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Abstract 

This study focused on the synthesis of zinc oxide (ZnO) phytonanoparticles (PNPs) using Bonellia macrocarpa root 
extract and the evaluation of their cytotoxic activity in three cancer cell lines and the non-tumor control HaCaT cells. 
The PNPs were characterized using UV–Vis spectrophotometry, Fourier-transform infrared spectroscopy (FT-IR), parti‑
cle analyzer, and scanning electron microscopy (SEM). The cytotoxic activity of ZnO PNPs was evaluated in the breast 
cancer cell lines MDA-MB-468, MDA-MB-231, and MCF-7. The results demonstrated a significant antiproliferative 
effect, particularly in the MDA-MB-468 cell line with an IC50 of 34 ppm, along with increased selectivity for this cell line 
compared to the crude extract and the reference drug, doxorubicin. Furthermore, the PNPs also reduced both the for‑
mation and size of tumor cell colonies and suppressed cell migration in the MDA-MB-468 line. These effects indicate 
a significant impact on the growth and spread of cancer cells. Moreover, PNPs successfully internalized into the cancer 
cells and induced a significantly higher overproduction of reactive oxygen species (ROS) compared to doxorubicin 
and the crude extract from B. macrocarpa roots. Finally, PNPs were observed to induce apoptosis in MDA-MB-468 cells, 
suggesting activation of programmed cell death pathways. The synthesis of PNPs offers an alternative for obtaining 
nanoscale structures with significant potential to reduce the progression of breast cancer. This approach may comple‑
ment and enhance existing therapies for this disease.

Keywords  Apoptosis, Bonellia macrocarpa, Breast cancer, Green synthesis, Nanomaterials, Phytonanoparticles, 
Reactive oxygen species

*Correspondence:
María Celina Luján‑Hidalgo
maria.lh@tuxtla.tecnm.mx
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40712-025-00282-z&domain=pdf
http://orcid.org/0000-0002-5720-9652


Page 2 of 17Jonapá‑Hernández et al. J Mater. Sci: Mater Eng.           (2025) 20:83 

Introduction
Breast cancer (BC) is one of the most prevalent malig-
nancies affecting women worldwide, with significant inci-
dence across various age groups. According to the World 
Health Organization (WHO 2021), one in 12 women may 
develop BC. Moreover, the Pan American Health Organi-
zation (PAHO) reports a high incidence of breast cancer 
in Latin America and the Caribbean for the coming years.

Nanoparticles (NPs) in medicine have emerged as a 
promising tool for cancer diagnosis and treatment (FDA 
2019; Sakahashi et al. 2022). NPs offer significant advan-
tages over conventional therapies, enabling more precise 
and effective drug delivery while minimizing side effects 
(Raj et  al. 2019). The versatility of NPs in drug delivery 
allows them to be designed for targeted therapy in vari-
ous cancer types (Chandana et  al. 2024), considering 
factors such as the acidity of the microenvironment and 
interactions with intra- or extracellular proteins (Jwa-
Min Nam et al. 2003), or the incorporation of drugs into a 
nanometric matrix that controls their release to enhance 
pharmacodynamics (Roghaieh et al. 2024).

Various studies have reported that zinc oxide nanopar-
ticles exhibit antiproliferative activity in a range of can-
cer cell lines, including human neuroblastoma (Kim et al. 
2015), epidermoid carcinoma (Khan et al. 2021), cervical 
cancer (Lei et al. 2022), gastric cancer cell lines (Wujun 
et  al. 2023), and breast cancer (Chaima et  al. 2025). 
Recent efforts to integrate plant extracts and bioactive 
compounds of biological origin with anticancer proper-
ties into NPs formulations have expanded their applica-
tions. For instance, the crude extract and certain isolated 
metabolites, such as 1,3,5,6-tetrametoxi-8-metilnaf-
taleno, 3,5-dihidroxi-1,2,2-trimetilbenzociclobutao, 
3-metoxi-5-octilfenol, 3-metoxi-2-metil-5-pentilfenol, 
protoprimulagenine, and bonediol obtained from the 
roots of B. macrocarpa demonstrated antimicrobial, cyto-
toxic, and antiproliferative properties in  vitro  (Caamal-
Fuentes et al. 2011; Moo-Puc et al. 2015; Vila-Luna et al. 
2017; Álvarez-Gutiérrez et al. 2019; Valencia-Chan et al. 
2022). These bioactive properties of B. macrocarpa 
extracts, together with the presence of other metabolites 
such as phenols and flavonols with reducing capacity, 
make B. macrocarpa extract an excellent precursor for 
the synthesis of PNPs.

Green synthesis is an eco-friendly approach for the fab-
rication of metallic nanoparticles, utilizing plant-derived 
reducing and stabilizing agents due to the presence of phe-
nolic compounds, among others, that have hydroxyl groups 
(Jayachandran et  al. 2021; Jing et  al. 2024; Chaima et  al. 
2025). It has also been reported that some bioactive prop-
erties of compounds present in these extracts are enhanced 
when incorporated into a nanometric matrix (Agarwal 
et al. 2017; Bandeira et al. 2020; Sadeghi et al. 2023). PNPs 

synthesized in this manner offer a novel approach to breast 
cancer treatment. Thus, this study evaluated the antican-
cer properties of ZnO PNPs synthesized from the crude 
extract of B. macrocarpa. Our findings indicate that these 
PNPs exhibit antiproliferative effects on the breast can-
cer cell lines MCF-7, MDA-MB-468, and MDA-MB-231. 
Additionally, we observed that PNPs inhibit colony forma-
tion, reduce cell migration, induce ROS production, and 
promote apoptosis-mediated cell death in MDA-MB-468 
breast cancer cells.

