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ABSTRACT 
Surface modification of magnetic nanoparticles is a widely employed strategy to improve their biological 
performance and expand their applicability in biomedical systems. In the present study, the biological responses 
of uncoated Fe₃O₄ nanoparticles (A1), polyethylene glycol-coated Fe₃O₄ nanoparticles (A2), and citric-acid-
coated Fe₃O₄ nanoparticles (A3) were investigated through antioxidant, hemocompatibility, and angiogenic 
evaluations. Antioxidant activity was assessed using the DPPH free radical scavenging assay, while 
hemocompatibility was examined through erythrocyte membrane stabilization studies. Angiogenic behaviour 
and vascular compatibility were evaluated using the Hen's Egg Test-Chorioallantoic Membrane (HET-CAM) 
assay coupled with Fiji/ImageJ-based quantitative vascular analysis. 
All nanoparticle formulations exhibited concentration-dependent antioxidant and membrane stabilization 
activities. Among the investigated samples, A1 demonstrated the highest antioxidant activity, achieving 63.68% 
DPPH radical scavenging at the maximum tested concentration. In contrast, surface-functionalized nanoparticles 
showed enhanced membrane stabilization behaviour, with A2 exhibiting the highest membrane stabilization 
activity (77.19%), followed by A3 (63.52%). Qualitative HET-CAM observations revealed vascular irritation, 
hemorrhage, and coagulation effects in A1, whereas coated nanoparticles displayed improved vascular 
compatibility with minimal adverse effects. Quantitative vascular analysis indicated progressive angiogenic 
development in all samples. Notably, A3 exhibited the better angiogenic response, with vessel area increasing 
from 14.57% to 47.86% and branch count increasing from 74 to 236 during the 72 h incubation period. 
The findings demonstrate that surface modification significantly influences the biological behaviour of Fe₃O₄ 
nanoparticles. While uncoated nanoparticles exhibited superior antioxidant activity, PEGylation improved 
hemocompatibility, and citric-acid functionalization promoted enhanced angiogenic response and vascular 
compatibility. These results highlight the importance of surface engineering in tailoring Fe₃O₄ nanoparticles for 
potential drug delivery and biomedical applications. 
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1. INTRODUCTION 
Magnetic nanoparticles have attracted considerable 
attention owing to their unique physicochemical 
and magnetic properties, which make them suitable 
for a wide range of biomedical applications 
including targeted drug delivery, magnetic 
resonance imaging, hyperthermia therapy, 
biosensing, and tissue engineering1,2,3. Among the 
various magnetic nanomaterials, magnetite (Fe₃O₄) 

nanoparticles are particularly attractive because of 
their biocompatibility, chemical stability, 
superparamagnetic behaviour, and ease of 
synthesis4,5. Furthermore, their high surface-area-
to-volume ratio facilitates interactions with 
biological molecules and cellular systems, thereby 
enhancing their applicability in biomedical and 
pharmaceutical formulations6. 
Despite these advantages, the biological 
performance of Fe₃O₄ nanoparticles is strongly 
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dependent on their surface characteristics. Bare 
nanoparticles often exhibit a tendency to aggregate 
in aqueous and physiological environments because 
of magnetic dipole interactions and high surface 
energy, which may adversely affect their colloidal 
stability and biological response7,8. Surface 
functionalization has therefore emerged as an 
effective strategy to improve nanoparticle stability, 
dispersibility, and biocompatibility9. Among the 
various coating materials, polyethylene glycol 
(PEG) is widely employed because it enhances 
hydrophilicity, reduces nonspecific protein 
adsorption, and prolongs circulation time in 
biological systems10,11. Similarly, citric acid is 
frequently used as a stabilizing agent due to the 
presence of carboxyl groups that provide 
electrostatic repulsion and improve aqueous 
dispersibility and colloidal stability12,13. 
For biomedical applications, it is essential to 
evaluate the interaction of nanoparticles with blood 
components and biological membranes. 
Hemocompatibility studies provide valuable 
information regarding the safety of nanomaterials 
intended for systemic administration. Membrane 
stabilization assays are commonly used to assess 
the ability of materials to protect erythrocyte 
membranes against osmotic or chemically induced 
damage and are often considered indicators of anti-
inflammatory and membrane-protective 
potential14,15. Nanoparticles exhibiting favourable 
membrane stabilization characteristics are expected 
to demonstrate improved compatibility with 
biological systems. 
Another important aspect in the biomedical 
evaluation of nanoparticles is their antioxidant 
activity. Oxidative stress generated by excessive 
reactive oxygen species (ROS) has been implicated 
in numerous pathological conditions, including 
inflammation, cardiovascular disorders, diabetes, 
and cancer16. Consequently, materials capable of 
scavenging free radicals may contribute to the 
reduction of oxidative damage and improvement of 
cellular health. The DPPH radical scavenging assay 
is one of the most widely used methods for 
evaluating the antioxidant potential of 
nanomaterials because of its simplicity, sensitivity, 
and reproducibility17,18. 
In addition to antioxidant and hemocompatibility 
assessments, the evaluation of vascular 
compatibility and angiogenic behaviour has 
become increasingly important for nanomaterials 
intended for biomedical and drug delivery 
applications. Angiogenesis, the process of new 
blood vessel formation from existing vasculature, 
plays a crucial role in tissue regeneration, wound 
healing, and therapeutic recovery19. Depending on 
their physicochemical properties and surface 

