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The nanoencapsulation of chlorogenic acid (CGA) by nanospray drying was investigated as a protective bioactive
delivery strategy. This study aimed to develop CGA-loaded nanoparticles (NPs) for potential application in
colorectal cancer (CRC) therapy using the SW480 and HT-29 cell lines. Eight formulations were prepared with
biopolymers—maltodextrin (MD), arabic gum (AG), starch (S), carboxymethyl cellulose (CMC), and hydrox-
ypropyl methylcellulose (HPMC)—and the surfactant polysorbate 80 (PS80). The formulations were transformed
into fine powders through nanospray drying and comprehensively characterized using physicochemical tech-
niques. In vitro cytotoxicity and proliferation assays were performed using the MTT method across CGA con-
centrations from 0 to 400 pM. In addition, cell cycle analysis was performed by flow cytometry in HT-29 cells
treated with formulations F1 (MD:CGA, 2:1) and F3 (AG:CGA, 2:1). Systems based on MD, AG, and S yielded
spherical, smooth particles with an average diameter of about 360 nm, whereas those based on CMC and HPMC
produced smaller particles of about 251 nm, likely due to lower polymer concentrations. Unloaded NPs exhibited
low overall cytotoxicity in both SW480 and HT-29 CRC cell lines, confirming their biocompatibility. In contrast,
CGA-loaded formulations induced a greater reduction in cell viability and proliferation, particularly in HT-29
cells. Cell cycle analysis revealed a slight increase in the sub-G1 population, with F1 promoting S-phase accu-
mulation and F3 causing G2/M arrest. Among all formulations, those containing AG demonstrated significantly
enhanced anticancer activity in CRC cells compared with free CGA. This effect appears to be cytostatic rather
than apoptotic, suggesting a promising direction for further exploration.

1. Introduction

Cancer is one of the non-communicable diseases with the highest
mortality rate worldwide [1]. According to the Global Cancer Obser-
vatory, colorectal cancer (CRC) is among the most common cancers,
ranking third in incidence and fourth in mortality in both sexes [2].
Sporadic CRC accounts for approximately 75-80 % of all cases and is
associated with modifiable risk factors such as diet, lifestyle, alcohol
consumption, sedentary behavior, obesity, and tobacco use.
Non-modifiable risk factors, including age and genetic predisposition,
represent 20-25 % of cases [3].

Treatment mainly relies on surgical resection and systemic therapies
such as chemotherapy. However, these approaches are less effective in
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advanced disease stages, due to molecular alterations that promote
treatment evasion and tumor resistance. Additionally, tumor site and
location influence survival rates and recurrence risk [4,5]. Different
strategies have been explored to improve existing therapies, such as the
combination of various chemotherapeutic agents, targeted therapies,
and immunotherapies. Nonetheless, toxicity and other side effects
derived from these treatments remain issues to be addressed [6].
Phenolic compounds are secondary plant metabolites with high
biological activity. Their consumption has been shown to improve
quality of life, making them of great interest as potential adjuvants in
cancer treatment [7]. Chlorogenic acid (CGA), one of the most abundant
phenolic compounds in nature and a major component of coffee, is an
ester of caffeic and quinic acids. Previous studies have demonstrated its
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anticancer properties and its ability to modulate signaling pathways
involved in CRC progression [8,9].

However, many studies have reported problems related to CGA ab-
sorption. Only about one-third of the ingested compound is absorbed
intact in the small intestine, while the remainder is hydrolyzed by es-
terases into caffeic and quinic acids [10]. Epidemiological studies show
a significant difference between the amount of CGA absorbed and that
excreted in urine. In addition, CGA exhibits poor membrane perme-
ability due to its high polarity and multiple hydroxyl groups, which limit
passive diffusion. Its low lipophilicity also restricts transcellular trans-
port across lipid bilayers, which explains the need for high doses in in
vitro treatments [11,12].

In search of solutions, nanoencapsulation has been considered as a
strategy to improve the bioavailability and absorption of natural prod-
ucts. Studies on polyphenols such as curcumin, quercetin, and other
molecules have shown enhanced efficiency in cancer treatments through
this approach [13-18]. Consequently, the present study aims to inves-
tigate the use of different nanoencapsulated CGA formulations and their
therapeutic implications in in vitro models of CRC.

Several techniques can be used for nanoscale encapsulation, yielding
particles between 10 and 1000 nm [19]. Spray drying is an efficient
encapsulation technique that, in a single step, transforms solutions,
emulsions, and suspensions into solid particles. Nanospray drying en-
ables the production of smaller particles than conventional spray drying
process, improving the bioavailability of bioactive components and
drugs [20].

2. Materials and methods
2.1. Materials

Preparation of unloaded and CGA-loaded nanoparticles (NPs):
Maltodextrin (MD), arabic gum (AG), starch (S), carboxymethyl cellu-
lose (CMC), hydroxypropyl methylcellulose (HPMC), Polysorbate 80
(PS80), and CGA 95 % (titration) were purchased from Sigma-Aldrich
(France).

Release kinetics: the phosphate-buffered saline (PBS, pH 7.4) was
prepared by mixing 80 g of sodium chloride, 2 g of potassium chloride,
17.8 g of sodium phosphate, and 2.4 g of monopotassium phosphate in
distilled water to reach a final volume of 1 L. All salts were purchased
from Sigma-Aldrich (France).

