cancer cells, we have
focused attention on the use of peel extract as anti-invasive phytocomplex for glioma
management. For this reason, wound-healing experiments were conducted to evaluate the
effects of 100, 200, and 400 µg/mL of citrus peel extract on the migration ability of U87 and
LN18 cells. Figures 5 and 6 illustrate the wound healing of U87 and LN18 cells, respectively,
treated with C. australasica peel extract compared to their controls. The results indicate that
as the concentration of peel extract increases, the migration ability of U87 cells decreases
(85% control vs. 50% at 400 µg/mL), and this effect was even more pronounced in resistant
LN18 cells (93% control vs. 15% at 400 µg/mL).
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Figure 5. (A) Representative wound-healing profiles in U87 cells after C. australasica peel extract
treatments (Control, 100, 200, and 400 µg/mL, respectively). (B) Graphical profile of the migration ability
of U87 cells. All experiments were conducted in triplicate and the results are expressed as mean ± SD
values. According to GraphPad Prism10, unpaired t-test, * p-value < 0.05, ** p-value < 0.01.
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Figure 6. (A) Representative wound-healing profiles in LN18 cells after peel extract treatments (Control,
100, 200, and 400 µg/mL, respectively). (B) Graphical profile of the migration ability of LN18 cells. All
experiments were conducted in triplicate and the results are expressed as mean ± SD values. According
to GraphPad Prism10, unpaired t-test, * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001.
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3.8. Flow Cytometry (FC) CD44 Evaluation

Given the results obtained from the wound assay, we then evaluated the expression of
CD44, which has been implicated in numerous cancer phenotypes, including enhanced cell
proliferation, migration, and metastasis [30]. Recently, a meta-analysis study has demon-
strated a negative correlation between CD44 expression and GBM patient survival [31,32].
GBM cells expressing CD44 can efficiently colonize and adhere to the extracellular matrix
of the tissue environment. In this way, CD44 modulation influences GBM cell proliferation
and migration by degrading hyaluronate and disrupting normal brain tissue [33]. These
results showed that citrus peel extract reduces CD44 expression on the cell membrane of
U87 and LN18 cell lines in terms of mean fluorescence intensity. After treatment with 100,
200, and 400 µg/mL of citrus peel extract at different times, a reduction in CD44 expression
level was observed at 400 µg/mL of citrus peel extract after 48 and 72 h in U87 cells, 1.6
and 2.2-fold, while a reduction was observed in LN18 cells after treatment with 400 µg/mL
of extract to for 72 h. LN18 cells showed a 1.8-fold decrease in CD44 expression level
compared to the control. The results indicated that the treatment for 72 h with 400 µg/mL
of citrus peel extract reduced CD44 expression levels in both U87 and LN18 glioblastoma
cell lines (Figure 7).

Appl. Sci. 2024, 14, x FOR PEER REVIEW 13 of 17 
 

(A)  

(B)  

Figure 7. Flow cytometric analysis of CD44 expression. U87 (A) and LN18 (B) cells after treatment 

with 100, 200, and 400 µg/mL of peel extract at 48 and 72 h, were stained with Alexa-Fluor 488-

conjugated anti-CD44 antibody. Negative controls are cells labeled with secondary goat–anti-mouse 

IgG Alexa-Fluor 488-conjugate. Flow cytometric analysis was performed as described in the Mate-

rials and Methods. Change in mean fluorescence intensity is depicted as mean ± SD of three inde-

pendent experiments. According to GraphPad Prism10, unpaired t-test, * p-value < 0.05, ** p-value 

0.001 to 0.01, *** p-value 0.0001 to 0.001. 

3.9. CD44 Expression by Immunofluorescence Microscopy on U87 and LN18 Cells  

Immunofluorescent microscopy revealed a heterogeneous staining pattern, indicat-

ing that CD44 antigens might cluster on the cell surface of control cells. Intense staining 

was observed in polarized extensions and membrane regions that appearing to extrude 

from the control U87 cells often localizing to polarized areas of the cell body where actin 

stress fibers are commonly present (Figure 8A, arrowheads). After 48 h of treatment with 

200 µg/mL peel extract (Figure 8B), CD44 proteins were localized on the cell surface. How-

ever, cells treated with 400 µg/mL showed a significant reduction in CD44 molecules on 

their surface (Figure 8C). In LN18 cells treated with 200 and 400 µg/mL of the extract for 

48 h, CD44 antigens were generally detected on the cellular membranes without specific 

localization. Additionally, in Figure 9C, the reduction in CD44 molecules was more pro-

nounced than in Figure 9B, correlating with FACS results. At the same time, in LN18 con-

trol cells, CD44 adhesion proteins were mainly detected on the cell body where actin stress 

fibers are commonly present (Figure 9A, arrowheads).  

