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Abstract: Colon cancer is the third most frequent neoplasm and the second most lethal worldwide.
Despite progress in its treatment, new therapies are still needed to improve the prognosis of this
type of tumor and, in this context, the use of plant compounds with anti-tumor properties has been
increasing in recent years. The aim of this systematic review was to analyze the potential benefits
of encapsulation of compounds derived from plant extracts in nanoparticles and their cytotoxic
effect under in vitro conditions. Once the search strategy was defined based on the selected MESH
terms, 147 publications published since 2012 were identified from three different databases (PubMed,
SCOPUS and WOS). After eliminating duplicates and applying the inclusion and exclusion criteria,
17 studies were finally included. The results showed that the use of natural extracts encapsulated in
nanoparticles offered significant cytotoxic activity against colon neoplastic cells by increasing the
therapeutic effect of free plant extracts through their encapsulation and without producing toxicity
on healthy cells. In addition, most studies (14) involved metal-derived nanoparticles (zinc, iron and
gold). Despite the possible efficacy of these nanodrugs, more in vivo studies are needed to elucidate
their potential future therapeutic application and their biocompatibility.

Keywords: natural extracts; colorectal cancer; systematic review; metal nanoparticles; biosynthesis

1. Introduction

Colorectal cancer (CRC) is a disease that accounts for 10% of diagnosed (1.9 million)
tumors and cancer-related deaths (935,000) worldwide [1]. Its incidence is lower in women
(32 out of every 100,000) compared to men (42 per 100,000), being mainly diagnosed in
developed regions such as Europe, Australia, and North America, and with Hungary
and Norway being the two countries with the highest incidence [1]. In a gradual process,
it is estimated that the incidence of this type of cancer will increase over the next few
years, reaching a diagnosis of 2.5 million new cases in the year 2035 (600,000 more than
currently) [2]. Family history of cancer is linked to 10–20% of diagnosed patients, with
5–7% of all patients being correctly defined as having a hereditary syndrome. In addition,
there are risk factors that predispose to this disease, such as smoking, alcohol consumption,
overweight and intake of red meat and processed food [3]. This disease initially presents as
a malignant polyp that will progressively evolve into cancer within 10–15 years through a
chromosomal instability resulting from a mutation in the APC gene, an activation of the
RAS proto-oncogene and a loss of function of the TP53 tumor suppressor [4]. It is due to
this progressive process that the risk of incidence of this disease is linked to age, increasing
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from 2.1 cases/100,000 inhabitants in the 25–29-year age group to 234.7 cases in the over
85-year age group in the United States [5].

Due to the screening programs of international health systems, the incidence of this
type of tumor has increased, as well as its early diagnosis. Thus, most European countries
have a nationally organized screening system since 2003, as do North America and Eastern
countries such as Japan, South Korea, Taiwan, Thailand, and Australia. Meanwhile, many
countries in Central and South America do not have organized programs due to the
limited resources available to them [6]. In early-stage localized tumors or large polyps,
endoscopic resection may be the correct therapy for patients [7]. Surgery is also a curative
therapy in colon cancer, with laparoscopy being the standard technique in several countries
worldwide [8]. Meanwhile, the treatment of rectal cancer is more complicated, with
mesorectal excision being the gold standard of treatment [9]. Meanwhile, in metastatic
patients, the long-term curative options are based on the total elimination of metastatic
nodes by surgery. Thus, resection of these secondary tumors allows the cure of 20% of
patients, although it remains incurable for the vast majority. Current treatment is based
on the use of pyrimidine analogues (5-fluorouracil, known as 5-FU, and capecitabine),
alkylating agents (oxaliplatin) and topoisomerase I inhibitors (irinotecan), alone or in
combination with others in regimens such as FOLFOX (folinic acid, 5-FU and oxaliplatin),
FOLFIRI (folinic acid, 5-FU and irinotecan) or FOLFOXIRI (folinic acid, 5-FU, oxaliplatin
and irinotecan) [10,11]. Additionally, there are new treatments based on monoclonal
antibodies or immunotherapy that could be useful [12]. One of the greatest anticancer
drugs at present are PD-1 inhibitors such as pembrolizumab, which is approved by the
European Medicines Agency (EMA) for use in microsatellite instability in colorectal cancer
(MSI-H/dMMR) resistant to standard chemotherapy. An increase in disease progression-
free survival during the duration of response of 24 months versus chemotherapy has been
demonstrated, in addition to a better safety profile [13].

Despite the latest advances in treatments applied in clinics, the results when the
disease is advanced are still limited, and the search for new, more selective, and more
effective antitumor agents are necessary. In recent years, the use of natural products as
a possible antitumor treatment has been proposed as a possible tool. From products of
plant origin, the extraction of elements of interest is achieved so that they can be applied
against neoplastic cells, either in isolation or when looking for a possible improvement
of their antitumor activity when they are transported in nanoparticles (NPs). For this
reason, numerous preclinical studies are being carried out to verify the possible chemo-
preventive and therapeutic effect of these elements, with the aim of incorporating them as
adjuvants to treatments with current scientific evidence to increase the beneficial effect on
patients [14].

