
RESEARCH PAPER 

 IJDDT Volume 16 Issue 69s 2026 Page: 1648 

Development and Optimization of Estrogen-Loaded Chitosan 
Nanoparticles for Postmenopausal Hormone Replacement Therapy 

 
Sharmila Deepak Kuskar1,2*, Sapana Prabhakar Ahirrao1 

1MET’s Institute Of Pharmacy Bhujbal Knowledge City Adgaon, Nashik (M.S) 422 003 Maharashtra 
2 RSM’s N N Sattha College of Pharmacy, Ahilyanagar, Maharashtra 414001 

Corresponding Author* 
Sharmila Deepak Kuskar 

MET’s Institute Of Pharmacy Bhujbal Knowledge City Adgaon, Nashik (M.S) 422 003 Maharashtra 
sharmilakuskar1@gmail.com 

 
ABSTRACT 
 
The present study aimed to design, develop, and optimize estrogen-loaded chitosan nanoparticles for postmenopausal 
women to improve drug bioavailability, enhance encapsulation efficiency, and provide sustained drug release using 
the ionotropic gelation technique. Estrogen-loaded nanoparticles were prepared by ionotropic gelation using chitosan 
and sodium tripolyphosphate (STPP). A Box–Behnken design was employed to optimize the formulation variables, 
including chitosan concentration, STPP concentration, and magnetic stirring speed. The prepared formulations were 
evaluated for particle size, polydispersity index (PDI), zeta potential, drug content, entrapment efficiency, in vitro 
drug release, FTIR compatibility, and transmission electron microscopy (TEM). The optimized formulation (EF2) 
exhibited a particle size of 109.8 nm, PDI of 0.137, and zeta potential of −29.3 mV, indicating good stability. Drug 
content and entrapment efficiency were found to be 95.12% and 90.10%, respectively. In vitro release studies 
demonstrated sustained drug release with 95.42% cumulative drug release over 24 h. Response surface methodology 
confirmed the significant influence of formulation variables on particle size, drug content, and entrapment efficiency. 
Drug release kinetics followed the zero-order model (R² = 0.9669) and showed diffusion-controlled release behavior 
according to the Higuchi model (R² = 0.9618). FTIR studies confirmed the compatibility of the drug with formulation 
excipients. TEM analysis revealed predominantly spherical and well-dispersed nanoparticles with particle sizes 
ranging from 85 to 94 nm, confirming the nanoscale nature and uniform morphology of the optimized formulation. 
The developed estrogen-loaded chitosan nanoparticles successfully achieved high drug loading, excellent entrapment 
efficiency, nanosized particle distribution, uniform spherical morphology, and prolonged drug release. The optimized 
formulation EF2 demonstrated promising potential as an effective nanoparticulate delivery system for hormone 
replacement therapy in postmenopausal women, offering improved therapeutic efficacy, bioavailability, and patient 
compliance. 
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1. INTRODUCTION 
Menopause is a natural physiological transition that 
generally occurs between 48 and 55 years of age in 
Indian women, although early menopause may occur 
between 45–50 years and premature menopause 
before 40 years. Owing to increased life expectancy, 
women spend nearly one-third of their lives in the 
postmenopausal stage, making postmenopausal health 
a major public health concern worldwide [1,2]. 
Estrogen deficiency following menopause is 
associated with numerous physiological and 
psychological complications, including cardiovascular 

