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Purpose: Hydroxyapatite-based nanoparticles have found diverse applications in drug delivery, gene carriers, diagnostics, bioimaging
and tissue engineering, owing to their ability to easily enter the bloodstream and target specific sites. However, there is limited
understanding of the potential adverse effects and molecular mechanisms of these nanoparticles with varying geometries upon their
entry into the bloodstream. Here, we used two commercially available hydroxyapatite nanoparticles (HANPs) with different
geometries (less than 100 nm in size each) to investigate this issue.

Methods: First, the particle size, Zeta potential, and surface morphology of nano-hydroxyapatite were characterized. Subsequently,
the effects of 2~2000 pM nano-hydroxyapatite on the proliferation, migration, cell cycle distribution, and apoptosis levels of umbilical
vein endothelial cells were evaluated. Additionally, the impact of nanoparticles of various shapes on the differential expression of
genes was investigated using transcriptome sequencing. Additionally, we investigated the in vivo biocompatibility of HANPs through
gavage administration of nanohydroxyapatite in mice.

Results: Our results demonstrate that while rod-shaped HANPs promote proliferation in Human Umbilical Vein Endothelial Cell
(HUVEC) monolayers at 200 uM, sphere-shaped HANPs exhibit significant toxicity to these monolayers at the same concentration,
inducing apoptosis/necrosis and S-phase cell cycle arrest through inflammation. Additionally, sphere-shaped HANPs enhance
SULT1A3 levels relative to rod-shaped HANPs, facilitating chemical carcinogenesis-DNA adduct signaling pathways in HUVEC
monolayers. In vivo experiments have shown that while HANPs can influence the number of blood cells and comprehensive metabolic
indicators in blood, they do not exhibit significant toxicity.

Conclusion: In conclusion, this study has demonstrated that the geometry and surface area of HANPs significantly affect VEC
survival status and proliferation. These findings hold significant implications for the optimization of biomaterials in cell engineering
applications.
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Introduction

Hydroxyapatite (HA) is a form of calcium phosphate found in human bones and teeth, comprising about 97% of tooth
enamel and 65% of bone.' Its chemical similarity to these tissues endows synthetic HA with a high affinity for living
organisms, thereby rendering it an ideal material for biomedical applications.>” Owing to advancements in nanotechnol-
ogy, nano-structured HA has attracted significant attention in various biomedical fields, including diagnosis, medical
treatment and tissue engineering.*° Unlike other potential nanoparticles, hydroxyapatite nanoparticles (HANPs) possess
a large surface area and contain numerous -OH groups and Ca®" cations, which can effectively adsorb therapeutic agents
(TAs) and target ligands featuring acidic groups such as carboxyl (-COO-) and phosphate groups. As nanocarriers, the
unique surface properties and pH-responsive solubility of HANPs facilitate their functionalization and design for targeted
delivery of pH-responsive Tas.*'”'* For example, the development of the use of HANPs for vaccine adjuvant is evolving
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well.?'2 Additionally, HANPs may be combined with contrast agents for molecular imaging in diagnostics, or
integrated with organic molecules to develop porous scaffolds for tissue engineering. >’ *!''"1318:19.26 However, the
effects of these HANPs on organisms are not yet fully understood, posing a significant obstacle to their application.

Epidemiological studies indicate that exposure to nanoparticles may exacerbate cardiovascular disease and potentially
disrupt cardiovascular homeostasis in healthy individuals.>”>° The underlying mechanisms behind these cardiovascular
effects remain not well understood. The leading hypothesis proposes that nanoparticles may induce vascular inflamma-
tion and systemic release of cytokines, potentially impacting cardiovascular endpoints. In practical applications, these
nanoparticles have the potential to enter the cardiovascular system through ingestion (gastrointestinal), inhalation
(respiratory), injection (blood circulation), or implant fragments.®*?*? As vascular endothelial cells (VECs) constitute
a protective barrier between blood and tissues, the direct contact between nanoparticles and VECs holds pathogenic
relevance.”® Animal studies have demonstrated that biomolecular delivery agents based on HANPs can readily cross the
blood-brain barrier after injection, indicating these nanoparticles could inevitably have potential effects on VECs.*'%!7-0
Therefore, investigating the interaction between HANPs and VECs is critical before endorsing their widespread and safe
use. Previous reports suggest that HANPs may inhibit nitric oxide (NO) synthesis and adversely affect the viability and
function of normal human umbilical vein endothelial cells (HUVECs).>* Similarly, HANPs demonstrate concentration-
dependent toxicity on both normal HUVECs and microvascular endothelial cells, highlighting potential limitations in
their application due to cardiovascular effects.”>*>3

It has been demonstrated that the flow, edge, and adhesion properties of nanoparticle-based biomolecular delivery
agents in the vasculature depend on their size and geometry.*® A noteworthy study in human vascular smooth muscle
cells (VSMCs) revealed that small, phagocytosable HANPs elicit a stronger inflammatory response and greater cell
death-inducing capability than larger HA particles.>’ Additionally, studies indicate that tiny HANPs can induce pro-
inflammatory effects in human monocytes/macrophages relative to larger HA particles.*®° These findings suggest that
the size of HANPs is closely linked to adverse cardiovascular effects, playing a potential causal role. HANPs are
engineered in various geometries, including rods, spheres, needles, and sheets, tailored to specific medical
applications.**"'%!> However, the impact of HANPs geometry on cardiovascular function remains unclear. As VEC
damage and dysfunction constitute common pathological features of several cardiovascular diseases, our experiment
sought to determine whether HANPs geometry affects the survival and proliferation of VECs and to elucidate the
underlying molecular mechanisms. To date, research in this area has been limited. The primary goal of our study is to
advance understanding of the effects of HANPs exposure in the bloodstream, with a focus on the impact of HANPs
geometry.

Materials and Methods

Preparation of HANPs Culture Media with Various Concentrations

Commercially available rod-shaped HANPs (677418, Sigma, Missouri, USA) and sphere-shaped HANPs (900194,
Sigma) were accurately weighed and designated as rods and spheres, respectively. The HANPs suspensions were
prepared at a concentration of 20 mM in a 2 mL standard flask containing 1 mL of 70% ethanol (anhydrous ethanol,
HB15-AR, Guangzhou chemical reagent factory, Guangzhou, China) and were sterilized for 30 min. Following this, the
suspension was centrifuged at 5000 rpm for 10 min to eliminate the ethanol. Subsequently, the suspension was washed
thoroughly with sterile saline (ZH13180052, RockTech, Guangzhou, China) and once again centrifuged at 5000 rpm for
10 min to eliminate the saline. The rods or spheres HANPs with various concentrations were dissolved in sterile saline or
ECM culture medium (1001, ScienCell, California, USA). The resulting samples were stored at 4°C for subsequent
biological studies.