Among the various groups of natural products with anticarcinogenic action are
polyphenols, terpenoids, cardiac glycosides, saponins, flavonoids and others [15]. One of
the most studied groups that stand out for their bioactivity are polyphenols, which are
chemical substances found in fruits, cereals and vegetables that have anti-inflammatory
and anticarcinogenic activities (Figure 1) [16]. Within them, we can distinguish flavonoids,
flavanes, flavonols and flavanones [15,17]. Cardiac glycosides have also been shown to
be useful as anti-arrhythmic agents and are beneficial for heart failure, increasing car-
diac contraction by inhibiting the sodium–potassium ATPase pump [15,18]. Furthermore,
terpenoids are compounds derived from mevalonic acid, which have anti-inflammatory,
antineoplastic and antibacterial activities. One of the most widely used is paclitaxel, which
is used in many centers as an antitumor agent for treating different types of cancer, such
as ovarian, breast and lung cancers [19]. Finally, saponins show interesting analgesic,
anti-inflammatory and anti-tumor effects [15].
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Figure 1. Chemical structure of plant compounds that are present in the extracts studied in this 
review and possess antitumor properties. 
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nometric scale (1–100 nm), and these structures are applicable in various sectors such as 
nutrition [20,21]. In addition, related to health, nanomedicine can be a good tool for cancer 
diagnosis, tumor cell treatment (development or controlled release of drugs) or tissue re-
generation [22]. Additionally, these nanoformulations have been used for the encapsula-
tion of small bioactive plant compounds, such as curcumin or quercetin, with proven ef-
ficacy [20]. Therefore, nanotechnology is shown as a strategy to effectively encapsulate 
bioactive compounds derived from plant extracts, allowing their entry into cells and pro-
ducing an improved cytotoxic effect compared to the use of free extracts. In addition, nat-
ural extracts are a great alternative to traditional drugs because, through their reducing 
power, they can offer stability to nanoformulations synthesized from them, generating 
additional cytotoxicity to tumor cells without any damage to non-tumor cells [23]. Previ-
ously, metallic nanoformulations (silver and gold) have been presented that are able to 
encapsulate these compounds correctly based on green synthesis with few steps. This pro-
cess is based on the reductive capacity of plant extracts, which allows the conversion of 
metal salts into nanoformulations without requiring other compounds during the synthe-
sis process. In addition, many of these nanoparticles are able to exert a better therapeutic 
effect compared to the extract from which they are derived since they specifically encap-
sulate bioactive compounds with the highest cytotoxic activity [24,25]. On the other hand, 
nanoformulations of other metals (such as nickel) have been synthesized using root ex-
tracts and possess clear antioxidant, antibacterial and antitumor activities [26]. 

The discovery of new plant extracts that possess high cytotoxic activity on tumor cells 
is of great interest for the possible improvement of current treatments available for CRC. 
In addition to this, their nanoencapsulation could lead to more effective entry of bioactive 
compounds into cells, thereby increasing their efficacy. Therefore, the aim of this system-
atic review is based on the study of the possibility of using natural extracts in NPs as 
individual therapy or as adjuvant therapy for the treatment of colorectal cancer, providing 
a new avenue with possible alternatives to enhance the effect of current therapies and to 
achieve a possible reduction in the lethality of this neoplasm. 

2. Materials and Methods 
The systematic search was carried out for the selection and collection of relevant in-
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Nanotechnology is defined as the design of structures that have a size set on the
nanometric scale (1–100 nm), and these structures are applicable in various sectors such
as nutrition [20,21]. In addition, related to health, nanomedicine can be a good tool for
cancer diagnosis, tumor cell treatment (development or controlled release of drugs) or
tissue regeneration [22]. Additionally, these nanoformulations have been used for the
encapsulation of small bioactive plant compounds, such as curcumin or quercetin, with
proven efficacy [20]. Therefore, nanotechnology is shown as a strategy to effectively encap-
sulate bioactive compounds derived from plant extracts, allowing their entry into cells and
producing an improved cytotoxic effect compared to the use of free extracts. In addition,
natural extracts are a great alternative to traditional drugs because, through their reducing
power, they can offer stability to nanoformulations synthesized from them, generating
additional cytotoxicity to tumor cells without any damage to non-tumor cells [23]. Pre-
viously, metallic nanoformulations (silver and gold) have been presented that are able to
encapsulate these compounds correctly based on green synthesis with few steps. This
process is based on the reductive capacity of plant extracts, which allows the conversion of
metal salts into nanoformulations without requiring other compounds during the synthesis
process. In addition, many of these nanoparticles are able to exert a better therapeutic
effect compared to the extract from which they are derived since they specifically encapsu-
late bioactive compounds with the highest cytotoxic activity [24,25]. On the other hand,
nanoformulations of other metals (such as nickel) have been synthesized using root extracts
and possess clear antioxidant, antibacterial and antitumor activities [26].

The discovery of new plant extracts that possess high cytotoxic activity on tumor cells
is of great interest for the possible improvement of current treatments available for CRC.
In addition to this, their nanoencapsulation could lead to more effective entry of bioactive
compounds into cells, thereby increasing their efficacy. Therefore, the aim of this systematic
review is based on the study of the possibility of using natural extracts in NPs as individual
therapy or as adjuvant therapy for the treatment of colorectal cancer, providing a new
avenue with possible alternatives to enhance the effect of current therapies and to achieve
a possible reduction in the lethality of this neoplasm.

