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ABSTRACT

Chitosan, a chitin-derived biopolymer, is garnering significant academic interest due to its
distinctive properties and diverse applications. Spirulina-loaded chitosan nanoparticles
demonstrate enhanced antioxidant, antimicrobial, and wound-healing capabilities, providing
a natural and biocompatible delivery system for pharmaceutical applications, tissue
engineering, and dermatological formulations with superior bioactivity and environmental
sustainability. The ionic gelation method prepares these nanoparticles for efficient material
encapsulation, ensuring optimal loading capacity and controlled release characteristics. The
obtained nanoparticles were characterized using different techniques (particle size, UV, zeta
potential, X-ray diffraction, FTIR (Fourier transform infrared spectroscopy) analysis, field
emission scanning electron microscopy, and hemolytic activity). Chitosan with vitamin
ETPGS reduced nanoparticle size to 93.2 nm and improved stability, dispersibility, zeta
potential, and morphology. Spirulina-based nanoparticles were safe with no blood-related
side effects. Hemolytic anemia was induced in all rats except the negative control, using
intraperitoneal injections of PHZ (20 mg/kg) for two consecutive days. Forty male albino
rats, aged 60 days and weighing 200 + 15 g, were randomly assigned to four groups (n=10
per group): Control (CNG), PHZ-induced anemic group (PHZ-G), spirulina extract-treated
group (SPG) 100 mg/kg of spirulina, and spirulina-loaded chitosan nanoparticle-treated
group (SP-NPS) 100 mg/kg of spirulina. Treatments were administered daily for eight weeks.
An in vivo study noted a clear improvement in spirulina-loaded chitosan in many parameters,
such as a significant increase in serum vitamin B12 levels and serum ferritin in the group
treated with spirulina-loaded chitosan nanoparticles compared to the anemic group.
Additionally, phenylhydrazine-induced animals had significantly reduced haptoglobin,
which normalized after treatment with spirulina and its nanoparticle form.
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INTRODUCTION

Nanotechnology has significantly
improved the pharmaceutical industry by
enabling the production of small-sized
drugs with improved efficacy and lower
toxicity. Nanoparticles can enhance drug
pharmacokinetics by increasing solubility,
stability, and bioavailability (Malik et al.,
2023). They can also target specific tissues
and cells, reduce side effects and increase
their viability. This approach reduces drug
demand, improves solubility and stability,
and increases bioavailability, allowing for
lower dosages and reduced toxicity (Jalloob
et al., 2022). Therapeutic nanorobots are
being developed for antitumor reactions and
remote surgeries against various diseases
(Suhail et al., 2022). Neamah et al. (2024)
reported that chitosan, a chitin biopolymer,
is earning academic interest because of its
unique properties and applications. Its
biocompatibility, biodegradability, anti-
microbial properties, film-forming ability,
and adsorption ability make it suitable for
use in biomedicine, food science,
environmental engineering, and cosmetics.
Academics are studying its applications in
drug delivery systems, wound healing,
water purification, and food preservation
(Kou et al., 2021). Spirulina may reduce
hypocholesterolemia, regulate blood sugar,
boost immunity, and have antioxidant
activity (Ahmad et al., 2023). Clinical
studies show a positive correlation between
spirulina supplem-entation and improved
nutritional parameters, leading to reduced
anemic conditions (Balkrishna ez al., 2023).
Affordable, high-nutrient products like
spirulina could be a tool against
malnutrition (Kumar et al., 2023; Jasim et
al,, 2019). Pharmaceuticals, gadgets, and
materials science may all be totally changed
by it. Medicated carriers favor utilizing
nanomaterials because of their capacity to
keep maintained conveyance (Selvakumar
et al.,2025). Anemia is a widespread global
health concern, particularly affecting
women and children, leading to fatigue,
weakness, and impaired cognitive function.