Characterization

The morphology and selected area electron diffraction (SAED) pattern of HANPs were observed using a Hitachi (Tokyo,
Japan) 8100 transmission electron microscope (TEM). The size distribution of rods or spheres HANPs was determined
by analyzing TEM images with ITEM software, allowing for precise measurements.** X-ray diffraction (XRD)
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measurements were performed using a Bruker D8 Advance diffractometer (Karlsruhe, Germany) equipped with Cu Ka
radiation (A=0.15418nm). The XRD measurements were carried out at a voltage of 40 kV and a current of 40 mA, with
a scanning rate of 1°/s and a scanning range of 5°-80°. For the identification of chemical element composition, X-ray
photoelectron spectroscopy (XPS) was carried out using a Thermo Fisher Scientific (USA) Escalab 250Xi spectrometer
with Al Ko radiation for excitation.*! Fourier Transform infrared spectra (FTIR) were obtained using a Bruker Tensor 27
spectrometer (Karlsruhe, Germany), covering a range of 200-4000 cm '. Raman spectra were acquired using a Horiba
LabRAM HR Evolution laser Raman spectrometer (Paris, France), employing He laser beam excitation within the 200—
3000 cm ' range. The specific surface area was evaluated through N2 adsorption utilizing a fully automatic surface area
system, the Micromeritics ASAP 2020 plus HD88 from the United States. Before measurements, the samples were
subjected to outgassing at 120 °C for 120 min. Finally, these rods or spheres HANPs, which were dissolved in sterile
saline or ECM culture medium, were transferred into the cuvette for zeta potential measurement using a Malvern
Zetasizer Nano ZSE instrument (Malvern, UK) and their hydrodynamic size and polydispersity (PDI) determined by the
Zetasizer Nano ZS90.

Human Umbilical Vein Vascular Endothelial Cells (HUVEC) Isolation, Culture, and

Identification

To isolate HUVECs, a fresh umbilical cord is obtained from the delivery of a healthy woman. The ethical approval for
the use of human umbilical cords has been granted by the Ethics Committee of the Guangzhou Medical University
affiliated Women and Children’s Medical Center, under approval number 2017103104. All umbilical cords utilized in the
experiment were obtained with written informed consent from the donors, adhering to the principles outlined in the
Declaration of Helsinki. The procedure involves the following steps: Inserting a 50 mL syringe filled with 1xPBS into the
umbilical vein. Repeatedly flush the umbilical vein with PBS until all blood clots are expelled. Injecting 40 mL of 0.25%
trypsin-EDTA solution (T1350, Solarbio, Beijing, China) into the umbilical vein allows the digestion to proceed for 15
minutes. Stopping the trypsin digestion occurs by slowly flushing the umbilical vein with fetal bovine serum (FBS-S500,
NEWZERUM, Christchurch, New Zealand). The cells released during digestion are then collected and resuspended in an
ECM medium. Seeding the resuspended cells in 6-well plates and incubating them at 37 °C in a 5% CO2 humidified
atmosphere follows. Changing the medium occurs every 2 days. The cells reach 90% confluency, typically achieved by
passage 0 (P0). Identifying HUVECS is done using an endothelial cell marker, such as an anti-mouse CD31 monoclonal
antibody (GB12064, Servicebio, Wuhan, China) or anti-rabbit Von Willebrand Factor (VWF) polyclonal antibody
(GB11020, Servicebio). Seeding HUVECs at passage 1 (P1) in 6-well plates with 1000,00 cells per well and incubating
them for 8 days facilitates observation of the cell growth curve. Cells in the logarithmic growth phase at passage 2 (P2)
are seeded in new 6-well plates with 1000,00 cells per well and incubated for 4 days to obtain a HUVEC monolayer with

a cell layer fusion of 90%.**

Immunofluorescence Staining and Quantifications

The localization of proteins in cultured cells was assessed using the following protocol. Firstly, the cells were fixed with
4% paraformaldehyde for 20 min at room temperature. Subsequently, the cells were permeabilized with 0.5% Triton
X-100 (GRNF103-CHMP304003, Servicebio) in PBS for 15 minutes. To prevent non-specific binding, the cells were
blocked with a PBS solution containing 1% bovine serum albumin (BSA) for 1 hour. Following this, the cells were
incubated overnight at 4 °C with specific primary antibodies, including rabbit anti-Ki67 polyclonal antibody (GB111499,
Servicebio), mouse anti-CD31 monoclonal antibody, and rabbit anti-VWF polyclonal antibody, in accordance with the
manufacturer’s instructions. After three PBS washes, the cells were incubated with fluorescently labeled secondary
antibodies, including Cy3-labeled donkey anti-rabbit immunoglobulin G (IgG, GB21403, Servicebio) and fluorescein
isothiocyanate (FITC)-labeled goat anti-mouse IgG (GB22301, Servicebio). Additionally, the actin cytoskeleton was
stained using FITC-conjugated phalloidin (G1028, Servicebio). Nuclei were counterstained with Hoechst 33258 (G1011,

Servicebio). Images were captured using a Leica TCS SP5 confocal laser scanning microscope (Wetzlar, Germany) at
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20x magnification. To quantify the fluorescence intensity of Ki67, CD31, and VWF, five independent microscopic fields
were subjected to analysis using ImageJ software (Bethesda, ML, USA).

In vitro Toxicity and Live/Dead Cell Staining Study

To assess the cytotoxicity of rods and spheres HANPs, evaluations were conducted on HUVEC monolayers. The rods
and spheres HANPs were dissolved in ECM medium, while ECM medium alone acted as a blank control. Initially,
HUVECs were cultured in 96-well plates with a seeding density of 3500 cells per well and were allowed to form
a monolayer over a period of 4 days. Subsequently, the HUVEC monolayers were exposed to various concentrations of
rod and sphere-shaped HANPs in ECM medium for 24 hours. Cell viability was assessed using a microplate reader
(Multiskan GO, Thermo Fisher, Karlsruhe, Germany) by measuring the absorbance at 450 nm after adding 10 pL of Cell
Counting Kit-8 (CK04, Dojindo, Shanghai, China) to each well and incubating them for 4 hours. The experiment was
conducted with three biological replicates.