2. Materials and Methods

The systematic search was carried out for the selection and collection of relevant infor-
mation from publications. The search protocol was previously registered on 13 June 2023 in
the OSF database (https://doi.org/10.17605/OSF.IO/E9FTY, accessed on 13 June 2023).

https://doi.org/10.17605/OSF.IO/E9FTY
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2.1. Study Eligibility

The purpose of the present systematic review was to review information from studies
carried out to date on NPs loaded with plant biomolecules against colon cancer, with the
aim of analyzing any possible increase in anti-tumor effectiveness compared to the use of
isolated compounds. This review was carried out according to the criteria set out in the
PRISMA guidelines [27].

2.2. Data Sources

For the search, three different databases (PubMed, SCOPUS and Web of Science) were
consulted. The formula used in the PubMed database was based on the use of MeSH terms,
as follows: (“plant extracts”[MeSH Terms] OR (“plant”[All Fields] AND “extracts”[All
Fields]) OR “plant extracts”[All Fields] OR (“plant”[All Fields] AND “extract”[All Fields])
OR “plant extract”[All Fields]) AND (“nanoparticles”[All Fields] OR “nanoparticles”[MeSH
Terms] OR “nanoparticles”[All Fields] OR “nanoparticle”[All Fields]) AND (“colonic
neoplasms”[MeSH Terms] OR (“colonic”[All Fields] AND “neoplasms”[All Fields]) OR
“colonic neoplasms”[All Fields] OR (“colon”[All Fields] AND “cancer”[All Fields]) OR
“colon cancer”[All Fields]). This formula was adapted for the search engines included in
the other databases, with the last bibliographic search carried out in these databases on
19 May 2023.

2.3. Inclusion Criteria

We included articles in which functional extracts of plant origin whose bioactive
compounds were encapsulated in nanoparticles were studied, with the aim of evaluating
their action against colon tumor cells. In addition, we included publications where these
extracts were generated from wild plant species and where the extraction method and the
solvent used were specified. Furthermore, the articles included had to specify the IC50
values obtained to determine the cytotoxic effect of the nanoformulations used, as well as
the molecular mechanisms by which cell death is triggered.

2.4. Exclusion Criteria

We excluded all studies that were not performed with in vitro or in vivo models
derived from colon cancer tumor lines, as well as those in which biomolecules or extracts
were commercially acquired and not obtained from nature. Furthermore, all publications
where the extraction method was not explained or where the mechanism of antitumor
action was described without providing data on IC50 values were excluded. In addition,
articles published in languages other than Spanish and English were excluded to facilitate
the authors’ understanding. Finally, non-original articles, such as reviews, meta-analyses
or epidemiological studies, were also excluded. It should be noted that there were no
exclusion criteria by year of publication.

2.5. Study Selection

The authors (Cristina Mesas and Francisco Quiñonero) performed the literature search
based on the previously established criteria, analyzing the title and abstract of all the articles
located and selecting those that met the inclusion criteria. Subsequently, the full text of all
the articles was reviewed, considering their inclusion based on the previously described
inclusion and exclusion criteria.

2.6. Data Extraction

Following the selection process, the two authors indicated above analyzed the articles
for data extraction. The Cohen’s Kappa statistical test exceeded 0.8, indicating a good
agreement between the two authors [28]. All discrepancies were resolved by consensus
between C.M and F.Q following discussion, and when necessary, a third author was
involved. A specific questionnaire was used to establish the quality of the selected articles.
Papers scoring less than 6 points were excluded from the systematic review.
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3. Results
3.1. Study Description

As shown in Figure 2, after the initial search, a total of 147 articles were obtained:
78 from PubMed, 20 from SCOPUS and 49 from Web of Science. After the first analysis,
36 duplicates were discarded, leaving 111. Subsequently, a reading of the title and abstract
of these articles was carried out, in which 41 more articles were eliminated as they were
not relevant to the subject matter, leaving 70 articles to which the inclusion and exclusion
criteria were applied. A review of these 70 articles was then carried out, discarding those
articles that did not include IC50 or the mechanism of anticancer action, resulting in a total
of 48 articles. Those in which the nanoparticle or extract under study was purchased, or
its origin was unknown, those that were not written in English or Spanish, and those in
which the extract under study did not belong to the Plantae kingdom were eliminated,
leaving 33 articles, i.e., those that did not meet the inclusion criteria. Finally, we excluded
articles that did not evaluate the binding activity between the extract and the nanoparticle,
as compared to the binding activity between the isolated extract or nanoparticle, to assess
whether the results of the combination were superior. This left 17 articles on which this
review was based.
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Figure 2. Schematic diagram representative of the systematic search process carried out for this review.