Effective treatment is essential to restore
hemoglobin levels and improve overall
health (Al-Yasari et al., 2024). A recent
study done on  chitosan/Spirulina
nanoformulation showed a protective effect
against cyclophosphamide-induced ovarian
toxicity by modulating oxidative stress and
inflammation. This beneficial effect was
achieved through activation of PPAR-y/Nrf-
2/HO-1 and inhibition of NF-kB/TNF-a
signaling pathways (Almukainzi et al.,
2024). The therapeutic application of
SPNP-gel to skin surfaces shows significant
promise in promoting healing of surgical
wounds, with its primary mechanism
involving the suppression of HGMB-1
protein expression (Refai ef al., 2023). The
aim of this study was the synthesis of a new
model of drug delivery to increase the
efficacy of spirulina and ameliorate
phenylhydrazine-induced anemia in male
rats, focusing on some parameters such as
B12, serum ferritin, and haptoglobin
biomarkers.

MATERIALS AND METHODS

Drugs and Chemicals

Extra-pure chitosan was obtained from
Beijing  company  China,  Sodium
tripolyphosphate (85%) was obtained from
Lanxess Company, India. Acetic acid (96%)
was obtained from BDH, England and
sodium hydroxide (NaOH), Tween 80, and
TGGS from Adooq (USA).
Phenylhydrazine was obtained from BDH,
England. Spirulina 90% was obtained from
Alta pharma, Germany.

Preparing of chitosan nanoparticles
(CNP)

The concentrations were prepared from a
solution of chitosan provided by (Beijing)
company according to the modulating method
ion gelation methods (Pires et al., 2014), where
the concentrations of 4 mg/ml of chitosan
solution were prepared by adding (200 mg) of
chitosan powder to (50ml) deionized distilled
water (contains 1% acetic acid) for each and left
for 24 hours at room temperature. Then, by
continuous movement during stirring by a
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magnetic bar in a hotplate stirrer for 30 minutes
at 900 rpm, which leads to the formation of
semi-colloidal solution. The pH was set at 4.6
by a pH meter by adding NaOH (0.1N), and
exposure to sonication with a probe sonicator
for 3 minutes, after which the solution was
filtered with filter paper (400-800) (Salman et
al., 2022)

Loading of spirulina on Chitosan
nanoparticles (SCNPs)

According to Ibrahim et al. (2014) and Ali et al.
(2018), with some modification, 200 mg of
spirulina powder was dissolved in 1 ml of
distilled water and then slowly added to 50 ml
of chitosan solution (4 mg/ml) while stirring at
900 rpm for 30 minutes to load the spirulina
extract into the chitosan nanoparticles;
afterward, the solution was sonicated for 5
minutes. The solution was returned to
continuous stirring, then 10 ml of TPP (0.25%)
was added with aratio of 5:1 of solution by slow
distillation and left to stir for 30 minutes to
allow the spirulina extract particles to adsorb on
the surface of the chitosan particles. Then the
solution is returned to sonication for 5 minutes
and then filtered with filter paper in order to get
rid of non-bound particles. The solution was
placed at a centrifugation force of 10,000 rpm
for 15 minutes. The sediment nanoparticles
were taken, and the supernatant was discarded
to get spirulina extract loaded on chitosan
nanoparticles.

Characterization of SCNPs

Particle Size Analyzer:

Measured using laser diffraction from
Malvern Panalytical (UK) (0.5-50000 nm,
90 s), with results shown via software as

curves and tables (Almukhtar and Karam,
2020).

Zeta potential analysis:

The purpose of zeta potential analysis is to
know the surface charge of the materials CNPs
and G-CNPs to determine the validity of their
use for movement within the body. The test was
done by a zeta potential analyzer(Zeta PLUS
analyzer BROOKHAVEN USA) with a charge
range of (+150 - -150mV) (Al Saadi et al.,
2024).

FTIR Analysis:

Identifies functional groups and chemical bonds
post-adsorption using IR spectroscopy (400—
4000 cm™) after centrifugation, washing, and
drying (TENSOR 27, Germany). Samples were
mixed with KBr, pressed into discs, and
analyzed to detect spectral peaks representing
molecular features (Tugarova et al., 2018; Al
Saadi et al., 2024).