Biological study: Human colorectal adenocarcinoma cell lines HT-29
(ATCC® HTB-38™) and SW480 (ATCC® CCL-228™) were supplied by
the American Type Culture Collection (ATCC, USA). Dulbecco’s Modi-
fied Eagle Medium (DMEM), Roswell Park Memorial Institute medium
(RPMI), and Fetal Bovine Serum (FBS) were sourced from Gibco
(Thermo Fisher Scientific, USA). Lastly, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) was purchased from Sigma-
Aldrich (USA), and isopropyl alcohol from Merck (Germany).

2.2. Nanoencapsulation by spray drying

CGA-loaded nanoparticles (NPs) were produced using the
laboratory-scale Nano Spray Dryer B-90 HP (Biichi Labortechnik AG,
Switzerland). The key process parameters were set as follows: inlet
temperature = 100 °C, drying airflow = 110-115 L min™, pump rate =
25 %, and spray rate = 80 %.

2.3. Formulations

Different feed solutions were prepared to assess their effects on the
physicochemical and biological properties of CGA-encapsulated parti-
cles obtained through nanospray drying. Various biopolymeric materials
were used as wall matrices for encapsulating the active molecule,
including MD, AG, S, CMC, HPMC, and the surfactant PS80. Unloaded
and CGA-loaded NPs were produced from aqueous feed solutions
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containing the wall materials alone and the wall materials combined
with CGA, respectively. The CGA-loaded NPs were prepared at a 2:1 wall
material-to-CGA ratio.

Formulations numbered F1-F5 (Table 1) were prepared at a feed
solution concentration of 1 mg/mL. Formulations F6-F8 were prepared
at a lower concentration of 0.25 mg/mL because of the high viscosity of
cellulose-containing solutions, which caused atomization difficulties
during nanospray drying. In addition, formulation F5 included PS80 as a
surfactant at a concentration of 0.05 % (w/v).

2.4. Physicochemical characterization of nanoparticles

2.4.1. Thermal behavior

The thermal behavior of the NPs was analyzed using a thermogra-
vimetric analyzer/differential scanning calorimeter (TGA/DSC, Mettler
Toledo). Samples were placed in a 60 pL platinum pan and heated from
25 to 800 °C at 10 °C/min under an inert nitrogen atmosphere.

2.4.2. Chemical composition

The chemical composition of the NPs was determined by Fourier
transform infrared (FTIR) spectroscopy using a Nicolet 6700 FTIR
spectrophotometer (Thermo Fisher Scientific) equipped with an atten-
uated total reflectance (ATR) accessory. Powder samples were posi-
tioned on the ATR crystal, and spectra were recorded in the 4000-400
cm™! range, with 16 successive scans per sample at a resolution of 4
em L,

2.4.3. Morphology and particle size

The morphology and surface characteristics of the NPs were exam-
ined by Field-Emission Scanning Electron Microscopy (FE-SEM, JSM
7100F, JEOL). Samples were placed on carbon conductive adhesive tabs
and coated with a thin layer of gold using a plasma coater. The samples
were scanned by detecting secondary electrons at an acceleration of 10
kV and a magnification of 16,000 x .

2.4.4. Release kinetics

The sample-and-separate method was used to evaluate the release
profiles of the different formulations in PBS (pH 7.4) maintained at 38 +
2 °C. Samples were collected at various time points up to 360 min, when
maximum release was achieved for all formulations. Each sample was
filtered through a PTFE syringe filter (0.22 pm pore size), and the
absorbance was measured using a UV-Vis spectrophotometer (UV-1800,
Shimadzu) at 325 nm. All release profiles were performed in triplicate.

The encapsulation efficiency (EE = weight of CGA encapsulated in
NPs/weight of CGA in feed solution x 100) and the drug loading content
(DLC = weight of CGA encapsulated in NPs/weight of NPs x 100) were
calculated based on the final values of released CGA.

2.5. Biological tests

2.5.1. Cell culture
Human colorectal adenocarcinoma cell lines HT-29 and SW480 were

Table 1
Composition of unloaded nanoparticle formulations.

Formulation Wall Materials Wall materials

ratio

F1 Maltodextrin 1
F2 Maltodextrin + Arabic Gum 1:1
F3 Arabic Gum 1
F4 Maltodextrin + Starch 1:3
F5 Maltodextrin + Arabic Gum + PS80 1:1
F6 Carboxymethyl cellulose

F7 Hydroxypropyl methylcellulose 1
F8 Carboxymethyl cellulose + Hydroxypropyl 1:1

methylcellulose
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employed in this study. Cells were cultured in a humidified atmosphere
at 37 °C with 5 % CO,. Culture media and supplements were added
according to the manufacturer’s instructions.

2.5.2. Treatments conditions

All nanoparticulate powder formulations (F1-F8) were dispersed in
1000 pL of fresh culture medium, and the corresponding dilutions were
prepared to obtain equivalent CGA concentrations of 10, 100, 500, and
1000 pM for unloaded NPs. For CGA-loaded NPs, concentrations of 50,
100, 200, and 400 pM were selected based on the results obtained for the
unloaded formulations (see Section 3.2.1.1).