chemistry, nanoparticles may either promote 
vascular development or induce vascular irritation 
and damage. Therefore, understanding 
nanoparticle-induced vascular responses is essential 
for predicting their biological safety and 
therapeutic applicability. 
The Hen’s Egg Test–Chorioallantoic Membrane 
(HET-CAM) assay is widely recognized as a 
simple, rapid, and cost-effective model for 
investigating vascular irritation and angiogenic 
responses20. The assay enables direct visualization 
of vascular morphology and allows the assessment 
of parameters such as hemorrhage, vascular lysis, 
coagulation, vessel density, and vascular branching. 
Combined with digital image analysis techniques, 
HET-CAM provides valuable qualitative and semi-
quantitative information regarding nanoparticle–
vascular interactions21. 
Although numerous studies have reported the 
synthesis and physicochemical characterization of 
Fe₃O₄ nanoparticles, comprehensive evaluation of 
how surface modification influences antioxidant 
activity, hemocompatibility, and angiogenic 
behaviour remains limited22. In particular, 
comparative investigations involving uncoated and 
surface-functionalized Fe₃O₄ nanoparticles can 
provide valuable insights into the role of surface 
chemistry in determining biological performance. 
Detailed physicochemical characterization of the 
synthesized nanoparticle formulations has been 
reported separately23. However, their comparative 
biological responses remain insufficiently explored. 
Therefore, the present study investigates the 
biological responses of uncoated Fe₃O₄ 
nanoparticles (A1), PEG-coated Fe₃O₄ 
nanoparticles (A2), and citric-acid-coated Fe₃O₄ 
nanoparticles (A3). Antioxidant activity was 
evaluated using the DPPH radical scavenging 
assay, while hemocompatibility was assessed 
through membrane stabilization studies. 
Furthermore, angiogenic response and vascular 
compatibility were examined using the HET-CAM 
assay coupled with Fiji/ImageJ-based vascular 
analysis. The findings provide insight into the 
influence of surface modification on the biological 
behaviour of Fe₃O₄ nanoparticles and their potential 
utilization in future biomedical and drug-delivery-
related applications. 
2. MATERIALS AND METHODS 
2.1 Materials 
Ferric chloride hexahydrate (FeCl₃·6H₂O), ferrous 
chloride tetrahydrate (FeCl₂·4H₂O), polyethylene 
glycol (PEG-6000), citric acid, aqueous ammonia 
solution, ethanol, and 2,2-diphenyl-1-
picrylhydrazyl (DPPH) were procured from 
standard commercial sources and used without 
further purification. Deionized water was used 