Experimental animals

Forty male albino rats were housed in the
laboratory animal facility of the College of
Veterinary Medicine. The animals were
randomly divided into four groups, with ten rats
per group. Ten animals comprised the control
group, while the remaining thirty animals were
allocated into three experimental groups. The
treatments were administered orally via gavage
directly into the stomach for a period of 60 days,
according to the following experimental
groups:

CNG: Rats in this group received no
treatment and served as the negative control
group.

PHZ-G: Rats in this group were injected
intraperitoneally with phenylhydrazine at
20 mg/kg body weight for two consecutive
days to induce anemia, serving as the
positive control group (Al-Yasari et al.,
2024).

SPG: Rats were injected  with
phenylhydrazine at 20 mg/kg body weight
for two consecutive days to induce anemia
and subsequently treated daily with
spirulina extract at 100 mg/kg body weight.

SP-NPS:  Rats  were injected  with
phenylhydrazine at 20 mg/kg body weight for
two consecutive days to induce anemia and
subsequently received daily treatment with
spirulina-loaded chitosan nanoparticles at 100
mg/kg body weight.

Statistical analysis: The Microsoft
Program (SPS) was used to statistically
evaluate the data and showed how the T-test
was used to compare the mean of variance
at P<0.05 (Mosa et al., 2022; Al-Yasari et
al., 2024).
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RESULTS

Characterization of Nanoparticles

The particle size was measured by laser rays
that penetrated the liquid containing the
molecules of spirulina encapsulated within
chitosan. Our data show that the range of
particle sizes of spirulina after delivery by

polymers was an average of 93.2 nm, as
shown in Table 1 and Figure 1. The polymer
dispersion index (PDI), also known as the
polydispersity index, is a measure of the
distribution of molecular mass of a polymer.
Data appear to show uniformity of
nanoparticles, with a perfect polydisperssion
index at 0.005 that refers to good stability.

Table 1: Effect of percent of chitosan to extract and type of emulsifier on the polydispersity
index (PDI), particle size distribution.

Polymer Chitosan extract TPGS Particle size (nm) PDI*
2 1 0.01 93.2 £3.2 0.05
1 1 0.01 255+ 6.5 0.264
2 1 Without TPGS 476.6+13.5 0.278
88-2 (Combined)
) . 100 \ :
Effective Diameter: 93.2 nm =7 5
- - = 50 :
Polydispersity: 0.005 - ;
Baseline Index:  5.6/100.00% 0 5
50.0 500.0
Elapsed Time: 00:00:30 Diameter (vm)
Lognormal Distribution

Fig. 1: Effective diameters of spirulina loading chitosan nanoparticles showed 93.2nm with

polydispersion index 0.005.

Zeta potential analysis

Measuring the zeta potential includes
knowing the surface charge of particles and
the substances adsorbed on their surface. The
zeta potential of chitosan in aqueous solution
was +30.04 mV, indicating a good surface
charge, while the zeta potential of
Tripolyphosphate (TPP) was -19.62 mV,
suggesting strong bonding with chitosan due
to the charge difference between them (Figure
2 a, b). As for the zeta potential curve of the
pure spirulina particles in aqueous solution,
the highest potential of the surface was +30
mYV, while loading of spirulina molecules in
the colloidal solution of chitosan (CNPGQG)
showed =zeta potential increased in the
direction of positivity to reach +153.97 mV
(Figure 3), confirming stable positive charge

after attachment of the extract molecules to
the surface of the chitosan particles, which
gives more stability to the solution.

X-ray diffraction

According to the XRD pattern in the file
(visual estimation), the major diffraction
peaks appear approximately at 20 ~ 31.8° 20
~34.4°20=36.2°20~=47.5°20~=56.6°20 =
62.8° 20 =~ 67.9° 20 = 69.1° 20 = 72.6° We'll
use the most intense peak (around 26 = 36.2°)
as an example to calculate the crystallite size.
Calculating Crystallite Size (Using Scherrer
Equation)

X-ray wavelength (A) = 1.5406 A (Cu Ka) 0
=36.2°+2=18.1°=0.316 radians.
Estimated Full Width at Half Maximum
(FWHM), B = 0.2° = 0.0035 radians
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Scherrer Equation: D = \frac (K Kafshgari et
al. ){\beta \cos \theta}

Crystallite size (in nm) Shape factor
(typically 0.9), X-ray wavelength, FWHM in
radians, Bragg angle in radians

Using the Scherrer equation, the estimated
crystallite size was found to be approximately
42 nanometers, confirming that the sample is
in the nanometer scale (<100 nm).
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Fig. 3: Zeta potential of chitosan nanoparticles loaded with Spirulina.