Materials and methods
Plant material
The roots and leaves of B. macrocarpa were collected 
in the municipality of Tuxtla Gutiérrez, Chiapas, Mex-
ico (16°43′39.2"N, 93°11′37.2"W) during the months 
of August and September 2020. The collected plants 
measured on average 60–90 cm from the base of the 
stem to the top of the plant canopy. The plant samples 
were washed with drinking water and dried at 50 °C. 
The dried roots were cut into fragments of ∼1 cm and 
crushed using an electric roller mill (SIEBTECHNIK 
TEMA). Finally, the plant material was ground (Basic 
Analytical Mill) until a fine dry powder was obtained. 
The plant extract was obtained by mixing the fine pow-
der of B. macrocarpa roots or leaves with 96% metha-
nol in a ratio of 1:50 g/mL. Fifty milliliters of methanol 
was added every 24 h, and the extraction was kept under 
constant agitation at room temperature and in dark-
ness. The methanolic extract was filtered with filter 
paper (20–25 µm) using a vacuum. The leaves and roots 
were extracted to determine which tissues of B. macro-
carpa contained the highest concentration of bonediol, 
a metabolite with biological activity in cancer cell lines 
that may also contribute to the formation of PNPs. Sub-
sequently, the extract was concentrated with a rotary 
evaporator at 45 °C (Ruiz-Ramírez et al. 2018), recovered 
with distilled water, and lyophilized for storage in dark-
ness at 4 °C. The plant extracts were characterized based 
on the total phenol content using the Folin-Ciocalteu 
reagent (Blainski et al. 2013), the content of flavones and 
flavonols (Chang et  al. 2002), and the bonediol content 
quantified by high-performance liquid chromatography 
(Ruiz-Ramírez et al. 2018).

Synthesis and characterization of zinc oxide 
phytonanoparticles with B. macrocarpa
The synthesis of the PNPs was carried out according to 
the protocols of Velázquez-Gamboa et  al. (2020) and 
Jonapá-Hernández et al. (2020) with modifications. One 
gram of the dry B. macrocarpa extract was resuspended 
in 75 mL of a methanol–water solution at a 1:3 ratio (v/v), 
then mixed with 150 mL of a 0.2 M zinc sulfate solution 
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for 20 min water bath at 60 °C with constant stirring of 
1000 ± 100 rpm. Then, 225 mL of 0.1 M NaOH was added 
and maintained for another 20 min at 60 °C in the water 
bath at a constant stirring of 1000 ± 100 rpm. These syn-
thesis conditions were obtained from the standardiza-
tion of the synthesis method depending on the volume, 
concentrations of the solutions, and the reaction time to 
obtain the greatest amount of PNPs. The PNP colloidal 
solution was centrifuged at 4500 rpm for 15 min, and the 
precipitate was washed eight times, alternating four times 
with 15 mL 96% methanol and four times with 15 mL dis-
tilled water in 50 mL centrifuge tubes. This is to remove 
impurities from the PNPs, such as unreacted metabolites 
and synthesis residues. Additionally, these by-products 
can be recovered and properly treated for reuse, enhanc-
ing the environmental sustainability of the PNP synthesis 
process. Finally, the precipitate was dried in an oven at 45 
°C and ground with a mortar to obtain a fine powder. The 
formation of PNPs was confirmed and compared to the 
spectrum of the crude extract from B. macrocarpa roots 
using a BECKMAN COULTER DU 730 UV–Vis spec-
trophotometer and a Thermo Scientific NICOLET iS10 
infrared spectrometer (FT-IR). Particle size distribution 
and Z potential were determined using a Litesizer 500 
particle analyzer (Anton Paar). The shape and size of the 
PNPs in powder form were observed through scanning 
electron microscopy (SEM) FE-SEM JSM-7100 F.

Cell line culture
The MCF-7, MDA-MB-468, and MDA-MB-231 breast 
cancer cell lines, as well as the non-tumoral keratino-
cyte HaCaT cell line, were obtained from the Biochem-
istry Unit of the National Institute of Medical Sciences 
and Nutrition Salvador Zubirán, Mexico City, México. 
The cells were cultured in 7  mL of DMEM-F12 culture 
medium (Gibco) supplemented with 10% inactivated fetal 
bovine serum (FBS) (B-Bio Classical) and 10 mL/L peni-
cillin–streptomycin (Gibco). The cells were incubated at 
37 °C with 5% CO2.

