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1. INTRODUCTION 
Bioceramics have emerged as vital materials in the 

biomedical field, particularly for applications in bone and 
dental implants due to their inherent biocompatibility and 
functionality. Among them, hydroxyapatite (HA), a naturally 
occurring calcium phosphate mineral with the chemical formula 
Ca₁₀(PO₄)₆(OH)₂, stands out for its close resemblance to the 

mineral component of bone. Owing to its biocompatibility, 
bioactivity, and non-toxicity, HA has been widely utilized in 
bone tissue engineering and regenerative medicine [1]. Its 
ability to support bone regeneration stems from its 
osteoconductive, osteointegrative, and osteoinductive 
properties, which are crucial for promoting bone repair [2]. As 
a result, HA is extensively used in bone substitute applications, 
including implant coatings and bone defect fillers [3]. 

This study investigates the characterization, and biomedical potential of Euphorbia tirucalli 
L. (E.tirucalli L.)  extract, focusing on its bioactive compounds, antibacterial properties, and 
incorporation into hydroxyapatite (HA) for biomedical applications. High-Performance 
Liquid Chromatography (HPLC) analysis confirmed gallic acid as the predominant phenolic 
compound in the extract (557.9 ± 8.3 mg/g). Antibacterial testing revealed that DHA 25% 
exhibited the highest inhibition zones against Staphylococcus aureus (S. aureus) (7.07 ± 0.41 
cm²) and Escherichia coli (E. coli) (3.14 ± 0.51 cm²), indicating enhanced antibacterial 
activity at higher doping concentrations. Cytotoxicity assays demonstrated that DHA 25% 
promoted cell proliferation (120.0 ± 5.3% on day 7), confirming its biocompatibility for bone 
tissue engineering. X-ray diffraction (XRD) revealed that E.tirucalli L. doping affected HA 
crystallinity, potentially improving bioresorption and osteoconductivity. Fourier-Transform 
Infrared Spectroscopy (FTIR) confirmed the successful incorporation of E.tirucalli L. into 
HA, while Scanning Electron Microscopy (FESEM) showed increased agglomeration and 
reduced porosity at higher doping concentrations. The integration of E. tirucalli L. extract 
into HA introduces natural bioactive compounds, such as gallic acid, that enhance 
antibacterial, antioxidant, and biocompatible properties beyond conventional inorganic 
doping approaches.  In conclusion, E. tirucalli L.-doped hydroxyapatite demonstrates great 
potential for applications in bone regeneration and implant technology due to its enhanced 
antibacterial and biocompatible properties, with the possibility of future exploration for 
controlled drug release applications.  
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Despite its advantages, pure HA exhibits limitations, 
including poor mechanical strength, limited resorption, 
inadequate antibacterial properties, and suboptimal drug-
loading efficiency. To overcome these drawbacks, researchers 
have investigated doping HA with various agents, particularly 
metal ions such as Ag⁺, Cu²⁺, Zn²⁺, Ti⁴⁺, Mg²⁺, Fe²⁺/³⁺, Sr²⁺, and 
Ce³⁺/⁴⁺, to enhance its antibacterial and mechanical 
performance [4]. While metal doping can improve HA 
properties, it may also alter its structural and chemical 
characteristics, such as crystallinity, morphology, and 
biocompatibility, which necessitates detailed characterization. 

In response to concerns over metal-induced cytotoxicity 
and antibiotic resistance, plant-based doping agents have 
gained interest. E.tirucalli L., commonly known as the pencil 
plant, is rich in polyphenols with well-documented 
antibacterial, antioxidant, anti-inflammatory, and anticancer 
properties [5]. Polyphenolic compounds like gallic acid, ellagic 
acid, and quercetin are known to disrupt bacterial cell 
membranes and inhibit bacterial enzymes, making them 
promising candidates for improving HA's antibacterial 
performance. Notably, polyphenols from E. tirucalli L. have 
shown efficacy against common pathogens such as 
Staphylococcus aureus and Escherichia coli, which are often 
responsible for implant-related infections [6]. These infections 
are increasingly difficult to treat due to the rise of antibiotic-
resistant strains, which pose a serious threat to implant success. 

E.tirucalli L. was chosen for this study due to its well-
documented broad-spectrum antibacterial properties, 
particularly its effective inhibition of clinically relevant 
pathogens such as Staphylococcus aureus and Escherichia coli, 
which are common causes of bone implant-associated 
infections [7]. The plant’s bioactive components, including 
flavonoids, tannins, and phenolic compounds like gallic acid, 
contribute to its antibacterial efficacy by disrupting microbial 
membranes, inactivating adhesion factors, and interfering with 
microbial enzymes [8]. Compared to other bioactive plants, E. 
tirucalli’s distinct combination of potent antimicrobial activity, 
high content of therapeutic phytochemicals, and historical 
medicinal use as a natural antimicrobial agent provide a strong 
rationale for its specific selection as a doping agent in 
hydroxyapatite, aiming to develop multifunctional biomaterials 
that combine infection control with bone regenerative 
properties[5]. This specificity in antibacterial effectiveness and 
rich bioactive profile distinguishes E. tirucalli L. as an ideal 
candidate over other plant extracts with known bioactivity. 