Given the diversity in the composition of nanoparticles, the results obtained in this
systematic review are presented based on the different types of nanoparticles used. Of
the articles included, eight used silver nanoparticles, with this material being the most
employed, followed by zinc nanoparticles (four articles), gold nanoparticles (two articles),
and calcium phosphate, and iron and lipid nanoparticles coated with chitosan, respectively
(Figure 3). Regarding plant-derived compounds with antitumor activity against CRC, it
should be noted that the plant part most frequently used to obtain these compounds was
leaves, followed by seeds, skin, fruits, petals, aerated parts, bark and even the whole plant.
On the other hand, the solvent most often used to obtain the extract was distilled water,
followed by ethanol and methanol.
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3.2. Silver Nanoparticles

Of the eight articles that used silver nanoparticles loaded with antitumor biomolecules,
seven were in vitro cell culture studies [29–35] and one was an in vivo study with Wistar
rats [23]. In each of these studies, the action of the extract alone was studied in comparison
with the compound loaded in NPs. As can be seen from the results in Table 1, the IC50
values obtained were lower in the nanoparticle treatments containing encapsulated extracts
compared to the use of free extracts. Additionally, the studies by Aboulthana et al. (2021)
and González-Pedroza et al. (2021) showed that the cytotoxicity effect exerted by these
silver nanoformulations only occurred in tumor lines, while healthy cells were resistant to
the treatment as these silver nanoformulations did not induce any type of death process
such as apoptosis [23,31]. Thus, in the different tests that were carried out, NPs were loaded
with a wide range of compounds extracted from different plant species, such as Moringa
oleifera, Rosa indica and Vitex negundo.

Aboulthana et al. (2021) examined the antitumor activity of Moringa oleifera by obtain-
ing an aqueous extract with 10% methanol from its leaves. This test was carried out in vivo
on Wistar rats after promoting the development of dysplasia in their intestinal epithelium
using azoxymethane (AOM). The encapsulation of the extract in silver nanoformulations
obtained IC50 values similar to the free extract, although those rats treated with these silver
nanoformulations showed a decrease in the levels of carcinoembryonic antigen (CEA),
Ca19.9 and inflammation markers. This effect is believed to be due to the presence of
antioxidant polyphenols in the nano-extract, which could confer protection from oxidative
damage by ROS. It also led to an increase in the levels of ROS detoxification enzymes,
which were similar in the mice treated with the nano-extract compared to those of the
control group without tumor. In addition, APC and TP53 levels decreased to normal
values [23]. González-Pedroza et al. (2021) created extracts from the leaves and skin of the
fruits of Annona muricata. These extracts were tested on several CRC lines, such as MCF-7,
MDA-MB-468 and HCT-116, showing a decrease in IC50 values from 2004 to 404.8 µg/mL
in the extract from leaves, and a reduction from 1285 to 309.3 µg/mL in the fruit skin
extracts when encapsulated in iron nanoparticles. The enhanced cytotoxic effect could
be due to the release of ions from nanoparticles, which are capable of activating signal-
ing cascades, releasing calcium ions, and producing ROS damage at the mitochondrial
level, thus increasing the cytotoxic effect generated by the extract itself [31]. On the other
hand, Balkrishna et al. (2020) created extracts of Putranjiva roxburghii (PJ) seeds that were
subsequently encapsulated in iron NPs (PJ-SNPs). The results showed that the IC50 of
these nanoparticles (0.54 µg/mL) was lower when compared to the free extract in this
cell line (6 µg/mL), which showed a better effect through an increase in apoptosis induc-
tion [29]. Deepika et al. (2020) evaluated the antitumor activity of Caesalpinia pulcherrima
and five types of extracts were obtained, one aqueous extract and four extracts from sol-
vents (methanol, ethyl acetate, petroleum ether and chloroform). When comparing these
extracts, it was observed that the aqueous extract presented the best antitumor activity, with
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an IC50 of 18.7 µg/mL, compared to the extracts obtained from the solvents, whose IC50
was 51, 72, 69.3 and 77 µg/mL, respectively. Moreover, the encapsulation of the aqueous
extract in a nanoformulation led to a decrease in IC50 up to 3.8 µg/mL, with encapsulation
improving the effect of all the extracts tested on the HCT-116 cell line [30].

Table 1. Most relevant information obtained from the studies included in the systematic review.

Material Extract
(Reference)

Cell Line/
Animal Model IC50/LD50 Results

Si
lv

er

ME (10%) of
Moringa oleifera

leaves [23]

36 Wistar rats:
chemical induction

by AOM
-

• Decreased CEA.Ca19.9, APC and TP53 expression
in nano-extract treatment.

• Absence of toxicity in non-tumor cells and
protection against oxidative damage.

AE of leaves (LE)
and peel (PE) of

Annona
muricata [31]

HCT-116

AgNPs-PE: 1.285 µg/mL
AgNPs-LE: 2.004 µg/mL

PE: 309.3 µg/mL
LE: 404.8 µg/mL

• Induction of apoptosis by ROS.
• AgNPs-PE are less toxic compared to AgNPs-LE

against macrophages.

AE of leaves of
Mentha

lonqifolia [32]
HCT-116 - Encapsulation of phytochemicals by nanoparticles is

low, so there is no cytotoxic activity.

AE of seeds of
Putranjiva

roxburghii [29]
HCT-116

PJSNPs: 0.54 µg/mL
PJ: 6.0 µg/mL

The nanoparticles encapsulating the extract induce
genotoxicity, triggering cell apoptosis to a greater extent

than the free extract.

AE, ME, EAE,
PEE and CE of

leaves of
Caesalpinia

pulcherrima [30]

HCT-116

AE: 18,7 µg/mL
ME: 51 µg/mL
EAE: 72 µg/mL

PEE: 69.3 µg/mL
CE: 77 µg/mL

• The increased antitumor activity by NPs is
attributed to an increased apoptotic induction.

