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A B S T R A C T   

Amorphous calcium phosphate nanoparticles (ACP NPs) exhibit excellent biocompatibility and biodegradability 
properties. ACP NPs were functionalized with two coumarin compounds (esculetin and euphorbetin) extracted 
from Euphorbia lathyris seeds (BC-ACP NPs) showing high loading capacity (0.03% and 0.34% (w/w) for esculetin 
and euphorbetin, respectively) and adsorption efficiency (2.6% and 33.5%, respectively). BC-ACP NPs, no toxic 
to human blood cells, showed a more selective cytotoxicity against colorectal cancer (CRC) cells (T-84 cells) 
(IC50, 71.42 µg/ml) compared to non-tumor (CCD18) cells (IC50, 420.77 µg/ml). Both, the inhibition of carbonic 
anhydrase and autophagic cell death appeared to be involved in their action mechanism. Interestingly, in vivo 
treatment with BC-ACPs NPs using two different models of CRC induction showed a significant reduction in 
tumor volume (62%) and a significant decrease in the number and size of polyps. A poor development of tumor 
vasculature and invasion of normal tissue were also observed. Moreover, treatment increased the bacterial 
population of Akkermansia by restoring antioxidant systems in the colonic mucosa of mice. These results show a 
promising pathway to design innovative and more efficient therapies against CRC based on biomimetic calcium 
phosphate NPs loaded with natural products.   

1. Introduction 

The high incidence of colorectal cancer (CRC), the third most 
frequent cancer worldwide, has been related to sedentary lifestyle, 
nutrition and population aging [1,2]. Surgical treatment is commonly 
used in non-metastatic CRC [3], but chemotherapy is still required in 
advanced (metastatic) cancer. Despite monoclonal antibodies and mul
tiple kinase inhibitors have significantly improved the prognosis of CRC 
in recent years [4], the success of chemotherapy still depends on the 
development of new anticancer agents and transport systems. In this 

context, the use of nanoparticles (NPs) as drug carriers can improve drug 
solubility, avoid multidrug resistance mechanisms (i.e. P-glycoprotein), 
and allow the active targeting of tumor cells through NPs functionali
zation, enhancing cell internalization and selectivity [5,6]. In addition, 
NPs can increase the retention of drugs in tumor tissues in relation to 
healthy tissues, decreasing their toxicity [7]. This differential behavior 
can be essentially explained by the enhanced permeability and retention 
effect (EPR), which has been related to the presence of fenestrated and 
more permeable blood vessels and inefficient lymphatic drainage 
[8–10]. 
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Among the wide variety of reported NPs, calcium phosphates NPs, 
the main inorganic component of mammals hard tissues (e.g., bone and 
teeth), are very promising owing to their remarkably biocompatibility 
and biodegradability [11,12]. Indeed, nanocrystalline apatite (Ap), or 
its precursor, amorphous calcium phospahte (ACP) have been widely 
used as bioactive components of bioceramics for tissue regeneration 
[13–15]. The lack of toxicity, low-cost synthesis and pH-dependent 
solubility (i.e., slightly soluble at acidic pHs) are also very attractive 
features for the controlled delivery of active species. Moreover, the high 
surface reactivity of these NPs favours the electrostatic or chemical 
interaction with a large variety of molecules [16]. By finely tuning the 
experimental conditions, the surface of the NPs can be specifically 
enriched with molecules exerting antitumor activity or cell targeting 
[17,18]. The pH-dependent dissolution of the NPs allows the gradual 
release of the adsorbed bioactive compounds at slightly acidic pHs, for 
instance as that usually found at the microenvironment of the tumours 
[19]. For all of these reasons, calcium phosphate NPs are a smart 
alternative to metallic nanoparticles such as gold, silver or iron oxide 
nanoparticles, which have more limited biocompatibility and more 
expensive bioconjugation [20]. 

On the other hand, different plant extracts from various species are 
being recognized as a rich source of antioxidant compounds, including 
polyphenols and flavonoids [21]. Besides, they are excellent sources of 
bioactive compounds with different health benefits such as antitumor, 
antifungal and/or antibiotic properties, derived from their specific 
structure [22–24]. The biological activity of natural extracts depends on 
the specific action of each of the bioactive compounds and the appear
ance of synergistic effects between them [25]. Thus, the efficacy and 
therapeutic effect of a natural extracts can be modulated by controlling 
the relative concentrations of the bioactive compounds present in it 
[26]. The high incidence of cancer worldwide has aroused enormous 
interest in the search of new natural extracts with potential to prevent 
and suppress cancer proliferation [27,28]. Euphorbia, a therapeutic 
resource of traditional Chinese medicine, has attracted great interest for 
its recognized anticancer properties. Some natural extracts derived from 
Euphorbia exhibit antitumor and anti-inflamatory properties, which 
have been attributed to secondary metabolites belonging to different 
biochemical compounds, including polyphenols, flavonoids, sterols, 
terpenes and coumarins [29]. Remarkably, different parts (e.g., roots, 
seeds, latex, wood, barks and leaves) from plants of the genus Euphorbia 
have been used in traditional medicine all over the world [30]. In 
recently published studies, we obtained and characterized a functional 
extract from the seeds of Euphorbia lathyris [31]. This polyphenol-rich 
extract presented very strong antitumor activity against different CRC 
cell lines through molecular mechanisms related to apoptosis and 
autophagy activation. Likewise, the presence of two polyphenolic 
compounds (esculetin and euphorbetin) responsible for the antitumor 
activity of this extract was confirmed [31]. 

Interestingly, esculetin, a natural coumarin derivate, has been found 
in various plants of the genus Euphorbia [32], both combined and 
separated from its dimer (i.e., euphorbetin), which has also been iden
tified in some Euphorbia species [31,33]. The antiproliferative and 
apoptotic response in several cancer cell lines treated with esculetin 
have been previously reported in studies aimed at developing new 
cancer therapies. In addition, anticoagulant activity of both coumarin 
derivates has been demonstrated [34–36]. Apart from the antitumor and 
anticoagulant activity of esculetin, this dihydroxycoumarin derivate 
produces multiple pharmacological effects, including anti-inflamatory, 
antioxidant, hepatoprotective, antidiabetic, actibacterial, and adipo
genesis suppressor [37]. The adsorption of these bioactive molecules on 
the surface of the NPs could increase their intrinsic therapeutic effects. 
Moreover, NPs could prevent the degradation of these molecules by 
cellular metabolism and thus improve their biodistribution and 
bioavailability [38,39]. 

With this in mind, the aim of this study was to design a drug delivery 
nanosystem consisting of non-toxic biodegradable ACP NPs loaded with 

antitumor molecules from seed extracts of Euphorbia lathyris to improve 
their antitumor effect in CRC. We hypothezed that this new nanosystem 
could increase the esculetin and euforbetin entry into tumor cells, 
increasing their antitumor CRC cell effect. In vitro and in vivo assays 
using human colon carcinoma cells and two animal models of CRC 
demonstrated that this new strategy may represent an advance in the 
treatment of CRC and may be a strong candidate to the development of 
future clinical trials. 

2. Methods 

2.1. Reagents 

Calcium chloride dihydrate (CaCl20.2 H2O, Bioxtra, ≥99.0% pure), 
sodium citrate tribasic dihydrate (Na3(Cit)⋅2 H2O, where Cit = citrate =
C6H5O7, ACS reagent, ≥ 99.0% pure), potassium phosphate dibasic 
(K2HPO4, ACS reagent, ≥99.0% pure) and sodium carbonate mono
hydrate (Na2CO3⋅H2O, ACS reagent, 99.5% pure) were purchased from 
Sigma–Aldrich. Ultrapure water (0.22 µS, 25 ◦C, MilliQ©, Millipore) was 
used to prepare all solutions. Euphorbia seeds were supplied by CellBiTec 
S.L. (Almería, Spain). The standards of esculetin and euphorbetin were 
purchased from Biopurify Phytochemicals Ltd. (Chengdu, Sichuan, 
China). The purity of each reference standard was determined to be 
higher than 98% by HPLC. HPLC-grade acetonitrile was purchased from 
Merck (Darmstadt, Germany). HPLC-grade acetic acid from Sigma- 
Aldrich (Steinheim, Germany). 

2.2. Synthesis of biomimetic nanoparticles 

ACP NPs were synthesized following a precipitation method previ
ously reported by Delgado-López et al. with modifications [11]. Two 
solutions (1:1 v/v, 100 ml total) of (a) 0.12 M K2HPO4 + 0.1 M Na2CO3 
and (b) 0.2 M CaCl2 + 0.2 M Na3(cit) were mixed and were continuously 
stirred at around 250 rpm using a stirring hot plate for about 5 min at 
room temperature. Afterwards, the precipitates (ACP NPs) were 
repeatedly washed with ultrapure water by centrifugation to remove 
unreacted salts. 