To further analyze the viability of HUVEC monolayers exposed to rods or spheres HANPs, a live/dead cell staining
assay was conducted using a calcein AM (for live cells, green fluorescence) and propidium iodide (PI, for dead cells, red
fluorescence) assay kit (L3224, InvitrogenTM, Shanghai, China), in accordance with a previously established protocol.
This staining facilitated the differentiation between live and dead cells and was utilized to evaluate the impact of rod and

sphere-shaped HANPs on cell viability, in comparison with the control group.****

Apoptosis and Cell Cycle Analyses

After exposing HUVEC monolayers to rods or spheres HANPs ECM medium with varying concentrations, or to ECM
medium alone for 24 hours, the monolayers were washed three times with 1x PBS. Subsequently, the monolayers were
treated with 0.25% trypsin to obtain single-cell suspensions. The suspension was then centrifuged at 1000 rpm for 5
minutes, the supernatant discarded, and the cells washed once with 1x PBS. The cells were stained with the Annexin
V-647 and PI kit (KGAV115, KeyGEN, Jiangsu, China) for 15 minutes, protected from light, and analyzed using flow
cytometry (DB FACSCanto, Franklin Lakes, NJ, USA) to assess apoptosis.

HUVEC monolayers were treated as previously described to obtain single-cell suspensions for cell cycle analysis.
The suspension was centrifuged at 1000 rpm for 5 minutes, the supernatant discarded, and the cells were washed once
with pre-chilled 1% PBS. The cells were then resuspended in pre-chilled 70% ethanol and stored at 4°C for 12 hours.
After centrifugation at 1000 rpm for 5 minutes, the supernatant was discarded, and the cells were stained with a cell cycle
kit (SULT1A3052, Beyotime, Jiangsu, China) in a warm bath for 30 minutes, in accordance with the manufacturer’s
protocol. Cell cycle distribution was subsequently analyzed using DB FACSCanto flow cytometry.

Migration and Wound-Healing Studies
The migration ability of HUVECs was assessed using the transwell assay. Transwell inserts (Corning, 35309) were
placed into 24-well plates. The HUVECs were maintained in ECM medium and seeded into the upper chambers with
10,000 cells per chamber. They were incubated for 2 days to obtain a HUVEC monolayer. Then, rods and spheres
HANPs ECM medium at a concentration of 200 pM or ECM medium alone were added to the underlying wells and
further incubated for 24 hours respectively. The migrated cells were fixed with 4% paraformaldehyde (Aladdin,
SULT1A304190, Shanghai, China), subsequently washed with PBS, and then stained with crystal violet. The transwell
inserts were visualized using an inverted fluorescence microscope (Leica, DMi8, Wetzlar, Germany), and cell migration
quantification occurred in five independent microscope areas using ImageJ software.

The wound-healing ability was assessed using the scratch assay. The HUVECs were seeded into 6-well plates at
a density of 1000,00 cells per well and incubated for 4 days to achieve a HUVEC monolayer. Horizontal lines were
drawn using micropipette tips in each well to simulate wounds. The HUVEC monolayers were then incubated with rods
or spheres HANPs ECM medium at concentrations of 200 pM or with ECM medium alone for 24 hours. The HUVEC
monolayers were imaged using an inverted fluorescence microscope equipped with a phase-contrast module. TIFF
images of the scratch wound assays were taken at 5x magnification at both 0 and 24 hours. The mean number of cells that
migrated back into the wound area was calculated from five individual measurements for each wound, at each time point.
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This process was repeated for all biological replicates. The total number of cells in each group was counted to assess
wound healing.

Cellular Uptake of HANPs Recorded by TEM

To assess the cellular uptake of rods and spheres HANPs, evaluations were conducted on HUVEC monolayers. HUVECs
were cultured in 6-well plates with a seeding density of 100000 cells per well and were allowed to form a monolayer.
Then, the HUVEC monolayers were exposed to 200 uM concentrations of rod and sphere-shaped HANPs in ECM
medium for 24 hours. After digestion of HUVEC monolayers with 0.25% EDTA trypsin solution and fixation with 2.5%
glutaraldehyde protected from light, electron microscopy samples were made according to standard procedures. The
uptake of HANPs of these two shapes by HUVEC was observed by TEM.

RNA-Seq and Bioinformatics Analysis

Rods or spheres HANPs at a concentration of 200 uM were dissolved in ECM medium. RNA sequencing was conducted
on 9 samples, including 3 control samples treated with ECM medium and 3 samples, each treated with rods or spheres
HANPs at a concentration of 200 pM. Total RNA was extracted using Trizol reagent (Invitrogen, 15596018,
Massachusetts, USA), and its integrity was assessed by checking the RIN values using an Agilent Bioanalyzer 2100
(Santa Clara, CA, USA). Qualified total RNA was further purified using the RNeasy micro kit and a ribonuclease-free kit.
The total RNA was amplified using a low-input rapid amperometry labeling kit, then labeled with a chromogenic label,
and hybridized to the Agilent whole human genome microarrays 4 x 44K. The microarrays were scanned using an
Agilent microarray scanner. Raw data was normalized using the quantile algorithm and analyzed using Gene Spring
software 11.0 (Agilent Technologies). Background signals were calculated, resulting in 27,716 probes appearing at least
once. The sequencing was performed at UW Genetics using the BGI platform in Shenzhen, China. The gene expression
level was normalized by fragments per kilobase of transcript per million mapped reads (FPKM).

To evaluate the reproducibility between samples, a correlation analysis was conducted using Pearson’s correlation
coefficient in R for two parallel experiments. Principal component analysis (PCA) was performed using an appropriate
R package to uncover the structure and relationships among the samples, which enabled the identification of outliers and
the distinction of clusters of samples with high similarity. DESeq2 was used to identify differentially expressed genes
(DEGS).

Gene Ontology (GO) is a standardized system for classifying gene functions. It provides a controlled vocabulary and
well-defined concepts to comprehensively describe genes and their products. By mapping DEGs to GO terms in the Gene
Ontology database, the primary biological functions associated with these genes can be identified. For each GO term, the
number of associated genes is calculated, and terms with a false discovery rate (FDR) of <0.05 are considered
significantly enriched. For pathway analysis, the public KEGG (Kyoto Encyclopedia of Genes and Genomes) database
was utilized. Metabolic and signal transduction pathways showing significant enrichment among the DEGs were
identified through comparison with the genome-wide background. Pathways with an FDR below 0.05 were considered
significantly enriched.