• Greater antitumor activity was observed with the
aqueous extract, compared to the extracts
obtained through solvents.

AE, EEAE, NBE of
fruits of Balanites

aegyptiaca [35]
Caco-2

Extracts: 0.625–1.25
µg/mL

AgNPs: 0.625 µg/mL

• Apoptosis induction via ROS damage.
• No increased antitumor activity was observed

with NPs compared to the functional extracts.

EA (70%) of petals
of Rose indica [33] HCT-15

Extract: >250 mg/mL
AgNPs: 300 µg/mL

• Increased antitumor activity with NPs compared
to functional extracts.

• Apoptosis induction via ROS damage.

ME of leaves of
Vitex negundo [34] HCT-15

ME: 150 µg/mL
AgNPs: 20 µg/mL

• Increased antitumor activity with NPs compared
to the functional extracts.

• Cell death is attributed to apoptosis due to
increased genotoxicity.

Z
in

c

AE, EE and PEE
of seeds of Croton

tiglium [36]
Caco-2

EE: 309.70 µg/mL
AE: 176.90 µg/mL
PEE: 692.10 µg/mL

ZnO-EE: 252.50 µg/mL
ZnO-AE: 100.20 µg/mL
ZnO-PEE: 353.30 µg/mL

• Apoptosis induction via ROS damage and
decreased EGFR expression

• Greater antitumor activity with AE and ZnO-A
compared to other extracts and NPs. The highest
activity was achieved by ZnO-AE compared to
the functional aqueous extract.

AE of leaves of
Spondias pinnata

(SpL) [37]
HCT-116

SpL-ZnNPs: 53 µg/mL
ZnNPs: 60 µg/mL

• Cell death is attributed to apoptosis due to
increased ROS and DNA fragmentation.

• Increased antitumor activity with SpLZnONPs
compared to non-extract NPs.

AE of aerated
parts of Deverra

tortuosa [38]
Caco-2

ZnO-NPs: 50.81 µg/mL
AE: 136.12 µg/mL

• Increased antitumor activity with NPs compared
to the functional extracts.

• Cell death is attributed to apoptosis due to
increased ROS and intracellular release of Zn ions.

AE of fruits of
Annona

muricata [39]
HCT-116

ZnNPs: 60 µg/mL
Am-ZnNPs: 60 µg/mL

The encapsulation of Annona muricata extract did not
exert any additional cytotoxic effect compared to the

administration of ZnNPs alone.
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Table 1. Cont.

Material Extract (Reference) Cell Line/
Animal Model IC50/LD50 Results

G
ol

d

EE of Commelina
nudiflora [40] HCT-116

AuNPs: 200 µg/mL
AgNPs: 100 µg/mL

• Cell death is attributed to apoptosis due to
DNA fragmentation.

• The cytotoxic effect of AgNPs is better
than AuNPs.

AE of skin of Garcinia
mangostana [41] HCT-116

GM extract: 35.74 µg/mL
AuNPs: 82.99 µg/mL

Au-AgNPs: 24.36 µg/mL

• Cell death is attributed to a mechanism of
apoptosis, probably caused by increased ROS,
impaired mitochondrial function, and
DNA damage.

• It was observed that greater antitumor activity is
associated with the combination of gold–silver
core–shell NPs, compared to gold-only NPs.

C
al

ci
um

ph
os

ph
at

e

AE, EE and CHA of
seeds of Euphrobia

lathyrism [42]
T84

BC-ACP (0.25/0.02): 50%
of cell growth inhibition
Esculetin/Euphorbetin

(0.25/0.02): 10% inhibition

• BC-ACP NPs improve the antitumor activity of
isolated molecules.

• Reduced number and size of polyps in MC38
in vivo model after the NP treatment.

Ir
on AE of skin of Garcinia

mangostana [43] HCT-116
Fe3O4 NPs: 99.8 µg/mL

(after hyperthermia
treatment)

• The extract is used for the stabilization of the
nanoparticle structure.

• The increasing concentration of nanoparticles
allows a greater effect through hyperthermia.

C
hi

to
sa

n-
co

at
ed EE (70%) of bark of

Cinnamomum cassia
(CI) and leaves of
Origanum vulgare

(OR) [44]

HCT-116

CI: 19.90 µg/mL
OR: 26.48 µg/mL

CI-NPs: 29.80 µg/mL
OR-NPs: 37.22 µg/mL

• Greater antitumor activity of the free extracts
compared to NPs due to incomplete release of
NPs at 24 h.

• The combination of both extracts with 5-FU
induced synergism, while the greatest inhibition
was achieved with the combination of
5FU + CI + OR.

• Cell death is attributed to both necrosis
and apoptosis.

AE (aqueous extract); AOM (azoxymethane); CAE (chlorohydric acid extract); CE (chloroform extract); EE
(ethanolic extract); EAE (ethyl acetate extract); EEAE (ethyl ethanoate extract); ME (methanolic extract); NBE
(n-butanol extract); PEE (petroleum ether extract); ROS (reactive oxygen species).