2.5.3. Cytotoxicity and proliferation assay (MTT)

The MTT assay was used to evaluate the cytotoxicity of unloaded NPs
and both the cytotoxicity and antiproliferative effects of CGA-loaded
NPs on HT-29 and SW480 cell lines. Cells were seeded in 96-well
plates at a density of 1 x 10* cells/well and incubated overnight at
37 °C. Treatments were applied for 24, 48, and 72 h, with untreated cells
serving as controls. After treatment, the medium was replaced with fresh
medium containing MTT (0.5 mg/mL), followed by incubation for 2 h at
37 °C. The MTT solution was then removed, and formazan crystals were
dissolved in acidified isopropyl alcohol. Readings were performed at
560 nm using a Varioskan multimode microplate reader (Thermo Fisher
Scientific).

Cell viability was expressed as a percentage relative to the untreated
control as (absorbance of treated cells — absorbance of background
controls)/(absorbance of untreated cells — absorbance of background
controls) x 100. The mean inhibitory concentration (ICsp) for each
formulation was determined by statistical approximation using Graph-
Pad Prism 8.1 (GraphPad, USA).

2.5.4. Cell cycle analysis by flow cytometry

For cell cycle analysis, 5 x 10° cells/well were seeded in 6-well
plates and treated as described above. Subsequently, cells were de-
tached, fixed in cold 70 % ethanol, and stored at 4 °C. Permeabilized
cells were treated with 100 pg/mL RNase (R5000, Sigma-Aldrich, USA)
and stained with 100 pg/mL propidium iodide (P4170, Sigma-Aldrich,
USA) for 30 min. Samples were analyzed by flow cytometry (BD LSR
Fortessa; BD Biosciences, USA), and data were processed using FlowJo
software (FlowJo LLC, USA).

2.5.5. Hoechst 33342 staining for apoptosis detection

Apoptosis in SW480 and HT-29 cells was quantified by Hoechst
33342 staining (Thermo Fisher Scientific, USA). Cells were seeded in a
24-well plate at a density of 2.5 x 10° cells/mL and cultured under
standard conditions for 24 h. After treatment with the different formu-
lations, the culture medium was removed and cells were washed with
PBS (Gibco, USA) and incubated with 50 pL of Hoechst 33342 at room
temperature for 5 min. Apoptotic cells were visualized by fluorescence
microscopy using a Nikon Eclipse Ti inverted microscope (Nikon,
Japan). The apoptotic index was calculated as the number of apoptotic
cells/total number of cells x 100. All biological tests were conducted in
triplicate. Results are expressed as the mean + standard error of the
mean from three independent experiments.

3. Results
3.1. Physicochemical characterization of the nanoparticles

Unloaded and CGA-loaded NPs were obtained from different feed
formulations varying in wall materials and their proportions, as shown
in Table 1.
3.1.1. Thermal behavior

The thermal behavior of the different NPs was analyzed. Although
results for all formulations are not shown, F3 and F8 were selected as
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representative examples. Formulation F3 represents non-cellulosic
polysaccharide-based wall materials (F1-F5), whereas F8 represents
cellulose-based formulations (F6-F8). Therefore, this section presents
the results for unloaded and CGA-loaded F3 and F8 NPs (Fig. 1a and b).
In each figure, continuous lines correspond to unloaded NPs and the
active CGA molecule, while dashed lines represent CGA-loaded NPs.

The pure CGA molecule exhibited a 3 % mass loss between 25 and
150 °C, associated with water evaporation. A further 7 % loss between
190 and 260 °C was attributed to melting-crystallization of the molecule
[21]. The main degradation occurred between 260 and 460 °C, corre-
sponding to a 62 % mass loss, with the highest rate at 320-350 °C,
related to CGA decomposition [22]. The final residue of CGA was 28 %.

The TGA thermograms of the unloaded formulations F3 (AG) and F8
(CMC + HPMC) showed an initial mass loss between 30 and 160 °C,
related to water evaporation of approximately 10 % and 7 %, respec-
tively. For the unloaded AG NPs (Fig. 1a), the main 71 % mass loss
occurred between 160 and 390 °C, attributed to material depolymer-
ization. A secondary 13 % loss was observed between 620 and 800 °C
due to AG decomposition, leaving a 6 % residue that indicates incom-
plete biopolymer decomposition.

Similarly, the unloaded CMC + HPMC NPs (Fig. 1b) displayed mul-
tiple mass-loss stages. After water evaporation, a main 53 % loss
occurred between 160 and 390 °C, associated with depolymerization of
carboxymethyl cellulose and hydroxypropyl methylcellulose, with
maximum loss at 300 °C. This was followed by a gradual 10 % loss be-
tween 390 and 600 °C, suggesting further degradation of HPMC, which
appears to decompose at slightly higher temperatures than CMC [23].
Between 600 and 800 °C, an additional 12 % loss was observed, leaving
a 6 % residue that confirms incomplete decomposition of both cellulose
derivatives.

For both formulations, the thermograms of the CGA-loaded NPs
(dashed lines) initially resembled those of their respective wall materials
until approximately 300 °C for F3 and 350 °C for F8. Beyond these
temperatures, the profiles became similar to that of pure CGA, sug-
gesting that CGA was effectively encapsulated within the wall materials.
The CGA-loaded NPs exhibited excellent thermal stability.

3.1.2. Chemical composition

FTIR spectroscopy was performed to verify the presence and struc-
tural characteristics of the molecular constituents in the NPs. Spectra of
all formulations were analyzed; however, only the results for F3 and F8
are presented here, as they are representative of the non-cellulosic
polysaccharide-based (F1-F5) and cellulose-based (F6-F8) formula-
tions, respectively. The other formulations exhibited similar spectral
behavior.