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throughout the synthesis, washing, and biological 
evaluation procedures. Polyethylene glycol and 
citric acid were utilized as surface-functionalizing 
agents for Fe₃O₄ nanoparticles. Ascorbic acid and 
aspirin were employed as reference standards for 
antioxidant and membrane stabilization studies, 
respectively. Fertilized embryonated hen eggs used 
for angiogenesis evaluation were obtained from a 
local hatchery and incubated under controlled 
laboratory conditions prior to experimentation. 
2.2 Synthesis of Fe₃O₄ Nanoparticles 
2.2.1 Preparation of Uncoated Fe₃O₄ 
Nanoparticles (A1) 
Magnetite nanoparticles were synthesized by a 
chemical co-precipitation method. Briefly, 
FeCl₃·6H₂O (10.812 g) and FeCl₂·4H₂O (2.535 g) 
were dissolved in 200 mL of deionized water under 
continuous magnetic stirring while maintaining a 
Fe³⁺:Fe²⁺ molar ratio of 2:1. The reaction mixture 
was heated to 65°C, followed by the gradual 
addition of aqueous ammonia solution until the pH 
reached 12-14. The appearance of a black 
precipitate indicated the formation of Fe₃O₄ 
nanoparticles. The nanoparticles were collected by 
magnetic decantation and washed repeatedly with 
deionized water and ethanol until neutral pH was 
achieved. The purified nanoparticles were dried at 
50 °C for 10 h and designated as A1. 
2.2.2 Preparation of PEG-Coated Fe₃O₄ 
Nanoparticles (A2) 
PEG-functionalized Fe₃O₄ nanoparticles were 
synthesized using the same co-precipitation 
procedure. Prior to alkaline precipitation, 0.5 g of 
PEG-6000 was dissolved in the precursor solution 
containing the iron salts. The subsequent 
precipitation, washing, and drying steps were 
identical to those employed for A1. The resulting 
PEG-coated nanoparticles were designated as A2. 
2.2.3 Preparation of Citric-Acid-Coated Fe₃O₄ 
Nanoparticles (A3) 
Citric-acid-coated Fe₃O₄ nanoparticles were 
prepared through a modified co-precipitation 
approach. During nanoparticle formation, 0.5 g of 
citric acid was introduced into the reaction mixture 
simultaneously with the ammonia solution under 
continuous stirring. The pH was maintained 
between 12 to 14 throughout the precipitation 
process. After completion of the reaction, the 
nanoparticles were magnetically separated, 
thoroughly washed with deionized water and 
ethanol, and dried at 50 °C for 10 h. The obtained 
sample was labelled as A3. 
2.3 Nanoparticle Formulations 
Three Fe₃O₄ nanoparticle formulations were 
investigated in the present study, namely uncoated 
Fe₃O₄ nanoparticles(A1), PEG-coated Fe₃O₄ 
nanoparticles(A2), and citric-acid-coated Fe₃O₄ 