diseases, osteoporosis, osteoarthritis, urogenital 
disorders, obesity, cognitive decline, depression, and 
an increased risk of certain cancers [3–5]. These 
complications significantly reduce the quality of life 
of ageing women and contribute to increased 
morbidity and healthcare burden [6-9]. 
Hormone Replacement Therapy (HRT) remains one of 
the most effective approaches for managing 
menopausal symptoms and preventing long-term 
complications associated with estrogen deficiency 
[10-12]. However, conventional hormone therapy is 
often limited by poor bioavailability, extensive first-
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pass metabolism, frequent dosing requirements, 
systemic adverse effects, and poor patient compliance 
[13-14]. Therefore, the development of advanced drug 
delivery systems capable of improving therapeutic 
efficacy while minimizing side effects has become an 
important area of pharmaceutical research [15]. 
Nanoparticle-based drug delivery systems have 
emerged as promising carriers for hormone delivery 
due to their ability to enhance drug solubility, stability, 
permeability, and bioavailability [12,13]. 
Nanoparticle formulations can improve the absorption 
of poorly water-soluble drugs by increasing 
dissolution rates and facilitating transcellular and 
paracellular transport across biological membranes 
[14,15]. The physicochemical characteristics of 
nanoparticles, including particle size, surface 
morphology, and chemical composition, significantly 
influence drug absorption, distribution, and 
elimination [16]. Nanometer-sized particles provide a 
larger surface area, resulting in enhanced dissolution, 
improved permeability, and superior therapeutic 
performance compared with conventional 
formulations [17]. 
Furthermore, nanoparticle carriers offer controlled and 
sustained drug release, protection of hormones from 
enzymatic degradation, targeted delivery, and reduced 
systemic toxicity [18,19]. Several studies have 
demonstrated that polymeric and lipid-based 
nanoparticles can effectively improve the 
pharmacokinetic and pharmacodynamic profiles of 
therapeutic agents while reducing dose-related adverse 
effects [20]. These advantages make nanoparticle-
mediated hormonal therapy an attractive strategy for 
addressing the challenges associated with 
conventional hormone replacement therapy in 
postmenopausal women. 
Estrogen-loaded nanoparticles have the potential to 
provide sustained hormone release, improve 
bioavailability, reduce dosing frequency, and enhance 
therapeutic efficacy while minimizing systemic side 
effects. Such advanced delivery systems may 
contribute to the prevention and management of 
menopause-associated disorders, including 
osteoporosis, cardiovascular diseases, and urogenital 
complications. Therefore, the design and development 
of nanoparticle-based hormonal formulations 
represent a promising approach for improving 
postmenopausal healthcare and enhancing the overall 
quality of life of ageing women. 
2. MATERIALS AND METHODS 
2.1 Materials 
Estrogen was procured from Solanki Enterprises, 
Pune. STPP (Sodium tripolyphosphate), chitosan, 
acetic acid was procured from Research Lab Fine 
Chem Industries Pvt. Ltd., Mumbai, India. All 

chemicals and excipients used in the study were of 
analytical grade. 
2.2 Methods 
2.2.1 Formulation and evaluation of 

nanopartcle 
Method: Ionotropic Gelation Method 
0.25% W/V STPP (Sodium tripolyphosphate) solution 
was prepared containing pH 7-9. Adjust pH by using 
2 M NaOH solution. Chitosan with various 
concentrations was dissolved in aqueous solution of 
acetic acid (1% V/V) on magnetic stirrer at 500 rpm. 
Adjust pH up to 4-6. After the complete dissolution of 
chitosan, the drugs were added in to the above solution 
and again stirrer at 500 rpm on magnetic stirrer. The 
above drug and chitosan solution was sonicated for 15 
min on ultra-sonicate. The alkaline STPP solution was 
added drop wise in to the acidic solution of chitosan 
containing drugs molecules. Then there is formation of 
chitosan drug loaded nanoparticle [21,22]. 
Experimental design 
The response surface methodology (RSM) was 
employed to perform Quality by Design approach for 
constructing and investigating the polynomial models, 
using fewer experimental runs. Box-Behnken Design 
comprising of 3-factors and 3- levels was employed to 
examine the quadratic response surfaces by assessing 
the effect of pre-defined independent variables on 
different response dependent variables Drug content 
(%), Particle Size (nm) and Entrapment Efficiency (%) 
was coded as Y1, Y2 and Y3. Three independent 
variables namely Chitosan (mg) (A), STPP (%)  (B) 
and Homogenization Speed (C) (rpm) were chosen. 
Each of the variables was varied at two different 
levels, known as high, and low levels. All the finalized 
independent variables and the response variables are 
described in Table 1 
Table 1: List of Independent and Dependent 
variables in Box–Behnken design 