Cytotoxicity assay
The sulforhodamine B method was used to evaluate the 
cytotoxic activity of the PNPs and to obtain the IC50 
values (Orellana and Kasinski 2016). In 96-well plates, 
1 × 10⁴ cells per well were cultured with DMEM-F12 
medium supplemented with 10% FBS and 10 mL/L peni-
cillin–streptomycin. For the assays, the cells were incu-
bated for 24 h at 37 °C with 5% CO2. The culture medium 
was then removed and 200 µL of fresh medium supple-
mented with 2% FBS and PNP in a concentration range 
of 10 to 70 µg/mL was added, evaluating every 10 µg/mL 
and the incubation continued for 48 h. The median inhib-
itory concentration (IC50) values were obtained using a 

non linear regression analysis with the inhibitor vs. nor-
malized response method in GraphPad Prism 7 software. 
The concentrations proposed here were previously stand-
ardized to obtain an IC50 value with a high correlation 
with the inhibitor vs. normalized response method. The 
selectivity index (SI) was determined for the cancer cell 
lines compared to the non-tumoral HaCaT keratinocyte 
cell line. The selectivity index was calculated using Eq. 1 
(Indrayanto et al. 2020).

Internalization of the PNPs
To determine the internalization of the PNPs in can-
cer cells in  vitro, MDA-MB-468 cells were cultured in 
6-well plates at a density of 5 ×  105 cells/well with 4 mL 
of DMEM-F12 medium supplemented with 10% FBS and 
1% penicillin–streptomycin. For this assay, the cells were 
incubated for 24 h at 37 °C with 5% CO2. The culture 
medium was then removed, and 4 mL of fresh medium 
supplemented with 2% FBS and 17 ppm (IC25) of PNPs 
were added. The plates were incubated for another 24 h. 
Afterward, the medium was removed, and the cells were 
harvested with trypsin. The cell suspension was centri-
fuged at 1500 rpm for 5 min. The precipitated cells were 
washed with Sörensen buffer pH 7.4, 0.2 M, resuspend-
ing and centrifuging three times consecutively. Finally, 
the cells were fixed by resuspending the pellet in 10 mL 
of glutaraldehyde. MDA-MB-468 cells untreated were 
the control observed with a transmission electron micro-
scope (TEM) (Tecnai Spirit BioTwin, FEI, Hillsboro, OR, 
USA). Using the arithmetic IC25, we ensured that most 
cells treated with PNPs did not exhibit severe damage, 
allowing them to recover after buffer washing and fixa-
tion with glutaraldehyde. This enabled us to retain a suf-
ficient number of cells to observe internalization and 
subsequent PNP-cell interaction phenomena using TEM.

Effect of the PNPs on colony formation
In 6-well plates, 1 × 103 MDA-MB-468 cells were cul-
tured in DMEM-F12 medium supplemented with 10% 
FBS and 10 mL/L penicillin–streptomycin. The cells were 
incubated for 72 h at 37 °C with 5% CO2. After incuba-
tion, the culture medium was removed and replaced 
with fresh medium containing 2% FBS and the IC50 was 
obtained for each treatment in the cytotoxicity assay. The 
cells were incubated for 10 days under the same condi-
tions. Afterward, the colonies were fixed with 500 µL of 
trichloroacetic acid (TCA), stained with crystal violet, 
and the number of colonies was counted (Lei et al. 2022). 
Additionally, macroscopic morphology was observed 

(1)SI =

IC50 no tumor cells

IC50 tumor cells
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with a Nikon Eclipse TS100 microscope and a ProgRes 
CT3 JENOPTIK camera.

Evaluation of cell migration inhibition
The effect of the PNPs on cell migration was evalu-
ated using the wound healing assay. In 6-well plates, 1 × 
10⁶ MDA-MB-468 and HaCaT cells were cultured in 
DMEM-F12 medium supplemented with 10% FBS and 
10 mL/L penicillin–streptomycin. For the assays, the 
cells were incubated for 24 h at 37 °C with 5% CO2. Then, 
the medium was removed, the cells were washed with 
PBS, and a wound was made on the cell monolayer, fol-
lowed by another wash with PBS. Fresh medium with 2% 
FBS supplemented with 10 ppm PNPs was then added. 
The wound closure was observed using a Nikon Eclipse 
TS100 microscope and a ProgRes CT3 JENOPTIK cam-
era at 24, 48, and 72 h. Untreated cells were used as 
controls to evaluate migration changes induced by the 
application of PNPs in normal HaCaT cells and tumor 
MDA-MB-468 cells. The images were analyzed using the 
ImageJ software.

Induction of reactive oxygen species
To evaluate the increase in ROS, 1 × 105 MDA-MB-468 
cells per well were cultured in 96-well plates for 24 h 
using DMEM/F12 medium supplemented with 10% FBS. 
After 24 h of incubation, the medium was replaced with 
fresh medium supplemented with 2% FBS and the differ-
ent treatments (PNPs 34 ppm, crude extract 8.7 ppm, and 
doxorubicin 1.5 ppm). The plates were cultured for 24 h 
with each treatment. After the treatments, the cells were 
washed with PBS and were then stained with 10 µM DHE 
in a serum-free medium for 30 min at 37 °C in the dark. 
ROS production was monitored every 5  s for 1.5 h by 
using a Varioskan microplate reader (Thermo Fisher Sci-
entific Waltham, MA, USA) λem = 605 nm and λex = 518 
nm. The DHE fluorescence was normalized as a percent-
age of the fluorescence intensity from non-treated living 
cells (Liu et al. 2014; Rodríguez-Enríquez et al. 2019).