nanoparticles(A3). Detailed physicochemical 
characterization of these formulations, including 
structural, morphological, surface, colloidal, and 
magnetic analyses, has been reported in our 
previous work available as a preprint23. The 
characterization confirmed the successful formation 
of Fe₃O₄ nanoparticles and the effectiveness of the 
respective surface functionalization strategies. 
Therefore, the present study focuses exclusively on 
the comparative biological evaluation of the 
nanoparticle formulations through antioxidant, 
hemocompatibility, and angiogenesis assays. 
Table 1: Physicochemical properties of synthesized 
Fe₃O₄ nanoparticles 

Sam
ple 

Coati
ng 

Cryst
allite 
Size 
(nm) 

Hydrody
namic 

Diamete
r (nm) 

Zeta 
Pote
ntial 
(mV) 

Ms 
(em
u/g) 

A1 None 26 99 -6.8 71.1 
A2 PEG

6000 
19 91 -18.4 57.7 

A3 Citric 
Acid 

18 97 -31.4 64.8 

 
The physicochemical characteristics of the 
nanoparticle formulations are summarized in 
Table1. Surface functionalization resulted in a 
reduction in crystallite size and a marked increase 
in negative surface charge, indicating improved 
colloidal stability. The citric-acid-coated 
nanoparticles (A3) exhibited the highest negative 
zeta potential (-31.5 mV). These differences are 
expected to influence nanoparticle-biological 
interactions and may contribute to variations in 
antioxidant, hemocompatibility, and angiogenic 
responses observed in the present study. 
2.4 DPPH Radical Scavenging Assay 
The antioxidant activity of the synthesized 
nanoparticles was evaluated using the DPPH free 
radical scavenging method. Different 
concentrations of nanoparticle suspensions were 
prepared and mixed with 0.1% methanolic DPPH 
solution. Briefly, 1 mL of nanoparticle suspension 
was added to 1.5 mL of DPPH solution and 
incubated in the dark for 30 min at room 
temperature. Following incubation, the absorbance 
was measured at 517 nm using a UV-Visible 
spectrophotometer. Ascorbic acid was used as the 
reference antioxidant standard. The percentage 
radical scavenging activity was calculated 
according to; 

where  and  represent the 

absorbance values of the control and samples 
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respectively. All measurements were performed in 
triplicates. 
2.5 Membrane Stabilization Assay 
The membrane stabilization potential of the 
synthesized nanoparticles was evaluated using a red 
blood cell (RBC) membrane stabilization assay. 
Fresh blood samples were centrifuged at 3000 rpm 
for 10 min, and the packed erythrocytes were 
washed three times with normal saline solution. A 
10% (v/v) RBC suspension was subsequently 
prepared. For the assay, 1 mL of nanoparticle 
suspension was mixed with 1 mL of RBC 
suspension. Aspirin served as the reference 
standard, while normal saline was used as the 
control. The mixtures were incubated at 56 °C for 
30 min and then centrifuged at 2500 rpm for 5 min. 
The absorbance of the supernatant was recorded at 
560 nm. 
Percentage hemolysis and membrane stabilization 
were calculated using the following equations: 

 

 
where  is optical density or the test 

sample’s absorbance and  is optical 
density or absorbance of the negative control. All 
experiments were conducted in triplicate. 
2.6 HET-CAM Angiogenesis Assay 
The angiogenic response and vascular 
compatibility of the synthesized nanoparticles were 
investigated using the Hen's Egg Test-
Chorioallantoic Membrane (HET-CAM) assay. 
Fertilized embryonated hen eggs were incubated 
under controlled temperature and humidity 
conditions. After incubation, a small opening was 
carefully created in the eggshell to expose the 
chorioallantoic membrane (CAM) without 
disturbing the developing embryo. 
An untreated CAM served as the control group, 
while nanoparticle formulations A1 (uncoated 
Fe₃O₄), A2 (PEG-coated Fe₃O₄), and A3 (citric-
acid-coated Fe₃O₄) were applied onto the CAM 
surface under sterile conditions. Vascular responses 
were monitored over a period of 72 h, and 
representative images were recorded at 0, 24, 48, 
and 72 h. Qualitative observations including 
hemorrhage, vascular lysis, coagulation, embryo 
viability, and vascular development were 
documented to evaluate angiogenic potential and 
vascular compatibility. Comparisons between the 
treated groups and the untreated control were used 
to assess nanoparticle-induced vascular responses 
and angiogenic activity. 
2.7 Fiji/ImageJ-Based Vascular Analysis 