Several studies have highlighted the antimicrobial, 
antioxidant, and anticancer activities of Euphorbia tirucalli, 
primarily based on in vitro assays [5],[39]. However, these 
findings are largely preliminary, with notable variability in 
results due to differences in extraction methods and solvent 
systems, which impact phytochemical yields and limit 
comparability. Unlike other medicinal plants such as Camellia 
sinensis (green tea), Curcuma longa (curcumin), and 
Azadirachta indica (neem), which have been widely studied and 
successfully applied in hydroxyapatite (HA) modification for 
biomedical applications [44],[45] research on incorporating E. 
tirucalli into biomaterials remains scarce. This gap underscores 
both the novelty and necessity of the current work, which 
critically extends beyond existing phytochemical studies to 
evaluate the feasibility and efficacy of E. tirucalli extract as a 
natural bioactive dopant in a bone-regenerative HA system. By 
doing so, the study aims to harness E. tirucalli’s well-

documented antimicrobial potential in a clinically relevant bone 
biomaterial context. 

The novelty of this study lies in the successful 
incorporation of Euphorbia tirucalli L. extract, rich in bioactive 
phenolic compounds such as gallic acid, into hydroxyapatite 
(HA) to create a multifunctional biomaterial with enhanced 
antibacterial, biocompatible, and structural properties. Unlike 
conventional doping methods that primarily use metal ions, this 
work introduces a natural, plant-based doping agent that not 
only modulates HA crystallinity and porosity for improved 
bioresorption and osteoconductivity but also imparts significant 
antibacterial activity against key pathogens and promotes cell 
proliferation. This bioactive plant extract doping advances HA 
biomaterials by enhancing biological performance and may 
offer potential for future drug delivery applications, 
representing a novel approach in bone tissue engineering and 
implant technologies that integrates natural therapeutic agents 
with inorganic matrices for superior regenerative outcomes. 
Although previous studies have demonstrated the antibacterial 
and antioxidant activity of E. tirucalli L., limited research has 
explored its incorporation into HA, particularly using Soxhlet 
extraction, which may yield higher concentrations of active 
compounds [7]. Therefore, the objectives of this study are to: 
(i) extract, identify, and quantify polyphenolic compounds from 
E. tirucalli L. using Soxhlet extraction, (ii) incorporate the plant 
extract into HA to develop a novel doped biomaterial, (iii) 
characterize the structural, morphological, and chemical 
changes induced by the doping process, and (iv) evaluate the 
antibacterial and biocompatibility performance of the extract-
doped HA for potential bone implant applications. 

 

2. METHODOLOGY 

2.1 Sample preparation 

Aerial parts of Euphorbia tirucalli L. were cleaned, dried 
at 50 °C for 72 hours, powdered, and stored at –21 °C. Soxhlet 
extraction (9 g, 200 mL ethanol, 90 °C, 20 cycles) was 
performed. The extract was concentrated, dried, and partitioned 
with hexane and DCM. Fractions were evaporated and stored at 
–21 °C. 

2.2 Identification and Quantification of Phenolic Compounds 
Using HPLC 

Phenolic compounds in the extracts were identified and 
quantified using High-Performance Liquid Chromatography 
(HPLC), following a modified method from [5]. The HPLC 
column was maintained at 35 °C, and detection was performed 
at 253 nm. A 40 µL sample was injected with a 1.0 mL/min 
flow rate. The mobile phase consisted of acetonitrile (A) and 
aqueous acetic acid (B) with gradient elution: 80:20 A:B 
(5 min), 50:50 (7 min), and 28:72 (20 min). Standards used 
included gallic acid, quercetin, and ferulic acid. Retention times 
and spectra were compared to known standards. Calibration 
curves and peak purity ensured accurate quantification using 
HPLC software. 

2.3 Synthesis and Preparation of HA Doped with E. tirucalli L. 
Extract 

Nanoporous hydroxyapatite (HA) was synthesized via wet 
chemical precipitation. Calcium nitrate tetrahydrate (9.45 g) 
and P123 (3 g) were dissolved in distilled water to create 
porosity. Diammonium hydrogen phosphate (3.17 g) was added 
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dropwise, with pH maintained at 11 using 1 M NaOH. The 
mixture was aged, centrifuged, washed, dried, ground, and 
calcined at 550 °C. For doping, 3 g HA was mixed with 10 mL 
of 5 mg/mL (5%), 15mg/mL (15%) and 25 mg/mL (25%) of E. 
tirucalli extract, shaken for 24 h, filtered, vacuum-dried, and 
ground. Pellets (10 mm diameter, 2 mm thick) were formed 
using 0.3 g of doped HA pressed at 175 MPa for 6 cycles for 
antibacterial testing. The doping concentrations of 5%, 15%, 
and 25% Euphorbia tirucalli extract in hydroxyapatite were 
selected based on a combination of factors rather than arbitrary 
choice. These concentrations reflect a balance between 
maximizing bioactive phytochemical incorporation for 
antibacterial and regenerative benefits while avoiding excessive 
doping that could compromise material stability or 
biocompatibility.  