Cellular apoptosis (annexin V/PI staining)
Triple-negative breast cancer MDA-MB-468 cells were 
cultured at a density of 2.5 × 104 cells per well in 6-well 
plates using DMEM/F12 medium supplemented with 
10% FBS and 10 mL/L penicillin–streptomycin. The cells 
were incubated for 24 h at 37 °C with 5% CO2. Next, the 
medium was replaced with a fresh medium containing 
2% FBS, and the IC50 of the PNPs was evaluated. UV light 
radiation was applied for 10 min as a positive control. 
The cells were incubated for 24 and 48 h. Then, they were 
stained with annexin V and PI fluorochromes from the 
BioLegend kit, following the manufacturer’s instructions. 
The samples were acquired using a BD ACCURI C6 Plus 

flow cytometer at the National Institute of Respiratory 
Diseases of México (INER).

Statistical analysis
The results were analyzed using a means comparison test 
with Tukey’s honestly significant difference (HSD) proce-
dure, with a p ≤ 0.5 (Statgraphics Centurion XV 1.1). The 
IC50 analyzes were performed using the dose–response 
test in the GraphPad Prism program. All experiments 
were performed in triplicate.

Results
Quantification of phenols, flavones, flavonols, 
and bonediol in B. macrocarpa extracts
Table  1 shows the content of phenols, flavones, fla-
vonols, and bonediol present in the leaves and roots of 
B. macrocarpa. The concentration of total phenols in the 
leaf extract was 6.79 mg GAE/g of dry leaves, while the 
concentration in the root extract was 4.85 mg GAE/g 
of dry root. The content of flavone and flavonol in the 
leaves was 2.90 mg QE/g of dry leaves, whereas in root 
extract showed a concentration of 1.85 mg QE/g of dry 
roots. The bonediol content in the root extract was 68 
mg bonediol/g of dry tissue. This compound has been 
reported to exhibit cytotoxic activity against cancer cell 
lines, which is why the root extract was used for PNP 
synthesis.

Characterization of ZnO and B. macrocarpa PNPs
The successful synthesis of the PNPs was indicated by 
a distinctive color change from brown to white at the 
end of the synthesis. In the UV–Vis absorption spec-
trum of the colloidal nanoparticle solution, a peak with 
maximum absorbance at 330 nm was observed (Fig. 1C), 
characteristic of ZnO nanoparticles. FT-IR analysis of 
the B. macrocarpa root extract revealed bands in the 
3600–2800 cm−1 range, corresponding to the stretch-
ing vibrations of O–H and C–H bonds. A prominent 
band was also observed around 1600 cm−1 attributed to 
the C = O stretching vibration, characteristic of organic 
compounds present in the extract, such as flavonoids, 
phenolic acids, aldehydes, and catechols, among others 

Table 1  Phenol, flavones, flavonols, and bonediol content of B. 
macrocarpa extracts

Equal letters between rows have no statistically significant difference, p ≤ 0.5

HSD honestly significant difference, GAE gallic acid equivalent, QE quercetin 
equivalent, B bonediol, g* gram of dry plant material, NA no detected

Metabolite Leaf Root HSD

Total phenols (mg GAE/g*) 6.79 ± 0.135 A 4.85 ± 0.32 B  0.55

Flavones and flavonols (mg QE/g*) 2.90 ± 0.1 A 1.85 ± 0.25 B  0.48

Bonediol (mg B/g*) NA 68.0 ± 1.82
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(Fig. 1B). The presence of these same analytical signals in 
the FT-IR spectrum of the PNPs confirmed the incorpo-
ration of the B. macrocarpa metabolites during the syn-
thesis of the PNPs. The band observed at 600 cm−1 in the 
PNP spectrum corresponds to the stretching vibrations 
of the Zn–O bond (Fig.  1A). This signal coincides with 
that reported by various authors who have described 
that metal oxides typically exhibit absorption bands in 
the infrared region below 1000 cm−1 (Jayachandran 
et  al. 2021; Gnanasekaran et  al. 2024). Size distribution 
analysis of the PNPs in an ultrasound-dispersed medium 
indicated that 95.2% of the particles had a diameter of 
5.72 nm and possessed a negative surface charge, with a 

Z potential of 0.5 mV and PDI 10.91 (Fig.  2A–C). SEM 
analyses showed that the PNPs formed macrostructures 
at the micrometer scale (Fig. 2D,E), as well as substruc-
tures in flake form at the nanometer scale (Fig.  2F,G). 
Proper characterization of the PNPs is crucial for further 
standardization of the treatment.

Assays of cytotoxicity and index of selectivity of PNPs 
in breast cancer cells and HaCaT
Table  2 resumes the IC50 values obtained for the PNPs, 
the crude extract, and the doxorubicin in three breast 
cancer cells lines and HaCaT. The response was dose-
dependent across all evaluated cell lines (Fig.  3). 

