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ANGIOGENIC POTENTIAL OF THE HYDROXYAPATITE-
BASED COMPOSITES LOADED WITH PLANT EXTRACT AND
NANOPARTICLES

Introduction. The growing ageing population and increasing
incidence of bone-related disorders have intensified the demand for
advanced regenerative materials. Hydroxyapatite-based composites
enriched with metal nanoparticles and plant extracts show great promise
due to their biocompatibility, antimicrobial activity, and ability to
promote tissue regeneration. This study aimed to evaluate how such
functionalized composites influence vessel formation using the chick
chorioallantoic membrane (CAM) model.

Methods. Hydroxyapatite-based composites were prepared by
incorporating silver nanoparticles (10 pg/g) and pomegranate peel
extract (30 mg/g) into hydroxyapatite, followed by stirring and drying.
Supernatants of the obtained composites were applied onto the chick
chorioallantoic membrane (CAM) of fertilized eggs on embryonic day
10 to assess angiogenic activity. After 24—48 h incubation, CAM images
were taken and analyzed morphometrically using ImageJ to quantify
vessel density and bifurcation points. Statistical significance was
evaluated with GraphPad Prism (p < 0.05). The study was approved by
the Local Ethical Committee (Decision No. 3/10, 16 October 2025).

Results. Treatment with AgNPs loaded hydroxyapatite caused vessel
dilation and tortuosity, whereas composites containing pomegranate
extract—alone or combined with AgNPs—showed minimal vascular
alterations. By day 12, a significant rise (p < 0.05) in vessel number was
detected only in the group treated with composite containing
pomegranate, highlighting its angiogenic activity, while the proportion
of bifurcated vessels remained unchanged across all groups.

Discussion. This study evaluated hydroxyapatite-based composites
functionalized with silver nanoparticles (AgNPs) and pomegranate peel
extract. Overall, the study demonstrates that the angiogenic response of
hydroxyapatite-based composites depends on their functional
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components: silver nanoparticles suppress vessel formation, whereas
pomegranate peel extract enhances it, highlighting the importance of
composition in designing biomaterials for regenerative applications.

Key words: bone regeneration, neovascularization, pomegranate,
silver, health.
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AHTIOTEHHUI MOTEHIIIAJI KOMIIO3UTIB HA OCHOBI
I'TAPOKCIAIIATHUTY, 3BATAUYEHUX POC/IMHHUM
EKCTPAKTOM TA HAHOYACTHUHKAMUA

Beryn. 3pocTaHHS KIMTBKOCTI JIITHIX Ifofed Ta 30imMbHOICHHS
TIOMIMPEHOCTI 3aXBOPIOBAaHBb, IIOB'I3aHMUX 13 TIATOJIOTIEI0 KiCTKOBOI
30UTPIIMIM ~ TOMUT  Ha  pO3pOOKYy  IHHOBAIIHHX
pereHepaTHBHHAX MaTepiamiB. KOMITO3UTH Ha OCHOBI TiIpPOKCHANATHUTY,
30aravyeHi MeTaJIeBIMH HAaHOYACTHHKAMH Ta POCIMHHUMH €KCTPaKTaMHu,

TKaHWHU,

€ JyXe TepPCIeKTUBHUMY 3aBJSIKK CBOIH 010CYMICHOCTI, aHTUMIKPOOHIH
aKTUBHOCTI Ta 3JATHOCTI CIPHUATH pereHeparii TkanwH. lle
JIOCITIJPKEHHS] MaJI0 Ha METi OLIIHUTH, SIK KOMIO3UTH (DyHKIIOHAII30BaH1
HAaHOYACTUHKAMH Ta POCIMHHOIO CHUPOBHMHOK  BIUIMBAalOTh  Ha
dbopMyBaHHS CyIWH, BUKOPHUCTOBYIOUHM MOJICNIb XOPiOaJaHTOICHOT
MemOpann (CAM) kypsraux eMOpioHiB.

Metoan. KommosuTi Ha OCHOBI TriipoKcHamatuty Oymm
BHTOTOBJICHI IUIIXOM BKJIIOYCHHS HaHOYACTHHOK cpibma (10 Mkr/r) Ta
eKCTpakTy IIKipkud rpaHara (30 MI/T) y TiIpOKCHAaTUT, a IOTIM
nepeMinryBaHHs Ta cymriHHS. CynepHaTaHTH OTPUMAaHHX KOMIIO3HTIB
HAHOCWJIM Ha XopioanaHTtoicHy MemOpany (CAM) kypsuux eMOpioHiB
Ha 10-if neHp eMOpIOHAJIBHOTO PO3BUTKY JMJsl OIHKHA aHriOr€HHOT
aktuBHOCTI. [Ticnst 24—48 ronuH iHKyOauil Oyiu 3po0ieHi 300pakeHHs
CAM Ta npoanainizoBaHi MmopdomerpudHo 3a jgornomororo Imagel mis
KiJIbKICHOT OLIIHKH LIIJIHOCTI CYAMH Ta TO4OK Oidypkarii. CTraTHCTHYHY
3HAYYIIiCTh OIiHIOBaMM 3a nomomoroio GraphPad Prism (p < 0,05).
Hocmimkerns Oyno cxBaieHO koMiciero 3 Oioetukn CymlY (PimenHs
Ne 3/10 Bix 16 sxoBTHS 2025 pOKy).