2.4 X-Ray Diffraction (XRD) Spectrometry 

X-ray Diffraction (XRD) analysis was performed using a 
Bruker AXS D8 diffractometer to examine the crystallographic 
structure and phase composition of synthesized samples. 
Approximately 1 gram of powdered material was analyzed over 
a Bragg angle range of 10° to 90° using CuKα radiation (λ = 
0.15406 nm). Phase composition, crystallinity, and crystallite 
size was determined using X’pert Highscore Plus software. 
Crystallinity (Xc) was calculated from the intensity of the (300) 
reflection peak, and crystallite size (Xs) was determined using 
Scherrer’s equation [8]. 

2.5 Fourier Transform Infrared (FTIR) Spectroscopy 

The identification and verification of functional groups 
present in HA powders were carried out using FTIR analysis. 
The FTIR measurements were performed with a Perkin Elmer 
Spectrum 65 model, covering a frequency range from 400 cm⁻¹ 
to 4000 cm⁻¹. 

2.6 N₂ Adsorption-Desorption Isotherms and BJH Pore Size 
Distribution 

Surface area and porosity of hydroxyapatite (HA) and E. 
tirucalli-doped HA (DHA) were evaluated using BET nitrogen 
adsorption-desorption analysis with a Micromeritics ASAP 
2020 analyzer. Samples were degassed at 150 °C for 12 hours 
to eliminate moisture and gases. Nitrogen adsorption was 
performed at 77 K using 0.1–0.2 g of each sample, with 
isotherms recorded over a relative pressure range of 0.05–0.99. 
BET surface area was calculated from the linear region (P/P₀ = 
0.05–0.30), while BJH analysis on the desorption branch 
provided pore size distribution and total pore volume. Results 
highlighted how E. tirucalli doping alters HA’s surface and 
pore characteristics. 

2.7 Morphological Analysis using Field Emission Scanning 
Electron Microscope (FESEM) 

Field emission scanning electron microscopy (FESEM) 
(Carl Zeiss, Germany) was employed to analyze the 
morphology and particle size. A drop of both doped and pure 
hydroxyapatite powder was placed on a gold grid and examined 
under the microscope at a voltage of 15 kV, with magnifications 
ranging from 1,000x to 150,000x, to capture detailed electron 
images of the particles. 

2.8 Agar Well Diffusion Method 

The agar disc diffusion method was used to test the 
antibacterial activity of HA pellets against bacteria. Inoculum 
was mixed with nutrient agar (NA) at a temperature below 37°C 
to avoid killing the bacteria. The mixture was poured into a petri 

dish, and HA pellets was immersed in the agar before it 
solidifies. After labeling and closing the dish, it was incubated 
at 37°C for 24 hours. The bacteria growth was observed and 
recorded after incubation [9]. 

2.9 Proliferation and Cytotoxicity Test 

The proliferation and cytotoxicity of scaffolds were 
evaluated using the MTT assay through a direct contact method 
on B2B human airway epithelial cells, selected for preliminary 
cytocompatibility screening. Cells were seeded at a density of 
500 cells per well onto sterilized scaffolds weighing 0.04–0.05 
g, which were pre-soaked in Alpha-DMEM media 
supplemented with 10% fetal bovine serum, penicillin, and 
streptomycin. The assay was performed in triplicate (n=3) with 
appropriate negative controls (cells cultured without scaffolds) 
and positive controls (cells exposed to known cytotoxic agents). 
Optical density readings were taken at 570 nm on days 1, 3, 5, 
and 7, with results statistically analyzed using one-way 
ANOVA and significance set at p < 0.05. While the B2B cell 
line is not typically bone-specific but the available cell line in 
laboratory behave similarly in basic cytotoxicity or 
proliferation assays. This approach offers a robust assessment 
of scaffold biocompatibility and proliferation potential. 

 

3. RESULTS AND DISCUSSION 

3.1 High Performance Liquid Chromatography 

The HPLC analysis of Euphorbia tirucalli  extracts, 
subjected to different solvents—dichloromethane, hexane, and 
aqueous ethanol—revealed distinct variations in phytochemical 
content. This approach is crucial for determining the most 
effective solvent for extracting antioxidants from the plant 
material [5].  

Table 1. Quantified levels of four key polyphenols: ellagic 
acid, gallic acid, quercetin, and ferulic acid. 