Fig. 1  FT-IR spectral scans. A ZnO PNPs. B Extract B. macrocarpa roots. C UV–Vis absorption spectrum where the maximum absorbance peak 
of the ZnO PNPs with B. macrocarpa extract is indicated
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Fig. 2  A Size distribution graph. B Physicochemical properties of the PNPs. C Table summarizing major peaks with percentages and sizes. D, E 
Macrostructures formed by the PNPs seen by SEM. F, G Substructures formed by the dry PNPs seen by SEM

Table 2  IC50 values obtained ​​for breast cancer cell lines and HaCaT

Equal uppercase letters in the same row do not have statistically significant differences, p ≤ 0.5

HSD honestly significant difference

                                                                                                                                                IC50 (ppm)

Treatment HaCaT MDA-MB-468 MDA-MB-231 MCF-7 HSD
PNPs 30.12 ± 1.53 A 34.07 ± 1.6 AB 39.14 ± 3.3 BC 44.13 ± 3.8 C  7.295

Crude extract of B. macro-
carpa

3.11 ± o.32 A 8.68 ± 1.43 B 11.13 ± 1.52 BC 14.13 ± 1.3 C  3.303

Doxorubicin 0.30 ± 0.26 A 1.25 ± 0.20 B 3.45 ± 0.34 C 0.75 ± 0.18 AB  0.673
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Fig. 3  Graphs showing the inhibition of cell proliferation induced by doxorubicin, PNP, and the crude root extract of B. macrocarpa after 48 h 
of exposure using the sulforhodamine B colorimetric method. The graphs were generated using the GraphPad Prism 8.0 statistical program 
and the normalized dose–response inhibitor model. Panels A, B, and C represent the effects on the HaCaT cell line when exposed to doxorubicin, 
PNP, and crude root extract, respectively. Panels D, E, and F represent the corresponding effects on the MDA-MB-231 cell line, while panels 
G, H, and I illustrate the effects on the MDA-MB-468 cell line. Finally, panels J, K, and L show the effects on the MCF-7 cell line when treated 
with doxorubicin, PNP, and crude root extract, respectively
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According to the IC50 values of the three breast cancer 
cell lines, the MDA-MB-468 presented the lower number, 
exhibiting an IC50 of 34.07. However, the crude extract 
showed a cytotoxic effect with better values in all cell 
lines in comparison to PNPs. Such a result could be due 
to the synergy of the variety of compounds, increasing 
cell death. Notwithstanding, the PNPs are in the range of 
cytotoxicity activity for cancer cells. The index of selec-
tivity (Table  3) indicates the more sensitive cancer cell 
line exposed to treatment (Indrayanto et  al. 2020). Our 
results showed that MDA-MB-468 was the most sensitive 
culture, the reason to be used for internalization assays, 
colony formation tests, scratch assays, ROS production 
quantification, and apoptosis induction analysis followed 
by PNP application.

The cytotoxicity and index of selectivity tests were 
two key evaluations to determine the concentration of 
the treatments used for the next experiments. Based on 
the obtained IC50 values, the concentrations used in cell 
migration experiments, colony formation, internaliza-
tion, ROS production, and cell apoptosis were standard-
ized according to the specific observations required and 
the limitations of the cell model. However, for experi-
ments such as cell migration, a concentration lower than 
the IC50 was selected.

Internalization of the PNPs into MDA‑MB‑468 cells
The PNPs successfully internalized into MDA-MB-468 
cells, with electron-dense structures observed within the 
cells (Fig.  4). These structures were primarily located at 
the periphery of the cells (Fig.  4B,F). Notably, electron-
dense structures were observed only in cells exposed to 

PNPs and were absent in the control cells (Fig.  4G,H). 
Additionally, PNPs were detected inside structures 
resembling phagosomes (Fig.  4D,E), and evidence of 
cellular membrane disruption was observed (Fig.  4C). 
This experiment allowed us to be sure the PNPs passed 
through the cell membrane by microscopy images.

Inhibition of colony formation
This technique permitted us to visualize the effects of 
the PNPs on proliferation and the inhibition in the for-
mation of new colonies. It also provided insight into the 
efficacy of the PNPs, crude extract, and doxorubicin with 
respect to exposure time. The colonies formed by MDA-
MB-468 cells after 10 days of different treatments and 
exhibited morphometric variances mainly in size and cell 
count. The number of colonies formed by MDA-MB-468 
cells decreased by 39.7% after treatment with PNPs. In 
contrast, the drug doxorubicin reduced the number of 
colonies by 56.8% in MDA-MB-468 (Fig. 5). Notably, the 
crude extract of B. macrocarpa showed no significant 
effect on the inhibition of MDA-MB-468 cell colony for-
mation (Table 4). A reduction in the number of colonies 
after treatment with PNPs and doxorubicin is related to 
cell proliferation, the cells might be reducing their prolif-
eration rate in a time and dose-dependent behavior.

Cell migration inhibition
Cell migration was assessed using a wound healing assay 
in both MDA-MB-468 cells and the no-tumor cells, 
HaCaT. Considering that the control for evaluating PNPs 
in tumor cells consists of MB-468 cells without PNPs, 
wound closure represents 100% of the cellular migra-
tion in these cells. Upon PNP application, wound closure 
was inhibited by 69.53% at 72 h (Fig. 6A,C). In the non-
tumoral HaCaT cells, the application of PNPs did not 
yield a statistically significant difference in wound clo-
sure, allowing for complete closure. It is noteworthy that 
the proliferation and migration rates varied among cell 
lines, with the non-tumoral line covering more than 90% 
of the wound area at 48 h. In summary, the PNPs are able 
to halt cell migration at 24 h, an effect that persisted until 
72 h. Inhibition of migration is another important target 
of anticancer drugs since this phenomenon is related to 
metastasis, one of the main concerns in cancer patients.