To determine if significant differences existed in gene sets for specific terms between the two groups, gene set
enrichment analysis (GSEA) was performed using GSEA software (version 4.3.2, Broad Institute, Inc, USA) and the
Molecular Signature Database (MSigDB). In this analysis, the gene expression matrix was inputted and genes were
ranked using a signal-to-noise normalization method. Enrichment scores and p-values were calculated using the default
algorithm, employing 10,000 permutations. A genome size filter was applied to the results, setting a minimum of 15
genes and a maximum of 500 genes for each gene set. Annotated gene sets from the HALLMARK collection version 7.1
were used for enrichment inputs. Gene sets with a normalized enrichment score (NES) greater than 1 and a nominal
p-value below 0.05 were deemed significantly enriched.

A network was constructed based on the enrichment analysis of the GO, KEGG, and Reactome databases to capture
the relationship between enriched terms, utilizing the Dr. Tom website. Specifically, enrichment terms were defined with
criteria including a minimum of 3 overlaps, an enrichment score of at least 1.5, and a p-value below 0.05. Enrichment
terms exhibiting a similarity index greater than 0.3 were connected by edges to form a network, facilitating the
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visualization of relationships between terms. Additionally, GO enrichment networks specifically pertaining to prolifera-
tion and apoptosis-related processes were explored using the Network Analyst online platform. This approach enabled
a more focused analysis of the network connections and interactions pertaining to these biological processes.

In vivo Gavage Test and Treatment

The animal experiment was conducted with the approval of the Animal Ethics Committee of Wuhan Servicebio
Biotechnology Co., Ltd. (ID: 2022164, Wuhan, China) and adhere to the principles of 3R principles. Balb/c mice at
the age of 5 weeks were housed in a controlled environment under specific pathogen-free (SPF) conditions, featuring
a 12-hour light-dark cycle, 55+5% humidity, and 25+2°C temperature. Mice had ad libitum access to food and water,
with males and females housed separately. Ear tags were placed on the right ear lobes to identify individual mice.
Subsequently, the mice were divided into three groups randomly, each containing 12 mice. The experimental group
received an oral gavage of rods or spheres HANPs at a dose of 500 uM/kg, whereas the control group received
a comparable volume of saline via oral gavage. Electrocardiographic evaluations were conducted on days 1, 7, and 14
after gavage to document the changes in electrical activity associated with the cardiac cycles in each animal. On the
14th day, fresh blood samples were obtained from the tail veins for routine blood tests and to assess serum biochemical
parameters related to major organs. Plasma samples were treated with 90% HNO3, evaporated, and then re-dissolved in
1% HNO3. Calcium (Ca) concentrations in the plasma were quantified using inductively coupled plasma mass spectro-
metry (ICP-MS), employing an Agilent 7700 ICP-MS instrument (Palo Alto, CA, USA). On the 21st day, three animals
from each group were randomly selected and euthanized. Major organs were collected, fixed overnight in 4% paraf-
ormaldehyde, longitudinally sectioned, embedded in paraffin, and sectioned into 4 um thick slices using a Leica
RM2125RTS paraffin slicer (Wetzlar, Germany). Hematoxylin and Eosin (H&E) staining was performed according to

established protocols to examine the histological characteristics of the organs.*>*®

Statistical Analyses

All data are presented as the mean =+ standard deviation (SD), with a minimum sample size of n > 3. Comparisons among
values for groups greater than two were made using a one-way analysis of variance (ANOVA), followed by Tukey’s post-
hoc test to identify differences between groups. For comparisons involving two groups, a two-tailed, unpaired #-test was
utilized. Statistical significance was established at p-values less than 0.05. All statistical analyses were conducted using
GraphPad Prism 8.0 software.

Results

Characterization of the Commercial HANPs

Figure S1A demonstrates the uniform dispersion of both commercially available rods and spheres HANPs in saline and
MEM culture medium. TEM imaging (Figure 1A) reveals that rods HANPs exhibit a high aspect ratio, with length and
width ranging from approximately 15-100 nm and 5-30 nm, respectively (Figure 1B). In contrast, spheres HANPs
exhibit a more uniform length and width ranging from approximately 15-85 nm. The corresponding SAED patterns
(inset in Figure 1A) indicate the polycrystalline nature of rods and spheres HANPs. Wide-angle XRD patterns further
confirm the well-crystallized hexagonal structure of rods and spheres HANPs (Figure 1C), with the crystal peaks aligning
with the theoretical XRD diffraction peak of HA (No: 09-0432).° The XPS spectrum (Figure 1D) reveals the presence of
oxygen, calcium, and phosphorus elements in rods and spheres HANPs, consistent with the elemental composition of
HA.® FTIR spectra (Figure 1E) validate the specific bands of pure phase HA in rods and spheres HANPs, including the
hydroxyl stretching at around 3451 cm™' and characteristic absorption bands of PO4" ions at 1048 cm ™', 962 cm ™',
604 cm !, and 445 cm'. Raman spectrum (Figure 1F) confirms the presence of P-O bond vibrations at 1048 cm-1 (v3),
962 cm™ ' (v1), and bending modes of O-P-O bond at 604 cm ™' (v4) and 445 cm™ ' (v2). The specific surface areas of rods
and spheres HANPs were 32+7 m?/g and 8345 m?/g, respectively (Figure S1B). The surface area of spheres HANPs was
approximately 2.5 times larger than that of rods HANPs. The mean zeta potential for rods and spheres HANPs was found
to be —1.34 mV and —0.754 mV, respectively (Figure S1C). These findings indicate that rods and spheres HANPs possess
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Figure | Characterization of rods and spheres HAPNs. (A) Representative TEM images of rods and spheres HAPNs with different magnifications; the inset in right panel
showed the corresponding SAED pattern of rods and spheres HAPNs. (B) The number-average size distribution of rods and spheres HAPNs. (C) XRD pattern of rods and
spheres HAPNs powder. (D) XPS spectra of the rods and spheres HAPNs Figure powder. (E) FTIR spectra of the rods and spheres HAPNs powder. (F) Raman spectra of
freshly prepared rods and spheres HAPNS after storage in ddH2O for 2 days.

similar surface chemistry, though sphere-shaped HANPs have a higher specific surface area and a slightly higher zeta
potential compared to rod-shaped HANPs. Moreover, the average hydrodynamic size of rods HANPs was 320.8 nm,
200.1 nm, and 110.6 nm, while the average hydrodynamic size of spheres HANPs was 636.9 nm, 225.2 nm, and 118.3
nm, respectively, at solution pH values of 11, 7.4, and 3 (Figure S2A). However, in ECM cell culture medium, the
particle sizes of rod- and sphere-shaped HANPs were found to be very similar (Figure S2B). Moreover, the PDI of the
two HANPs was within the range of 0.3-0.6, indicating that the HANPs solution was a relatively stable and uniform
dispersion system (Figure S3).