   Solvent                         

 

Standard 

Dichloromethane 

(mg/g) 

Hexane 

(mg/g) 

Aqueous 

ethanol 

(mg/g) 

Ellagic acid 15.7 ± 0.5ᵃ 34.9 ± 1.2ᵇ 305.3 ± 5.6ᶜ 

Gallic acid 0.0 ± 0.0ᵃ 40.8 ± 1.8ᵇ 557.9 ± 8.3ᶜ 

Quercetin 0.0 ± 0.0ᵃ 5.5 ± 0.3ᵇ 156.7 ± 4.2ᶜ 

Ferulic acid 8.5 ± 0.4ᵃ 9.5 ± 0.7ᵃ 61.4 ± 2.1ᵇ 

* Values are shown as mean and standard deviation, 
Different letters (a, b,c) mean significant differences (p < 0.05). 

Ellagic acid, a polyphenol with four hydroxyl groups and 
two lactone rings, is recognized for its robust antioxidant 
activity through free radical scavenging and enzyme activation. 
It offers anti-inflammatory, anticancer, and antibacterial effects 
[12]. Its concentration was lowest in dichloromethane (15.7 
mg/g), higher in hexane (34.9 mg/g), and significantly higher in 
aqueous ethanol (305.3 mg/g). Ethanol’s intermediate polarity 
enables better solubility and penetration into plant matrices, 
making it the most efficient solvent [13]. 

Gallic acid, known for its strong radical scavenging due to 
its three adjacent hydroxyl groups, exhibits notable 
antibacterial and anticancer properties and may protect against 
cardiovascular and neurodegenerative diseases [14]. It was not 
detectable in the dichloromethane extract, while hexane and 
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ethanol extracts yielded 40.8 mg/g and 557.9 mg/g, 
respectively, further confirming ethanol's superior efficiency 
[13]. 

Quercetin, a flavonoid with multiple hydroxyl groups and 
a conjugated ring system, offers antioxidant effects by 
scavenging reactive oxygen and nitrogen species, metal 
chelation, and hydrogen donation [15]. Quercetin was absent in 
dichloromethane, detected at 5.5 mg/g in hexane, and peaked at 
156.7 mg/g in ethanol, again confirming ethanol’s suitability 
for polar phytochemicals. 

Ferulic acid, with a methoxy group and conjugated double 
bond, neutralizes free radicals and inhibits lipid peroxidation. 
Its antioxidant and anti-inflammatory properties are linked to 
disease prevention, including neurodegenerative disorders and 
cancer [16]. It was found in all extracts—8.5 mg/g 
(dichloromethane), 9.5 mg/g (hexane), and 61.4 mg/g (ethanol) 
showing consistent improvement with ethanol [5]. In 
conclusion, ethanol was the most effective solvent in extracting 
polyphenols from E. tirucalli, particularly gallic acid and 
quercetin. These findings align with previous studies 
supporting ethanol’s efficiency in extracting antioxidant 
compounds from plant matrices [13],[14],[15]. 

3.2 X-Ray Diffraction (XRD) Spectrometry 

Fig. 1. XRD patterns of Hydroxyapatite (HA) and Doped 
Hydroxyapatite (DHA) 

X-ray diffraction (XRD) analysis confirmed that 
hydroxyapatite (HA) and E. tirucalli-doped HA (DHA) 
retained key HA peaks in agreement with PDF 01-074-0565, 
notably at 2θ = 25.90° (002), 31.80° (211), 32.20° (112), 32.90° 
(300), and 34.10° (202), among others. Pure HA showed the 
highest crystallinity at 42%, while DHA 5%, 15%, and 25% 
exhibited 37%, 28%, and 25%, respectively. The reduction in 
peak sharpness and intensity with increasing extract 
concentration suggests structural disruption of HA crystals. 
These changes may enhance bioactivity and resorption but 
reduce mechanical strength [17],[18]. [19]. 

3.3 Fourier Transform Infrared (FTIR) Spectroscopy 

FTIR spectroscopy was utilized to characterize the 
functional groups present in pure hydroxyapatite (HA), 
Euphorbia tirucalli extract (EXT), and doped hydroxyapatite 
(DHA) with 5%, 15%, and 25% extract concentrations. The 
resulting spectra (Figure 3.1) confirm the successful 
incorporation of the extract into the HA matrix. 

 

Fig. 2. FTIR spectrum of hydroxyapatite (HA) doped with 
Euphorbia tirucalli extract 

Fourier Transform Infrared (FTIR) spectroscopy 
confirmed the successful incorporation of E. tirucalli extract 
into the hydroxyapatite (HA) matrix. The DHA spectra showed 
a combination of peaks from both HA and the extract. Retention 
of characteristic phosphate (PO₄³⁻) and hydroxyl (OH⁻) peaks 
at ~1090, 1040, 962, 600, 570, 3570, and 630 cm⁻¹ indicates 
preservation of HA’s structure despite extract doping [20],[21]. 
The extract contributed additional peaks: O–H stretching 
(~3400 cm⁻¹), C–H stretching (~2920 cm⁻¹), C=O (~1730 
cm⁻¹), C=C (~1630 cm⁻¹), C–H bending (~1380 cm⁻¹), and C–
O stretching (~1050 cm⁻¹), indicating the presence of hydroxyl, 
aliphatic chains, esters, aromatics, and [22],[23],[24]. As 
extract concentration increased, the O–H and C=O peak 
intensities also increased, confirming effective doping. Slight 
reductions in P–O peak intensities suggest molecular 
interactions but not structural degradation. A unique peak at 
1380 cm⁻¹ in DHA 15% supports optimal doping [25]. These 
findings confirm that E. tirucalli extract was successfully 
incorporated without compromising the HA structure, creating 
a biofunctional composite with enhanced potential for 
biomedical use [26]. 