To obtain quantitative information regarding 
angiogenic activity, CAM images acquired at 
different incubation intervals were analysed using 
Fiji/ImageJ software. The images were converted 
to grayscale and subjected to threshold-based 
segmentation to isolate vascular structures from the 
background. Binary images were generated and 
used for vascular quantification. The percentage 
vessel area was determined from the segmented 
vascular network, while vascular branching was 
assessed by counting the number of vessel branches 
within the selected region of interest. 
Measurements obtained at different time intervals 
were used to compare the angiogenic responses of 
the three nanoparticle formulations. 
2.8 Statistical Analysis 
All DPPH radical scavenging and membrane 
stabilization experiments were performed in 
triplicate, and the results are expressed as mean ± 
standard deviation (SD). Statistical analysis was 
carried out using Origin software. One-way 
analysis of variance (ANOVA) was employed to 
evaluate differences among the experimental 
groups, and differences were considered 
statistically significant at p < 0.05. 
For the HET-CAM assay, qualitative observations 
together with image-based quantitative 
measurements of vessel area percentage and branch 
count were used to assess angiogenic responses. 
Owing to the exploratory nature of the CAM 
imaging study, the angiogenesis results are 
presented descriptively and comparatively among 
the nanoparticle formulations. 
3. RESULTS AND DISCUSSION 
3.1 Antioxidant Activity 
The antioxidant potential of uncoated and surface-
functionalized Fe₃O₄ nanoparticles was evaluated 
using the DPPH free radical scavenging assay over 
a concentration range of 0.01-0.4 μM mL⁻¹. As 
shown in Fig.1, all nanoparticle formulations 
exhibited concentration-dependent radical 
scavenging activity, indicating their ability to 
neutralize DPPH free radicals. The standard 
antioxidant, ascorbic acid, demonstrated the highest 
activity, reaching 89.64% inhibition at 0.4 μM 
mL⁻¹ with an IC₅₀ value of 0.07 μM mL⁻¹. Among 
the nanoparticle formulations, the uncoated Fe₃O₄ 
sample (A1) exhibited the strongest antioxidant 
activity, increasing from 11.92% inhibition at 0.01 
μM mL⁻¹ to 63.73% at 0.4 μM mL⁻¹. The PEG-
coated nanoparticles (A2) displayed comparatively 
lower scavenging activity, achieving 54.40% 
inhibition at the highest concentration, whereas the 
citric acid-coated nanoparticles (A3) reached 
50.26% inhibition. The calculated IC₅₀ values were 
0.19, 0.30, and 0.39 μM mL⁻¹ for A1, A2, and A3, 
respectively, confirming the superior radical 
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scavenging efficiency of the uncoated 
nanoparticles. 
The enhanced antioxidant activity observed for A1 
may be attributed to the greater accessibility of 
surface iron ions capable of participating in 
electron-transfer processes involved in DPPH 
radical reduction. Surface coating with PEG or 
citric acid partially shields the nanoparticle surface, 
thereby reducing direct interaction between the 
active iron oxide surface and free radicals. 
Although functionalization slightly reduced 
antioxidant performance, both coated formulations 
retained substantial radical scavenging ability, 
suggesting that surface modification does not 
completely inhibit the intrinsic antioxidant 
characteristics of Fe₃O₄ nanoparticles. 
Overall, the antioxidant activity followed the order: 
Ascorbic acid > A1 > A2 > A3. 
These findings demonstrate that surface chemistry 
significantly influences the free radical scavenging 
behaviour of Fe₃O₄ nanoparticles and should be 
carefully considered when designing magnetic 
nanomaterials for biomedical applications 
involving oxidative stress modulation. 

 
Fig.1: DPPH radical scavenging activity of A1 
(uncoated Fe₃O₄), A2 (PEG-coated Fe₃O₄), A3 
(citric-acid-coated Fe₃O₄), and ascorbic acid at 
different concentrations. 
3.2 Hemocompatibility Assessment by Membrane 
Stabilization Assay 
The hemocompatibility of the synthesized Fe₃O₄ 
nanoparticles was evaluated using a red blood cell 
(RBC) membrane stabilization assay. This method 
is based on the ability of the test materials to 
protect erythrocyte membranes against heat-
induced hemolysis, which serves as an indicator of 
membrane integrity and blood compatibility. The 
percentage membrane stabilization values obtained 
for the nanoparticle formulations are presented in 
Fig. 2. 
All nanoparticle formulations exhibited 
concentration-dependent membrane stabilization 
activity within the investigated concentration range 
(0.01-0.4 μM mL⁻¹). The standard drug aspirin 
showed the highest protective effect, increasing 