Manikandan et al. (2015) obtained an extract of Rosa indica using 70% ethanol. By
using the isolated extract, they showed a decrease in cell viability up to a concentration
of 250 mg/mL without being able to reach the IC50 value. Meanwhile, the binding of the
extract to silver nanoparticles led to an increase in its cytotoxic effect, obtaining an IC50 of
300 µg/mL. This improvement was due to the induction of apoptosis by this nanoformula-
tion through increased oxidative stress after the treatment of cells, as demonstrated by an
overexpression of caspases 3 and 9 and an overexpression of the pro-apoptotic protein BAX.
Additionally, these nanoparticles possessed anti-inflammatory effect through attenuation
of nitric oxide and superoxide anion production in macrophages [33]. Lastly, regarding the
study of silver NPs, Prabhu et al. (2013) studied the possible cytotoxic effect with the use of
methanol extract of Vitex negundo leaves. In the CRC HCT-15 line, an IC50 of 150 µg/mL
was obtained for the extract alone, whereas when the extract was encapsulated in a silver
nanoformulation, its value decreased to 20 µg/mL. In this case, extract encapsulation
allowed a greater induction of cell apoptosis and genotoxicity, which was demonstrated
through increased tails in a comet assay [34].

In contrast to the data obtained in the previously mentioned studies, in the assay
performed by Yassin et al. (2017), the binding between NPs and the natural extract could
not be demonstrated to be superior to the isolated extract. In both cases, the IC50 obtained
was similar, at around 0.625 µg/mL. But this study highlights the fact that several apoptosis
pathways were activated, thereby elevating free radicals (ROS) and leading to cell death.
These data reveal a basic benefit obtained from the use of Balanites aegyptiaca extract,
opening the possibility of greater antitumor activity in the case of finding a NP that
reinforces its activity [35].
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3.3. Zinc Nanoparticles

Four in vitro assays were studied on colon tumor cells. In two of them, the action of the
extract alone was examined in comparison with NPs loaded with the extract [36,38], while
in the other two, unloaded NPs were compared with NPs encapsulating the extract [37,39].
Overall, the results shown in Table 1 indicate that encapsulation of these extracts in nanofor-
mulations is able to improve the therapeutic efficacy of the extracts alone. Among these
studies, Aboulthana et al. (2022) obtained three extracts from Croton tiglium seeds: one
ethanolic extract, one aqueous extract and one petroleum ether extract. Once obtained,
a comparative study was carried out between these three extracts in isolation to com-
pare them after being bound to zinc NPs. Based on the IC50 values obtained for the
isolated extracts, the best results were obtained for the aqueous one, with a concentration of
176.90 µg/mL, followed by ethanol (309.70 µg/mL) and petroleum ether (692.10 µg/mL).
Next, analyzing the values for the binding of the extracts and nanoparticles, the data
yielded results in a similar order, but with a higher efficiency, being 100.20 µg/mL for
ZnO–aqueous extract, 252.50 µg/mL for ZnO–ethanol extract and, finally, 353.30 µg/mL for
ZnO–petroleum ether extract. Thus, we can observe the superiority in terms of antitumor
activity that the nano-extracts offer, compared to the isolated extracts, with the aqueous
extract being the best. This increased cytotoxic effect is due to the rupture of the nanofor-
mulations, generating Zn+2 ions which are released, thereby inducing ROS production
and cell apoptosis [36]. Selim et al. (2020) generated an aqueous extract of Deverra tortuosa
leaves and compared the isolated extract with the extract encapsulated in zinc NPs and a
chemotherapy traditionally used in CRC, Doxorubicin. The highest antitumor activity was
obtained with the extract-bound NPs, with an IC50 value of 50.81 µg/mL. Meanwhile, the
isolated aqueous extract yielded a value of 136.12 µg/mL, with the IC50 of Doxorubicin
being higher than both (145.26 µg/mL) [38].

Ahlam et al. (2021) created an aqueous extract of Spondias pinnata leaves and this
was encapsulated in Zinc nanoparticles. After their test on the CRC cell line HCT-116, the
results showed that after 72 h, the IC50 obtained was 53 µg/mL for the nanoformulations,
while the extract alone did not exert any toxic effect. This encapsulation of the extract by
NPs led to a decrease in the clonogenic and migration capacity of the CRC cell line. In
addition, the treatment induced intracellular calcium release, thereby inducing damage
through oxidative stress, genotoxicity and induction of apoptosis, as demonstrated by
the RT-qPCR results through an overexpression of genes such as PARP and caspases 3,
8 and 9 [37]. Finally, Aziz et al. (2019) obtained an aqueous extract from soursop fruit.
Subsequently, they performed nanoencapsulation of this extract in Zinc nanoparticles and
compared its activity against uncharged nanoparticles. Despite the interesting results of the
previously mentioned formulations, in this case, these nanoparticles did not show a great
cytotoxic effect, having a very similar IC50 without the extract and with its encapsulation
(60 µg/mL) [39].