2.3. ACP Functionalization 

ACP NPs (100 mg) were suspended in 5 ml of ultrapure water and 
sonicated for 30 min in an Allendale-Ultrasonic cleaner. 100 mg of 
Euphorbia extract previously dissolved in a mixture of ethanol: water: 
HCl (50: 50: 0.25, v/v/v), was added to the latter suspension. The 
mixture was stirred at room temperature for 24 h in the dark to avoid 
photolytic decomposition of bioactive compounds (BC) of the extract. 
Subsequently, functionalized nanoparticles (hereafter referred to as BC- 
ACP) were separated from unbound compounds by centrifugation at 
10.000 rpm for 5 min. Afterwards BC-ACP were carefully washed three 
times with 10 ml of ultrapure water to remove the weakly bounded 
bioactive molecules. A blank sample was also prepared. ACP (100 mg) 
were incubated during 24 h in the mixture of ethanol: water: HCl (50: 
50: 0.25, v/v/v). Then, the same protocol as BC-ACP was followed to 
collect blank NPs. 

2.4. Characterization of the nanoparticles 

The precipitates of the ACP and BC-ACP were characterized by FTIR 
spectroscopy, PXRD and transmission electron microscopy (TEM). Ca/P 
ratio was quantified by inductively-coupled plasma optical emission 
spectroscopy (ICP-OES). FTIR spectra were recorded on a Bruker Tensor 
27 FTIR Spectrometer in transmission mode using KBr pellets. Each 
pellet was prepared by mixing 3 mg of powdered sample with 200 mg of 
anhydrous KBr and pressed into 7 mm diameter discs. Pure KBr discs 
were used as background. FTIR spectra were registered from 4000 cm− 1 

to 400 cm− 1 with a resolution of 4 cm− 1. 
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PXRD patterns of the samples were collected using a Bruker D8 
Advance diffractometer equipped with a Lynx-eye position sensitive 
detector using Cu Kα radiation (λ = 1.54178 Å) generated at 40 kV and 
40 mA. Diffractograms were recorded in the 2θ range from 15◦ to 70◦

with a step size (2θ) of 0.02 and a counting time of 1 s 
TEM analyses were performed with a Carl Zeiss SMT LIBRA 120 

PLUS microscope operating at 120 kV. The powder samples were ul
trasonically dispersed in ultrapure water using an Allendale-Ultrasonic 
cleaner and then few droplets of the slurry were deposited on mesh 
copper TEM grids covered with thin amorphous carbon films and 
incubated for several minutes. 

The Ca/P ratio of the samples was determined by ICP-OES. To 
determine the chemical composition, the powder samples were dis
solved in a diluted HNO3 solution (1 wt%) and then analyzed by a 
PERKIN-ELMER OPTIMA 8300 ICP-OES Spectrometer employing 
wavelengths of 422.673 nm (Ca) and 213.618 nm (P). The analyses were 
carried out three times for each sample. 

2.5. Characterization of the Euphorbia lathyris seed extract 

The ethanolic extract was generated from mature seeds of E. lathyris 
(variety S3201), transferred by Agrointec Solitions S.L (Almería, Spain). 
Before the procedure, seeds were defatted by CELLBITEC S.L. Later, the 
ethanolic extract was developed following our own protocol [31]. 

Identification of bioactive compounds that are part of the Euphorbia 
lathyris extract was achieved by means of ultra-high-performance liquid 
chromatography-electrospray ionization tandem mass spectroscopy 
(UPLC-ESI(-)-MS). The chromatographic method was the same as latter 
described for identification of bioactive compounds adsorption on NPs 
(Section 2.6). The identification of major active ingredients from 
Euphorbia extract was based on their retention times (RT) and mass (MS) 
fragments. 

Besides the UPLC-MS analysis, Euphorbia extract was characterized 
by UV–vis spectroscopy. UV–vis spectrum of Euphorbia extract was 
recorded at a Unicam UV 300 Thermo Spectronic spectrophotometer. 
The UV–vis spectra of the most interesting bioactive compounds, escu
letin and euphorbetin, exhibited an absorbance band-centred at 344 nm 
(ε344 =60.2 mg ml− 1 cm− 1) [40,41]. 

Ultra-high-performance liquid chromatography coupled to a Diode 
array detection (UPLC-DAD) was employed for quantifying bioactive 
compounds from Euphorbia extract. Plant extract was filtered through 
0.22 µm nylon disk filters and 10 µl of filtered extract was injected into 
the chromatograph. Analytical separation was carried out in the same 
conditions as the quantification of bioactive compounds adsorption on 
NPs (Section 2.6). 

2.6. Identification and quantification of bioactive compounds adsorption 
on NPs 

The identification of the bioactive compounds adsorbed on the NPs 
was carried out by Ultra-Performance Liquid Chromatography (Acquity 
H Class, Waters) tandem orthogonal acceleration time-of-flight mass 
spectrometer (LCT Premier XE, Waters) with an electrospray-ionization 
(ESI) technique (UPLC-ESI(-)-MS). BC-ACP (1 mg) were partially 
decomposed in an acidic solution (pH=3) by stirring during 24 h. Partial 
dissolution of BC-ACP ensure the release of adsorbed molecules on NPs 
surface. After release, 10 µl of the final dissolution of functionalized NPs, 
previously filtered through 0.22 µm nylon disk filters (Millipore), were 
injected into the chromatograph. Analytical separation of bioactive 
compounds was performed on a Waters CORTECS™ C18 column (100 
mm x 2.1 mm internal diameter, 1.6 µm) at room temperature. A mobile 
phase consisting in a gradient program combining deionized water with 
0.5% of acetic acid as solvent A and acetonitrile as solvent B was used. 
The initial conditions were 90% A and 10% B. A linear gradient was then 
established to reach 100% (v/v) of B at 5 min. Total run time was 8 min. 
Mobile phase flow rate was 0.3 ml/min. After chromatographic 

separation, a high-resolution mass spectrometry analysis was carried out 
in negative electrospray ionization (ESI -). The gas used for desolvation 
(500 L h− 1) and cone (50 L h− 1) was high-purity nitrogen. Spectra were 
recorded over the mass/charge (m/z) range of 100–1200. All the com
pounds were identified based on their retention times (RT) and mass 
(MS) fragments. Based on these data, the compounds were tentatively 
identified using MassLynx software. 

The analytical quantification of the adsorbed bioactive compounds 
was performed by Ultra Performance Liquid Chromatography (Acquity 
UPLC-I Class. Waters) coupled to a Diode Array Detection (Acquity TUV 
Detector) (UPLC-DAD). BC-ACP (1 mg) were partially dissolved in an 
acidic solution (pH=3) by stirring during 24 h to ensure complete 
release of adsorbed bioactive compounds. Dissolution of functionalized 
NPs was filtered through 0.22 µm nylon disk filters (Millipore) and 
analyzed. 10 µl of filtered solution was injected into the chromatograph. 
Analytical separation of bioactive compounds was performed on a Wa
ters CORTECS™ C18 column (100 mm x 2.1 mm internal diameter, 1.6 
µm) at room temperature. A mobile phase consisting in a gradient pro
gram combining deionized water with 0.5% of acetic acid as solvent A 
and acetonitrile as solvent B was used. The initial conditions were 90% A 
and 10% B. A linear gradient was then established to reach 100% (v/v) 
of B at 5 min. Total run time was 8 min. Mobile phase flow rate was 0.3 
ml/min. The concentrations of BC were evaluated from peak areas at 
344 nm, using external calibration curves established with the corre
sponding standards, esculetin and euphorbetin. Once, the amounts of 
adsorbed BC were measured, the adsorption efficiency (AE) and loading 
capacity (LC) were calculated as follows: 

AE =
weight of adsorbed BC

total weight BC in Euphorbia Extract
x100 (1)  

LC =
weight of adsorbed BC (mg)

weight of nanoparticles (g)
(2)  

2.7. Release of bioactive compounds from BC-ACP 

In order to assess the cumulative release of BC from BC-ACP (CR, %), 
the time-dependent release of BC from BC-ACP was analyzed at two 
physiological pH conditions. At a pH of 7.4, the physiological pH of 
blood and at a pH of 5.5, simulating the pH inside cell lysosomes 
(pH~5).[17] 15 mg of BC-ACP were immersed in Phosphate Buffered 
Saline (PBS, 10 mM, 3 ml, pH 7.4) and in Sodium Citrate Buffer (10 mM, 
3 ml, pH 5.5), respectively, at room temperature. The relative amount of 
released bioactive compound was measured recording UV-Vis spectra of 
the suspensions every 30 min during 9 days. The UV–vis spectra of the 
most interesting bioactive compounds, esculetin and euphorbetin, 
exhibited an absorbance band-centred at 348 nm in Sodium Citrate 
Buffer (pH 5.5) and at 366 nm in Potasium Phosphate Buffer (pH 7.4). 
After 9 days, the release of BC from BC-ACP was complete, which was 
considered the absorbance corresponding to the drug loading capacity 
(Qmax) of BC-ACP. Qt represents the absorbance corresponding to the 
amount of drug released at time t. Cumulative release curves were ob
tained according to Eq. 3. Release data were further fitted to first order 
kinetic models to obtain the release rates at two physiological pH con
ditions (K). 