from 16.26% stabilization at 0.01 μM mL⁻¹ to 
87.80% at 0.4 μM mL⁻¹. Among the nanoparticle 
samples, PEG-coated Fe₃O₄ nanoparticles (A2) 
demonstrated the strongest membrane protective 
effect, reaching 77.24% stabilization at the highest 
concentration. The uncoated Fe₃O₄ nanoparticles 
(A1) and citric acid-coated Fe₃O₄ nanoparticles 
(A3) exhibited maximum stabilization values of 
65.04% and 63.41%, respectively. 
At lower concentrations (0.01-0.04 μM mL⁻¹), all 
samples displayed relatively modest membrane 
stabilization activity. However, a pronounced 
increase was observed with increasing 
concentration, indicating enhanced interaction 
between the nanoparticles and erythrocyte 
membranes. The superior performance of A2 
suggests that PEG functionalization improves the 
interaction of Fe₃O₄ nanoparticles with biological 
membranes while minimizing membrane 
disruption. PEG molecules are known to increase 
hydrophilicity and steric stabilization, thereby 
reducing direct nanoparticle-membrane damage 
and improving overall hemocompatibility. The 
uncoated Fe₃O₄ nanoparticles exhibited moderate 
membrane protection. Although bare nanoparticles 
possess active surface sites that may interact with 
membrane phospholipids, the absence of a 
protective surface coating may increase the 
possibility of direct membrane contact, resulting in 
comparatively lower stabilization efficiency. The 
citric acid-coated nanoparticles also demonstrated 
substantial membrane protection; however, their 
performance remained slightly lower than that of 
PEG-coated nanoparticles at higher concentrations. 
The observed hemocompatibility trend is consistent 
with the zeta potential measurements obtained 
during physicochemical characterization. The more 
negative surface charge of the coated nanoparticles, 
particularly A2 and A3, contributes to improved 
colloidal stability and reduced aggregation under 
physiological conditions, thereby promoting 
favorable interactions with erythrocyte membranes. 
Furthermore, the lower coercivity and improved 
dispersion characteristics of the coated 
formulations may contribute to enhanced biological 
compatibility. 
Overall, membrane stabilization activity followed 
the order: Aspirin > A2 > A1 ≈ A3. 
These findings indicate that surface 
functionalization significantly improves the blood 
compatibility of Fe₃O₄ nanoparticles, with PEG 
coating providing the most effective protection 
against erythrocyte membrane damage. The results 
suggest that PEG-functionalized Fe₃O₄ 
nanoparticles may be more suitable for biomedical 
applications involving direct contact with blood 
and vascular tissues. 
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Fig. 2: Concentration-dependent membrane 
stabilization activity of A1, A2, and A3 Fe₃O₄ 
nanoparticles compared with aspirin. 
 
 
3.3 HET-CAM Angiogenic Evaluation 
The angiogenic potential and vascular 
compatibility of the synthesized Fe₃O₄ nanoparticle 
formulations were investigated using the Hen's Egg 
Test-Chorioallantoic Membrane (HET-CAM) 
assay. The CAM model provides a highly 
vascularized environment for evaluating 
nanoparticle-induced vascular responses, including 
hemorrhage, vascular lysis, coagulation, embryo 
viability, and blood vessel development. 
Representative CAM images of the untreated 
control and nanoparticle-treated groups recorded 
after 72 h of incubation are presented in Fig. 3, 
while the qualitative observations are summarized 
in Table 2. 

 
Fig. 3: Representative HET-CAM images after 72 
h incubation arranged as: 
(a) Control (b) A1 (c) A2 (d) A3 
Table 2. Qualitative HET-CAM observations 
(Control, A1, A2, A3) 
Observati