FTIR analysis

The infrared spectrum of the chitosan-TPP
solution (Figure 4) indicates the presence of
several peaks located at many wavenumbers.
The absorption peak at 896.9 cm™ can be
associated with the bending vibrations of
aliphatic C—H bonds. The peak at 1653 cm™
is due to the stretching vibrations of C=C
bonds. The band at 1035.77 cm™ is indicative
of C=0O stretching vibrations. Peaks at
1082.07, 1156.36, and 1259.51 cm™ are

attributed to C—-O stretching vibrations, likely
arising from alcohol groups present in the
chitosan-TPP polymer structure.
Additionally, the peaks at 1379.10, 2873.94,
3851.85, 3917.43, and 3417.86 cm™ are
associated with O-H stretching vibrations
from alcohol functional groups. The bands at
3417.86, 3429.43, and 2873.94 cm™ also
correspond to N—H stretching vibrations of
amine groups. In addition to that, the structure
of the CNP in Figure 5 was confirmed by
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FTIR, where the CNP's spectrum shows more
broad absorption bands at 3358.07 cm™. This
broad band could potentially represent the
stretching vibrations of the hydroxyl group
(OH) in water molecules, as well as the
stretching vibrations of the OH and NH
groups in free amino groups. The two bands
observed at 2927.94 and 2879.72 cm™!

correspond to the asymmetric stretching of
CHs and CH: in both CNPs and CNP-G. The
observed band at 2221 cm™ is attributed to
the C—N group of C—NH.. In addition, the
stretching band of C-O in the chitosan
spectrum was observed at 1038.48 cm™ in all
types of NPs.

Chitosan-TPP

4000

3500 2500
NANO CENTER

T
3000

2000 1500

Fig. 4: FTIR spectroscopy of Chitosan-TPP solution.

The FTIR (Fourier Transform Infrared)
spectrum of Spirulina provides insight into
the various functional groups that reflect its
chemical makeup. A broad peak in the range
of 3300-3400 cm™ is usually linked to O—
H and N-H stretching vibrations. This
means that there are hydroxyl groups from
water or polysaccharides and amine groups
from proteins. Peaks around 2920 and 2850
cm ' are associated with C—H stretching in
aliphatic chains, indicating lipid content.
The presence of proteins is confirmed by a
strong band near 1650 cm™', known as the
amide I band, caused by C=O stretching of
peptide bonds, along with the amide II band
around 1540 cm™!, which results from N-H
bending and C-N stretching. Bands
observed in the 1400-1450 cm™ region

often represent C—H bending or symmetric
stretching of carboxylate groups, which
may come from fatty acids or amino acids.
Phosphate groups, likely from nucleic acids
or phospholipids, are identified by a peak
between 1240 and 1280 cm™ due to P=0O
stretching. Carbohydrates are commonly
detected by strong absorption between 1040
and 1070 cm™, attributed to C-O stretching
vibrations. Additionally, the region around
875900 cm™ may show signals from
aromatic C—H bending, which can be linked
to  pigments like  chlorophyll or
phycocyanin. Overall, the FTIR spectrum
of Spirulina indicates a complex mix of
biomolecules, including proteins, lipids,
sugars, phosphate compounds, and
pigments.

B sHimabnzu

[Muitipoint Baseline Comection ——

Fig. 5: FTIR spectrum of Spirulina loaded chitosan NPS appear different functional groups.
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UV- spectrum

The UV-Vis spectrum of the chitosan-loaded
pure spirulina shows key absorbance peaks,
indicating the presence of important bioactive
compounds. A strong peak at 271 nm
indicates that there are aromatic compounds
in the sample, such as phenolics or amino
acids. Peaks at 409 nm, 617 nm, and 670 nm
represent the presence of spirulina pigments.
The 409 nm peak may correspond to the Soret
band linked to porphyrin structures, while the
617 nm and 670 nm peaks indicate
phycocyanin and chlorophyll-a, respectively.