CR =
Qt

Qmax
x100 (3) 

To ensure that the release of adsorbed bioactive compounds from BC- 
ACP was complete after 9 days (Qmax), the remaining ACP after 9 days of 
release were decomposed in an acidic solution (pH=3) by stirring during 
24 h. After complete decomposition, 10 µl of the final dissolution of 
released-functionalized NPs were injected into the chromatograph to 
identify the remaining bioactive compounds after the release process. 
The chromatographic method was the same as described above for the 
identification of the adsorption of the bioactive compounds on NPs 
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(Section 2.6). In this case, UPLC-ESI(-)-MS total ion current chromato
grams revealed any signals associated to the compounds of interest 
(Fig. 6), confirming the complete release of BC from BC-ACP after 9 
days. 

2.8. Colon cancer cell cultures 

The human colon adenocarcinoma cell line T84 and murine colon 
adenocarcinoma cell line MC-38 were purchased from the American 
Type Culture Collection (Rockville, MD, USA). The non-tumor colon cell 
line CCD18 (human colon epithelial cell line) was used as control. For 
culture, cells were grown in Dulbecco’s Modified Eagle’s Medium 
(DMEM) (Sigma-Aldrich, Madrid, Spain) supplemented with 10% fetal 
bovine serum (FBS) (Gibco, Madrid, Spain) and 1% ATB (antibiotic, 
streptomycin + amphotericin B). Cells were maintained in an incubator 
at 37 ºC and 5% CO2 humidified atmosphere. 

2.9. Proliferation assay 

Cells were seeded in 48-well plates with DMEM (Dulbecco’s modi
fied Eagles Medium) (300 µl) at a density of 4×103 cells/well in CCD18 
and 5×103 cells/well in T84. After 24 h, cell cultures were exposed 72 h 

to increasing concentrations of the NPs dissolved in DMEM. In addition, 
bioactive components of the extract, Esculetin (range from 0,1 µg/ml to 
5 µg/ml) and Euphorbetin (range from 0.02 µg/ml to 0.7 µg/ml), were 
combined at different concentration in order to determine their anti
tumor activity and to compare with NPs activity and ethanolic extract 
activity. After incubation time, cells were fixed with 10% trichloroacetic 
acid (TCA) and stained with 0.4% sulforhodamine B (SRB) in 1% of 
acetic acid. Finally, the SRB was solubilized with Trizma® (10 mM, pH 
10.5) and the optical density (OD) was measured at 492 nm in a spec
trophotometer EX-Thermo Multiskan. For calculate cell survival (%), the 
following equation was applied: 

Cell survival (%) =
Treated cells OD − blank

Control OD − blank
x 100 (4) 

Furthermore, IC50 was calculated with GraphPad Prism 6 Software 
(La Jolla, CA, USA). 

2.10. Blood cell compatibility of ACP, BC-ACP 

2.10.1. Hemolysis assay 
This assay was carried out from human blood. For that, a healthy 

donor gave 25 ml of blood (collection tubes with EDTA) (Andalusian 
Public Health System Biobank) and following our own protocol the 

Fig. 1. Schematic representation of the in vitro (A) and in vivo assay using two CRC induction models. (B) Orthotopic xenograft murine CRC cancer model. When the 
subcutaneous tumor was palpable (16 days after inoculation of MC-38 cells), treatment with BC-ACP was applied during 19 days using an intraperitoneal injection 
every 3 days. After the end point of experiment, mice were sacrificed and tumor sample were obtained for histological analysis. (C) AOM/DSS induction of CRC 
cancer model. After administration of AOM and DSS agents, colon cancer was induced for 59 days. By intraperitoneal injection every 3 days for 57 days, BC-ACP was 
administered. As in the other subcutaneous induction model, after mice sacrifice, tumor in colon and organs were obtained for histological analysis. In this case, the 
Swiss-roll technique was carried out to preserve the colon and to perform histological analysis. 
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assay was performance [42]. Firstly, erythrocytes were diluted (1:50) 
(pH 7.4) and 190 µl was added to 96-well plates. In the same way, 
BC-ACP was added at different concentrations (12–976 µg/ml) in a 
volume of 10 µl per well. As positive control, Triton X-100 (10 µl; 20%) 
was used and like negative control phosphate buffer pH 7.4 (10 µl) was 
used. Finally, the plate was incubated (1 h at 37 ◦C with shaking 
(15 rpm), centrifuged (500xg for 5′), and the supernatant (100 µl) was 
transferred to another 96-well plate. For calculate the percentage of 
hemoglobin released by erythrocytes, it was determined by spectro
photometry (wavelength of 492 nm) with a Titertekmultiscan colorim
eter (492 nm) (Flow, Irvine, California) and the next formula was used: 

Hemolysis (%)=
abs. of the sample − abs. of the negative control

abs. of the positive control
x 100

(5) 

Images of erythrocytes exposed to different treatment were taken to 
analyze morphological changes. 

2.10.2. Peripheral lymphocyte assay 
As in the hemolysis assay, with the same blood from healthy donors. 

White blood cells (WBCs) were isolated using Ficoll-Paque (v/v) 
following our own protocol [43]. 2 × 104 cells/well were cultured in 
96-well plates (90 µl). BC-ACP (10 µl) was added to each well at 
different concentration from 12 to 976 µg/ml and were incubated for 1 
and 12 h at 37 ◦C and 5% CO2 in a humidified atmosphere. Finally, the 
viability of WBCs was determined by the Cell Counting Kit-8 (CCK-8) 
(Sigma-Aldrich, Saint Louis, MO, USA). For that, cells were incubated 
3 h with CCK-8 solution (10%) and absorbance (450 nm) was measured 
using a microplate reader. 

2.11. Lysotracker Labeling 

To determinate vesicles of autophagy or internalizing vesicle in 
living cells, LysoTracker® Red DND-99 (Thermo Fisher Scientific, USA) 
is used due to it is a fluorescent red dye that label and monitories acidic 
organelles. To determine it, cultures of T-84 cells were exposed to the 
NPs (IC50) during 24 h. After that, cells were washed in PBS and loaded 
with Lysotracker 50 nM (30 min at 37 ºC). Finally, cells were stained 
with DAPI (1:1000) and observed under the fluorescence microscope. 

2.12. In vivo assays 

To carry out both in vivo experiments, brown female C57BL/6 mice 
(weight 18–20 g, 6 weeks old) (Charles River Laboratories Inc, Wil
mington, MA, USA) were used. Mice were housed in colony cages with 
light and temperature controlled (22 ºC, and 12 h light–dark cycle) and 
with free access to water and food. In addition, all animal studies were 
approved by the Ethics Committee on Animal Experimentation of the 
University of Granada (Reference code: 16/01/2020/005) and in 
accordance with international standards (European Communities 
Council Directive 2010/63). 

2.12.1. Orthotopic xenograft murine colorectal cancer models 
Subcutaneous tumors were induced injecting into the right flank of 

the mice 5×105 cells of the MC38 cell line resuspended in 100 µl of PBS. 
When tumors were palpable (2×2 mm), mice were randomly divided 
into 2 groups (n = 14): a control group (CT+) and a group treated with 
BC-ACP. Treatment (10 µl Bc-ACP / g mice, equivalent to 1,5 ng sculetin 
/ g mice and 17 ng Euphorbetin / g mice) was administered by intra
peritoneal injection every 3 days for a total of 7 doses. The weight and 
tumor growth of the animal were controlled with a balance and 
measuring tumor dimensions with a digital caliper every 3 days. Tumor 
volume (mm3) was calculated using the following formula: 

V
(
mm3) =

a x b2 x π
6

(6) 

where “a” is the largest diameter of the tumor, and “b” is the largest 
diameter perpendicular to “a”. Day 40 from the inoculation of tumor 
cells was the end point of the experiment and the sacrifice of mice by 
anesthetic with isoflurane (Sigma-Aldrich, Madrid, Spain) inhalation 
and complete removal of all blood from the mouse via axillary vessels. 
Finally, samples from tumor and different organs (liver, lung and spleen) 
were obtained for inclusion in paraformaldehyde (Fig. 1B). 