Figure 7. Flow cytometric analysis of CD44 expression. U87 (A) and LN18 (B) cells after treatment
with 100, 200, and 400 µg/mL of peel extract at 48 and 72 h, were stained with Alexa-Fluor 488-
conjugated anti-CD44 antibody. Negative controls are cells labeled with secondary goat–anti-mouse
IgG Alexa-Fluor 488-conjugate. Flow cytometric analysis was performed as described in the Materials
and Methods. Change in mean fluorescence intensity is depicted as mean ± SD of three independent
experiments. According to GraphPad Prism10, unpaired t-test, * p-value < 0.05, ** p-value 0.001 to
0.01, *** p-value 0.0001 to 0.001.

3.9. CD44 Expression by Immunofluorescence Microscopy on U87 and LN18 Cells

Immunofluorescent microscopy revealed a heterogeneous staining pattern, indicating
that CD44 antigens might cluster on the cell surface of control cells. Intense staining was
observed in polarized extensions and membrane regions that appearing to extrude from the
control U87 cells often localizing to polarized areas of the cell body where actin stress fibers
are commonly present (Figure 8A, arrowheads). After 48 h of treatment with 200 µg/mL
peel extract (Figure 8B), CD44 proteins were localized on the cell surface. However, cells
treated with 400 µg/mL showed a significant reduction in CD44 molecules on their surface
(Figure 8C). In LN18 cells treated with 200 and 400 µg/mL of the extract for 48 h, CD44
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antigens were generally detected on the cellular membranes without specific localization.
Additionally, in Figure 9C, the reduction in CD44 molecules was more pronounced than in
Figure 9B, correlating with FACS results. At the same time, in LN18 control cells, CD44
adhesion proteins were mainly detected on the cell body where actin stress fibers are
commonly present (Figure 9A, arrowheads).
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ciated with migration, potentially explaining the observed decrease in migratory capacity 

Figure 8. Expression of CD44 molecules on U87 human glioma cells. Immunofluorescence observa-
tions on (A) (Control), (B) (200 µg/mL), and (C) (400 µg/mL) of peel extract after 48 h of treatment.
Green color indicates CD44 molecule, red color indicates actin filaments stained by Alexa Fluor™
Plus 555 Phalloidin and blue color indicates nuclei stained by Hoechst 33258.
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Figure 9. Expression of CD44 molecules on LN18 human glioma cells. Immunofluorescence observa-
tions on (A) (control), (B) (200 µg/mL), and (C) (400 µg/mL) of peel extract after 48 h of treatment.
Green color indicates CD44 molecule, red color indicates actin filaments stained by Alexa Fluor™
Plus 555 Phalloidin and blue color indicates nuclei stained by Hoechst 33258.

The results of this study reveal a significant relationship between the concentration
of citrus peel extract treatments and the migratory behavior of glioma cells. When the
concentration of citrus peel extract increases, there is a significant decrease in the ability of
tumor cells to migrate and repair wound damage; particularly in the LN18 glioblastoma
cell line (Figure 7). These trends are consistent with the results obtained using fluorescence
microscopy. This finding suggests that citrus peel extract could potentially serve as an
inhibitor of cell migration and, consequently, the development of metastases in brain tissue.
Notably, the effect is more pronounced in the LN18 cell line, where there are higher levels of
P-glycoprotein (Pgp) compared to the U87 cell line. This observation aligns with previous
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research by Colone et al. [34], which demonstrated the involvement of Pgp in migration
processes in melanoma cells as well.

Moreover, the major receptor for hyaluronan, CD44, is involved in glioma invasion
and is over-expressed in glioblastoma cancer cells [33,35]. The results show that citrus peel
extract treatment reduces CD44 expression in glioma cells (U87 and LN18, respectively).
This effect could be caused by the disruption or alteration of the signaling pathways
associated with migration, potentially explaining the observed decrease in migratory
capacity in response to citrus peel extract treatment. These findings suggest a novel
therapeutic approach for arresting glioma migration and metastasis through the modulation
of cellular pathways influenced by this phytocompound. Further investigations into the
molecular mechanisms underlying these effects, particularly concerning Pgp expression
and the associated signaling pathways, are warranted to fully elucidate the therapeutic
potential of citrus peel extract in glioma management.

4. Conclusions

In this paper, with the aim to chemically characterize C. australasica, different analytical
techniques were used which highlighted the presence of a high number of volatile and
non-volatile compounds, belonging to different chemical classes. To explore the biological
potential of this matrix, several activity essays were conducted. The study of the inhibition
of ChEs showed that only the citrus peel extract weakly inhibited AChE enzyme. Flow
cytometry results showed that the extract was more effective in down-regulating the
expression of the adhesion molecule CD44, as confirmed by immunofluorescence analysis.
Moreover, wound assay data supported its ability to reduce glioblastoma cell’s motility.

In conclusion, the phytochemical screening revealed a different composition for dif-
ferent parts of the fruit with a large pool of identified bioactive compounds. In particular,
the obtained results highlighted how the peel, as a by-product of citrus processing, has
an important bioactivity. In conclusion, this preliminary study may be relevant for the
valorization of residual biomass, considered as waste. Further studies will be necessary to
better investigate the composition–activity correlation to reveal the possible mechanisms
underlying the biological effects of C. australasica peel.
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