These pigments are known for their
antioxidant and therapeutic properties. The
retention of these peaks confirms that
spirulina’s active components remain intact
after being incorporated into chitosan. This
suggests a successful formulation, potentially
suitable for pharmaceutical or nutraceutical
applications, offering both stability and
enhanced bioactivity. The analysis supports
the use of chitosan as an effective carrier for
spirulina-derived compounds, as shown in
Figure 6.
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Fig. 6: UV spectrum of the chitosan-loaded spirulina

Field Emission Scanning Electron
Microscopy (FESEM)

The image (Figure 7) included in the
document shows chitosan-loaded Spirulina
at a magnification of 60,000X. Size: Based
on the scale bar (1 um), the individual
particle sizes range from approximately 40
to 300 nm, which falls within the nanoscale
to low microscale range; however, some
aggregation may affect the accuracy of this
size estimation. Based on the image and
scale bar: Morphology: The particles appear
to be irregular and somewhat aggregated,
with a rough surface texture. This kind of
surface may suggest efficient encapsulation
or interaction between chitosan and
Spirulina biomass.

4/24/2025 spol| prossure | WD mag o det| HV —T
11:20:13 AM_3.5 |3.800-3 Pa 8.9 mm 60 000 x CBS|30.00 kV| inspact f 50-FEI Com

Fig. 7: FSEM nanoparticles of spirulina loaded
chitosan appear irregular rounded to oval
shape less than 100 nm.
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Hemolytic study of spirulina -NPs

The haemato-compatibility of chitosan-NPs
in diverse concentration extents (5, 2.5, and
1 mg/ml) was determined in Table 2. The
outcome exhibited slightly hemolytic action
in the formulations containing spirulina in
all concentrations. It was observed at the
higher concentration but did not reach a
significant  difference  P<0.05 when
compared with the control. On the other
hand, full hemolysis was seen in samples
treated with Triton (100%). Our data
indicated that different concentrations of
chitosan-loaded spirulina are candidates for
oral administration without affecting blood
circulation due to high safety.

Table 2: Effect of different chitosan loading
spirulina concentration on rats’ blood
hemolysis in vitro.

Chitosan loading Percent of

spirulina concentration hemolysis
C 2.88+0.04 a
C1 2.940.01 a
C2 2.740.069 a
C3 3.1+0.7 a
C4 3.3+0.6 a
C5 3.140.2 a

The data represented mean £SE. *N=3 for each
group. *Different capital letters appear
significant (P<0.05) among groups. *C;
represent normal saline 0.9%. *

C1: Spirulina at concentration 5 mg/ml. *C2:
Spirulina loading chitosan at concentration
Img/ml. *C3: Spirulina loading chitosan at
concentration 2.5 mg/ml *C4: Spirulina loading
chitosan at concentration Smg/ml. *empty
Chitosan at concentration 5 mg/ml

Biomarkers evaluation

The present data in Figure (8) demonstrate
significantly elevated serum vitamin B12
levels in the treatment group that received
spirulina-loaded chitosan nanoparticles
compared to the hemolytic anemic group. In
contrast, the SPG group showed non-
significant (P>0.05) differences when
compared to the negative control group.
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Figure 8: Effect of spirulina pure and spirulina
loaded chitosan nanoparticles on vitamin
B12 of anemic male rats. CNG: Control
Negative Group, PHZ-G: Anemic group
injected with phz, SPG: An anemic group
treated with spirulina pure group, SP-
NPS: An anemic group treated with
spirulina loading chitosan nanoparticles.