The spectrum of F3 unloaded (AG) NPs (Fig. 2a) displayed a broad
stretching band at 3350 cm ™! corresponding to hydroxyl (—OH) groups.
Absorption bands at 2930 em™}, 1606 cm™!, 1420 ecm ™!, and in the
1025-770 cm ™! range were attributed to vibrational modes of C—H
groups, —COOH (carboxylic groups), and C—0O, C—C, and C—O0—C
stretching, as well as C—O—H and C—H bending modes of the AG
polymer backbone [24].

The F8 unloaded (CMC + HPMC) NPs (Fig. 2b) exhibited absorption
bands at 3395 cm ™! for hydroxyl (—OH) groups, 2907 cm™! for C—H
stretching from CH, groups, and 1592 cm ! and 1412 cm™! for
stretching of carboxylate groups (—COO). Bands at 1322 cm ™, 1264
em™!, and 1058 ecm™! correspond to O—H bending and C—O and
C—O—C stretching vibrations, respectively. The band at 895 cm™! is
attributed to p-glycosidic linkages between glucose units in the cellulose
backbone, which are preserved in CMC [25].

The CGA spectrum exhibited a characteristic absorption band at
3323 cm™! corresponding to hydroxyl (—OH) groups. The band
observed at 1685 cm™! was attributed to C=0 stretching vibrations of
the ester carbonyl group. Additional bands at 1638 cm™!, 1600 cm™?,
and 1520 cm ™! are linked to C=C stretching vibrations in the aromatic
ring.
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Fig. 1. TGA thermograms of (a) F3 (AG); (b) F8 unloaded (CMC + HPMC) (continuous line) and CGA-loaded (dashed line) nanoparticles.
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Fig. 2. FTIR spectra of (a) CGA, F3 unloaded (AG), and F3 CGA-loaded nanoparticles; (b) CGA, F8 unloaded (CMC + HPMC), and F8 CGA-loaded nanoparticles.

The spectra of the CGA-loaded formulations F3 (AG + CGA) (Fig. 2a)
and F8 (CMC + HPMC + CGA) (Fig. 2b), also exhibited the broad band of
hydroxyl (—OH) groups at 3353 cm™! and 3380 cm™!, respectively.
Bands at 2928 cm ™! and 2920 cm™! correspond to C—H stretching vi-
brations of CHy groups, characteristic of the wall materials AG and CMC
+ HPMC, respectively. The presence of CGA in each sample was
confirmed by the bands at 1680 cm ™! and 1686 cm™! for F3 and F8
formulations, respectively, which correspond to the C=0 stretching vi-
brations of the ester carbonyl group, and by the bands at 1600 cm ™' and
1520 cm ™}, associated with C=C stretching vibrations in the aromatic
ring of CGA.

These results demonstrate that the NPs produced contain both the
wall materials and CGA, supporting that chlorogenic acid was success-
fully encapsulated within the different wall matrices as expected.

3.1.3. Morphology and particle size

The morphology of unloaded and CGA-loaded NPs from the different
formulations was analyzed by FE-SEM. Representative micrographs of
F3 and F8 unloaded formulations are shown in Fig. 3a-b, and those of F3
and F8 CGA-loaded formulations in Fig. 3c—d.

Images of both unloaded and CGA-loaded NPs from formulations F1-
F5 exhibited similar morphology and particle size, regardless of the
different wall materials used. As shown in Fig. 3a and c for F3, the NPs
predominantly displayed spherical and smooth morphology, with a
mean number diameter of approximately d, = 360 nm (determined by
measuring over 300 NPs using ImageJ software). Slight shell buckling
was occasionally observed.

In contrast, NPs from formulations F6-F8 presented moderately
smaller sizes, attributable to the lower concentration (0.25 mg/mL) of
the feed solution used in the cellulose-based formulations. As illustrated

a) F3 (AG) 1 mg/mL

Fig. 3. FE-SEM micrographs of (a) F3 unloaded nanoparticles; (b) F8 unloaded
nanoparticles; (c) F3 CGA-loaded nanoparticles; (d) F8 CGA-loaded
nanoparticles.

for F8 (CMC + HPMC) in Fig. 3b and d, the NPs appear wrinkled, likely
due to folding of the early crust formed during the particle drying pro-
cess [26]. The mean number diameter for these particles was approxi-
mately d, = 251 nm.

The active ingredient appears to be well integrated within the wall
materials, as no distinct CGA clusters were observed. This suggests
successful encapsulation of CGA within the various biopolymer carriers.
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3.1.4. Release kinetics

The sample-and-separate method was employed to assess the release
profiles of the CGA-loaded NPs and to determine the possible impact of
the wall material on CGA release. Formulations F1 (MD + CGA), F2 (MD
+ AG + CGA), F3 (AG + CGA), and F6 (CMC + CGA) were analyzed. F6
represents cellulose-based formulations, whereas the other three sam-
ples are representative of MD- and AG-based systems. The analysis of F2
was done to evaluate whether combining wall materials produced any
synergistic effects on CGA release kinetics.