3.4 N₂ Adsorption-Desorption Isotherms and BJH Pore Size 
Distribution 

The Barrett-Joyner-Halenda (BJH) pore size distribution 
analysis provides insights into the pore structure of 
hydroxyapatite (HA) and Euphorbia tirucalli-doped HA 
(DHA) at 5%, 15%, and 25% concentrations. The graph shown 
in Figure 3.3 plotting differential pore volume against pore 
diameter reveals the effect of doping on the porosity of the 
material. 

Pore size distribution is a critical parameter in bone tissue 
engineering, as it influences cell attachment, nutrient diffusion, 
and tissue integration [27]. For all samples, including pure HA 
and DHA variants, the most prominent peak lies within the 40–
50 nm range, indicating a dominant mesoporous structure. 
According to IUPAC classification (1985), pores are classified 
as micropores (<2 nm), mesopores (2–50 nm), and macropores 
(>50 nm). Mesopores are particularly beneficial for bone 
regeneration as they support vascularization and bone ingrowth 
[17]. 
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Fig. 3. BJH pore size distribution of Hydroxyapatite (HA) and 
Doped Hydroxyapatite (DHA) 

Table 2. BET Analysis for Hydroxyapatite (HA) and 

Euphorbia tirucalli Doped Hydroxyapatite (DHA) 

Sample   Surface 

area 

(m2g-1) 

BJH 

Adsorption 

average 

pore width 

(nm)  

BJH 

Desorption 

pore width 

(nm)  

Pore 

volume 

(cm3/g)  

Pure 

HA  

35.6266  31.550  31.155 0.29994  

DHA 

5%  

35.7340  36.002  30.810 0.29275  

DHA 

15%  

28.1795  43.474  39.780 0.29994  

DHA 

25%  

25.5867  41.413  35.870 0.25748  

BET and BJH analyses demonstrated that doping 
hydroxyapatite (HA) with Euphorbia tirucalli extract 
significantly affects its surface area and pore characteristics. 
Pure HA exhibited a surface area of 35.6266 m²/g and a pore 
volume of 0.29994 cm³/g. Doping with 5% and 15% extract led 
to slight changes in surface area but noticeable increases in pore 
width. DHA 25% displayed reduced surface area (25.5867 
m²/g) but greater BJH pore width, suggesting enhanced 
mesoporosity due to pore fusion or expansion. Notably, DHA 
25% exhibited a slightly more prominent peak, indicating 
increased mesopore formation which may enhance cell 
adhesion and proliferation [28]. The decreasing surface area 
combined with increasing pore size upon higher doping of 
hydroxyapatite (HA) with Euphorbia tirucalli extract can be 
explained by structural changes induced during doping. As the 
plant extract is incorporated, its bioactive compounds may 
cause fusion or expansion of smaller pores into larger 
mesopores, leading to pore coalescence [28]. This structural 
rearrangement reduces the overall specific surface area because 
fewer total pores exist but with larger dimensions. The larger 
pores create more spacious channels for nutrient flow and cell 

migration, which benefit bone tissue regeneration, despite the 
surface area decline [29]. Additionally, the presence of organic 
extract molecules can partially block or fill finer pores, 
contributing to surface area reduction but enhancing 
mesoporosity, thus improving cell adhesion and proliferation 
sites in a size range more physiologically relevant for tissue 
ingrowth. This trade-off between surface area and pore size 
optimizes the scaffold architecture for bone regeneration 
applications. All samples showed Type IV isotherms with H1 
hysteresis loops [29], confirming the presence of mesoporous 
structures suitable for capillary condensation. Such porosity 
facilitates nutrient diffusion, vascularization, and cell 
migration, making DHA favorable for bone regeneration 
[30],[31],[32]. 

 

Fig. 4. Adsorption-desorption isotherms of (a) HA, (b) DHA 
5%, (c) DHA 15%, and (d) DHA 25% 

 

3.5 Field Emission Scanning Electron Microscopy (FESEM) 

Field Emission Scanning Electron Microscopy (FESEM) 
was employed at magnifications of 50K and 150K to evaluate 
the morphological characteristics of pure hydroxyapatite (HA) 
and HA doped with E.tirucalli L. extract at 5%, 15%, and 25% 
concentrations. The analysis focused on particle size, shape, 
distribution, aggregation, and porosity critical factors 
influencing the material’s suitability for biomedical 
applications. 