2.12.2. Azoxymethane (AOM)/Dextran Sodium Sulfate (DSS) induction of 
colorectal cancer model 

Mice (n = 28) were treated with a single intraperitoneal injection of 
AOM (12 mg/kg) (Sigma-Aldrich, Madrid, Spain). After 48 h, mice were 
treated with 3 cycles of DSS (Sigma-Aldrich, Madrid, Spain) dissolved in 
water for 5 days/cycle. Between cycles, a rest period (15 days) with 
normal water was taken. The first and second cycles were with 2% DSS 
and the thirst cycle with 3% DSS. During this period of induction, the 
weight of mice was controlled. After the last 15 days of rest, mice were 
randomly allocated into two groups (n = 14): a group control (CT+) and 
a group treated with BC-ACP. In addition, a third group (n = 5) was 
formed with healthy mice (CT-). During the treatment all groups of mice 
had free access to water and food. Treatment with BC-ACP (10 µl/g) was 
administered by intraperitoneal injection every 3 days for a total of 19 
doses. The end point of the experiment was on the 116th day from in
jection of AOM by anesthetic with isoflurane (Sigma-Aldrich, Madrid, 
Spain) inhalation and complete removal of all blood from the mouse via 
axillary vessels. Samples of different organs (liver, lung and spleen) were 
obtained for inclusion in paraformaldehyde. In this case, colon samples 
were included using the Swiss-rolling technique (Fig. 1C) [44]. 

2.13. Morphological and histological analysis: polyps size and 
distribution 

Once the colon of mice was obtained by incision, opened and pho
tographed, ImageJ was used to count and measure polyps. To fix sam
ples from tumor, organs and Swiss-roll paraformaldehyde (24 h) was 
used. Then, they were included in paraffin blocks to obtain 5 µm sections 
with a rotary microtome (Leica, Wetzlar, Germany). After deparaffi
nizing and hydrating, the sections were stained with hematoxylin-eosin 
(H&E) and pentachrome methods [45]. These images were obtained 
with a photographic microscope (Nikkon Eclipse Ni, Melville, USA). 

2.14. Carbonic anhydrase analysis in tumor 

Carbonic anhydrase activity was carried out from cancer tissue. For 
that, samples from subcutaneous tumors of different treatment (CT+
and BC-ACP), conserved in liquid nitrogen previously, were homoge
nized and processed following the protocol described by Gai et al. 
(2014) [46]. Briefly, homogenized samples (2 µg of total protein) were 
mix with cold carbonated water and as colorimetric pH marker, phenol 
red was chosen. Finally, absorbance was measured at 557 nm using a 
spectrophotometer (Titertekmultiscan colorimeter, Flow, Irvine, 
California). 

2.15. Hematological toxicity analysis 

To corroborate hemocompatibility of BC-ACP and evaluate the 
possible toxicity, 1 ml/animal of mice blood was obtained. For that, 
mice were anesthetized and blood was collected by cardiac puncture. 
The hemogram was processed in Mslab21 Medical Lab Fully Auto He
matology Analyzer/Cbc Test Machine (Medsinglong Global Group Co, 
China). 

2.16. DNA extraction and bacterial identification in cecal samples 

After the end point of experiment, colon content was collected to 
determine the microbiota profiling and obtain the genomic DNA (Gdna) 
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isolation. To preserve this content until its use, it was kept in liquid 
nitrogen. The extraction was carried out with QIAamp® PowerFecal® 
DNA kit following the manufactureŕs protocol for process automation 
with the QIAcube robot. Quantification of gDNA was performed by 
fluorometry (qubit). gDNA samples were analyzed by sequencing the V4 
region (233 bp) of 16S ribosomal RNA (rRNA) genes using the MiSeq 
system (Illumina, San Diego, CA, USA). Library preparation, pooling, 
and miniSeq sequencing were performed at the Institute of Parasitology 
and Biomedicine "López-Neyra" (IPBLN) from the Spanish National 
Research Council (CSIC). Reaction steps were as follows: denaturation 
3 min at 95 ◦C, (denaturation 30 s at 95 ◦C, annealing 30 s at 55 ◦C, 
elongation 30 s at 72 ◦C) x 25 cycles, and extension 5 min at 72 ◦C 
indexed with 8 PCR cycles to amplify the V3-V4 regions of the 16S rRNA 
gene with the following primers: 16S ProV3V4 forward 5′-> 3′ 5′

CCTACGGGNBGCASCAG 3′ and 16S ProV3V4 reverse 5′-> 3′ 5′ GAC
TACNVGGGTATCTAATCC 3′. Results were obtained from the Illumina 
analysis software version 2.6.2.3 and presented for the taxonomic levels 
of Phylum, Family and Genus according to the top 8 or 9 for each 
taxonomic level. 

2.17. RNA extraction and quantitative RT-qPCR of colon gene expression 

To carry out RNA extraction, a portion of colon was homogenized in 
1 ml of Tri-Reagent Total (Sigma-Aldrich). After solubilizing RNA in 
Rnase-free H2O and treated with DNase (Applied Biosystems), 
100–250 ng of RNA was reverse-transcribed according to standard 
protocols using a Lifepro Thermal Cycler (Bioer Serves Life, China). 
Quantitative RT-PCR was performed with QuantStudio 12 K Flex Real- 
Time PCR System (Applied Biosystems) using primer/probes for genes 
involved in oxidative metabolism (Nfe2l2, sod1, sod2, cat, gpx2), genes 
coding for detoxification pathways (NQO1 and gsta2), markers involved 

in inflammatory processes (Tnf, IL-1b y IL-6) and glucose metabolism 
(gcg) (Applied Biosystems). The PCR master mix reaction included the 
first-strand cDNA template, primers/probes, and 2X TaqMan Fast Uni
versal PCR Master Mix, No AmpErase UNG (Applied Biosystems). 
Relative quantification was performed using the comparative Ct (2 −

ΔCt) method. ß-actin was used as internal control. 

2.18. Statistical Analyses 

The results exposed were carried out through three independent 
experiments and data were expressed as mean ± SD. For group com
parison, bivariate analyses, including Student’s t-test and one-way 
ANOVA were applied. Statistical analyses were performed with Statis
tical Package for the Social Sciences (SPSS) v. 15.0. Differences were 
considered statistically significant at a p-value < 0.05. 

3. Results and discussion 

3.1. Synthesis of nanoparticles and functionalization with bioactive 
compounds 

A simple precipitation batch method was used to obtain ACP NPs 
[47]. The XRD pattern of ACP (i.e., naked nanoparticles) revealed the 
lack of long-range periodicity, characteristic of (non-crystalline) amor
phous phases (Fig. 2A, red line). After the adsorption of bioactive species 
from the extract, very tiny features related to the formation of nano
crystalline apatite (Ap) can be distinguished (Fig. 2A, orange line), 
indicating that the conversion from ACP to Ap started during the 
adsorption. On the contrary, the blank control sample (HA) showed very 
similar XRD patterns of nanocrystalline hydroxyapatite phase [11,48]. 
These findings indicated that the adsorption of BC inhibited (or slowed 

Fig. 2. XRD diffractograms (A) of ACP NPs (red line), BC-ACP (orange line) and blank control sample (HA, blue line). FTIR Spectra (B) of ACP (red line), BC-ACP 
(orange line) and crystalline HA (blue line). The inset shows a photograph of the plant extract and powdered ACP and BC-ACP samples. TEM images of (C) ACP, (D) 
BC-ACP and (E) blank HA. Insets show a region of each image at double magnification. 
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down) the amorphous-to-crystalline conversion [49,50]. 
Fig. 2B represents the FTIR spectra of ACP, BC-ACP and HA samples. 