Table 3  Index of selectivity of treatments towards breast cancer 
cells

The same letters have no statistically significant difference, p ≤ 0.5

HSD honestly significant difference

Treatment MDA-MB-468 MDA-MB-231 MCF-7

PNPs 0.88 ± 0.04 G 0.76 ± 0.06 FG 0.68 ± 0.05 EF

Crude extract of B. 
macrocarpa

0.35 ± 0.06 CD 0.27 ± 0.03 BC 0.22 ± 0.02 BC

Doxorubicin 0.22 ± 0.16 A 0.084 ± 0.064 A 0.36 ± 0.23BC

HSD: 0.167

(See figure on next page.)
Fig. 4  Internalization of PNPs in MDA-MB-468 cells after 24 h of exposure. A transmission electron microscope (TEM) (Tecnai Spirit BioTwin, FEI, 
Hillsboro, OR, USA) was used for imaging. A Control cells (not treated). B Cells containing internalized PNPs (red arrows point to the PNPs), size 1 
micron. C Magnified view of image B (500 microns), highlighting the interaction of PNPs with mitochondria (blue arrows point to mitochondria). 
D Cells treated with PNPs, showing the presence of vacuole-like structures and internalized PNPs (yellow circles enclose the vacuole). E Enhanced 
presence of vacuole-like structures containing PNPs (red arrows), magnification 500 microns. F PNPs localized along the periphery of cell 
membranes (red arrows). G, H Comparative images of untreated MDA-MB-468 cells and cells treated with PNPs after 24 h of exposure, respectively
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Fig. 4  (See legend on previous page.)
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Induction of reactive oxygen species (ROS) and apoptosis
Figure  7 depicts the increment of ROS levels in MDA-
MB468 cells treated with PNPs compared to the 
untreated cells after 24 h of exposure. Also, the effect of 
the PNPs was higher than that generated by doxorubicin 
and the crude extract of B. macrocarpa in MDA-MB-468 
(Fig. 7E).

On the other hand, we wanted to find out whether 
PNPs promote apoptosis in MDA-MB-468 as a cell death 
mechanism of action. Thus, a double dye with annexin V 
and PI was performed (see Methodology Sect. 2.9). Fig-
ures 8B and G visualize that 80% of the cells treated with 
PNPs at a concentration of 34 ppm for 24 h were in the 
early stage of apoptosis and presented a time-dependent 

behavior (quadrant right low). Contrary, after 48 h of 
treatment, the population of cells in early apoptosis 
decreased to 28% and cells in late apoptosis increased to 
66%. Likewise occurred with the positive control ultravi-
olet (UV) radiation (Fig. 8C,F). Such results indicate the 
antioxidant activity of the PNPs by the rise of the ROS 
levels in MDA-MB-468 cells, which might be implicated 
in the pro-apoptosis effect provoking cell death.

Discussion
The root extract of Bonellia macrocarpa contains a 
diverse array of specialized metabolites, including phe-
nols, flavones, flavonols, and bonediol—a catechol-type 
compound of particular interest due to its previously 
reported antiproliferative activity against cancer cell 
lines (Caamal-Fuentes et al., 2011; Moo-Puc et al. 2015; 
Valencia-Chan et  al. 2022). The bonediol content in 
the root extract obtained for the synthesis of PNPs was 
higher than that reported by Ruiz-Ramírez et al. (2018), 
who found 2.78 mg bonediol/g of dry transformed roots, 
and by Castro-Martínez et al. (2022), who obtained 49.57 
mg bonediol/g of callus. All these bioactive molecules 
play a crucial role in PNP synthesis, particularly in the 
formation of metal–phenolic networks (MPNs) through 
coordination bonds, resulting in stable complexes 
(Tang et  al. 2025). Additionally, they contribute to the 

Fig. 5  MDA-MB468 cell colonies. A, E Untreated cells. B, F Colony of cells treated with the crude extract. C, G Colonies of cells treated with PNPs. 
D, H Colonies of cells treated with doxorubicin. Scale bar 200 µm. Macroscopic morphology was observed using a Nikon Eclipse TS100 microscope 
and a ProgRes CT3 JENOPTIK camera

Table 4  Number of MDA-MB-468 colonies

The same letters have no statistically significant difference, p ≤ 0.5

HSD honestly significant difference

Treatment No. of colonies

Control 248.50 ± 35.8 C

PNPs 149.83 ± 7.16 B

Crude extract of B. macrocarpa 239.0 ± 13.3 C

Doxorubicin 107.33 ± 12.54 A

HSD: 31.25
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functionalization of metal and metal oxide PNPs, such 
as ZnO, by modifying their surface. This surface modi-
fication enhances their dispersion in aqueous media, 
improves biocompatibility, and imparts additional func-
tionalities, such as antioxidant activity and selective affin-
ity for specific cellular receptors.