Pesyabrarn. JlikyBaHHS TiIPOKCHANaTHTOM, HABaHTAKEHUM
AgNPs, BHKIMKalO pO3MMUPEHHS Ta 3BHBUCTICTH CYIWH, TOAI SIK
KOMITO3MTH, LIO MICTSTh €KCTPAKT rpaHaTa — OKpeMo, abo B MO€AHAHHI
3 AgNPs — mnpusBenu 10 MiHIMaJbHHX 3MiH CyIUHHOT'O MAJIOHKY.
Yepes nBi nobu iHkyOauii 3nauHe 30uabpmenHs (p < 0,05) kijgbpkocti
CyJIMH OyJIO BHSIBJICHO JIMILIE B TPYII, SKa MiJJsraia BIUIUBY KOMIIO3UTY
B CKJaai SKOTo OyB EKCTpakT TIpaHaTy, MO0 CBITYWTH NP0 HOTO
AQHTIOTeHHY AaKTHUBHICTb. BUKOPHCTaHHS KOMIIO3UTY 13 [OJAaBaHHSAM
cpibna Ta YHMCTOTO TiAPOKCHAINIATUTY HE NPH3BOAMWIO /O IIOMITHOTO
301IBILIEHHS KUIBKOCTI CyIMHHUX PO3Tally’KEHb.

OO0roBopeHHs. Y OMY JOCIIIKEHHI OI[IHFOBAIUCS KOMITO3UTH Ha
OCHOBI TIIPOKCHAIIATUTY, (DYHKIIOHAJII30BaHI HAaHOYACTHHKAaMHU cpidiia
(AgNPs) Ta ekcTpakToM MIKipKM TpaHaTa. 3arajoM, JJOCIHiIKEHHS
JIEMOHCTPY€E, 1[I0 AaHTIOTEHHA pPEeakilis KOMIIO3WUTIB Ha OCHOBI
T1IPOKCHATIATUTY 3aJICKUTh BiA IXHIX (QYHKI[IOHAIBHUX KOMIIOHEHTIB:
HAaHOYACTHHKH Cpi0ia NPUTHIYYIOTH YTBOPEHHA CYIOWH, TOAI SK
EKCTPAKT IIKIPKK IpaHaTa MMOCUIIIOE HOTO0, IO MiJKPECIIIOE BaXIHBICTh
CKJIaj1y B po3poOi1ii GiomarepialliB Ui pereHepaTUBHUX 3aCTOCYBaHb.
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INTRODUCTION

The ageing of the global population, along with the
rising incidence of traumatic injuries and oncogenic bone
disorders, has substantially increased the demand for
regenerative medicine and advanced approaches to the
restoration of damaged tissues, including skin, cartilage,
and bone. In response to this growing need, numerous
natural and synthetic biomaterials have been developed,
emerging as essential platforms for supporting and
enhancing bone tissue regeneration [1]. Among the
various biomaterials investigated, hydroxyapatite-based
composites are considered particularly promising due to
their chemical similarity to the mineral phase of bone and
their favorable biocompatibility [2]. Nevertheless, these
materials still exhibit several limitations, including
insufficient mechanical strength and variability in
biological performance [3]. Consequently, the
optimization of their composition and the development of
advanced formulations remain active areas of research in
regenerative medicine.

Over the last decade, considerable attention has been
given to metal nanoparticles and plant extracts as key
supplements in composites, owing to their numerous
outstanding features [4, 5].
demonstrated their effectiveness against multidrug-
resistant microorganisms, as well as the apparent absence
of resistance development to them [6]. Another important
property of nanoparticles and plant extracts is their ability
to promote tissue regeneration. [7]. These findings
highlight the potential of incorporating such bioactive
components into regenerative medicine strategies,
providing an avenue for enhancing the safety and efficacy
of biomaterials.