on 
Contr

ol 
A1 A2 A3 

Embryo 
viability 

Yes Yes Yes Yes 

Hemorrha
ge 

No Yes No No 

Vascular 
lysis 

No Yes No No 

Coagulati No Yes Slight No 

on 
Angiogeni
c response Norm

al 
Moder

ate 
Enhanc

ed 

Strongl
y 

Enhanc
ed 

 
The control CAM exhibited a normal vascular 
architecture characterized by well-organized blood 
vessels radiating from the embryo without signs of 
vascular damage or irritation. Embryo viability was 
maintained throughout the observation period, 
confirming normal developmental progression 
under the experimental conditions. 
In contrast, treatment with uncoated Fe₃O₄ 
nanoparticles (A1) produced noticeable adverse 
effects on the CAM vasculature. The treated CAM 
showed visible hemorrhage, vascular lysis, and 
coagulation, accompanied by disruption of the 
vascular organization around the treatment region. 
The laboratory observations further indicated that 
the developing embryo was adversely affected 
during the later stages of incubation, suggesting 
reduced vascular compatibility of the uncoated 
nanoparticles. These findings imply that direct 
exposure of the Fe₃O₄ surface may induce vascular 
irritation and compromise the integrity of 
developing blood vessels. 
A markedly different response was observed for 
PEG-coated Fe₃O₄ nanoparticles (A2). No evidence 
of hemorrhage or vascular lysis was detected 
throughout the experimental period, and embryo 
viability was preserved up to 72 h. Although slight 
coagulation effects were noted during intermediate 
incubation stages, the vascular network remained 
intact and continued to develop around the 
treatment area. The CAM images revealed 
progressive vessel formation and improved 
vascular organization compared with A1, indicating 
enhanced vascular compatibility following PEG 
functionalization. 
Among all formulations, citric-acid-coated Fe₃O₄ 
nanoparticles (A3) exhibited the most favourable 
angiogenic profile. No hemorrhage, vascular lysis, 
or coagulation was observed, and embryo viability 
was maintained throughout the study period. The 
CAM displayed a dense, highly organized vascular 
network with extensive vessel growth surrounding 
the treatment region. Visual examination suggested 
enhanced neovascularization and increased vessel 
branching relative to both the control and the other 
nanoparticle formulations. These observations 
indicate excellent vascular compatibility and a 
pronounced pro-angiogenic effect associated with 
citric acid surface functionalization. 
The improved vascular response observed for A2 
and A3 may be attributed to the beneficial effects 
of surface modification on nanoparticle-biological 
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interactions. Surface coatings improve colloidal 
stability and reduce direct contact between the 
magnetic core and vascular tissues, thereby 
minimizing vascular irritation. In particular, the 
highly negative surface charge and larger specific 
surface area of A3 may facilitate more favourable 
interactions with the CAM microenvironment, 
supporting blood vessel formation while preserving 
vascular integrity. 
Overall, the qualitative HET-CAM observations 
demonstrate that surface functionalization 
significantly influences the biological response of 
Fe₃O₄ nanoparticles. While uncoated nanoparticles 
induced signs of vascular irritation and damage, 
PEG-coated and citric-acid-coated nanoparticles 
exhibited superior vascular compatibility and 
promoted blood vessel development. Among the 
investigated formulations, A3 displayed the 
strongest angiogenic response, followed by A2, 
whereas A1 showed comparatively lower vascular 
compatibility and angiogenic potential. 
3.4 Quantitative Analysis of Angiogenesis 
To substantiate the qualitative HET-CAM 
observations, quantitative image analysis was 
performed using Fiji/ImageJ software. The vascular 
networks present in the CAM images were 
evaluated in terms of vessel area percentage and 
branch count, which are widely used indicators of 
angiogenic activity. The results are presented in 
Fig. 4 and Fig. 5. 
3.4.1 Vessel Area Analysis 
The vessel area percentage increased with 
incubation time for all nanoparticle formulations, 
indicating progressive vascular development during 
the 72 h observation period (Fig.4). However, 
substantial differences were observed among the 
samples. The uncoated Fe₃O₄ nanoparticles (A1) 
exhibited a gradual increase in vessel area from 
19.0% at 0 h to 37.0% at 72 h. PEG-coated 
nanoparticles (A2) showed comparatively limited 
vascular expansion, increasing from 15.2% to 
24.42% over the same period. In contrast, citric-
acid-coated nanoparticles (A3) demonstrated a 
markedly enhanced angiogenic response, with 
vessel area increasing from 14.57% at 0 h to 
47.86% at 72 h. A particularly notable increase was 
observed for A3 between 24 h and 48 h, where 
vessel area increased from 15.62% to 43.23%, 
indicating rapid vascular proliferation and 
neovascularization. The final vessel area recorded 
for A3 was approximately 1.3-fold higher than that 
of A1 and nearly two-fold higher than that of A2, 
demonstrating the pronounced influence of citric 
acid functionalization on vascular development. 