Survival Status of HUVEC Monolayers Correlated with Geometry Following Exposure

to HANPs

To establish a vascular endothelial monolayer structure, primary isolated HUVECs were expanded in vitro (Figure S4A),
and those in the logarithmic growth stage were selected for subsequent experiments (Figure S4B). The confluence of
HUVECs in 96-well culture dishes reached approximately 90% (inset in Figure S4B), signifying the formation of
a monolayer structure.**** The cytotoxicity of rods and spheres HANPs was evaluated using a concentration range of 2—
2000 uM after 24 hours of exposure, as determined by the CCK-8 assay. The results from Figure 2A demonstrate that the
cytotoxicity of rods and spheres HANPs was concentration-dependent. Both types of HANPs showed minimal toxicity at
concentrations from 2 to 100 uM, but decreased cell viability was noted at 500 pM for rods HANPs and at 200 uM for
spheres HANPs. Notably, the cell viability of HUVEC monolayers exposed to rod-shaped HANPs at 200 uM for 24
hours reached (112+2)%, whereas that of sphere-shaped HANPs at 200 pM for 24 hours was (76£15)%. Considering that
concentrations of 100 uM, 200 uM, and 500 uM are commonly used in medical applications involving HANPs-based
agents, these concentrations were selected for subsequent cytotoxicity studies. Fluorescent microscopy images of
HUVEC monolayers stained with calcein AM (green fluorescence for live cells) and PI (red fluorescence for dead
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Figure 2 Cytotoxicity and mechanisms of HUVEC monolayer following exposure to rods or spheres HAPNs. (A) Cell viability of HUVEC monolayers treated with rods and
spheres HAPNs with various concentrations after 24 h. Data are presented as mean + S.D. (n = 3). (B) Representative fluorescence micrographs of HUVEC monolayers stained
with calcein AM (live cells, green fluorescence) and Pl (dead cells, red fluorescence) after various treatments, scale bars, 20 um. Experiments were treated three times. (C)
Representative flow cytometer results of AnnexinV-FITC/PI double-stained cells after various treatments. (D) Histogram depicting of the cell population distribution in (C). (E)
Representative cell cycle analysis of cells after various treatments. (F) Histogram depicting of the cell population distribution in cell cycle phase in (E). Data are presented as
mean * S.D. (n = 3). Statistical differences were calculated via one-way ANOV A with a Tukey post-hoc test for multiple comparisons. *p < 0.05, *p < 0.01, **p < 0.001.

cells) after treatment with rods or spheres HANPs provided similar results (Figure 2B). The results also showed that high
concentrations of HANPs led to an increase in dead cells, and at the same concentration, HUVEC monolayers exposed to
sphere-shaped HANPs resulted in more dead cells.

To investigate the mechanism of toxicity, cell apoptosis was assessed using Annexin V-FITC/PI double-staining.
Figure 2C demonstrates that rods and spheres HANPs induced minimal late apoptosis in the HUVEC monolayer at
a concentration of 100 uM after 24 hours of exposure, indicating minimal toxicity at this concentration, independent of
their geometry. At 200 uM, flow cytometry analysis detected that spheres HANPs triggered more early apoptosis, late
apoptosis, and necrosis in the HUVEC monolayers compared to rods HANPs. When the concentration was increased to
500 pM, rods HANPs mainly induced late apoptosis, while spheres HANPs caused more late apoptosis/necrosis
(Figure 2C and D). Cell cycle distribution analysis was conducted to assess nuclear DNA damage resulting from
HANPs exposure. The cell cycle of the HUVEC monolayer remained unaffected by exposure to rods HANPs at 200
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uM; however, it was primarily arrested at the S-phase following exposure to spheres HANPs at the same concentration
(Figure 2E and F), implying a suppression of DNA replication.

Proliferation Analysis of HUVEC Monolayers Following Exposure to HANPs with
Different Geometry

To further explore the impact of rods or spheres HANPs on the nucleus, Ki67 immunofluorescence staining, a mitotic
marker, was performed. The results showed that rods HANPs did not affect cell proliferation in the HUVEC monolayer
at 200 uM, whereas spheres HANPs at 200 uM significantly inhibited cell proliferation (Figure 3A and B). At a higher
concentration of 500 pM, both rods and spheres HANPs significantly inhibited nucleus proliferation in the HUVEC
monolayer, indicating a geometry-dependent effect (Figure 3A and B). Interestingly, when HANPs were present in the
lower layers of transwell chambers, they markedly promoted the migration of HUVECs from the upper to the lower
layers, an effect that intensified at a concentration of 500 uM (Figure 3C and D). Considering the repair capabilities of
the vascular endothelium, the study investigated how HANPs’ geometry post-exposure influences the HUVEC mono-
layers’ repair function following a scratch injury and 24-hour exposure to rods or spheres HANPs. Compared to controls,
at 200 pM, rods HANPs promoted the “scratches” healing efficiency, while spheres HANPs did not affect the healing
efficiency of “scratches” (p>0.05), at 500 uM, rods HANPs did not affect the healing efficiency of “scratches” (p>0.05).
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Figure 3 Proliferative function of HUVEC monolayers after exposure to rods or spheres HAPNs. A, B, Representative immunostaining of Kié7+ (A) and relative
quantification of Kié7+ (B) in HUVEC monolayers after various treatments. (C and D) Representative transwell analysis images (C) and relative quantification of migrated
HUVECs from HUVEC monolayer (D) after various treatments. E, F, Representative micrographs of HUVEC monolayer scratch at 0 h (upper panels) and 24 h (lower panels)
(E) and relative quantification of cells (F) that migrated back into the wound after various treatments. Scale bar, (A) 20 um; (C) 200 pum; (E) 400 um. Data are presented as
mean * S.D. (n = 3). Statistical differences were calculated via one-way ANOVA with a Tukey post-hoc test for multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001.
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In contrast, spheres HANPs affected the healing efficiency of “scratches” (p<0.05). This suggests that higher doses of
spheres HANPs exposure impair the “scratches” repair function of HUVEC monolayers (Figure 3E and F).

Transcriptomic Analysis

The varied survival status of HUVEC monolayers after exposure to HANPs of different geometries prompted an
investigation into the underlying mechanisms. To address this issue, high-throughput RNA sequencing (RNA-seq)
analysis was conducted. A 24-hour exposure to 200 uM rods or spheres HANPs was chosen for this assay because
this concentration maintained cell viability above 75%. HUVEC monolayers were incubated in 12-well plates, with ECM
alone (control), rod-shaped HANPs, and sphere-shaped HANPs at 200 uM each added separately and incubated for 24
hours. RNA from each group was collected and subjected to RNA-seq for transcriptomic analysis.