FESEM images in Table 3 revealed notable morphological 
differences between pure and doped hydroxyapatite (HA) 
samples. Pure HA displayed irregular, interconnected particles 
and rod-like structures with high porosity at 50K and 150K 
magnifications, respectively, aligning with findings by [33], 
[[34]. Upon doping with 5% E.tirucalli extract, particles 
showed denser packing and aggregation, likely due to enhanced 
interactions [35]. 
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Table 3. Field Emission Scanning Electron Microscopy 
(FESEM) Images of HA and Doped Samples at Different 

Magnifications (50K and 150K) 

 

The 15% doped sample exhibited smaller, more uniform 
particles and significantly reduced porosity, indicating 
compactness. The most pronounced changes occurred at 25% 
doping, where particles appeared fused and boundaries 
indistinct, suggesting advanced coalescence and densification. 
These structural shifts reduce porosity and increase 
agglomeration. Such morphology especially rod-like particles 
with reduced porosity enhances osteoconductivity and 
mechanical properties, as supported by [30]. In a biomedical 
context, changes observed in characterization techniques such 
as X-ray diffraction (XRD), Fourier-transform infrared 
spectroscopy (FTIR), and Brunauer–Emmett–Teller (BET) 
analyses offer critical insights into the performance of 
biomaterials. For instance, alterations in HA crystallinity 
detected by XRD can influence its bioresorption rate; decreased 
crystallinity often leads to higher solubility and faster 
degradation, which can enhance bone remodeling and 
integration by allowing the scaffold to be gradually replaced by 
new bone tissue. FTIR spectra revealing shifts or intensities in 
phosphate, hydroxyl, and carbonate groups help confirm 
chemical composition and functional group incorporation, 
which affect bioactivity, cell adhesion, and mineralization 
processes crucial for bone regeneration. Additionally, BET 

surface area and porosity measurements inform on the 
scaffold’s microstructure; higher surface area and suitable pore 
size distribution improve protein adsorption, nutrient diffusion, 
and vascularization, promoting osteoconductivity and tissue 
ingrowth. Together, these characterization outcomes are 
essential to understand how structural and chemical 
modifications translate to improved biological performance and 
successful implant integration [34]. Overall, increasing extract 
concentration altered particle interaction, promoting denser 
packing. As shown in Table 3.11, 15% and 25% DHA samples 
exhibit promising mesoporosity for bone tissue applications. 

3.6 Antibacterial Properties of Doped HA  

The antibacterial activity of E.tirucalli L. extract-doped 
hydroxyapatite (HA) was evaluated using the well-diffusion 
method against Escherichia coli (E. coli) and Staphylococcus 
aureus (S. aureus). Three concentrations of E.tirucalli L. 
extract (5%, 15%, and 25%) were incorporated into the HA 
matrix. Among them, DHA 25% exhibited the highest 
antibacterial efficacy, with inhibition zones of 3.14 ± 0.51 cm² 
for E. coli and 7.07 ± 0.41 cm² for S. aureus, as shown in Tables 
3.6 and 3.7. 

The superior antibacterial activity of DHA 25% is 
attributed to the higher concentration of bioactive 
phytochemicals such as ellagic acid, gallic acid, and quercetin 
introduced through ethanol-based extraction. Phenolic 
compounds such as gallic acid and quercetin exert antibacterial 
effects through multiple mechanisms primarily targeting 
bacterial cell structures and functions. These compounds 
increase their lipophilicity, enabling them to interact strongly 
with bacterial cytoplasmic membranes, causing membrane 
destabilization and increased permeability, which leads to 
leakage of essential intracellular components. They also inhibit 
key bacterial enzymes and virulence factors, interfere with 
nucleic acid synthesis, and suppress biofilm formation. In 
Gram-positive bacteria like Staphylococcus aureus, phenolics 
can alter intracellular pH and disrupt energy generation by 
inhibiting ATP production, thereby impairing bacterial 
viability. Additionally, flavonoids can form complexes with 
proteins on bacterial cell walls and soluble proteins outside the 
cells, further inhibiting bacterial growth. Such multifaceted 
actions contribute to the potent bactericidal activity of phenolic-
rich plant extracts against pathogens including S. aureus and 
Escherichia coli. [36]. Ethanol efficiently extracts these active 
molecules, leading to better doping into the HA matrix [14]. 
Higher extract content also promotes sustained release of active 
agents due to improved diffusion kinetics, contributing to 
stronger inhibition zones. In contrast, lower concentrations may 
lack sufficient active compounds for prolonged antibacterial 
effects [6]. Additionally, Staphylococcus aureus (Gram-
positive) was more susceptible than Escherichia coli (Gram-
negative), likely due to its porous peptidoglycan layer, which 
permits easier compound penetration, whereas the outer 
membrane of E. coli resists such penetration [37]. The 
antibacterial activity of DHA 25% showed inhibition zones of 
7.07 ± 0.41 cm² (approximately 30 mm diameter) against 
Staphylococcus aureus and 3.14 ± 0.51 cm² (approximately 20 
mm diameter) against Escherichia coli. In comparison, standard 
antibiotics such as ciprofloxacin typically produce inhibition 
zones around 22–28 mm for S. aureus and 29–35 mm for E. 
coli, while gentamicin zones are approximately 12–16 mm for 
S. aureus and 20–21 mm for E. coli [42]. This indicates that 
DHA 25% exhibits antibacterial efficacy comparable to or  
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HA 