 
Fig. 4: Time-dependent changes in vessel area (%) 
of CAM treated with uncoated (A1), PEG-coated 
(A2), and citric-acid-coated (A3) Fe₃O₄ 
nanoparticles. Vessel area was quantified using 
Fiji/ImageJ image analysis as a measure of 
angiogenic response. 
3.4.2 Branch Count Analysis 
Vascular branching analysis further supported the 
angiogenic trends observed in the vessel area 
measurements (Fig.5). Branch formation reflects 
the complexity and maturation of the vascular 
network and is considered a reliable indicator of 
angiogenic progression. The branch count for A1 
increased from 60 at 0 h to 173 at 72 h, indicating 
moderate vascular development. A2 exhibited a 
substantially greater increase, reaching 230 
branches after 72 h. The highest branching density 
was observed for A3, where branch count increased 
from 74 at 0 h to 236 at 72 h. Moreover, A3 
displayed the highest branch counts at every 
incubation interval, suggesting continuous 
stimulation of vascular growth throughout the 
experimental period. Although A1 showed an 
increase in branch count over time, the 
simultaneous occurrence of hemorrhage, vascular 
lysis, and coagulation observed during the HET-
CAM assay suggests that these vascular changes 
may not exclusively represent healthy 
angiogenesis. In contrast, the extensive branching 
observed for A2 and A3 occurred in the absence of 
significant vascular damage, indicating favourable 
vascular compatibility and genuine angiogenic 
stimulation. 
The quantitative image analysis strongly 
corroborates the qualitative HET-CAM 
observations and confirms that surface 
functionalization significantly influences 
nanoparticle-induced vascular responses. Among 
the investigated formulations, A3 exhibited the 
highest vessel area percentage and branch density, 
demonstrating the strongest angiogenic activity. A2 
showed moderate angiogenic behaviour with 
excellent vascular compatibility, whereas A1 
displayed comparatively lower angiogenic 
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performance and evidence of vascular irritation. 
Collectively, these findings indicate that citric acid 
functionalization provides the most favourable 
balance between vascular compatibility and 
angiogenic stimulation among the investigated 
Fe₃O₄ nanoparticle formulations. 

 
Fig. 5: Branch count of CAM vasculature 
following treatment with A1, A2, and A3 Fe₃O₄ 
nanoparticles over 72 h. 
4. CONCLUSION 
Surface functionalization significantly influenced 
the biological performance of Fe₃O₄ nanoparticles. 
The uncoated Fe₃O₄ nanoparticles (A1) exhibited 
the strongest antioxidant activity, whereas PEG-
coated nanoparticles (A2) demonstrated superior 
membrane stabilization and hemocompatibility. 
Citric-acid-coated nanoparticles (A3) showed the 
most favourable angiogenic response, characterized 
by enhanced vessel area, increased branch 
formation, and excellent vascular compatibility in 
the HET-CAM model. 
The results indicate that different surface coatings 
selectively optimize distinct biological properties 
of Fe₃O₄ nanoparticles. While exposure of the 
magnetic core favours free-radical scavenging, 
PEG functionalization improves blood 
compatibility and citric acid coating promotes 
vascular development. These findings highlight the 
critical role of surface engineering in tailoring 
nanoparticle-biological interactions and 
demonstrate that the biological performance of 
Fe₃O₄ nanoparticles is governed not only by the 
magnetic core but also by the nature of the surface 
modification. 
Overall, surface-functionalized Fe₃O₄ nanoparticles 
represent promising candidates for future 
biomedical and drug-delivery applications. Further 
cell-based and in vivo investigations are warranted 
to validate their therapeutic potential and long-term 
biological safety. 
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