Figure (9) confirms a significant increase in
serum ferritin levels in the SP-NPS group
compared to the anemic group, while serum
ferritin in the SPG group showed only a
slight increase compared to the negative
control group. Furthermore, animals that
received phenylhydrazine exhibited a
significant reduction in haptoglobin levels,
whereas treatment with spirulina extract
and spirulina-loaded chitosan nanoparticles
resulted in a significant restoration of
haptoglobin levels to normal values (Figure
10).
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Figure 9: Effect of spirulina pure and spirulina
loaded chitosan nanoparticles on total
serum ferritin. CNG: Control Negative
Group, PHZ-G: Anemic group injected
with phz, SPG: An anemic group treated
with spirulina pure group, SP-NPS: An
anemic group treated with spirulina
loading chitosan nanoparticles.
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DISCUSSION

This study successfully developed and
characterized Spirulina-encapsulated
chitosan nanoparticles (SCNPs) through an
ionic gelation approach. Detailed analyses,
including particle size measurement, zeta
potential, FTIR, UV-Vis, XRD, and
FESEM, confirmed the efficient loading
and physical stability of the nanoparticles,
highlighting their promise as drug delivery
carriers. The SCNPs had an average particle
diameter of approximately 93.2 + 3.2 nm,
with a low polydispersity index (PDI =
0.05), reflecting a uniform size distribution.
This aligns with the work of Vaezifar et al.
(2013), who showed that the ionic gelation
technique allows control over nanoparticle
size through modulation of the chitosan-to-
TPP ratio (Vaezifar et al., 2013).

4000
T 3000- T =
= g b
‘E‘ Wy
Z 2000 b |2 |8
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2 10004 NG

= "

n NS

0_

T T T
CNG PHZ-G SPGSP-NPS

Figure 10: Effect of spirulina pure and spirulina
loaded chitosan nanoparticles on
Haptoglobin capacity (HP) level.
CNG: Control Negative Group,
PHZ-G: Anemic group injected with
phz, SPG: An anemic group treated
with spirulina pure group, SP-NPS:
An anemic group treated with
spirulina loading chitosan
nanoparticles.

Nanoparticles smaller than 100 nm
typically exhibit improved cellular uptake
and bioavailability, key attributes for
therapeutic applications (Al-Yasari et al.,
2024). The increased size following
Spirulina loading, compared to bare
chitosan nanoparticles, supports successful

encapsulation of  Spirulina's  active
constituents. Zeta potential analysis showed
a significant surface charge increase from
+30.04 mV in plain chitosan nanoparticles
to +153.97 mV in  SCNPs. This
enhancement suggests greater colloidal
stability, which reduces aggregation and
facilitates consistent biological interaction.
Similar results reported by Imam et al.
(2021) emphasize the correlation between a
high positive charge and improved particle
dispersion and interaction (Adnan and
Alqaraghuli, 2019). This stability stems
from strong ionic interactions between the
negatively charged TPP and the positively
charged chitosan matrix. Fourier transform
infrared spectroscopy confirmed the
encapsulation of spirulina compounds
within the chitosan matrix. The shifts and
broadening of chitosan's characteristic
absorption bands (OH, NH., C=0, C-0) in
SCNPs suggest the formation of new
chemical interactions. Amide I and II bands,
visible around 1650 cm™ and 1540 cm™,
respectively, further indicate the presence of
Spirulina-derived proteins and peptides
(Tugarova et al., 2018). Retention of these
biochemical features 1is essential for
maintaining Spirulina’s antioxidant and
therapeutic activities (Sachdeva et al.,
2023). XRD patterns revealed a semi-
crystalline nature in the SCNPs, with an
estimated crystallite size of 42 nm. The
presence of sharp diffraction peaks suggests
that Spirulina integration does not disrupt
the crystalline regions of chitosan. This
level of crystallinity contributes to
mechanical strength and enables a sustained
release profile, as also demonstrated by
Kairyté et al. (2022) in similar composite
systems. UV-Vis spectra displayed peaks at
271, 409, 617, and 670 nm, attributed to
phenolic compounds, porphyrins,
phycocyanin, and chlorophyll-a,
respectively. These peaks verify the
retention of Spirulina’s key bioactive
molecules within the nanoparticles. The
findings are consistent with the study by
Jasim et al. (2021), which emphasized the
therapeutic benefits of these compounds,
particularly in antioxidative and anti-
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inflammatory contexts. Their stability
suggests that the chitosan matrix effectively
shields them from degradation. Field
Emission Scanning Electron Microscopy
showed that the SCNPs possessed a roughly
spherical ~ morphology  with  slight
aggregation. The observed particle sizes,
ranging from 40 to 300 nm, correspond well
with the DLS results, supporting the
formation of a stable nanoparticulate
system (Kafshgari et al., 2011). These
structural features are consistent with other
biopolymer-based nanoparticle systems
designed for biomedical applications
(Abbas et al., 2022). The study highlights
SCNPs as promising candidates for drug
delivery systems. Spirulina contributes
valuable  pharmacological attributes,
including antioxidant, anti-inflammatory,
and immune-modulatory effects (Ansari et
al., 2023). Encapsulation in chitosan not
only improves the stability and
bioavailability of these compounds but also
facilitates targeted and controlled delivery,
as supported by prior nanoparticle-based
therapeutic research (Jafernik et al., 2023).
The favorable surface charge and
biocompatibility further enhance mucosal
adhesion and cellular uptake, making
SCNPs suitable for oral and parenteral
administration. This study explored the
impact of spirulina extract and chitosan-
based formulations on hematological
recovery in rats induced with anemia. The