FT-IR analysis of the PNPs revealed characteristic 
stretching bands corresponding to O–H, C–H, and C = 
O bonds. These signals indicate the presence of organic 
compounds from the B. macrocarpa root extract—such 
as flavonoids, phenols, and potentially bonediol—on the 
surface of the PNPs. The reported maximum absorption 
wavelength for zinc oxide nanoparticles typically ranges 
from approximately 330 to 380 nm. Factors influencing 
the shift in the absorption band include nanoparticle size, 
shape, crystalline structure, the dispersion medium, and 
the presence of surface coatings or organic compounds. 
In Fig. 1, both the crude extract and the plant-mediated 
nanoparticles (PNPs) exhibit similar absorption peaks 
(~ 330 nm), suggesting that the PNPs optical properties 
may be influenced by metabolites present in the extract. 
Nevertheless, X-ray diffraction (XRD) analysis is cru-
cial to confirm the crystalline structure and chemical 

composition of the nanoparticles. While UV–Vis spec-
troscopy, FT-IR, DLS, and SEM provided valuable char-
acterization data, XRD would offer complementary 
structural insights essential for a more comprehensive 
understanding of the nanoparticles.

Regarding cytotoxic activity, the plant extract, phytona-
noparticles (PNPs), and the drug may have their effects 
on cancer cells through different mechanisms of action. 
Consequently, their cytotoxicity is observed at different 
concentration ranges, which were determined through 
preliminary assays aimed at identifying the appropriate 
range for calculating the IC50 of each treatment.

The assay to evaluate PNP internalization into cells was 
conducted using the IC25 (17 ppm) to prevent nanopar-
ticle agglomeration during analysis, minimize cellular 
damage, and facilitate the observation of interactions 
with the cell membrane.

The cell migration assay was carried out using a con-
centration of 10 ppm, selected based on the IC50 deter-
mined in the cytotoxicity assay. High concentrations 
can induce cell death, potentially compromising the 
accurate interpretation of migration behavior. There-
fore, sub-cytotoxic concentrations were used to ensure 

Fig. 6  A Images of wound closure in HaCaT and MDA-MB-468 cells with and without exposure to PNPs at time zero, 24, 48, and 72 h. The cell 
lines were treated with 10 ppm (IC20). B Magnification of MDA-MB-468 cell structures at 24 h without PNPs. C Percentage of wound closure 
in MDA-MB-468 and HaCaT cell monolayers at 24, 48, and 72 h with and without PNPs. The bar with (**) indicates a statistical difference from its 
control, *p ≤ 0.5
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that any observed effects on migration were attributable 
to changes in cellular behavior rather than cytotoxicity.

In contrast, the evaluations of colony formation, reac-
tive oxygen species (ROS) production, and apoptosis 
induction were performed using the IC50 concentration 
of the PNPs.

The PNPs demonstrated cytotoxic activity against 
three different breast cancer cells (MDA-MB-468, 
MDA-MB-231, and MCF-7) (Fig. 3J, K, and L). Several 
authors reported that size is a crucial factor in the cyto-
toxicity of NPs, facilitating interaction and entry into 
tumor cells through mechanisms such as passive dif-
fusion, ion channels, or pinocytosis (Feltis   et al. 2012; 
Condello et al. 2016; Yao et al. 2020; Jabir  et al. 2021). 
In this context, the small hydrodynamic size of the 
PNPs, approximately 6  nm (Fig.  2C), may favor inter-
nalization. In our model, doxorubicin exhibited the 
highest cytotoxicity against tumor cells when compared 
to other treatments. However, when evaluating the 
selectivity index, despite doxorubicin being more cyto-
toxic, the PNPs displayed superior selectivity towards 
BC cell lines. Calderón-Montaño et al. (2021) suggested 
that the lack of selectivity associated with doxorubicin 
necessitates reducing drug dosage to concentrations 

that do not harm non-tumor cells, ultimately leading to 
low efficacy in patients with metastasis.

PNPs contain metabolites from B. macrocarpa root 
extract that can act synergistically with zinc oxide mol-
ecules to induce cytotoxicity in breast cancer cell lines. 
Zinc sulfate and oxide of zinc are classified as “Generally 
Recognized As Safe” (GRAS) by the U.S. Food and Drug 
Administration (FDA), while zinc is an essential micro-
nutrient that plays various structural and enzymatic roles 
in the human body (Nriagu et  al. 2019a). The reported 
safety of the zinc as a micronutrient could be related to 
the PNP’s low cytotoxicity in non-tumor HaCaT cells 
compared to doxorubicin and the crude extract of B. 
macrocarpa roots. Moo-Puc et al. (2015) reported bone-
diol as partially affinity-estradiol receptors and cytotoxic-
ity action in cells lacking receptors, with its mechanism 
of action being attributed to oxidative stress.