3.4. Gold Nanoparticles

Of the included articles, two were carried out using gold NPs. The first of the assays
studied was carried out by Lee et al. (2022), where nanoparticles were synthesized from a
crude extract of Garcinia mangostana. These nanoformulations possessed a gold–silver dou-
ble core in which they encapsulated a natural bioactive compound called protocatechuic
acid (PCA). An interesting tumoricidal effect was shown in the CRC cell line HCT-116
with the use of these nanoparticles encapsulating PCA (10.78 µg/mL) versus the use of
free compounds (148.09 µg/mL) and nanoparticles without any encapsulated compound
(15.63 µg/mL). In addition, the cytotoxic effect demonstrated selectivity on tumor cells
since the non-tumorigenic cell line CCD112 did not show as much toxicity with the pharma-
cological doses used [41]. The second study, carried out by Kuppusamy et al. (2016), used
aqueous extracts of Commelina nudiflora L. for the synthesis of gold and silver nanoparticles.
The silver nanoformulations presented an IC50 of 100 µg/mL in the HCT-116 cell line,
being lower than the value of 200 µg/mL of the gold nanoformulations. In addition, it was
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shown that treatment with these nanoformulations induced the expression of proapoptotic
genes, such as caspase 3, caspase 8 and caspase 9, which were overexpressed when tumor
cells were treated with a traditional chemotherapeutic such as cisplatin. Therefore, these
nanoformulations exerted their cytotoxic effect through the induction of apoptosis [40].

3.5. Other Types of Nanoparticles

Finally, three other types of nanoparticles were studied that also based their cytotoxic
effect on the encapsulation of plant extracts. Initially, Mesas et al. (2022) synthesized
calcium phosphate nanoparticles loaded with a functional extract from Euphorbia lathyris
seeds. It was shown that this nanoformulation was able to encapsulate in its interior two
bioactive compounds derived from this seed, esculetin and euphorbetin, thus eliminating
elements without bioactive capacities contained in the seeds during synthesis. It was shown
that the encapsulation of euphorbetin and esculetin in nanoparticles was able to increase the
cytotoxic effect of these bioactive agents compared to their isolated use. In addition, these
nanoformulations showed in vivo hemocompatibility and absence of toxicity in non-tumor
cell lines. On the other hand, the authors performed an in vivo study using a model of
colorectal cancer induced from AOM/DSS, demonstrating a reduction in the number and
size of malignant polyps after treatment with these nanoparticles [42]. A second study was
based on the production of functional extracts from Garcinia mangostana fruit peel and the
synthesis of iron nanoformulations from these extracts. While the free extract had an IC50
of 133 µg/mL in the HCT-116 cell line, its encapsulation in nanoparticles led to a decrease
of this value to 99.8 µg/mL. In addition, unlike the other nanoformulations mentioned
above, by possessing a magnetic iron core, hyperthermia experiments could be performed.
This application was used to increase the cytotoxicity of these nanoformulations in the
tumor cell line [43].

The last nanoformulation studied was synthesized by Kamel et al. (2017), consisting of
two solid lipid nanoparticles (SLNs) coated with chitosan and encapsulating 70% ethanolic
extracts of Cinnamomum cassia bark and Origanum vulgare leaves. In this case, after studying
the cytotoxic capacity of the free and encapsulated extracts in the nanoformulations in the
CRC cell line HCT-116, IC50 values of 19.90 µg/mL were obtained for the cinnamon extract
and of 26.48 µg/mL for the oregano extract. Meanwhile, the values were 29.80 µg/mL
for SLNs encapsulating the cinnamon extract and 37.22 µg/mL for NPs encapsulating the
oregano extract. The cytotoxic effect exerted by nanoencapsulation of these extracts was
generated by inducing cell apoptosis. Finally, this study showed the synergistic potential of
these extracts with the drug 5-FU, which could be a possible therapeutic option to reduce
the concentration of the traditional chemotherapeutic agent used, thereby reducing its side
effects [44].

4. Discussion

Natural products remain one of the main bases for the discovery of new anticancer
compounds. Certain plant species are gaining great interest for treatment of colorectal
cancer therapy, as current therapies for advanced-stage tumors do not achieve the expected
results. In this context, the discovery of new bioactive compounds derived from nature
and their encapsulation in nanoformulations would increase the antitumor capacity of the
former. It is worth noting that interest in nanoencapsulation of plant compounds for the
treatment of CRC has increased significantly over the last 3 years, with 11 of the 17 articles
included in the review published between 2020 and 2022. We must emphasize that, except
in some specific cases [32,36,44], nanoencapsulation of plant-derived extracts demonstrates
antitumor efficacy against colorectal cancer tumor cells. On the other hand, it should
be noted that most nanoparticles analyzed in the articles included are of metallic origin,
mainly silver. This is because part of their generation is based on the reduction of metal ions,
which can be carried out through biological materials such as plant-derived extracts [45].
In addition, these formulations base their cytotoxic effect on different mechanisms, in-
cluding the release of the drug, possible application of hyperthermia, pharmacological
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release through pH variations, or possible radiation-mediated release [46,47]. In one of the
studies included in this review, Yusefi et al. (2021) developed iron oxide nanoparticles that
possessed magnetic capabilities, which allowed the application of in vitro hyperthermia,
and obtained interesting results that could be generalized to other types of formulations
through the encapsulation of small magnetite nanoparticles, a ferric mineral with great
superparamagnetic capabilities [43].