Several studies have

Preclinical evaluation of the effectiveness and safety
of such materials represents a critical step in their
investigation. Historically, animal models have been used
as the standard approach to address key issues in the
preclinical evaluation of biomaterials. However, ethical
concerns associated with the use of animals in scientific
research have given rise to the principles of the 3Rs
(reduction, refinement, and replacement) encouraging
widely use of alternative methodologies [8]. The chick
chorioallantois membrane (CAM) assay represents a
versatile and ethically favorable in vivo model for the
early-stage evaluation of candidate biomaterials in tissue
engineering. Owing to its rapid assessment time,

methodological straightforwardness, and cost-efficiency,
this system is recognized as a valuable alternative to
traditional preclinical models. In addition, the model
provides an opportunity to study vessel formation, a
critical prerequisite for the integration of biomaterials
with the host tissue environment.

The objective of this work was to investigate the
extent to which hydroxyapatite-based composites
functionalized with plant extracts and nanoparticles
modulate vessel formation within the CAM model.

MATERIALS AND METHODS

Media (Mueller-Hinton broth, Mueller-Hinton agar)
were purchased at Hi Media (India). CaCl. anhydrous
(CAS:10035-04-8), Na.HPO: (CAS:7558-79-4), and
NaOH (CAS:1310-73-2) were provided by Chempur
(Poland), Sigma Aldrich (USA).
(Warsaw, Poland) provided AgNPs. Preparation of the

Nano Pure Co.

pomegranate peels (Punica granatum) extract was
prepared as described in our previous work [9].

Previously prepared hydroxyapatite (HA) was loaded
with silver nanoparticles (AgNPs) and plant extract of
pomegranate (PE). The target concentrations of the
incorporated components were adjusted to 10 pg/g for
silver, and 30 mg/g for the pomegranate peel extract
within the composite. The suspension was subjected to
continuous stirring for 12 h, followed by drying. The
biological effects were evaluated using supernatants
obtained after incubation of the HA-based composites,
reflecting the activity of released soluble components.
Prior examination of the antigenic potential obtained
composites were poured with saline solution at WV rate 1
to 10, hold 24 hours at permanent shaking. Then, sterile
distilled water was added to the composites in a ratio of
1:10 and incubated for 24 hours, and the resulting
supernatant was used for CAM analysis.

For CAM assay, White Leghorn fertilized chicken
eggs were incubated at 37°C and 55-60% humidity. Start
of incubation was determined as embryonic development
day (EDD) 1. At EDD 3 the small hole (3 mm in
diameter) was made in the shell with fallowing removal
of 2-3 ml of albumen to detach the CAM from the shell.
Then the eggshell window was sealed with silk tape.
Then eggs were incubated at the same conditions before
treatment. At EDD 10, all embryos were divided into
groups:

I group — treated with HA+AgNPs 10 pg/g;
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II group - treated with HA+PG 30 mg/g;

IIT group - treated with HA+ AgNPs 10ug/g +PG
30 mg/g;

IV group - treated with HA;

V group — non-treated.

Each group consists of six eggs. Fifty pl of the
supernatant from tested sample was inoculated into the
CAM. The hole was sealed, and eggs were further
incubated for 24-48 h. At EDDI11-12, eggshell was
trimmed away to nearly the edge of the CAM, allowing
a wide field of view, and the resulting concave space
formed by the CAM was filled with a light grade
mineral oil to destroy the opacity of the CAM surface.
A ZOOM SM-6620 MICROmed stereomicroscope with

Ca10(PO4)s(OH)2

B ‘;'Q'—

Supernatant

Day0

Day 10

Fig. 1. Experimental procedure in schematic overview
Following the opening of the eggshell on day 3 and the placement of the matrices on the CAM (Day 10), the analysis of
neovascularization was conducted using stereomicroscope on days 11, and 12. Abbreviations: CAM=chorion allantois membrane.

Created with BioRender.com

RESULTS

Hydroxyapatite-based composites loaded with silver
nanoparticles (AgNPs) and pomegranate peel extract at
different concentrations were evaluated for their
angiogenic potential using in ovo CAM assays. Figure 2
presents the vascular changes observed on day 11
between the control and experimental groups following
composite treatment.

Application of the supernatant derived from
hydroxyapatite loaded with AgNPs resulted in blood
vessels appearing more tortuous, dilated, with indistinct
contours. This observation contrasts with the groups
treated with the hydroxyapatite-based composites
containing pomegranate peel extract or both AgNPs and
pomegranate peel extract, where essentially no visible
vascular alterations were detected. In contrast, treatment
with the supernatant obtained from pure hydroxyapatite

20x magnification, connected to a Coolsnap digital
camera (Roper) and a computer with image
management software (Imagel), was used to obtain
CAM images. At least five images of different areas of
each animal were analyzed. The vessels area density
and number of bifurcation points were quantified by
morphometric evaluation of CAM images. Statistical
significance was determined using one-way analysis of
variance (ANOVA) performed with GraphPad Prism 9
software A p value < 0.05 was considered statistically
significant. Figure 1 shows the general scheme of the
experiment. The Local Ethical Committee approved
experiment on chicken eggs (decision number 3/10
Date: 16 October 2025).