As shown in Fig. 4, NPs prepared with MD, AG, or their combination
exhibited an almost instantaneous CGA release, reaching 100 % within a
few seconds. This behavior is attributed to the high solubility of MD (up
to 240 % w/v) and AG (up to 50 % w/v) in aqueous media. In contrast,
CMC-based NPs displayed slower kinetics, achieving 80 % CGA release
after 10 min and complete release after 360 min. Thus, cellulose-based
formulations, such as F6, provide an extended CGA release.

EE and DLC were calculated for the four formulations (Table 2). The
results were similar across formulations, showing high EE values that
indicate minimal CGA loss during encapsulation. The DLC values were
consistent with the 2:1 wall material-to-CGA ratio used in the feed for-
mulations, confirming that the NPs contained the expected CGA amount.

3.2. Biological tests
3.2.1. Cell viability and proliferation assays

3.2.1.1. Cytotoxicity of wall materials. The cytotoxicity of the wall ma-
terials was first evaluated using the MTT assay (Fig. 5). According to ISO
10993-5:2009, a material is considered cytotoxic when cell viability
falls below 70 %. In the present study, cell viability for formulations F2-
F8 remained above this threshold in both SW480 and HT-29 cell lines,
confirming their biocompatibility across all tested concentrations. In
contrast, F1 exhibited a slight reduction in viability in SW480 cells at the
highest concentration tested. These results suggest that the materials
used for nanoencapsulation are non-cytotoxic in the evaluated cell lines,
except for those in formulation F1 at 500 pM.

Since unloaded NPs showed no cytotoxicity across all formulations at
concentrations below 500 pM, the maximum concentration selected for
subsequent experiments was 400 pM.
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Fig. 4. Release kinetics of CGA-loaded nanoparticles: F1 (MD + CGA), F2 (MD
+ AG + CGA), F3 (AG + CGA), and F6 (CMC + CGA). M(t): CGA mass released
at time t; Mmax: maximum CGA mass released during the experiment. Mean
values and error bars correspond to triplicate experiments.
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Table 2

Encapsulation efficiency and drug loading content for F1, F2, F3, and F6 for-
mulations. Mean values and standard deviations correspond to triplicate
experiments.

Formulation EE (%) DLC (%)
F1 112.8 £ 5.0 37.6 £ 1.7
F2 113.4 £ 8.5 37.8+ 28
F3 101.3 + 2.2 33.8£0.7
F6 109.8 + 7.3 36.6 + 2.43
Unloaded nanoparticles HT29
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Fig. 5. Cytotoxicity (% viability) of unloaded nanoparticles. Values are
expressed as mean + standard error of the mean from three independent
experiments.

3.2.1.2. Cytotoxicity of the natural compound (CGA). The cytotoxic ef-
fects of CGA-loaded formulations F1-F8 were evaluated in SW480 and
HT-29 cell lines. Fig. 6 shows the results for each formulation at four
concentrations (50, 100, 200, and 400 pM) after 24 and 48 h of treat-
ment. Free CGA was used as the control at the same concentrations.

CGA-loaded formulations exhibited low cytotoxicity, although sig-
nificant differences were observed between cell lines. In SW480 cells, a
moderate decrease in viability was detected after 24 h across all for-
mulations and concentrations. However, after 48 h, viability generally
returned to baseline, except for formulations F6-F8, which maintained a
modest reduction.

In HT-29 cells, a similar trend was noted, although overall viability
was consistently lower compared to SW480 cells for formulations F1-F5.
Notably, formulations F1 and F3 induced significant reductions in
viability at 100 uM (F1) and at both 100 and 200 uM (F3). After 48 h,
this effect persisted only for F1, while the remaining formulations
continued to display minimal cytotoxicity.

Additionally, ICsy values were calculated for each treatment.
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Fig. 6. Cytotoxicity (% viability) of CGA-loaded nanoparticles. Values are expressed as mean + standard error of the mean from three independent experiments.

Interestingly, the AG + CGA formulation (F3) exhibited the lowest ICsq
values in HT-29 cells, with 759 and 678 pM after 24 and 48 h of treat-
ment, respectively.

HT-29 cells were more sensitive to CGA-loaded formulations than
SW480 cells. Although none of the treatments produced significant
cytotoxic effects at concentrations up to 400 pM, F1 and F3 demon-
strated the strongest biological activity, particularly in HT-29 cells.
Conversely, free CGA tended to reduce cell viability more markedly in
SW480 cells than in HT-29 cells under the same experimental
conditions.

3.2.1.3. Proliferation in SW480 and HT-29 cells (MTT assay). The pro-
liferative response of SW480 and HT-29 cell lines was evaluated
following treatment with CGA-loaded NPs at concentrations of 50, 100,
200, and 400 pM. Results, presented in Fig. 7, were compared with those
of untreated controls and cells treated with free CGA. Measurements
were performed at 24, 48, and 72 h for both cell lines.

In the SW480 cell line, treatment with free CGA did not affect pro-
liferative capacity at 24 and 48 h for concentrations between 50 and 200
pM, although a slight decrease was observed at 72 h compared with
untreated cells. At the highest concentration (400 uM), a significant and
time-dependent reduction in proliferation was detected. F1 induced a
decrease in proliferation across concentrations and time points, except
at 50 uM after 24 h, where an increase in cell number was observed. The

greatest inhibitory effect for F1 occurred at 200 and 400 pM. Formula-
tions F2-F5 produced similar results, with a significant, time-dependent
reduction in proliferation compared to untreated controls. In contrast,
formulations F6-F8, based on cellulose products, displayed a different
behavior, allowing sustained cell growth. Only at higher concentrations
(200 and 400 pM) was growth inhibition evident.