FTIR spectrum of ACP (in red) displays broad bands characteristic of the 
amorphous phase [51,52]. On the other hand, the FTIR spectrum of HA 
(in blue) confirms the presence of nano-crystalline apatite. Interestingly, 
BC-ACP FTIR spectrum (in orange) displays two absorption bands 
(marked with *) that can be associated to the functional groups C––C 
aromatic and C––C alkene of the adsorbed bioactive compounds on 
nanoparticles surface [53]. The change of the nanoparticles colour from 
white (ACP) to yellowish (BC-ACP) (inset of Fig. 2B) –yellowish, being 
similar to the plant extract colour- confirms the effective adsorption. 

TEM images supported the FTIR and XRD results. TEM images of ACP 
(Fig. 2C) revealed aggregates of round-shaped amorphous NPs. On the 
other hand, HA sample showed thin needle-like NPs elongated along c- 
axis with the highest degree of crystallinity of all samples (Fig. 2E). 
Gradual transformation of amorphous phase of ACP to crystalline 
apatite composites in aqueous medium has been previously reported 
[50]. BC-ACP appeared to be a mixture of morphologies since TEM 
images revealed aggregates of amorphous round-shaped NPs and 
needle-like NPs with diffuse borders according to the XRD pattern 
(Fig. 2D). 

The Ca/P ratio estimated by ICP for the ACP NPs was 1.67. However, 
for the BC-ACP and HA samples were slightly lower, 1.56 and 1.58, 
respectively. Decrease of Ca/P ratio is justified by typical release of 
calcium ions from ACP NPs during the adsorption of bioactive com
pounds. The Ca/P ratios for the NPs are shown in Additional file 1: 
Table S1. 

3.2. Bioactive compounds adsorption on nanoparticles and release 
kinetics 

Mass spectrometry characterization of the native Euphorbia extract 
and its bioactive compounds is described in Additional file 1: in section 
S1 (including Fig. S1 and Table S2). To identify and quantify the 

concentration of adsorbed bioactive compounds on NPs surface, BC-ACP 
were dissolved in acidic solution to induce the complete release of 
adsorbed molecules. Fig. 3A shows UPLC-ESI(-)-MS total ion current 
chromatogram of the species in solution after BC-ACP dissolution. The 
mayor peak at 1.378 min (labelled as *) corresponds to the molecular 
weigh of citrate. The adsorption of citrate on ACP is well reported [11]. 
Indeed, citrate molecules are naturally bounded to apatite in bones [54]. 
The retention times of 4.174 min and of 4.665 and 5.014 min corre
sponds to the molecular weight of esculetin and euphorbetin, respec
tively. The peaks of euphorbetin (labelled as 2 in Fig. 3A) are much more 
intense than the peak of esculetin (labelled as 1 in Fig. 3A), indicating a 
much higher surface concentration of euphorbetin. 

Quantitative analysis of the two coumarins from Euphorbia extract 
adsorbed on BC-ACP was accomplished by UPLC-DAD. Loading capacity 
(LC) represents the bioactive molecules adsorbed per unit mass of NPs 
(mg g− 1) and adsorption efficiency (AE) indicates the functionalization 
yield (%). LC and AE results are listed in Table 1. LC were 0.3 mg of 
esculetin and 3.4 mg of euphorbetin per gram of BC-ACP NPs. This is in 
line with the intensity ratio of the peaks of esculetin and euphorbetin of 
Fig. 3A. We estimated that AE reached values of 2.6% and 33.5% for 
esculetin and euphorbetin, respectively. 

The pH effect on BC release kinetic was analyzed to assess the use of 
BC-ACP as a controlled drug delivery system, since pH-dependent 
dissolution of BC-ACP can result in different release profiles depend
ing on the pH of the media. Thus, we evaluated BC release kinetic at a pH 
of 7.4 (simulating the pH of blood) and at a more acidic pH of 5.5, 
simulating the slightly acidic tumor microenvironment and/or the pH 
inside cell lysosomes. Fig. 3D displays the time-dependent BC release 
from BC-ACP NPs, during 9 days. The initial burst effect can be due to 
desorption of weakly bound BC at the ACP surface. For both pH condi
tions, BC then follows a gradual and slow-release profile, which can be 
fitted to first order kinetics with release rates in the range 0.02 h− 1 < K1 
< 0.03 h− 1. 

The experimental data were fitted to a first-order kinetic equation 
[50]. Calcium phosphate exhibit a pH-dependent solubility, i.e., the 
lower the pH, the higher is the solubility. This behavior can explain the 
slightly higher release at the more acidic pH 5.5 (K1(pH 5.5) = 0.03 h− 1; 
K1(pH 7.4) = 0.02 h− 1). These kinetics profiles are in agreement with 
the constants of NPs dissolution [50]. This means that the adsorbed 
species are released upon the slow particle dissolution occurring in the 
aqueous media, slightly faster at more acidic pH 5.5. 

Fig. 3. UPLC-ESI-MS total ion current chromatogram in the negative ion mode from the decomposition of BC-ACP: (A) decomposition of BC-ACP and retention times 
corresponding to molecular weight of (B) euphorbetin and (C) esculetin,. 1 = esculetin; 2 = euphorbetin. (D) BC release profiles from amorphous BC-ACP in Po
tassium Phosphate Buffer pH 7.4 (empty squares) and in Sodium Citrate Buffer pH 5.5 (empty circles) during 9 days. The experimental data were fitted by first order 
kinetic models to obtain the theoretical release curves represented by dashed lines (release constants, K1, are shown between brackets). 

Table 1 
Loading capacity and adsorption efficiency of the two coumarin derivates.  

Compound LC (mg g− 1) AE (%) 

Esculetin 0.3 ± 0.0965 2.6 ± 1.2 
Euphorbetin 3.4 ± 0.9 33.5 ± 17.2  
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After 9 days of release, the remaining (non-dissolved) nanoparticles 
at both pHs (pH 5.5 and pH 7.4) were decomposed and analyzed by 
UPLC-ESI(-)-MS in order to demonstrate that the complete release of BC 
from BC-ACP was achieved. Chromatograms (Additional file 1: Fig. S2) 
revealed no retention time signal for esculetin or euphorbetin, ensuring 
that the complete desorption of the compounds occurred after 9 days. 

3.3. Effect of nanoparticles, esculetin and euphorbetin on the viability of 
colon cells 

The NPs were assayed in CRC and non-tumor cells. As shown in 
Fig. 4A, ACP NPs did not induce toxicity in the T84 or CCD18 cell lines. 
In contrast, BC-ACP NPs showed a strong antitumor effect in the T84 cell 
line with an IC50 of 71.42 µg/ml whereas the IC50 in the non-tumor cell 
line CCD18 was 420.77 µg/ml, indicating a significant and selective 
cytotoxicity of BC-ACP against CRC cells. This selectivity had already 

been observed with the use of the native extract [31] and strongly 
suggests that the antitumor effect of BC-ACP was related to the presence 
of both esculetin and euphorbetin on the NP. In fact, esculetin showed a 
significant antitumor activity against some types of cancer, including 
CRC [34,55,56]. Conversely, euphorbetin has been scarcely studied as 
an antitumor agent. 

To compare the antitumor activity of the NP with esculetin and 
euphorbetin, single molecules and combinations of esculetin/euphor
betinin were tested (Fig. 4B-C). IC50 values indicated higher anti
proliferative activity of esculetin (0.27 µg/ml) in comparison to 
euphorbetin (4.69 µg/ml) (Fig. 4B). Combinations of both molecules 
were also tested using doses below the IC50. As shown in Fig. 4C, the 
combination of euphorbetin/esculetin at the same concentration ratio of 
the extract (0.3/0.1 µg/ml) did not modulate the IC50 value. In contrast, 
the euphorbetin/esculetin concentration ratio found on the NPs (0.25/ 
0.02 µg/ml) inhibited a very low percentage (10%) of cell proliferation. 

Fig. 4. Activity of BC and ACP in colon cell lines. (A) Antiproliferative activity of BC-ACP and ACP in colon cells. T84 and CCD18 cells were exposed to nanoparticles 
at different concentrations (μg nanoparticle/ml) for 72 h to obtain the IC50 values. (B) Antiproliferative assays using the esculetin and euphorbetin compounds. T84 
cells were exposed to esculetin and euphorbetin (μg /ml) for 72 h in order to determine the IC50 values. (C) Antiproliferative assay of the combination of esculetin and 
euphorbetin. T84 cells were exposed to different esculetin and euphorbetin combinations (μg /ml) for 72 h in order to determine the IC50 values and synergic effect 
when they are combined. (D) A Lysotracker assay was carried out to analyze the internalization of nanoparticles. Data are presented as mean ± standard deviation of 
three independent experiments; *P < 0.05 relative to the respective control group. * *P < 0.01 relative to the respective control group. 
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These results suggest that the use of the NP associated with euphorbetin/ 
esculetin represented a very remarkable advantage of antitumor action 
relative to the extract and/or the isolated molecules. 