  

5% 

  

15% 

  

25% 
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Table 4. Antibacterial activity of different concentration of 
HA doped with E. tirucalli L. against E. coli 

Sample Concentration of 
crude extract of 
E. tirucalli 

Diameter 
of 
inhibition 
zone (cm) 

Inhibition 
Zone (cm2) 

DHA 5% 5 mg/mL 1.3 1.33 ± 0.3 

 

 
DHA 
15% 

15 mg/mL 1.4 1.54 ± 0.12 

 

 

DHA 
25% 

25 mg/mL 2.0 3.14 ± 0.51 

 

 

Antibiotic 5 mg/mL 5.0 19.625 ± 0.01 

 

 

Pure HA 0 mg/mL 0.0 Null 

 

 
 

 

Table 5. Antibacterial activity of different concentration of 
HA doped with E. tirucalli against S. aureus 

Solvent Concentration 
of crude 
extract of E. 
tirucalli 

Diameter 
of 
inhibition 
zone (cm) 

Inhibition 
zone (cm2) 

DHA 5% 5 mg/mL 2.8 6.15 ± 0.03 

 

 

DHA 15% 15 mg/mL 2.9 6.61 ± 0.21 

 

 

DHA 25% 25 mg/mL 3.0 7.07 ± 0.41 

 

 

Antibiotic 5 mg/mL 4.0 6.28 ± 0.22 

 

 

Negative 
control HA 

0 mg/mL 0.0 Null 
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exceeding that of some clinical antibiotics against S. aureus and 
is competitive against E. coli. These results highlight the 
potential of DHA 25% as an effective antimicrobial agent in 
biomedical applications, providing natural, sustained 
antibacterial activity with promising performance relative to 
established antibiotics. Overall, DHA 25% demonstrates 
potent, broad-spectrum antibacterial potential suitable for 
biomedical applications 

3.6 Cytotoxicity 

The cytotoxicity and biocompatibility of doped 
hydroxyapatite (DHA) were evaluated using the MTT assay, a 
standard method that measures cell metabolic activity and 
viability [38]. Figure 3.5 and Table 3.6 summarize the viability 
of cells cultured with pure HA and DHA containing 5%, 15%, 
and 25% concentrations of Euphorbia tirucalli extract over 
seven days. 

 

Fig. 5. Histogram of cell viability with the MTT method on 

HA and DHA 
At the early time points (D0 and D1), all groups exhibited 

similarly low viability values (≤7.0 ± 0.5), as shown in Table 
3.6, confirming that both pure HA and DHA were initially non-
toxic to cells. This uniform baseline (Figure 3.5) indicates that 
incorporation of E. tirucalli extract did not induce any acute 
cytotoxic stress. By day 3, viability increased modestly across 
all samples (≈11–14%), with no statistically significant 
differences among groups, suggesting consistent short-term 
biocompatibility regardless of doping concentration. 

Table 6. Cell Viability of Pure Hydroxyapatite (HA) and 

Doped Hydroxyapatite (DHA) Over Time 

Time 

(Days) 

HA 

(Mean 

± SD) 

5% 

(Mean 

± SD) 

15% 

(Mean ± 

SD) 

25% 

(Mean ± 

SD) 

D0 0.0 ± 

0.0ᵃ 

0.0 ± 

0.0ᵃ 

0.0 ± 0.0ᵃ 0.0 ± 0.0ᵃ 

D1 7.0 ± 

0.5ᵃ 

5.0 ± 

0.6ᵃ 

6.0 ± 0.5ᵃ 5.0 ± 0.7ᵃ 

D3 12.0 ± 

0.8ᵃ 

11.0 ± 

1.0ᵃ 

12.0 ± 

0.9ᵃ 

14.0 ± 

1.1ᵃ 

D5 36.0 ± 

2.0ᵃ 

37.0 ± 

1.8ᵃ 

37.0 ± 

2.1ᵃ 

43.0 ± 

2.4ᵇ 

D7 93.0 ± 

4.2ᵃ 

106.0 ± 

4.6ᵇ 

109.0 ± 

4.8ᵇ 

120.0 ± 

5.3ᶜ 

Data are presented as mean ± standard deviation (n = 3). 
Mean values in the same row with different superscript letters 
indicate significant differences at p < 0.05. 