Independent 
variables 
 

Low 
value(-1) 

Medium 
(0) 

High 
value(+) 

Chitosan 
(mg) (A) 

10 30 50 

 STPP (%)  
(B) 

0.5 0.75 1 

magnetic   
Stirrer  
(RPM) (C) 

1500 1750 2000 

Dependent 
variables 

Constraints   

Drug 
Content (%) 

Maximize   

Particle Size 
(nm) 

Minimize   
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Entrapment 
efficiency 
(%) 

Maximize   

Table 2: DOE Suggested and Experimental batches 
For
mula
tion 
code 

Est
rog
en 
(m
g) 

Chi
tos
an 
(m
g) 

S
T
P
P 
(
%
) 

S
T
P
P 
(
m
l) 

Ma
gne
tic 
Stir
rer 
(RP
M) 

A
ce
tic 
ac
id 
(
ml
) 

Lact
obaci
llus 
(ml) 

EF1 13.
75 

10 0.
75 

2 150
0 

10 1 

EF2 13.
75 

30 0.
75 

2 175
0 

10 1 

EF3 13.
75 

10 0.
75 

2 200
0 

10 1 

EF4 13.
75 

50 0.
5 

2 175
0 

10 1 

EF5 13.
75 

50 1 2 175
0 

10 1 

EF6 13.
75 

10 1 2 175
0 

10 1 

EF7 13.
75 

50 0.
75 

2 200
0 

10 1 

EF8 13.
75 

50 0.
75 

2 150
0 

10 1 

EF9 13.
75 

30 0.
5 

2 150
0 

10 1 

EF10 13.
75 

30 1 2 150
0 

10 1 

EF11 13.
75 

30 0.
5 

2 200
0 

10 1 

EF12 13.
75 

30 1 2 200
0 

10 1 

EF13 13.
75 

10 0.
5 

2 175
0 

10 1 

3. Evaluation of nanoparticle 
3.1 Measurement of particle size, polydispersity 

index and zeta potential 
The particle size of nanoparticle was determined by 
using dynamic light scattering (DLS) HORIBA (SZ-
100V2) with a scattering angle of 90° at 25°C. The 
particle size analysis data obtained were evaluated 
using the intensity profile. The formed nanoparticle 
were suitably diluted (1:10) with milli-Q water before 
analysis [23]. 
3.2 Total drug content 
Drug content was determined to assess the uniformity 
and efficiency of drug incorporation in the prepared 
formulation. An accurately weighed amount of the 
sample (equivalent to a known amount of drug) was 
dissolved in a simulated vaginal fluid pH 4.5 to ensure 
complete extraction of the drug. The solution was then 

filtered or centrifuged to remove any undissolved 
particles. The clear filtrate was analyzed using a UV–
Visible spectrophotometer (Jasco V- 630) at the 271 
nm. The drug content (%) was calculated using the 
following formula [24]:  

     Drug Content (%) = 
Measured drug concentration/ Theoretical 
drug concentration *100  

3.3 Entrapment efficiency (EE) 
Encapsulation efficiency (EE) was determined to 
evaluate the percentage of drug successfully entrapped 
within the formulation. A known amount of the 
prepared formulation was dispersed in simulated 
vaginal fluid pH 4.5 and then centrifuged (Eltek Model 
no. OC 2F) to separate the free (unencapsulated) drug 
in the supernatant. The amount of free drug was 
quantified using a UV–Visible spectrophotometer 
(Jasco V-630) at 271 nm. The encapsulation efficiency 
was then calculated using the formula [24]: 