On the other hand, to demonstrate the internalization of NPs in cells 
(vesicle formation), a lysotracker assay was carried out. Previous results 
demonstrated that the native extract of Euphorbia lathyris induced 
autophagic vesicles and that esculetin induced autophagic death [31, 
57]. As shown in Fig. 4D, both T84 and CCD18 cells exposed to high 
doses of BC-ACP showed vesicles. On the other hand, high doses of ACP 
induced a large number of internalizing vesicles in T84 tumor cells, but 
not in CCD18 cells, in which a low number of vesicles was detected. This 
finding could indicate that tumor cells have more hyperfunctional 
endocytosis mechanisms than normal cells, which would explain the low 
internalization of ACP NPs in normal cells (CCD18) compared to tumor 
cells (T84). This increase in endocytosis of ACP NPs could represent a 
mechanism of selective action against tumor cells. 

3.4. Hemocompatibility of nanoparticles 

A hemolysis assay using human erythrocytes was performed to 
evaluate the blood cell toxicity of BC-ACP. As shown in Additional file 1: 
Fig. S3A and B, neither BC-ACP nor ACP modified the morphology or 
agglutination of erythrocytes. A very low level of hemolysis (approxi
mately 2%) was detected at doses of 122 μg/ml, indicating hemo
compatibility [58]. In addition, a toxicity assay on white cells showed 

total absence of toxicity (viability around 100%) after 1 h and 12 h of 
exposure at all doses tested (Additional file 1: Fig. S3C). 

3.5. BC-ACP inhibits CRC subcutaneous tumor growth 

To determine the antitumor activity of BC-ACP, subcutaneous tu
mors were induced in mice by inoculation of MC-38 cells. As shown in 
Fig. 5A, treatment with BC-ACP (7 cycles) induced a significant reduc
tion in tumor volume (62%) relative to the control group, detectable 
from the third treatment cycle onward. 

3.5.1. BC-ACP reduces the activity of carbonic anhydrase in CRC 
subcutaneous tumors 

Analysis of carbonic anhydrase in tumors treated with BC-ACP 
revealed a significant activity reduction (43.09%) relative to control 
mice (Fig. 5B). These results suggest that the antitumor effect of BC-ACP 
is closely related to the esculetin molecules present in the nano
formulations. According to Benej et al. and Na et al. [59,60], this 
polyphenol, which is an inhibitor of carbonic anhydrase IX, is charac
teristic of tumor tissues. This mechanism of antitumor activity, different 
from those of traditional chemotherapy, would be related to the loss of 
homeostasis in an acidic tumor environment. Indeed, the presence of 
large areas of tumor necrosis and fibrosis in tumor samples from mice 
treated with BC-ACP (as shown with H&E and pentachrome staining in 
Fig. 5C) could indicate an autophagy phenomenon similar to those 

Fig. 5. In vivo antitumo activity of BC-ACP in CRC (subcutaneous induction). (A) Graphical representation of tumor volume (mm3) during treatment with BC-ACP (7 
cycles) and untreated mice (CT+) and representative images of tumors belonging to the CT+ and BC-ACP groups after the end point of the experiment and after 
euthanasia of the mice. Data are presented as mean ± standard deviation (n = 14). * * Significant inhibition of tumor growth comparing treatment with control 
(p < 0.01). (B) Graphical representation of carbonic anhydrase activity (percentage) measured in tumor samples belonging to the CT+ groups and treated with BC- 
ACP. Data are presented as mean ± standard deviation. * Significant inhibition of tumor growth comparing treatments with control (p < 0.05). (C) Histological 
analysis of subcutaneous tumor samples. Representative images of pentachrome, hematoxylin-eosin and alizarin red staining of tumor samples from CT+ and BC-ACP 
groups. Black asterisks indicate necrotic gaps, yellow asterisks show aggregated nanoparticles, and arrows indicate blood vessels. Scale bar = 100 µm. 
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Table 2 
Hemogram of CT+ and BC-ACP groups at the end of treatment.  

Parameters CT+ BC-ACP 

WBC (103/µl) 11.15 ± 0.50 12.29 ± 1.05 
RBC (106/µl) 4.78 ± 0.11 5.26 ± 0.18 
HGB (g/dL) 8.17 ± 0.17 8.77 ± 0.3 
HCT 24.81 ± 0.48 26.4 ± 0.86 
PLT (103/µl) 700.64 ± 88.66 292.75 ± 10.29 
LYM% 90.23 ± 0.36 91.42 ± 0.21 
MON% 3.97 ± 0.14 3.09 ± 0.13 
NEU% 4.10 ± 0.24 3.63 ± 0.12 
EOS% 0.03 ± 0.00 0.04 ± 0.00 
BAS% 1.67 ± 0.02 1.93 ± 0.07 
MCV (fL) 52.51 ± 0.39 51.45 ± 0.41 
MCH (pg) 17.24 ± 0.09 16.73 ± 0.07 
RDW 17.55 ± 0.22 18.47 ± 0.33 
MPV (fL) 8.24 ± 0.09 7.58 ± 0.04 
PCT 0.12 ± 0.01 0.22 ± 0.00 
PDW 30.91 ± 0.36 26.86 ± 0.43 

WBC = Total number of white blood cells; LYM% = % of Lymphocytes; MON% 
= % of Monocytes / Macrophages; NEU% = % of Neutrophils / Poly
morphonuclear leukocytes; EOS% = % of Eosinophils; BAS% = % of Basophils; 
RBC = Total number of red blood cells; HGB = Hemoglobin; HCT = % Volume 
of blood occupied by red blood cells (hematocrit); PLT = Total number of 
platelets; MCV = mean corpuscular volume; MCH = Mean corpuscular hemo
globin; RDW = Red blood cell distribution width; MPV = Mean platelet volume; 
PCT = % Volume of blood occupied by platelets (thrombocrit); PDW = Platelet 
size distribution. Data are presented as mean ± standard deviation. 

Fig. 6. In vivo treatment with BC-ACP using the AOM/DSS model of CRC. (A) Representative macroscopic images of dissected colon (four mice) after complete 
treatment with BC-ACP. Polyp formation is marked with asterisks. (B) Graphical representation of the number of polyps and percentage of tumor area in the colon of 
the groups treated with BC-ACP and the untreated group (CT+). Data are presented as mean ± standard deviation (n = 14). (**) Significant inhibition of tumor 
growth, treatment vs control (p < 0.01). 

Table 3 
Hemogram from CT-, CT+ and BC-ACP groups before the end of the experiment.  

Parameters CT- CT+ BC-ACP 

WBC (103/µl) 9.86 ± 1.00 6.97 ± 0.94 7.29 ± 1.29 
RBC (106/µl) 10.22 ± 0.88 7.89 ± 1.31 8.41 ± 0.9 
HGB (g/dL) 16.08 ± 1.31 12.6 ± 1.13 13.22 ± 1.16 
HCT 46.43 ± 3.79 38.32 ± 2.80 29.56 ± 3.32 
PLT (103/µl) 672.44 ± 97.01 430.92 ± 54.33 650.5 ± 224.75 
LYM% 95.13 ± 0.95 93.04 ± 1.28 94.52 ± 0.85 
MON% 0.39 ± 0.06 0.94 ± 0.07 0.68 ± 0.22 
NEU% 3.81 ± 1.02 4.83 ± 0.09 3.5 ± 0.44 
EOS% 0.24 ± 0.05 0.1 ± 0.00 0.04 ± 0.00 
BAS% 0.44 ± 0.16 1.08 ± 0.26 1.26 ± 0.35 
MCV (fL) 45.49 ± 1.46 48.93 ± 4.63 47.09 ± 1.06 
MCH (pg) 15.77 ± 0.46 16.11 ± 1.21 15.75 ± 0.31 
RDW 14.01 ± 0.50 16.41 ± 2.34 16.87 ± 1.53 
MPV (fL) 5.88 ± 0.07 7.88 ± 0.81 6.94 ± 0.87 
PCT 0.43 ± 0.11 0.19 ± 0.13 0.44 ± 0.07 
PDW 22.3 ± 3.26 35.3 ± 8.91 24.62 ± 4.48 

WBC = Total number of white blood cells; LYM% = % of Lymphocytes; MON% 
= % of Monocytes / Macrophages; NEU% = % of Neutrophils / Poly
morphonuclear leukocytes; EOS% = % of Eosinophils; BAS% = % of Basophils; 
RBC = Total number of red blood cells; HGB = Hemoglobin; HCT = % Volume 
of blood occupied by red blood cells (hematocrit); PLT = Total number of 
platelets; MCV = mean corpuscular volume; MCH = Mean corpuscular hemo
globin; RDW = Red blood cell distribution width; MPV = Mean platelet volume; 
PCT = % Volume of blood occupied by platelets (thrombocrit); PDW = Platelet 
size distribution. Data are presented as mean ± standard deviation. 
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observed in vitro. This phenomenon could be mediated by esculetin 
through disturbance of acid-base balance homeostasis. 