In HT-29 cells, free CGA induced a decrease in proliferation at 50 and
100 pM after 48 and 24 h, respectively. CGA-loaded formulations F1 and
F4 further reduced proliferation at these concentrations and time points.
The strongest inhibitory responses for formulations F2 and F3 were
observed at 50 and 100 pM after 24 and 48 h. For its part, F5 produced
the greatest reduction at 50 and 200 pM after 48 and 24 h, respectively.
Conversely, cellulose-based formulations F6-F8 did not significantly
affect HT-29 proliferation capacity at 24 and 48 h.

Overall, these findings indicate that specific formulations may
induce a decrease in the proliferative capacity of SW480 and HT-29
cells, with F1, F2 and F3 showing the most pronounced effects. In the
HT-29 line, formulations F2 and F3 reached significant population de-
creases at concentrations as low as 50 pM after 48 h. The results suggest
a potential cytostatic activity of these formulations, particularly on HT-
29 cells, which have previously been reported to exhibit higher resis-
tance to CGA at comparable doses [9].

3.2.1.4. Cell cycle distribution in HT-29 cells. Cell cycle distribution



D. Tobon-Vélez et al.

Cell Proliferation HT29 F1

T4

0 2 a8 72

Treatment [hours]

—o—NIC —e—504M —6—1004M —8—200M —8—400uM

Cell Proliferation HT29 F2

*
*
*
18 * *x
16 *
T4 b
£
1.2
2
210
K
E’ 08
208
2
§oa
02
00
0 2 a8 72
Treatment [hours]
—o—NTC ——50iM —o—100jM —e—2004M —e—400 M
Cell Proliferation HT29 F3 .
*
*
18 * *
*
16 *
= *
E 14
£
212
B he
> 10
208
a
0 0.6
S o4
02
00
o 2 48 72
Treatment [hours]
—e—NTC  —e—SO4M  —e—100uM  —e—200uM  —e—400uM
Cell Proliferation HT29 F4
1,800
1,600
E 1,400
£
2 1,200
8
2 1,000
£ 0,800
a
S 0600
£ 0,400
S
0,200
0,000
2 8 7
Treatment [hours]
—e—NIC —e—504M —s—100M —e—2004M —e—400 M
Cell Proliferation HT29 F5
1,800 id
1,600
”‘ &
E 1,400 {
8 1,200
g
2 1,000
2 0,800 1
H
8 o600
2 0,400
°

0,200
0,000

Treatment [hours]

—e—NTC —#—50uM —e—100uM ——200uM —e—400 uM

Journal of Drug Delivery Science and Technology 115 (2026) 107744

Cell Proliferation SW480 F1

*x
1.0 i *x
09 *

Tos

So7

2 3

Los

z

Fos

504

g o,

203

§o2
01
00

0 2 48 72

Treatment [hours]

—6—NTC —8—50uM —6—1004M —8—200uM —e—400 uM

Cell Proliferation SW480 F2

0 24 a8 72

Treatment [hours]

—6—NIC —8—50uM —o—100UM —8—200uM —8—400uM

Cell Proliferation SW480 F3

*5%
>k

0 24 a8 72

Treatment [hours]
—6—NIC —8—50uM —e—100uM —8=200uM —8—400uM

Cell Proliferation SW480 F4

Treatment [hours]

—8—NIC —8—50uM ——100pM —8—200uM —8—400 M

Cell Proliferation SW480 F5

1,000

0,900
£ 0,800
g 0,700 $
2 0,600 ¥
£ o500
§ 0,400
a
0,300

B
80200
0,100
0,000
0 2 a8 72

Treatment [hours]

—e—NTC —e—50uM —e—100uM —8—200M —8—400uM

Fig. 7. Cell proliferation in SW480 and HT-29 cell lines treated with free CGA and CGA-loaded formulations at four concentrations. Values are expressed as mean +

standard error of the mean from three independent experiments.

analysis was performed to evaluate the effects of formulations F1 and F3
on HT-29 cells after 48 h of exposure (Fig. 8). Untreated cells showed a
typical profile, with most cells residing in the G1 phase. Treatment with
either F1 or F3 resulted in a slight but consistent increase in the sub-G1
population, accompanied by a decrease in the proportion of G1 phase
cells compared with untreated controls. Beyond these shared effects, F1-
treated cells exhibited an increase in S phase and a reduction in the G2/
M fraction, whereas F3-treated cells displayed an accumulation in G2/M
without a noticeable rise in S phase. These results suggest that F1 pri-
marily affects S phase progression, while F3 induces changes leading to
G2/M accumulation.

No statistically significant differences were found between

treatments; however, consistent trends were observed, including a
modest increase in the sub-G1 fraction and a decrease in G1 for both
formulations, an increase in S phase for F1, and a G2/M accumulation
for F3.

3.2.2. Possible cell death mechanism: apoptosis

Given the cytotoxic effects observed in cells treated with CGA-loaded
NPs using formulations F1, F2 and F3, a Hoechst 33342 staining assay
was carried out to determine whether cell death was linked to apoptosis.
Cells were treated under different conditions and subsequently exam-
ined using fluorescence microscopy.

As shown in Fig. 9, SW480 and HT-29 cells exposed to CGA-loaded
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Fig. 7. (continued).