To assess differences between groups, Pearson correlation coefficient analysis was utilized to compare gene distances
using normalized fragment counts. In Figure 4A, samples exhibited close correlation, with minimum Pearson’s coeffi-
cients of 0.997 within groups and 0.993 between samples from different groups, highlighting the sequencing data’s high
quality and reliability. Principal component analysis (PCA) was performed to assess the aggregation of cell samples.
PCA, a dimensionality reduction technique, simplifies high-dimensional data complexity and aids in identifying key
features. Figure 4B projects the samples onto a two-dimensional plane using the first and second principal components
(PSULT1A3 and PRNF103-CHMP3). Significant differences were observed between the three groups. PSULT1A3 and
PRNF103-CHMP3 contributed 75.77% and 10.07% to the variation, respectively. The control group exhibited a negative
distribution along the PRNF103-CHMP3 axis, whereas the rods and spheres HANPs groups predominantly showed
positive distribution. Furthermore, PSULT1A3 effectively distinguished the three groups, indicating unique gene
expression patterns and cellular responses to the varying HANPs geometries.

The RNA differential expression analysis identified 5 DEGs between the rods HANPs group and the control group,
comprising 1 up-regulated DEG and 4 down-regulated DEGs. Between the spheres HANPs group and the control group, 3
DEGs were identified, comprising 2 up-regulated DEGs and 1 down-regulated DEG. Additionally, 1 up-regulated DEG was
identified between the rods and spheres HANPs groups (Figure S5A). Significant DEGs were determined based on fold change
and significance (q-value), with their distribution illustrated in the volcano plot (Figure 4C). In the HUVEC monolayer treated
with rod-shaped HANPs culture solution, POSTN was identified as the significantly up-regulated gene compared to the control.

In contrast, the significantly down-regulated genes included SULT1A3, RNF103-CHMP3, SFTPB, and COL1A1. For the
HUVEC monolayer treated with spheres HANPs culture solution, POSTN and CCL2 were significantly up-regulated, while
SFTPB was significantly down-regulated. Compared to the rods HANPs group, SULT1A3 was the most significantly up-
regulated gene in the HUVEC monolayer exposed to spheres HANPs. Differentially expressed genes were further visualized in
expression heat maps (Figure 4D), highlighting distinct gene expression patterns among the three groups. The gene correlation
heat map (Figure 4E) revealed significant correlations among the expression values of down-regulated genes SULTI1A3,
RNF103-CHMP3, SFTPB, and COL1A1l, as well as among the up-regulated genes POSTN and CCL2. Comparing the
distribution of expression levels of significant DEGs in HUVEC monolayers treated with rods and spheres HANPs culture
medium against the control group further confirmed the differences in gene expression patterns between groups (Figure S5B).

The analysis of DEGs revealed several signaling molecules of particular interest due to their central roles in
determining cell fate. Compared to the control group, reduced expression of SULTIA3, RNF103-CHMP3, and
COL1AL1 in HUVEC monolayers treated with rods HANPs was associated with restricted biological processes, including
cellular responses to fluoride and vitamin E, tooth mineralization, regulation of exosomal secretion, and the NMDA
selective glutamate receptor signaling pathway (Figure 5A). Conversely, elevated expression of CCL2 in HUVEC
monolayers treated with spheres HANPs was linked to the promotion of biological processes such as helper T cell
extravasation, cellular response to vitamin K, negative regulation of natural killer cell chemotaxis, and the negative
regulation of vascular endothelial cell proliferation, as well as bone regeneration. When comparing spheres HANPs-
treated HUVEC monolayers with rods HANPs-treated HUVEC monolayers, elevated expression of SULT1A3 in the
spheres HANPs group was found to promote biological processes, including the NMDA selective glutamate receptor
signaling pathway, calcineurin-mediated signaling, dopamine catabolic process, flavonoid metabolic process, and cate-
cholamine metabolic process. The KEGG pathway and network analyses revealed that several signaling pathways were
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Figure 4 Gene expression pattern of HUVEC monolayer following exposure to rods or spheres HAPNs. (A) Correlation heat map of the tested samples. (B) PCA analysis
of the tested samples. (C) Volcano plot of the DECs after two groups comparison. (D) Heat map of DECs of the tested samples. (E) Correlation heat map of DEGs.

significantly downregulated in HUVEC monolayers treated with rods HANPs compared to the control group, including
pathways related to chemical carcinogenesis-DNA adducts, ECM-receptor interaction, platelet activation, necroptosis,

and endocytosis.
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Figure 5 Enrichment analysis and validation of HUVEC monolayer following exposure to rods or spheres HAPNs. (A) Top 10 enriched GO biological process (BP) terms and
KEGG pathway of DEGs after two groups comparison. (B) Representative TEM micrographs of HAPN treated HUVEC monolayer. Left panels are the whole-cell micrographs of
rods and spheres HAPNs treated HUVEC monolayers, right panels are enlarged micrographs of red dotted line in left panels. Blue arrows indicate the mitochondria, yellow
arrow indicates nuclear cleavage. Scale bars: left panels, 5 um; right panels, 500 nm. (C and D) GSEA analysis of NOD-like receptor signaling pathway (C) and oxidative
phosphorylation (D) in spheres HAPN-treated HUVEC monolayers compared with rods HAPN-treated HUVEC monolayers.