Encapsulation Efficiency (%) =  
Total drug−Free drug / Total drug *100 

3.4 In-vitro diffusion studies 
The modified Franz diffusion cell at 37°C which is 
fitted with a dialysis membrane having a molecular 
weight cut off 350 Da was used for study. The 
membrane was soaked in boiling distilled water for 12 
hours before mounting to Franz diffusion cell. 
dispersion 2 ml was placed in to the donor 
compartment and the 20 ml of phosphate buffer 4.5 is 
used to fill receptor compartment. With different time 
interval of 2, 4, 6, 8, 12, 24 hrs 5 ml of sample was 
withdrawn and analysed using UV spectrophotometer 
(Jasco V-630) at 271 nm. Sink conditions were 
maintained in the receptor compartment during in-
vitro release studies. The experiment was carried out 
in triplicate (n-3) [25]. 
3.5 FTIR 
FTIR spectra were recorded using the FT/IR-4600 
Type A (Model No. F193061786) equipped with an 
ATR accessory. A small amount of nanoparticle was 
placed directly onto the ATR crystal and pressed with 
the pressure arm. Spectra were collected from 4000–
400 cm⁻¹ with a resolution of 4 cm⁻¹ and 32 scans, 
using a background spectrum recorded before each 
measurement. The spectra were baseline corrected and 
normalized for comparison [26]. 
3.6 Transmission Electron Microscopy (TEM) 
(JEOL, 2200FS) 
TEM is done for analysis of surface morphology. 
Transmission Electron Microscopy (TEM) The 
surface morphology of the optimized batch EF2 was 
established by using Transmission Electron 
Microscopy (TEM). Few microliters of diluted 
nanoparticle solution of optimized batch FE2 was put 
on 300 mesh copper grid film coated with copper and 
were air-dried at room temperature. Once it was dried 
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completely, the sample was stained using a 2 %w/v 
phosphotungstic acid solution removing the excess 
with a filter paper. Further, the analysis and images of 
samples were captured by using digital micrograph 
and Soft Imaging Viewer Software [27]. 
 
4. RESULTS AND DISCUSSION 
4.1 Particle size and zeta potential 

Table 3: Particle size and zeta potential of 
EF1 to EF13 

Formulation 
Code 

Particle 
size (nm) 

PDI Zeta 
potential 
(mV) 

EF1 123.4 0.136 -21.9 
EF2 109.8 0.137 -29.3 
EF3 115.1 0.131 -18.6 
EF4 138.9 0.133 -26.3 
EF5 139.1 0.134 -23.4 
EF6 132.7 0.138 -21.4 
EF7 125.4 0.139 -28.2 
EF8 120.2 0.144 -19.7 
EF9 128.3 0.123 -20.8 
EF10 133.2 0.116 -25.3 
EF11 128.3 0.138 -26.6 
EF12 126.3 0.125 -23.7 
EF13 129.7 0.138 -27.2 

The particle size of the nanoparticle formulations 
ranged from 109.8 to 139.1 nm, PDI ranged from 
0.116 to 0.144, and zeta potential ranged from −18.6 
to −29.3 mV. The results indicated a narrow particle 
size distribution and good physical stability, 
confirming the successful formation of nanoparticles. 

 
  Fig 1: Particle size of EF2        Fig 2: Zeta potential 
of EF2 
ANOVA for Quadratic model 
Response 2: Particle Size 
Y=109.80+2.84A+0.7625B−1.25C−0.70AB+3.38AC
−1.72BC+8.65A2+16.65B2+2.57C2 
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A)                                                     B)                                                   
C) 

Fig 3 A: Counter plot, Fig 4B: Predicted vs Actual 
plot, Fig 5C: 3D Surface plot 
4.2 Drug content 

Table 4: Drug content of EF1 to EF13 
Formulation Code Drug content (%) 
EF1 90.18 ±  0.0001 
EF2 95.12 ± 0.0001 
EF3 90.43 ± 0.0001 
EF4 87.56 ± 0.0002 
EF5 84.4 ± 0.0001 
EF6 92.2 ± 0.0002 
EF7 90.76 ± 0.0001 
EF8 86.69 ± 0.0001 
EF9 91.25 ± 0.0009 
EF10 83.2 ± 0.0001 