NPs (formulations F1 and F3, 200 pM) exhibited no significant increase
in apoptotic nuclei. In SW480 cells, the percentage of apoptotic nuclei
was approximately 3.5 % in the control and remained near 2 % after
treatment with F1 or F3. In HT-29 cells, apoptosis levels were around 2
% in the control and showed no relevant changes upon treatment with
either formulation. Overall, no statistically significant differences were
observed between control and experimental conditions.

4. Discussion

The anticancer activity was notably enhanced by CGA-loaded NPs in
formulations F1-F3 compared with free CGA. Interestingly, this
enhancement was not limited to the formulations containing AG (F2 and
F3). The observed effect could be attributed to the small particle size,
which improves bioavailability and promotes cellular uptake. The high
solubility of AG and the ease with which the composite traverses the cell
membrane may enable more efficient internalization of the drug,
thereby improving cytotoxicity in the AG + CGA formulation [27].While
greater bioavailability due to small particle size likely contributes to this
effect, the enhanced activity cannot be explained solely by release

kinetics, as F1 (MD) exhibited a rapid release profile similar to F2 and F3
(both AG-based).

Although MD per se is considered inert, certain resistant forms have
demonstrated antitumor effects in CRC models by inducing apoptosis
(via ROS, Bax, caspases, and Akt/mTOR signaling) and inhibiting tumor
growth in vivo [28,29]. Moreover, the intrinsic composition of AG may
influence the biological behavior of the formulations, as this natural
exudate contains not only polysaccharides but also proteins, which
could modulate NP-cell interactions, uptake, and intracellular re-
sponses. AG has shown antiproliferative activity in triple-negative breast
cancer cells through G1/S arrest, apoptosis induction, and suppression
of Wnt/p-catenin signaling [30]. Furthermore, it has been reported to
reduce tumor volume in animal models and to potentiate apoptotic re-
sponses when used to stabilize NP systems [31,32].

The evaluation of all CGA-loaded NP formulations revealed low
overall cytotoxicity in both SW480 and HT-29 CRC cell lines, with dif-
ferential responses depending on cell line and treatment duration. In
SW480 cells, a transient reduction in viability was observed after 24 h
for all formulations and concentrations; however, this effect diminished
by 48 h in most cases. This response may be explained by the rapid
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release and subsequent metabolism of CGA from NPs, resulting in lower
bioavailability throughout the treatment period. Similar results were
reported by Evans et al. [33], who demonstrated that several anticancer
agents exhibit early cytotoxic effects that diminish after 48 h due to
compound instability or metabolism in the culture medium.

Despite this trend, formulations F6, F7, and F8 maintained a slight
reduction in cell viability after 48 h of treatment, which could be
interpreted as slower release profile or greater stability of the CGA
encapsulated in these specific formulations. Comparable findings have
been reported for NP systems that extend the biological activity of
polyphenols by modulating release kinetics or improving compound
stability in biological environments [34].

In HT-29 cells, increased sensitivity to CGA-loaded formulations was

observed, as indicated by consistently lower viability values compared
to SW480 cells. Among the tested systems, F1 and F3 exhibited the
strongest antiproliferative effects at concentrations of 100 and 200 pM,
particularly at earlier time points. Notably, only F1 retained this effect
after 48 h, highlighting the variability in release kinetics and cellular
responses among NP systems. These findings are consistent with previ-
ous studies showing that cell line-specific characteristics such as mem-
brane composition, antioxidant capacity, and metabolic profile
significantly influence cellular responses to polyphenolic compounds
like CGA [35,36].

Overall, HT-29 cells were more susceptible to treatment with CGA-
loaded formulations in terms of both cytotoxicity and inhibition of
proliferation. Interestingly, earlier reports have indicated that SW480
cells are typically more sensitive to CGA, primarily due to its capacity to
modulate the Wnt/p-catenin signaling pathway, a key regulator of CRC
progression [9]. Consistent with these findings, free CGA, used as a
control in this study, elicited a stronger cytotoxic response in SW480
than in HT-29 cells. However, encapsulation altered this pattern, sug-
gesting that nanoencapsulation modifies CGA’s cellular uptake, distri-
bution, or bioavailability. Indeed, the pharmacokinetics of polyphenols,
including CGA, are known to change substantially after nano-
encapsulation, which influences their internalization, stability, and
retention within target cells [37].

HT-29 cells, characterized by high expression of detoxification and
transport proteins, may particularly benefit from encapsulation strate-
gies that facilitate compound passage across membranes and thereby
improve intracellular retention. Elevated levels of breast cancer resis-
tance protein (BCRP) have been reported in HT-29 cells. BCRP functions
as an efflux pump with broad substrate specificity, promoting the
detoxification and expulsion of therapeutic agents [38]. Similarly, var-
iable levels of UDP-glucuronosyltransferases (UGTs) have been
described in CRC cells. UGTs catalyze glucuronidation reactions that
facilitate the elimination of xenobiotics, including phenolic compounds.
High UGT activity has been associated with reduced drug bioavail-
ability, premature glucuronidation, and diminished therapeutic
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efficacy. Notably, several UGT1A isoforms are overexpressed in HT-29
cells [39].