Additionally, the increased levels of ROS in MDA-
MB-468 cells (Fig. 7B) may result from dysregulation of 
cellular homeostasis due to the release of zinc ions from 
the PNPs. It was also noted that the trend in ROS levels 
in cells treated with PNPs was decreasing (Fig. 7B). This 
decrease may be attributed to the high cytotoxicity of 
the PNPs before 24 h of exposure, resulting in reduced 
ROS levels at the time of quantification due to induced 

Fig. 7  The trend of ROS production in the MDA-MB-468 cell line under different treatments after 24 h of exposure. A Control (untreated cells). B 
MDA-MB-468 cells treated with PNPs (34 ppm IC50). C MDA-MB-468 cells treated with crude extract (8.68 ppm IC50). D MDA-MB-468 cells treated 
with doxorubicin (1.25 ppm IC50). E Relative percentage of ROS levels compared to control cells
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Fig. 8  Induction of apoptosis in the MDA-MB-468 cell line. A Untreated control cells after 24 h. B Apoptosis induction by PNPs after 24 h. C 
UV-induced apoptosis after 24 h. D Untreated control cells after 48 h. E Apoptosis induction by PNPs after 48 h. F UV-induced apoptosis after 48 h. G 
Percentage of apoptosis induction at the early stage (EA) and late stage (LA) during different exposure times of the treatments
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cell death in tumor cells. Consequently, biological activ-
ity and ROS production decreased, leading to a down-
ward trend in ROS levels during quantification compared 
to the crude extract of B. macrocarpa and doxorubicin 
(Fig. 7).

When assessing the clonogenicity of PNPs in com-
parison to the crude extract and doxorubicin in MDA-
MB-468 tumor cells, a significant reduction in the 
number of colonies was observed (Table  4). Those 
colonies treated with PNPs (Fig.  5C,G) or doxorubicin 
(Fig. 5D,H) showed changes in size, shape, and cell den-
sity. The colonies treated with PNPs were smaller than 
those observed with the crude extract and control, exhib-
iting a response comparable to that induced by doxo-
rubicin. The extract itself demonstrated no statistically 
significant difference in the number of colonies compared 
to the negative control. However, the colonies resulting 
from the extract were smaller than the control colonies 

(Fig. 5A, B, E, and F). This phenomenon could be due to 
the fact that metabolites or bioactive compounds in the 
plant extract, such as polyphenols or bonediol, can bind 
to proteins present in fetal bovine serum in the culture 
medium. This binding can alter the bioavailability of the 
compounds and reduce their ability to interact with can-
cer cells (Papadopoulou and Frazier 2004). This under-
scores the goal of synthesizing PNPs with these plant 
extracts, as metabolites incorporated into nanometric 
matrices could remain in the human body for extended 
periods, combined with a gradual release of these com-
ponents, potentially enhancing pharmaceutical utiliza-
tion (Younas et al. 2023; Nandhini et al. 2024).

The wound healing assay showed that PNPs reduce the 
migration of selected breast cancer cells (Fig. 6A). After 
24 h of exposure, MDA-MB-468 cells exhibited collec-
tive movement structures (Fig.  6B), indicative of cell 
migration (Spano et al. 2012). However, in the presence 

Fig. 9  Summary of the mechanism of action of nanoparticles (PNPs) in MDA-MB-468 cells. PNPs are internalized via endocytosis and encapsulated 
in phagosomes within the cell. During this process, membrane damage is observed, which may facilitate the controlled release of bioactive 
metabolites and Zn2⁺. Oxidative stress is induced through the production of reactive oxygen species (ROS), compromising mitochondrial function 
and triggering apoptosis. Transmission electron microscopy (TEM) images provide evidence of PNP interaction and internalization within the cells, 
as well as their effects on cellular morphology. Additionally, flow cytometry and relative DHE fluorescence data confirm the increase in ROS levels 
in response to PNP treatment
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of PNPs at concentrations below the IC50, the forma-
tion of such structures was inhibited. Additionally, it was 
found that PNPs did not significantly affect the migration 
of healthy cells. These findings highlight the selectivity 
action of PNPs on tumor cells. Although PNPs at con-
centrations below the IC50 did not significantly reduce 
cell proliferation, they did reduce the migration of these 
cells, suggesting that at low concentrations, PNPs influ-
ence mechanisms associated with motility and migration 
in tumor cells.

Our results indicate that PNPs induce apoptosis in 
MDA-MB-468 cells. However, the percentages of early 
and late-stage apoptosis were time-dependent, with an 
increase in late apoptosis observed 48 h after treatment 
compared to 24 h. This pattern was similar to that seen 
with UV light radiation. PNPs may induce apoptosis 
after internalization into the cells, resulting in damage 
to cellular membranes, including those of the mito-
chondria, as shown in Fig. 4C, where PNPs are seen in 
contact with the mitochondria (Fig. 9). Condello et al. 
(2016) noted that NPs can be attracted to cell mem-
branes due to their polarity, leading to mechanical 
damage, the overproduction of reactive oxygen spe-
cies, or the release of pro-apoptotic proteins such as 
cytochrome C. This protein is part of the apoptosome 
in the cytosol, triggering the caspase signaling cascade 
that culminates in tumor cell apoptosis.

Conclusion
The PNPs synthesized from the crude root extract of B. 
macrocarpa and zinc oxide effectively reduced the pro-
liferation of triple-negative BC cells (MDA-MB-468 and 
MDA-MB-231) as well as the estrogen receptor-pos-
itive MCF-7 cell line, primarily through the induction 
of apoptosis. Furthermore, they diminished the number 
of tumor colonies and inhibited cell migration in MDA-
MB-468. Overall, the PNPs exhibited greater selectiv-
ity toward cancer cells compared to their precursor, the 
B. macrocarpa root extract, and doxorubicin, suggest-
ing they may serve as an alternative to the development 
of new BC treatments. Further studies should be per-
formed to complete the antitumor understanding of the 
PNPs in BC cells.
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