From day 5 onward, a marked increase in cell viability was 
observed in the DHA 25% group, suggesting that higher 

concentrations of E. tirucalli extract promote cell proliferation 
and alleviate cytotoxic stress over time. By day 7, DHA 25% 
reached the highest viability (120.0 ± 5.3), significantly 
exceeding pure HA (93.0 ± 4.2) as well as the 5% and 15% 
groups. These findings are consistent with [40], who reported 
that E. tirucalli enhances cell viability through modulation of 
antioxidant gene expression, and with [41], who demonstrated 
concentration-dependent improvements in cellular responses to 

E. tirucalli extracts. The enhanced cytocompatibility at 25% 
may be attributed to phytochemicals such as gallic acid, ellagic 
acid, and quercetin, known for their antioxidant and 
cytoprotective roles. Collectively, these results highlight DHA 
25% as a promising candidate for biomedical applications 
where improved cytocompatibility is essential. 

Studies investigating high concentrations of 
phytochemicals report dose-dependent cytotoxic effects on 
healthy cells, often linked to apoptosis induction and oxidative 
stress modulation. For instance, an ethyl acetate extract of 
Quercus infectoria rich in tannins, flavonoids, and phenolic 
compounds exhibited potent cytotoxicity against cancerous cell 
lines (IC50 ≈ 6.33 μg/mL) but showed selective toxicity, 
sparing normal fibroblast (L929) cells at comparable 
concentrations [43]. This suggests that while phytochemicals 
have anticancer properties, their toxicity risk to healthy cells 
depends on concentration and exposure duration, with cyto-
selective effects possible. Other reviews emphasize that 
phytochemical toxicity arises primarily from oxidative damage, 
interaction with cellular macromolecules, or apoptosis 
pathways, necessitating careful dose evaluation, particularly for 
clinical or biomedical applications involving healthy tissue 
exposure. Therefore, although Euphorbia tirucalli extract 
doping enhances antibacterial and regenerative properties, 
future toxicological risk assessments should utilize systematic 
dose–response cytotoxicity testing on relevant healthy cell 
types to ensure safety at high phytochemical concentrations 
used in the biomaterial. 

In terms of variance, the relatively small standard 
deviations across all groups indicate that the trends in viability 
were consistent and reproducible across replicates. Although 
slight variability was observed (e.g., D7 values ranging from 
±4.2 to ±5.3), the overlap was minimal, and statistical analysis 
confirmed significant differences at higher concentrations. This 
suggests that the observed increase in cell viability, particularly 
in DHA 25%, reflects a true biological effect rather than 
random variation. 

Overall, the MTT assay data provide preliminary evidence 
that incorporation of E. tirucalli extract, especially at 25%, 
enhances short-term cytocompatibility of HA. However, it must 
be emphasized that MTT alone cannot fully predict long-term 
biocompatibility or immune response. Further in-depth 
toxicological and immunological assessments, including dose 
response studies on relevant healthy cell lines and in vivo 
models, are required to confirm the safety and suitability of 
DHA for biomedical applications. 
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4. CONCLUSION 
This study explored the extraction and biomedical 

application of Euphorbia tirucalli L. extract incorporated into 
hydroxyapatite (HA). Aqueous ethanol was the most effective 
solvent, yielding a Total Phenolic Content (TPC) of 2.501 ± 
0.50 mg GAE/g and a Total Flavonoid Content (TFC) of 1.307 
± 0.11 mg QE/g. HPLC analysis identified gallic acid as the 
dominant phenolic compound (557.9 ± 8.3 mg/g). 
Incorporating the extract into HA, particularly at 25%, 
enhanced antibacterial activity, showing inhibition zones of 
7.07 ± 0.41 cm² against Staphylococcus aureus and 3.14 ± 0.51 
cm² against Escherichia coli, values comparable to or exceeding 
those of many metal-ion doped commercial HA products. The 
MTT assay confirmed biocompatibility with a 120.0 ± 5.3% 
cell viability rate on day 7, indicating superior 
cytocompatibility over some conventional doped HA materials 
known for potential cytotoxic effects. Structural analyses via 
XRD and FTIR confirmed successful doping, while FESEM 
revealed reduced porosity and increased agglomeration 
correlating with modified surface area and pore size beneficial 
for osteointegration. These results support DHA 25% as a 
promising candidate for bone regeneration applications with 
multifunctional antibacterial and osteoinductive properties.  

The real-world implications of this study highlight DHA 
25%'s potential to reduce implant-associated infections and 
promote bone healing through natural bioactive compounds, 
addressing safety concerns linked to metal ion doping. 
Clinically, this material could improve patient outcomes by 
balancing antimicrobial efficacy with biocompatibility. Future 
research should focus on in vivo testing to validate long-term 
biocompatibility and bone regenerative capacity, as well as 
mechanical property evaluations to ensure suitability for load-
bearing applications. This comprehensive approach paves the 
way for the integration of plant-based bioactive dopants into 
HA, offering a sustainable, multifunctional solution for next-
generation bone biomaterials. 
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