EF11 82.6 ± 0.0001 
EF12 92.8 ± 0.0001 
EF13 86.52 ± 0.0001 

The drug content of formulations EF1–EF13 ranged 
from 82.60 ± 0.0001% to 95.12 ± 0.0001%. Among all 
formulations, EF2 showed the highest drug content 
(95.12 ± 0.0001%) and was selected as the optimized 
batch due to its superior drug loading and uniform 
drug distribution. The results indicate efficient drug 
incorporation in the developed nanoparticle 
formulations. 
ANOVA for Quadratic model 
Response 1: Drug Content 
Drug Content (%)=95.12−1.24A+0.5837B+0.6587C−
2.21AB+0.9550AC+4.56BC−2.70A2−4.75B2−2.91C
2 
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A)                                                     B)                                                   
C) 

Fig 6A: Counter plot, Fig 7B: Predicted vs Actual 
plot, Fig 8C: 3D Surface plot 
4.3 Encapsulation Efficiency 

Table 5: Encapsulation Efficiency of EF1 
to EF13 

Formulation Code Encapsulation 
Efficiency (%) 

EF1 88.07 ± 0.0011 
EF2 90.10 ± 0.0017 
EF3 75.52 ± 0.0009 
EF4 79.45 ± 0.0024 
EF5 82.25 ± 0.0024 
EF6 86.61 ± 0.0018 
EF7 79.51 ± 0.0038 
EF8 72.65 ± 0.0041 
EF9 71.2 ± 0.0022 
EF10 81.8 ± 0.0024 
EF11 74.18 ± 0.0029 
EF12 76.62 ±  0.0032 
EF13 77.6 ± 0.0030 

The encapsulation efficiency of formulations EF1–
EF13 showed noticeable variation, reflecting the 
influence of formulation variables. EF2 exhibited the 
highest encapsulation efficiency (90.10%), followed 
by EF1 and EF6, indicating effective drug entrapment. 
Lower encapsulation efficiencies were observed in 
EF8 and EF9, though all formulations demonstrated 
reasonable drug loading. Overall, the results confirm 
that the formulation approach is capable of achieving 
satisfactory encapsulation efficiency, with EF2 
emerging as the most promising formulation. 
ANOVA for Quadratic model 
Response 3: Entrapment efficiency 
Entrapment Efficiency (%)=90.10−1.99A+3.36B−0.9
862C−2.05AB+4.85AC−2.04BC−2.57A2−5.55B2−8.
60C2 

 
A)                                                     B)                                                   
C) 

Fig 9A: Counter plot, Fig 10B: Predicted vs Actual 
plot, Fig 11C: 3D Surface plot 
4.4 In-vitro diffusion studies 
Table 6: In vitro Drug Release of EF1 to EF6 

Ti
me 
(Hr
) 

E
F
1 

EF2 EF3 EF4 EF5 EF6 

0 0 0 0 0 0 0 

2 11
.9
7 
± 
0.
00
21 

12.51 
± 
0.005
1 

11.57 
± 
0.000
4 

10.47 
± 
0.000
8 

9.87 
± 
0.005
8 

8.52 
± 
0.000
5 

4 22
.8

24.58 
± 

20.07 
± 

19.10 
± 

18.60 
± 

17.75 
± 
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5 
± 
0.
00
36 

0.004
7 

0.006
9 

0.007
4 

0.004
0 

0.005
7 

6 33
.8
0 
± 
0.
00
58 

36.80 
± 
0.009
1 

31.78 
± 
0.004
1 

30.80 
± 
0.008
1 

29.08 
± 
0.000
2 

27.89 
± 
0.001
4 

8 43
.7
6 
± 
0.
01
01 

46.98 
± 
0.007
1 

41.31 
± 
0.000
8 

38.76 
± 
0.009
3 

37.71 
± 
0.004
1 

36.10 
± 
0.008
1 

12 55
.6
2 
± 
0.
03
69 

59.05 
± 
0.000
2 

51.75 
± 
0.009
1 

48.62 
± 
0.003
8 

45.75 
± 
0.001
7 

42.89 
± 
0.000
7 

24 94
.0
0 
± 
0.
12
74 

95.42 
± 
0.005
8 

91.03 
± 
0.000
5 

89.95 
± 
0.004
8 

87.03 
± 
0.005
8 

83.07 
± 
0.000
8 

 