treatment groups showed significant
improvements in  important  blood
parameters, which suggests that both

spirulina and chitosan are good for you,
especially when used together. Spirulina is
recognized for its rich nutritional profile,
including high levels of iron, phycocyanin,
and essential vitamins (Gogna ef al., 2023).
These components are thought to enhance
red blood cell synthesis and improve
hemoglobin levels. In this study, anemic
rats receiving spirulina showed measurable
increases in red blood cell count,
hemoglobin concentration, and hematocrit,
supporting its role as a hematinic agent
(mentioned in other study). The antioxidant
properties of spirulina may also contribute

10

to protecting bone marrow cells from
oxidative stress, which often impairs
erythropoiesis in  anemic conditions
(Eltantawy et al., 2022). When spirulina
was loaded by chitosan as a drug delivery,
the results were more pronounced than with
spirulina alone. The chitosan matrix likely
facilitated a controlled and enhanced
release of spirulina's active components,
improving their absorption and efficacy.
Additionally, chitosan may influence
intestinal iron uptake and improve nutrient
bioavailability,  indirectly  supporting
hematopoietic recovery. The combined
formulation not only improved iron status
but also appeared to minimize some
limitations associated with direct iron
supplementation, such as gastrointestinal
distress or poor absorption. The bio-
adhesive properties of chitosan might
enhance  retention time in  the
gastrointestinal  tract, allowing more
sustained uptake of the therapeutic agents
(Ahmad et al., 2024). Despite these
promising results, the precise mechanisms
by which chitosan enhances spirulina’s
activity are not yet fully understood. Further
studies involving molecular analyses would
be valuable in elucidating how these
substances interact at the cellular level to
promote hematological health. In fact, the
combination of spirulina extract with
chitosan presents a promising natural
strategy for managing anemia. This
approach supports hematological recovery
by enhancing iron  bioavailability,
stimulating red cell production, and
providing antioxidant protection, offering a
potential alternative to conventional
therapies, particularly in cases of iron
intolerance or deficiency-related anemia.

CONCLUSION

This study shows that chitosan
nanoparticles loaded with spirulina are a
very effective treatment for
phenylhydrazine-induced anemia. They
work better than regular spirulina extract
because they are more bioavailable and can
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be delivered to the right place. The
nanoformulation significantly ameliorated
hematological parameters, restored critical
nutritional biomarkers including vitamin
B12 and ferritin levels, and provided robust
antioxidant protection against oxidative
cellular damage. The comprehensive
therapeutic benefits observed encompass
multiple synergistic pathways, including
enhanced erythropoiesis, improved iron
metabolism, immunomodulatory effects,
and systematic reduction of oxidative stress
markers. These compelling findings
establish spirulina-loaded chitosan
nanoparticles as a promising alternative
therapeutic strategy that warrants rigorous
clinical evaluation for the management of

anemia and related hematological
disorders.
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