Encapsulation of anticancer agents within nanocarriers has proven
effective in mitigating tumor resistance by circumventing drug-efflux
systems and attenuating detoxification pathways. Carriers that enter
cells predominantly via endocytosis or enhance membrane translocation
improve intracellular and nuclear drug retention in P-gp/ABCB1-over-
expressing models, consequently restoring antitumor activity relative to
free drugs. Furthermore, pH-sensitive conjugates promote lysosomal
release and prolong drug persistence in resistant cells [40]. Likewise,
biomimetic “tea” NPs have been shown to bypass ABCB1-mediated
efflux and increase doxorubicin accumulation in SW620/Ad300 CRC
cells [41]. Beyond optimizing transport, micellar systems incorporating
glutathione S-transferase (GST) inhibitors reduce detoxification capac-
ity and reverse cisplatin resistance [42].

In this study, cell cycle analysis was performed exclusively on HT-29
cells, as this line exhibited superior biological activity in prior assays.
The analysis was limited to formulations F1 and F3, given their stronger
responses. The evaluation was conducted at 48 h, using the lowest
concentration that had induced biological activity. Although no statis-
tically significant differences were observed, both formulations induced
a slight increase in the sub-G1 fraction and a decrease in G1-phase cells
relative to untreated controls. Beyond these shared effects, F1-treated
cells accumulated in the S phase, while F3-treated cells showed
enrichment in G2/M. Together with the absence of apoptotic nuclear
morphology and stable cell viability under identical conditions, these
findings support the conclusion that F1 and F3 primarily exert cytostatic
rather than cytotoxic effects, likely through modulation of cell cycle
progression.

CGA has consistently been reported to exert cytostatic activity in
CRC models, largely through modulation of cell cycle progression. In
HT-29 and HCT-116 cells, CGA induces S-phase arrest, likely mediated
by disruption of the ERK signaling pathway [43]. This phase-specific
blockade aligns with findings in Caco-2 cells, where CGA and its mi-
crobial metabolites (e.g., caffeic acid, 3-phenylpropionic acid, benzoic
acid) cause S-phase arrest, particularly at lower synergistic concentra-
tions, supporting their role in inhibiting proliferation without neces-
sarily invoking apoptosis. Moreover, broader reviews have confirmed
that CGA and related compounds reduce viability across multiple CRC
lines, including HT-29, mainly through cytostatic mechanisms such as
cell cycle arrest, Wnt/p-catenin modulation, and ROS induction, rather
than direct cytotoxicity [44]. Collectively, these findings reinforce the
interpretation that CGA’s antiproliferative effects are primarily medi-
ated by disruption of cell cycle progression, corroborating our obser-
vations for F1 and F3 in HT-29 cells.

To determine whether the observed reduction in cell viability
induced by CGA-loaded formulations was associated with apoptotic
mechanisms, a Hoechst staining assay was performed. Treatment with
formulations F1 and F3 did not increase nuclear condensation or frag-
mentation—hallmarks of apoptosis [45]—in either SW480 or HT-29
cells. However, a dose-dependent decrease in the percentage of
apoptotic nuclei was observed for both formulations. These results
suggest that the cytotoxic and antiproliferative effects previously
observed with F1 and F3 are not primarily mediated by apoptosis.
Instead, they likely involve alternative mechanisms such as cell cycle
arrest or cytostatic effects [46], especially in the HT-29 cell line.

These findings highlight the critical role of both formulation design
and treatment duration in optimizing the therapeutic efficacy of CGA-
based nanoformulations. Moreover, they emphasize the need to ac-
count for controlled-release behavior in extended in vitro assays, as early
cytotoxic effects may not accurately reflect long-term cellular responses
if the active compound undergoes rapid degradation or metabolism in
the culture medium.

Recent advances in nanotechnology for cancer treatment have
focused on the design of biocompatible, surface-modified, and stimulus-
responsive nanocarriers that enhance drug delivery and therapeutic
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outcomes [47]. The present study is promising and opens avenues for
improving the performance of CGA-loaded nanocarriers. Future
research should aim to develop surface-modified, spray-dried loaded
NPs capable of controlling and extending CGA release, followed by
in-depth studies of their interactions with biological systems to achieve
improved targeting. Furthermore, the challenge of securing effective
intestinal absorption via oral administration remains a critical obstacle
for positioning NPs as a viable CRC therapeutic option [18,48].

5. Conclusions

The results demonstrate that the nanoencapsulation of CGA, partic-
ularly in formulations F1-F3, enhances its antiproliferative potential in
CRC cells compared with the free compound. While classical apoptotic
pathways do not appear to be the primary mechanism, cell cycle analysis
revealed trends consistent with cytostatic effects, including a slight rise
in the sub-G1 fraction and a decrease in the G1 fraction for both for-
mulations, an increase in S phase for F1, and an accumulation in G2/M
for F3. Although these differences were not statistically significant, they
suggest that cell cycle arrest may contribute to the observed anti-
proliferative activity. Further complementary experiments will be
necessary to confirm this hypothesis.

These findings underscore the importance of formulation composi-
tion, particle size, and bioavailability in modulating cellular responses
and support the development of CGA-based nanocarriers as promising
candidates for CRC treatment. Furthermore, the results highlight the
need to consider both treatment duration and compound stability when
evaluating in vitro anticancer potential. While CGA-loaded formulations
initially exhibited cytotoxic activity, these effects were transient in
several cases, likely due to compound degradation or metabolism.
Nonetheless, certain formulations, such as F6-F8, maintained moderate
activity over time, suggesting slow release kinetics.
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