 
Fig 12: In vitro Drug Release of EF1 to EF6 
Table 7: In vitro Drug Release of EF7 to EF13 

Ti
m
e 
(H
r) 

EF
7 

EF
8 

EF
9 

EF
10 

EF
11 

EF
12 

EF
13 

0 0 0 0 0 0 0 0 

2 11.
92 

10.
91 

9.9
98  

9.6
27 

9.4
64 

8.8
9 ± 

8.5
82 

± 
0.0
068  

± 
0.0
296 

± 
0.0
143 

± 
0.0
064 

± 
0.0
025   

0.0
647 

± 
0.0
014 

4 23.
95 
± 
0.0
025 

22.
75 
± 
0.0
357 

21.
02 
± 
0.0
000 

19.
45 
± 
0.0
048 

17.
89 
± 
0.0
147 

17.
02 
± 
0.0
741 

16.
74 
± 
0.0
674 

6 34.
64 
± 
0.0
000 

32.
63 
± 
0.0
147 

30.
93 
± 
0.0
143 

29.
64 
± 
0.0
014 

28.
92 
± 
0.0
578 

27.
93 
± 
0.0
648 

26.
23 
± 
0.0
347 

8 44.
99 
± 
0.0
025 

43.
02 
± 
0.0
624 

41.
98 
± 
0.0
357 

39.
99 
± 
0.0
037 

38.
56 
± 
0.0
678 

36.
92 
± 
0.0
982 

35.
88 
± 
0.0
178 

12 57.
6 ± 
0.0
068 

55.
04 
± 
0.0
025 

53.
89 
± 
0.0
258 

51.
6 ± 
0.0
068 

49.
04 
± 
0.0
697 

47.
50 
± 
0.0
007 

45.
05 
± 
0.0
674 

24 93.
78 
± 
0.0
347 

91.
29 
± 
0.0
000 

89.
95 
± 
0.0
014 

87.
98 
± 
0.0
037 

85.
08 
± 
0.0
012 

84.
4 ± 
0.0
025 

83.
6 ± 
0.0
640 

 

 
Fig 13: In vitro Drug Release of EF7 to EF13 
The in vitro drug release profiles of formulations EF1–
EF13 showed a time-dependent and sustained release 
pattern over 24 hours. Among all formulations, EF2 
exhibited the highest cumulative drug release 
(96.73%), followed closely by EF1 and EF7, 
indicating superior release characteristics. 
Formulations EF3–EF6 and EF8–EF13 demonstrated 
comparatively slower release, with EF6 and EF13 
showing the lowest cumulative release at 24 hours. 
Overall, the results confirm that formulation variables 
significantly influenced drug release behavior, with 
EF2 emerging as the most optimized formulation for 
prolonged and efficient drug release. 
Kinetic analysis of drug release- 
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Fig 14: Zero order model of EF2    Fig 15: First 
order model of EF2 

 
Fig 16: Higuchi model of EF2 
The in vitro drug release data of the optimized 
formulation EF2 were fitted into various kinetic 
models to determine the mechanism of drug release. 
Among the tested models, the Zero-order model 
exhibited the highest correlation coefficient (R² = 
0.9669), followed by the Higuchi model (R² = 0.9618), 
whereas the First-order model showed a 
comparatively lower R² value (0.5413). The higher R² 

value obtained for the zero-order model indicates that 
the drug release from EF2 followed a concentration-
independent and controlled release pattern. The good 
fit to the Higuchi model further suggests that the drug 
release occurred predominantly through a diffusion-
controlled mechanism. Therefore, it can be concluded 
that the optimized nanoparticle formulation EF2 
provided sustained and controlled drug release, 
making it a promising carrier system for prolonged 
therapeutic action. 
4.5 FTIR 