Although the studied extracts possess antitumor activity, the vehiculation of these
extracts using NPs generally increases their therapeutic effect. This not only occurs with
these plant compounds, where effect was shown with extracts obtained from different
parts of plants (leaves, fruits, and bark), but also with traditional chemotherapeutic drugs.
The vehiculation of paclitaxel in NPs of lactic and glycolic acid increased the therapeutic
efficacy of this drug in lung cancer by increasing the concentration of the drug in the tumor
tissue and decreasing it in the ganglia of the spinal cord, thus reducing the neuropathy
associated with the drug [48]. The vast majority of nanoformulations generated cell death
through the induction of apoptosis, showing an increased cytotoxic effect compared to the
use of free extracts due to increased intracellular oxidative stress mediated by nanoparticle
rupture, thus releasing ions inside the cell that generated dysregulation at the oxidative
level [23,31,33,35–37,49]. Despite this interesting cytotoxic effect on CRC cells, it should
be noted that in those studies in which the toxicity of NPs in non-tumor cells was ana-
lyzed, it was observed that they did not have any relevant toxicity; thus, they seem to
be safe platforms for the administration of bioactive compounds derived from natural
extracts [41,42]. Although this in vitro toxicity has not been observed, it is important that
all these results can be further tested in in vivo models to verify their biocompatibility since
it has previously been shown that the administration of methanolic or ethanolic extracts
derived from plants can be toxic in murine models at high concentrations (2 g/kg), which
may limit their use in the clinic [50,51]. In addition to their antitumor activity, they are also
used for their reducing capacity when synthesizing NPs. In this way, it is possible to create
them in a simpler, more economical, and environmentally friendly way by reducing or
eliminating the number of chemical compounds used in other ways of producing NPs [52].

The use of these extracts and their encapsulation in NPs should not be studied as a
possible isolated treatment route; their possible combination with chemotherapeutics such
as 5-FU has also been observed to obtain a greater cytotoxic effect by reducing the amount
of the drug used and, therefore, the possible side effects generated [44]. This possible
synergy between plant extracts and chemotherapy drugs used in CRC is justified by the
presence of different types of bioactive compounds in these extracts, such as curcumin,
resveratrol and epigallocatechin gallate (EGCG), which have shown, in previous studies,
their synergistic capacity with cytotoxic drugs such as 5-FU, doxorubicin, oxaliplatin, car-
boplatin or irinotecan [53,54]. One of the major problems of the NPs studied is the absence
of molecules that reduce the immunogenicity they generate in the blood. Thus, other
authors such as Lei et al. (2021) synthesized and characterized NPs based on hyaluronic
acid (HA) and albumin capable of demonstrating high solubility, stability, biocompatibility,
and absence of immunogenicity. In addition, functionalization with HA would grant them
some selectivity against CD44 receptor, a characteristic lacking in the nanoformulations
presented in this review [55]. This type of functionalization against CD44 is quite promising
in the synthesis of new NPs, given that it is a receptor associated with a worse prognosis
in CRC and that it is overexpressed in tumor stem cells in this type of tumor [56]. Other
types of functionalization have been studied, which attempted to use antibodies, nucleic
acids, vitamins or peptides to increase the interaction between nanoformulations and cells,
allowing greater entry of the encapsulated pharmaceuticals and improving their therapeu-
tic effect [57,58]. In addition, the nanoformulations included in this review were also tested
in other types of tumors; González-Pedroza et al. (2021) demonstrated the performance
of their nanoformulations on breast cancer and melanoma cells, while Balkrishna et al.
(2020) additionally studied their nanoparticles on pancreatic and breast adenocarcinoma
cells [29,31].
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Of the 17 articles finally selected in this review, in vivo experiments were performed in only
two of them [23,42]. Among them, we highlight the study carried out by Mesas et al. (2022),
where the in vitro benefit of the encapsulation of the extract in nanoparticles was demon-
strated and, additionally, a lower number and a smaller size of colon cancer precursor
lesions were observed in a model generated in situ using AOM/DSS [42]. Thus, the loading
of extracts in NPs produced an increase in antitumor efficacy in those assays in which
in vivo models were used, since it favors the entry and deposition of NPs in the tumor
tissue due to the increased retention and permeabilization effect (EPR), which, in addi-
tion to a defective lymphatic drainage, reduces the amount of concentration necessary
to achieve the same tumor damage [59,60]. Despite the interesting results obtained both
in vitro and in vivo in the included studies, it should be noted that any nanoparticles based
on plant extracts or natural compounds are currently in clinical trials. Thus, the nanoformu-
lations currently in different phases are based on conventional chemotherapeutics, such as
capecitabine, irinotecan, doxorubicin and 5-FU, or drug combinations such as FOLFOX [61].
The big problem with these formulations is the large number of side effects they generate
in patients due to their lack of specificity; thus research is already underway to examine
the ability of different plant compounds (such as flavonoids) to have a palliative effect on
symptoms in combination with conventional chemotherapy [62].

Therefore, the nanoformulations synthesized and characterized in the studies included
in this review would be potentially useful for the treatment of CRC, avoiding cellular
resistance mechanisms such as efflux pumps [63]. In addition to their proven antitumor
activity, their economic and environmental benefits due to the use of natural extracts stand
out, as well as their safety profile against non-tumor cells. Nevertheless, more studies are
needed to demonstrate the antitumor activity of different plant-derived extracts, as well
as their encapsulation in functionalized NPs, that improve the results obtained in in vivo
experiments and, subsequently, in future clinical trials.
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