However, the IL-17, TNF, and NOD-like receptor signaling pathways were activated in HUVEC monolayers
following treatment with spheres HANPs, as compared to the control group (Figure 5A and Figure S6). Among the
signaling pathways activated in HUVECs post-exposure to spheres HANPs, IL-17, TNF, and NOD-like receptor
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signaling pathways have been implicated in multiple studies as triggers of local host cell death.*”*’ The elevated
expression of the pro-inflammatory molecule CCL2 in HUVECs following exposure to spheres HANPs at 200 uM
contributed to the enrichment of biological processes and signaling pathways associated with pro-inflammatory
responses. Uptake of spheres HANPs by HUVEC monolayers led to increased SULT1A3 expression, thereby promoting
the chemical carcinogenesis-DNA adducts signaling pathway (Figure 5A and Figure S6), which indicates the release of
chemically harmful substances into the nucleus, causing DNA damage. This finding aligns with the observed cell cycle
distribution and DNA damage as depicted in Figure 2E and F. TEM images further validated the apoptotic/necrotic
process and DNA damage induced by spheres HANPs, showing the disappearance and weakening of mitochondrial
ridges and nucleus fragmentation (Figure 5B). Given the limitations of DEG enrichment analysis, some key genes with
minor expression changes may be overlooked by the DEG criteria. GSEA analysis further demonstrated that exposure to
spheres HANPs induced programmed cell apoptosis/necrosis in the inflammatory form of HUVEC monolayers, in
contrast to exposure to rods HANPs (Figure 5C). These results indicate that spheres HANPs may induce apoptosis/
necrosis and cell cycle arrest in HUVECs via inflammation-mediated pathways. Notably, treatment with spheres HANPs
led to the enrichment of oxidative phosphorylation, further indicating that such treatment triggers cellular damage and
necessitates the initiation of the oxidative phosphorylation biochemical process in HUVECs to mitigate damage
(Figure 5D).**° These results unequivocally demonstrate that the survival state of HUVEC monolayers, induced by
HANPs exposure, is mediated through an endogenous pathway and correlates with the nanoparticles’ surface area. The
geometry of HANPs influences their endocytosis, intracellular distribution, and ultimately, the biological functions and
pathways within the cells.

In vivo Cardiovascular Safety Assessment

To investigate the potential cardiovascular health hazards of HANPs after oral administration, freshly prepared rods or
spheres HANPs in saline solution were administered via gavage to Balb/c mice at a dose of 500 uM/kg, with two
administrations within 24 hours to emulate repeated administration. Electrocardiography (ECG), haematological assess-
ments, and blood biochemical analyses were performed 1, 7, and 14 days after administration. The results showed that
the administration of rods or spheres HANPs did not significantly interfere with cardiac pump function and circulation, as
assessed by ECG (Figure 6A) and tabled data (Table S1). Furthermore, the body weights of the mice were not affected by
the gavage administration of HANPs (Figure S7). In terms of the haematological assessments, standard markers
pertaining to the leukocyte, erythrocyte, and platelet systems were evaluated. No meaningful differences were observed
in the erythrocyte and platelet systems compared to the saline-treated mice, with the exception of the leukocyte system
(Figure 6B and Figure S8). Serum biochemical analysis was performed to assess various parameters, including aspartate
transaminase (AST), alanine transaminase (ALT), blood urea nitrogen (BUN), uric acid (UA), creatine kinase (CK),
lactate dehydrogenase (LDH), total cholesterol (CHO), triglycerides (TG), blood glucose (GLU), and levels of Ca®>" and
P*>* jons (Figure 6C and Figure S9). Dynamic changes in these parameters were noted during the testing period,
indicating the entry of these nanoparticles into the circulation post-gavage. We found that higher serum levels of Ca®"
and P°* in the mice treated with rods HANPs compared to those treated with spheres HANPs on the first day after
gavage. As spheres HANPs accumulated in mouse VECs, leading to apoptosis/necrosis of these cells, the ruptured cell
membranes of apoptotic/necrotic VECs permitted the re-entry of spheres HANPs and their dissolved products into the
bloodstream. Consequently, mice treated with spheres HANPs exhibited higher serum levels of Ca*" and P**, accom-
panied by an overall increase in biochemical parameters of major organs on days 7 and 14 after gavage.

In contrast, rods HANPs, which were not readily internalized by VECs and exhibited a relatively low number of
surface Ca®" cations, required more time to induce cell apoptosis/necrosis. As a result, the re-entry of rods HANPs and
their dissolved products into the bloodstream was observed on the 14th day following gavage. This suggests that both
rods and spheres HANPs that entered the bloodstream remained in the blood vessels for 14 days without being fully
cleared. These results align with the bio-distribution findings of rods and spheres HANPs in the serum 14 days post-
gavage (Figure S10). These data demonstrate that HANPs present in the bloodstream can directly impact the vascular
endothelium and their effects are dependent on the geometry of the nanoparticles.
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Figure 6 In vivo cardiovascular safety assessment after exposure to rods or spheres HAPNs. A, Representative ECGs of mice at |, 7, and 14 days after gavage of saline, rods
and spheres HAPNs. B, C, Heat map of representative haematological data (B) and serum biochemistry data (C) of mice with rods or spheres HAPNs at 14 days post-
gavage. Data are displayed as relative quantification (RQ) to saline-treated mice. D, E, H&E staining of the heart, liver, kidney, spleen and lung at low magnification (D) and
high magnification (E) of the saline, rods, or spheres HAPNs at 2| days post-gavage. Scar bars: (D),1000 um; (E) 100 um. The black box in (D) indicates the area of enlarged
images in (E).

After 21 days of gavage, major organs, including the heart, liver, kidney, spleen, and lung, were collected from mice for
histological analysis. At a low magnification of x 1, the organ structures in each group appeared intact (Figure 6D). At a higher
magnification of x40, there was no observable accumulation of rods or spheres HANPs in the examined organs. In mice
treated with rods HANPs, a minor reversible kidney injury was observed. On the other hand, mice treated with spheres HANPs
exhibited mild inflammation and slight reversible damage in the kidney, heart, liver, spleen, and lung (Figure 6E). This
suggests that the circulation of spheres HANPs in the bloodstream induces a systemic inflammatory response, aligning with
the changes observed in the white blood cell system in routine blood tests. Although in vivo experiments have shown that
neither rods nor spheres HANPs exhibited significant side effects in mice when administered via gavage at a dose of 500 uM/
kg, it is important to note that each mouse received only two gavage treatments, and the HANPs remained in the circulatory
system for 14 days without being completely cleared.