3.5.2. Histological analysis of CRC subcutaneous tumor samples 
Tumor samples were fixed and treated for histological analysis using 

H&E, pentachrome, and alizarin red methods. As shown in Fig. 5C, 
pentachrome images revealed the absence of vasculature and red blood 

cells (yellow) in tumors treated with BC-ACP relative to controls, as well 
as an enriched collagen matrix (red). H&E images showed less nuclear 
staining and cellular debris due to cell apoptosis (black asterisks). In 
addition, alizarin red staining evidenced aggregations of NPs (red), 
demonstrating the accumulation and selective localization of BC-ACP in 
the subcutaneous tumor. This finding may be related to the well-known 
EPR (enhanced permeability and retention) phenomenon, according to 

Fig. 7. Histological analysis of tumors after treatment with BC-ACP. (A) Pentachrome staining and (B) H&E staining of colon (Swiss roll), spleen, liver and lung 
samples. The Swiss roll technique was used to analyze treated (BC-ACP), untreated (CT+) and control (CT-) groups. Pentachrome staining shows dysplastic polyps as 
green structures without globet cells (violet, black arrows) and with some collagen tracts (red arrows). H&E staining shows polyps with dysplasia (black arrows). 
Spleen samples with white pulp (a) and red pulp (b). Regarding CT+ samples, invasion of white pulp into red pulp was observed. Liver samples showed fibrotic tracts 
(collagen, red) in the CT+ group that were not seen in the BC-ACP and CT- groups. Lung samples from the CT+ group showed fibrotic changes (green arrows) not 
present in the BC-ACP and CT- groups. (C) Representative images of alizarin red staining of tumor samples from the CT+ and BC-ACP groups. Accumulations of BC- 
ACP can be observed in colon samples (yellow arrows). 
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which the leaky vasculature of the tumor would allow nanoformulations 
to be retained in tumor tissues but not in healthy ones. In fact, the se
lective accumulation of calcium phosphate NPs carrying doxorubicin in 
breast cancer tissues has been previously observed [61]. 

3.5.3. Hematological analysis after treatment with BC-ACP 
The blood of the mice was subsequently analyzed to determine the 

impact of the BC-ACP treatment in the hematological parameters. The 
results showed no significant abnormalities, indicating null toxicity of 
BC-ACP (Table 2). It should be noted that the values of WBC, HGB and 
PLT were significantly lower than those observed in mice treated with 
the native extract [62]. 

3.6. BC-ACP reduces polyps size and number in CRC induced by AOM/ 
DSS 

Further experiments on a different CRC model induced by AOM/DSS 
in C57BL/6 mice confirmed the antitumor activity of BC-ACP. As shown 
in Fig. 6A, macroscopic analysis revealed a significant decrease in the 
number and size of polyps in the group treated with BC-ACP. In addition, 
the tumor area was reduced to below 25%, around the half of the tumor 
area observed in the untreated group (ca. 50%, Fig. 6B). 

3.6.1. Hematological analysis after treatment with BC-ACP 
As in the subcutaneous CRC model, treatment with BC-ACP showed 

no toxicity in any of the hematological parameters analyzed (Table 3). 

Fig. 8. Oxidative stress system, inflammatory cytokines and microbiome analysis after treatment with BC-ACP. (A) Graphical representation of inflammatory cy
tokines (TNF-alpha, IL-6 and IL-1b) and oxidative stress enzymes (SOD1, SOD2, CAT, GPX2, NFE2L2, NQO1, GSTA and GCG) expression in colon samples after 
treatment with BC-ACP compared to the untreated group. Bars with different letters (a,b,c) denote significant differences (p < 0.05) among experimental groups. (B) 
Graphical representation of the percentage of different bacteria at the phylum, family and genus levels in colon samples from CT-, CT+ and BC-ACP groups. Data 
represent the mean values of triplicate samples. 
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3.6.2. Histological analysis of CRC induced by AOM / DSS after BC-ACP 
treatment 

As shown in Fig. 7A and B, microscopic analyses (H&E and pen
tachrome methods) of Swiss roll colon samples showed an evident 
decrease in polyps with high-grade dysplasia in the colonic mucosa of 
mice treated with BC-ACP in comparison with untreated CT+ mice 
(controls). The dysplastic polyps were composed of colonic epithelial 
cells containing aberrant nuclei and their colonic crypt organization was 
abnormal with no globet cells. In addition, pentachrome staining of 
spleen samples showed a large invasion of white pulp (blue) into the red 
pulp (olive green) in CT+ . Both H&E and pentachrome staining of lung 
samples showed fibrosis in CT+ that was not observed in the BC-ACP 
group. Similarly, liver samples showed fibrotic changes on pentach
rome staining (collagen, red) in CT+ but not in the BC-ACP group. 
Finally, as in subcutaneous tumors, alizarin red staining demonstrated 
uptake of BC-ACP in the colonic epithelium (Fig. 7C). 

Thus, our results showed that BC-ACP nanoformulations reduce the 
development of polyps in the colonic mucosa of mice. Most likely, the 
euphorbetin and esculetin present in these nanoformulations act as an
tioxidants that decrease the damage caused by AOM/DSS during the 
induction of dysplastic colonic polyps [63]. In addition, the use of cal
cium phosphate NPs has been of great advantage in our colon cancer 
treatment strategy, in line with previous studies that reported good re
sults using these NPs for cancer therapy in preclinical models. For 
instance, Luo et al. [64,65] used this nanocarrier in vitro to silence KRAS 
mutation in pancreatic cancer cell lines by transporting siRNAs with 
satisfactory results, and Ansari et al. [64,65] demonstrated increased 
antitumor activity of epirubicin using hydroxyapatite nanocarriers. In 

our case, the accumulation of BC-ACP nanoformulations in the colonic 
mucosa (alizarin red staining) but not in the liver or spleen (mono
nuclear phagocyte system) was highly positive. This fact suggested the 
prevention of BC-ACP sequestration in organs other than the colon, one 
of the great workhorses for the clinical application of nanoformulations 
[66,67]. 

3.6.3. Expression of oxidative stress systems and inflammatory cytokines 
Colon samples were processed to analyze the modulation in the 

expression of oxidative stress detoxification systems by RT-qPCR. The 
CT+ group showed a significant decrease (approximately 50%) in the 
expression of most of the enzymes analyzed (except GSTA) relative to 
the healthy control group (CT-) (Fig. 8A). Interestingly, the BC-ACP 
group showed a significantly lower decrease in the expression of these 
enzymes (especially SOD2, GPX2 and NFE2L2) compared to the 
CT+ group (Fig. 8A). Moreover, the levels of pro-inflammatory cyto
kines (TNF-alpha, IL-6 and IL-1b) were significantly diminished in the 
CT+ samples. These changes were also found in the BC-ACP group, 
although, notably, the expression of IL-1b was higher than that observed 
in the untreated CT+ group. These results could help to explain the 
histological damage to the liver and lung in the CT+ group, in which a 
lower expression of the enzymes intended for protection against 
oxidative stress (SOD, GPx2, Nfe2l2 or NQO1) was detected. In contrast, 
a higher expression of these protective enzyme systems (especially 
SOD2, Nfe2l2 and Gcg) was observed in mice treated with BC-ACP. 