Day11-12

resulted in marked blood vessel dilation and enhanced
branching formation. All results were compared to the
untreated control group, confirming that the presence of
pomegranate extract may mitigate the angiogenic
response induced by AgNPs alone.

The density of the vessel area on days 11 and 12 in
treated and untreated CAMs is presented in Figure 3. On
day 11, the number of blood vessels was significantly
higher (p < 0.05) in the groups treated with supernatants
derived from pure hydroxyapatite and hydroxyapatite
loaded with Ag NPs or pomegranate peel extract. In
contrast, the number of blood vessels was significantly
lower in the groups treated with supernatants derived
from hydroxyapatite loaded with both Ag NPs and
pomegranate peel extract compared to the control group
on the same day of embryo development.
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Fig. 2. Original color images taken at EDD11 of CAM development, at x20 magnification. I-V — experimental groups

On day 12, however, a significant increase (p < No statistically significant differences were observed
0.05) in the number of blood vessels was observed in the percentage of bifurcated vessels among the
only in the groups treated with supernatants derived groups on each experimental day (Figure 4). In contrast,
from hydroxyapatite loaded with pomegranate peel the number of secondary and tertiary vessels increased
extract, indicating the angiogenic potential of this by more than 1.5-fold on EDD 12 compared to EDD 11
agent. in groups IIL, IV, and V.

Dayll Dayl12

...
=

—

<

th
h
1

Density of the vessel area (%)
Density of the vessel area (%o)

1 I 1 w v 1 hid m IV v
Experimental groups Experimental groups

Fig. 3 Density of the vessel area on day 11 and day 12 in treated and non-treated CAM

150

1 1
oo
[: i

Percentage of bifurcated vessels

AMMMDIUIITaNNg

K
o

Fig. 4 Percentage of the bifurcated vessels on day 11 and day 12 in treated and non-treated CAM
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DISCUSSION
Various biomaterials are currently being investigated
as potential solutions in regenerative medicine.

Angiogenesis is a fundamental process in tissue
regeneration and must be thoroughly evaluated to
ensure the successful translation of newly developed
materials into clinical practice. The chorioallantois
membrane (CAM) assay is widely used to study
angiogenesis due to its cost-effectiveness, feasibility,
and reproducibility [10].

Previous studies have reported on the antimicrobial
activity of pomegranate peel extracts and silver
nanoparticles (AgNPs) [11, 12]. In addition, our earlier
investigations demonstrated a synergistic
antimicrobial effect of these components. Therefore,
biomaterials incorporating pomegranate peel extracts
and AgNPs may be considered promising candidates for
bioengineering and regenerative applications.

In the present study, the angiogenic response to
bioactive molecules released from the hydroxyapatite-
based composites functionalized with pomegranate peel

in Vvitro

extracts and AgNPs on angiogenesis were evaluated
using the CAM model. Pure hydroxyapatite promoted
neovascularization, whereas the incorporation of AgNPs
inhibited angiogenesis and reduced vessel branching. In
contrast, hydroxyapatite loaded with pomegranate peel
extracts stimulated the formation of new blood vessels,

PROSPECTS FOR FUTURE RESEARCH

which continued to progress throughout the observation
period.

These results are consistent with previous reports
demonstrating the anti-angiogenic activity of AgNPs
[13]. Conversely, the findings of the present study
contradict earlier research [14] that reported anti-
angiogenic effects of pomegranate peel extracts tested
in tumor-bearing animal models. This discrepancy may
be attributed to differences in experimental models,
extract composition, or concentration-dependent effects
of bioactive compounds. Further studies addressing
these variables are warranted to clarify the angiogenic
potential of pomegranate peel extracts in different
biological contexts.

CONCLUSIONS

In summary, hydroxyapatite-based composites
functionalized with pomegranate peel extracts and silver
nanoparticles exhibited distinct effects on angiogenesis
in the CAM model. Pure hydroxyapatite promoted new
vessel formation, while the incorporation of AgNPs
inhibited angiogenesis and vessel branching. In contrast,
composites containing pomegranate peel extracts
enhanced neovascularization, indicating their potential
to stimulate vascular growth and tissue regeneration.
These findings highlight the importance of the
compositional balance between bioactive agents and
nanoparticles in designing multifunctional biomaterials

for regenerative medicine.

In the future, it will be important to explore the underlying molecular mechanisms and to evaluate the angiogenic

effects of these composites in vitro on cell lines, as well as the in vivo biocompatibility and regenerative potential.
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