 
Fig 17: FTIR of optimized batch EF2 
Table 8: FTIR of optimized batch EF2 

Wavenumber 
(cm⁻¹) 

Functional Group 

~3300–3350 O–H stretching 
~2900 C–H stretching 
~1650 C=O stretching (Amide I) 
~1540–1560 N–H bending, C–N stretching 

(Amide II) 
~1400–1450 C–H bending 
~1000–1150 C–O–C stretching 

The FTIR spectrum exhibited all the characteristic 
peaks of chitosan and PVA, confirming the presence 
and integrity of the polymeric components in the 
formulation. The broad O–H stretching band around 
3300–3350 cm⁻¹ indicated strong hydrogen bonding 
within the polymer matrix. The peaks observed at 
~1650 cm⁻¹ (amide I) and 1540–1560 cm⁻¹ (amide II) 
confirmed the presence of amide functional groups 
characteristic of chitosan. Additionally, the C–H 
stretching and bending vibrations reflected the 
stability of the polymer chains. The strong C–O–C 
stretching band further confirmed the polysaccharide 
backbone, indicating successful formulation without 
any chemical incompatibility. 
4.6 TEM 

 
Fig 18: TEM of optimized batch EF2 
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The TEM image of the optimized batch EF2 revealed 
that the nanoparticles were predominantly spherical in 
shape with a relatively uniform size distribution. The 
particle sizes measured from the TEM micrograph 
ranged from 85 to 94 nm, confirming the formation of 
nanoparticles within the nanometric range. The 
particles appeared discrete and well-dispersed with 
minimal aggregation, indicating good formulation 
stability. The observed particle size was consistent 
with the nano-sized characteristics expected for the 
optimized formulation and supports the enhanced 
surface area and potential improvement in dissolution 
and bioavailability. Overall, the TEM study confirmed 
the successful preparation of uniformly distributed 
spherical nanoparticles in the optimized batch EF2. 
 
5. CONCLUSION 
The present study successfully developed and 
optimized estrogen-loaded chitosan nanoparticles for 
potential application in postmenopausal hormone 
replacement therapy. Nanoparticles were prepared 
using the ionotropic gelation method and optimized 
through a Box–Behnken experimental design. The 
formulation variables significantly influenced particle 
size, drug content, and entrapment efficiency. Among 
all formulations, EF2 was identified as the optimized 
batch, exhibiting a particle size of 109.8 nm, zeta 
potential of −29.3 mV, drug content of 95.12%, and 
entrapment efficiency of 90.10%. 
The optimized nanoparticles demonstrated a narrow 
size distribution, good physical stability, and efficient 
drug incorporation. In vitro drug release studies 
revealed sustained and controlled release of estrogen 
over 24 hours, with cumulative drug release exceeding 
95%. Drug release kinetic analysis indicated that the 
release followed a zero-order model with diffusion-
controlled characteristics. FTIR analysis confirmed 
the compatibility of estrogen with formulation 
excipients and indicated the absence of significant 
drug–polymer interactions. 
Transmission Electron Microscopy (TEM) analysis 
further confirmed the successful formation of 
nanoparticles with a predominantly spherical 
morphology and smooth surface characteristics. The 
particle size observed by TEM ranged from 85 to 94 
nm, indicating a relatively uniform size distribution 
and minimal particle aggregation. The nanosized 
particles were well dispersed, supporting the findings 
obtained from particle size analysis and demonstrating 
the stability and homogeneity of the optimized 
formulation. 
Overall, the developed estrogen-loaded chitosan 
nanoparticles showed favorable physicochemical 
properties, high encapsulation efficiency, uniform 
spherical morphology, and prolonged drug release 
behavior. These findings suggest that the optimized 

nanoparticle system may serve as a promising carrier 
for estrogen delivery, potentially improving 
bioavailability, therapeutic efficacy, and patient 
compliance in postmenopausal women. Further in 
vivo and clinical investigations are warranted to 
establish its safety, effectiveness, and long-term 
therapeutic potential. 
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