3.6.4. Analysis of the microbiome 
The family Clostridiaceae increased in CT+ compared to CT- and 

Fig. 9. . Schematic representation of the model of antitumor activity of BC-ACP according to the results obtained. (A) EPR phenomenon and selective accumulation 
of BC-ACP in cancer tissues (orange) with respect to normal tissues (blue). (B) Increased endocytosis in cancer cells with respect to normal cells. (C) Effect of BC-ACP 
in the colonic mucosa, consisting of antioxidant effect of esculetin and euphorbetin that reverts inflammation in the colonic mucosa and (D) increases Akkermansia 
colonization and colonic immunity. (E) Euphorbetin and esculetin present in BC-ACP nanoparticles inhibit carbonic anhydrase in tumors, decreasing intracellular pH 
and leading to cell death, mainly by autophagy but also by apoptotic pathways. 
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significantly decreased after treatment with BC-ACP (Fig. 8B). In addi
tion, the genus Lactobacillus predominated in the CT- group while 
decreased significantly in the CT+ group, with a predominance of col
itogenic bacteria such as the genera Akkermansia (Verrucomicrobiaceae) 
and Turicibacter. Interestingly, after treatment with BC-ACP, the latter 
genus disappeared. Moreover, Akkermansia increased in the BC-ACP 
group compared to CT+ . This bacterium has been previously associ
ated to an efficient response to immunotherapeutic treatments against 
cancer and a more effective immune response of the organism against 
tumor tissues [68,69]. Recently, Fuhren et al. demonstrated that calcium 
phosphate NPs could reduce the presence of Akkermansia in the colon 
[70]. However, BC-ACP did not inhibit the proliferation of this genus in 
the intestinal microbiota of mice, suggesting that the presence of poly
phenols (esculetin and euphorbetin) in the nanoformulation could act as 
upregulators of Akkermansia and, therefore, be beneficial to prevent the 
appearance of dysplastic polyps and colon cancer. In summary, the re
sults suggest the general model represented in Fig. 9 to explain the 
preventive and antitumor activity of BC-ACP against CRC. 

4. Conclusions 

We have successfully synthesized ACP NPs, following an easy and 
low-cost strategy that avoided the use of toxic chemicals and high 
pressures and temperatures. These NPs are capable of adsorbing on their 
surface biologically active compounds from a natural extract from plants 
of the family Euphorbiaceae. The efficiency of the adsorption process 
and loading capacity of BC-ACP were evaluated by UPLC-DAD mea
surements, which revealed a loading capacity of 3.4 mg euphorbetin and 
0.3 mg esculetin adsorbed per gram of NPs. The adsorption efficiencies 
were approximately 33.5% and 2.6% for euphorbetin and esculetin, 
respectively. The release of BC from BC-ACP was time and pH- 
dependent, being slightly faster at lower pH values (5.5) than at pH 
7.4 (0.03 h-1 and 0.02 h-1, respectively), in agreement with the pH- 
dependent dissolution of ACP, favored at acidic pH values. Thus, BC- 
ACP NPs represent a suitable controlled drug delivery system for the 
treatment of CRC. Interestingly, these functionalized nanoparticles 
showed high antitumor activity against T84 colon cancer cells with an 
IC50 of 71.42 µg/ml whereas the IC50 in the non-tumor cell line CCD18 
was 420.77 µg/ml, suggesting a selective effect on tumor cells from the 
colon. The combination of two bioactive compounds (esculetin and 
euphorbetin) on the NPs was essential to exert this antitumor effect. 
Therefore, these NPs represent an advantage over the use of both 
bioactive compounds independently. In addition, the NPs exhibited high 
hemocompatibility and did not affect the viability of erythrocytes or 
white blood cells. Furthermore, these NPs have a selective bio
distribution to colonic and tumor tissues and are not found in the 
mononuclear phagocytic system (liver or spleen). Finally, BC-ACP NPs 
also demonstrated antioxidant and colonic immunostimulant properties, 
the latter related to the selection of Akkermansia in the intestinal 
microbiome. The efficacy of the NPs was demonstrated on two diferent 
in vivo CRC models: subcuatenous tumors and CRC induced by AOM / 
DSS. The treatment with BC-ACP significantly reduced the volume of the 
subcutaneous tumors (43.09%) and the tumor area in the colon (25%). 
The NPs also decreased dysplastic polyps in the colonic mucosa 33% 
with respect to the control group, suggesting a preventive effect. Over
all, these results indicate that BC-ACP may be a new strategy to improve 
the treatment of CRC, being a very promising candidate for future 
human clinical trials. 

Conflict of Interest 

The authors declare no conflict of interest. 

Data Availability 

No data was used for the research described in the article. 

Acknowledgements 

This research was funded by the Spanish Ministry of Science, Inno
vation and Universities as well as the European Union (PTQ-17-09172, 
RTC-2017-6540-1, RTI2018-100934-B-I00, RTC2019-006870-1, RYC- 
2016-21042) and in part by Junta de Andalucía (P18-TP-1420, A-CTS- 
666-UGR20, B-CTS-122-UGR20, P18-HO-3882 and P18-TP-0969) 
FEDER program. In addition, this work was supported by funds from 
research groups AGR145, FQM-368 and CTS-107 (Andalusian Govern
ment). The authors would like to thank technical assistance from the 
Centro de Instrumentación Científica (CIC) (Granada University) and 
Antonio Murillo Cancho from the University of Almería and CELLBITEC 
S.L. All animal experiments were conducted under the Ethical and 
Regulatory Guidelines for Animal Experiments defined by the University 
of Granada (Certificate number: 16/01/2020/005). 

CRediT authorship contribution statement 

C. Mesas and V. Garcés contributed equally to this study on designing 
and performing the experiments. Conceptualization: J. Prados, J. M. 
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B. Graña Suárez, J. García Gómez, Efficacy and safety of FOLFIRI/aflibercept in 
second-line treatment of metastatic colorectal cancer in a real-world population: 
prognostic and predictive markers, Cancer Med 8 (2019) 882–889, https://doi.org/ 
10.1002/cam4.1903. 

[5] S.G. Klochkov, M.E. Neganova, V.N. Nikolenko, K. Chen, S.G. Somasundaram, C. 
E. Kirkland, G. Aliev, Implications of nanotechnology for the treatment of cancer: 
Recent advances, Semin. Cancer Biol. (2019) 0–1, https://doi.org/10.1016/j. 
semcancer.2019.08.028. 

[6] F. Moradi Kashkooli, M. Soltani, M. Souri, Controlled anti-cancer drug release 
through advanced nano-drug delivery systems: Static and dynamic targeting 
strategies, J. Control. Release 327 (2020) 316–349, https://doi.org/10.1016/j. 
jconrel.2020.08.012. 

[7] S. Hossen, M.K. Hossain, M.K. Basher, M.N.H. Mia, M.T. Rahman, M.J. Uddin, 
Smart nanocarrier-based drug delivery systems for cancer therapy and toxicity 
studies: a review, J. Adv. Res. 15 (2019) 1–18, https://doi.org/10.1016/j. 
jare.2018.06.005. 

[8] J. Fang, H. Nakamura, H. Maeda, The EPR effect: unique features of tumor blood 
vessels for drug delivery, factors involved, and limitations and augmentation of the 
effect, Adv. Drug Deliv. Rev. 63 (2011) 136–151, https://doi.org/10.1016/J. 
ADDR.2010.04.009. 

[9] H. Maeda, T. Sawa, T. Konno, Mechanism of tumor-targeted delivery of 
macromolecular drugs, including the EPR effect in solid tumor and clinical 
overview of the prototype polymeric drug SMANCS, J. Control. Release 74 (2001) 
47–61, https://doi.org/10.1016/S0168-3659(01)00309-1. 

[10] J. Prados, C. Melguizo, R. Ortiz, C. Velez, P.J. Alvarez, J.L. Arias, M.A. Ruiz, 
V. Gallardo, A. Aranega, Doxorubicin-loaded nanoparticles: new advances in breast 

C. Mesas et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.biopha.2022.113723
https://doi.org/10.3322/caac.21442
https://doi.org/10.1016/S0140-6736(18)32252-9
https://doi.org/10.1038/nrdp.2015.65
https://doi.org/10.1002/cam4.1903
https://doi.org/10.1002/cam4.1903
https://doi.org/10.1016/j.semcancer.2019.08.028
https://doi.org/10.1016/j.semcancer.2019.08.028
https://doi.org/10.1016/j.jconrel.2020.08.012
https://doi.org/10.1016/j.jconrel.2020.08.012
https://doi.org/10.1016/j.jare.2018.06.005
https://doi.org/10.1016/j.jare.2018.06.005
https://doi.org/10.1016/J.ADDR.2010.04.009
https://doi.org/10.1016/J.ADDR.2010.04.009
https://doi.org/10.1016/S0168-3659(01)00309-1


Biomedicine & Pharmacotherapy 155 (2022) 113723

15

cancer therapy, Anticancer Agents Med. Chem. 12 (2012) 1058–1070, https://doi. 
org/10.2174/187152012803529646. 

[11] J.M. Delgado-López, M. Iafisco, I. Rodríguez, A. Tampieri, M. Prat, J. Gómez- 
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