Discussion

In vitro experiments allowed us to examine the impact of HANPs on HUVEC monolayers by analyzing the state and function
of cells. In in vitro experiments, we used different concentrations of HANPs in the form of rods and spheres in culture with
HUVEC, with the aim of observing the effect of the geometry of HANPs on the cellular state at different concentrations.
Firstly, in the CCK-8 assay, HUVEC monolayers exhibited lower absorbance when exposed to sphere-shaped HANPs as
opposed to rod-shaped HANPs (Figure 2A). This suggests that the geometry influences the viability of HUVEC monolayers
following exposure to HANPs at 200 uM and 500 pM, with a higher surface area contributing to increased cytotoxicity.
Furthermore, Figure 2B illustrates that HUVEC monolayers subjected to sphere-shaped HANPs exhibited an increased
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number of dead cells. These results are consistent with a previous report indicating that higher surface area-to-mass ratios of
nanoparticles are associated with greater cytotoxicity.’' Similarly, in flow cytometry experiments, we determined that sphere-
shaped HANPs exhibit an inhibitory effect on the proliferation of HUVECs. Given that the surface area of spheres HANPs is
approximately 2.5 times larger than that of rods HANPs, the abundant Ca*" cations on these nanoparticles’ surface may
directly cause apoptosis/necrosis and cell cycle arrest at the S-phase, thereby inhibiting the viability of the HUVEC
monolayer.®” After exposure to rod-shaped HANPs at 500 uM, the cell cycle of the HUVEC monolayer was arrested at the
GO0/G1 phase, indicating milder intracellular DNA damage and only a minor effect on cell cycle progression. DNA damage
during this phase activates a transient DNA damage response, temporarily delaying the onset of the S-phase and providing
additional time for DNA repair before replication.”® Conversely, exposure to 500 pM sphere-shaped HANPs results in
prolonged cell cycle arrest at the S-phase (Figure 2E and F), suggesting that higher concentrations of sphere-shaped HANPs
sustain DNA damage. Since rods and spheres HANPs had no impact on the viability and cell cycle progression of HUVEC
monolayers at 100 uM, this concentration was excluded from subsequent studies. These findings indicate that geometry
influences the survival of HUVEC monolayers post-exposure to HANPs, with those possessing a higher surface area
impairing viability more significantly.

We assessed HUVEC proliferation from another perspective through Ki67 fluorescence assays, and this result is in
alignment with the findings from cell cycle experiments, which showed cell cycle arrest at the GO/G1 or S phases inhibits
mitosis (Figure 3A and B). In eukaryotes, cell cycle arrest provides additional time for cells to repair DNA damage,
thereby reducing mutation occurrence and preventing disease development.”® In the wound-healing study, we discovered
that higher doses of sphere-shaped HANPs adversely affect the “scratch” repair function of HUVEC monolayers
(Figure 3E and F). Consistent with published reports, damage occurring during the S phase slows replication, while
sustained DNA damage significantly reduces the DNA replication rate.>* Jia et al evaluated the biocompatibility of three
different shapes of nano hydroxyapatite (nanotubes, nanowires, and nanospheres) and found that these nano morphol-
ogies have different effects on osteoblasts. The results showed that compared to nanowires and nanotubes, spherical nano
hydroxyapatite induced more ROS production in cells, which led to a decrease in cell activity, indicating that spherical
nano hydroxyapatite has higher cytotoxicity.”> Furthermore, Huang et al co cultured four different shapes of nano
hydroxyapatite with aortic smooth muscle cells to investigate the effect of crystal shape on cell toxicity. Research has
found that all shapes of nano hydroxyapatite have a negative effect on cell survival rate.’® These findings indicate that
exposure to HANPs may trigger a range of endogenous damage, correlating with particle geometry and surface area.
Collectively, our data indicate that HANPs’ geometry may influence nuclear mitosis in HUVECs through an intrinsic
pathway. HANPs with larger surface areas hinder proliferation and delay repair DNA damage at higher concentrations.

In RNA transcriptome analysis, the expression of the HUVEC pro-inflammatory molecule CCL2 increased in the spherical
HANPs group, contributing to the enrichment of biological processes and signaling pathways associated with pro-inflammatory
responses. Meanwhile, through KEGG enrichment, IL-17, TNF, and NOD-like receptor signaling pathways were activated in the
spherical HANPs group, which may be associated with the induction of cell death (Figure 5A and Figure S6). GSEA analysis
further showed that exposure to spherical HANPs induced programmed apoptosis/necrosis in HUVEC monolayers through
inflammatory processes, compared with exposure to rod HANPs. Thus, spherical HANPs may induce HUVEC apoptosis/necrosis
and cell cycle arrest through inflammation-mediated pathways. The geometry of HANPs influences intracellular signaling
communication and modifies the functional state of cells.

In vivo experiments, our findings suggest that rods and spheres HANPs do not systematically accumulate in major
organs, indicating that the circulatory system is the primary target of HANPs. This result is consistent with previous
epidemiological observations indicating that nanoparticles can enter the circulation.”’>! Additionally, mouse vascular
endothelial cells (VECs) demonstrate high sensitivity to the geometry of HANPs upon exposure. In contrast to rods
HANPs, spheres HANPs, with their high specific surface area, can induce sustained endothelial injury in mice by
triggering inflammation and apoptosis/necrosis of VECs. Endothelial injury constitutes a reversible alteration amenable
to repair through methods such as exercise, calcium antagonists, angiotensin-converting enzyme inhibitors, and other
therapeutic approaches. However, prolonged exposure to deleterious factors can precipitate cardiovascular events.”’” For
example, activation of intracellular Ca?" channels in VECs, vascular smooth muscle cells (VSMCs), and monocytes
represents a critical mechanism in the formation of atherosclerotic plaques and vascular calcification.”® In fact, the
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capability of cardiovascular cells to differentiate into bone cells post-exposure to HANPs has been repeatedly
confirmed.>*%° Therefore, the apoptosis/necrosis and inflammation of VECs induced by spheres HANPs in the blood-
stream may play a pivotal role in the development of chronic cardiovascular diseases, including atherosclerotic plaque
and vascular calcification.’”*® This finding correlates with the hypothesis that cardiovascular events stemming from
nanoparticle exposure may be mediated by a systemic inflammatory response mechanism.’' Chronic cardiovascular
conditions, such as atherosclerotic plaque and vascular calcification, represent long-term processes that may intersect
with factors like age, hypertension, hyperlipidemia, diabetes mellitus, and other diseases potentially related to inflamma-
tion. This conclusion necessitates further substantiation through additional animal studies.

Conclusion

In conclusion, this study determined that the geometry and surface area of HANPs significantly influence VEC survival
status and proliferation. Spheres HANPs exhibited greater cytotoxicity because of their larger surface area, leading to
inflammation mediated by CCL2 expression, endothelial cell apoptosis/necrosis and S-phase arrest, in comparison to rods
HANPs (Figure 7). Importantly, our experimental system did not identify any significant systemic accumulation of
HANPs in major organs. However, the repeated administration of HANPs-based agents possessing larger surface areas
could result in persistent damage to the vascular endothelium. This highlights the critical role of nanoparticle geometry
and surface area in vascular health and emphasizes the imperative for meticulous consideration in the design and

utilization of nanomaterials in biomedical applications.
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Figure 7 Sphere-shaped hydroxyapatite nanoparticles with a higher surface area induce inflammatory apoptosis/necrosis in vascular endothelial cells monolayer.
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