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esistant hypertension stands as a pri-
mary obstacle for contemporary medical 
practice because standard treatment ap-

proaches fail to manage this condition effectively. The 
field of nanotechnology provides new solutions for this 
issue by developing systems that deliver drugs directly 
to specific targets. The research team conducted their 
study at the National Cardiology Center of Uzbekistan to 
create and test six different nanosystems through solid 
lipid nanoparticles polymer nanoparticles niosomes na-
noemulsions nanocrystals and dendrimers which will tar-
get resistant hypertension treatment. The research team 
used standard methods to assess the physicochemical 
properties of the nanoformulations which included test-
ing drug release patterns and cytotoxicity and antihyper-
tensive effects in a rat model of resistant hypertension. 
The results showed that all nanoformulations had an ap-
propriate size ranging from 5.8 to 158.3 nm and high en-
trapment efficiency of 78 to 94%. Solid lipid nanoparticles 
with a size of 126.8 nm and an entrapment efficiency of 

94.4% showed the slowest release pattern with 67.5% 
release within 72 hours. The nanoparticles reduced sys-
tolic blood pressure by 34.8 mmHg which differed sig-
nificantly from the 12.8 mmHg reduction observed in the 
free drug group. The plasma half-life increased from 3.4 
hours for the free drug to 14.8 hours for the solid lipid 
nanoparticles and the area under the concentration-time 
curve increased 2.4-fold. The study observed that solid 
lipid nanoparticles reduced renal damage and produced 
a 74.8% decrease in tumor necrosis factor-alpha levels 
according to histological assessments. The research 
demonstrates that solid lipid nanoparticles function as 
the optimal drug delivery system which effectively de-
livers targeted treatment for resistant hypertension with 
potential for future clinical testing.
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a hipertensión resistente representa un ob-
stáculo fundamental para la práctica médica 
contemporánea, ya que los enfoques tera-

péuticos estándar no logran controlar esta afección de 
manera eficaz. El campo de la nanotecnología ofrece 
nuevas soluciones para este problema mediante el de-
sarrollo de sistemas que administran fármacos directa-
mente a dianas específicas. El equipo de investigación 
realizó su estudio en el Centro Nacional de Cardiología 
de Uzbekistán para crear y probar seis nanosistemas 
diferentes mediante nanopartículas lipídicas sólidas, 
nanopartículas poliméricas, nanoemulsiones de nioso-
mas, nanocristales y dendrímeros, que se utilizarán para 
el tratamiento de la hipertensión resistente. El equipo de 
investigación utilizó métodos estándar para evaluar las 
propiedades fisicoquímicas de las nanoformulaciones, 
incluyendo pruebas de los patrones de liberación de 
fármacos, la citotoxicidad y los efectos antihipertensi-
vos en un modelo de rata con hipertensión resistente. 
Los resultados mostraron que todas las nanoformula-
ciones tenían un tamaño adecuado, de 5,8 a 158,3 nm, 
y una alta eficiencia de atrapamiento, del 78 al 94 %. 
Las nanopartículas lipídicas sólidas, con un tamaño de 
126,8 nm y una eficiencia de atrapamiento del 94,4 %, 
mostraron el patrón de liberación más lento, con una lib-
eración del 67,5 % en 72 horas. Las nanopartículas redu-
jeron la presión arterial sistólica en 34,8 mmHg, lo que 
difirió significativamente de la reducción de 12,8 mmHg 
observada en el grupo del fármaco libre. La vida media 
plasmática aumentó de 3,4 horas para el fármaco libre 
a 14,8 horas para las nanopartículas lipídicas sólidas, 
y el área bajo la curva concentración-tiempo se multi-
plicó por 2,4. El estudio observó que las nanopartículas 
lipídicas sólidas redujeron el daño renal y produjeron 
una disminución del 74,8 % en los niveles del factor de 
necrosis tumoral alfa, según las evaluaciones histológi-
cas. La investigación demuestra que las nanopartículas 
lipídicas sólidas funcionan como el sistema óptimo de 
administración de fármacos, proporcionando un trata-
miento dirigido eficaz para la hipertensión resistente, 
con potencial para futuras pruebas clínicas. 

Palabras clave: Nanotecnología, Presión arterial resis-
tente, Nanopartículas lipídicas sólidas, Administración 
dirigida de fármacos, Liberación controlada

igh blood pressure stands as a major pre-
ventable risk factor which leads to heart-
related diseases and impacts millions of 

individuals throughout the globe each year¹. Treatment-
resistant hypertension develops when blood pressure 
remains elevated beyond recommended limits despite 
using three distinct types of blood pressure medication 
which operate through different treatment methods². 
The occurrence of this particular hypertension type has 
been rising among patients who experience hyperten-
sion, which creates significant difficulties for medical fa-
cilities³. The medical condition of resistant hypertension 
brings about dangerous effects which include increased 
likelihood of stroke occurrence and heart attack devel-
opment and kidney failure and untimely death, thus cre-
ating a need for enhanced management of this health 
issue⁴. Resistant hypertension develops and persists 
through several mechanisms which include heightened 
activity of the renin-angiotensin-aldosterone system and 
sodium and fluid retention and elevated sympathetic ner-
vous system functions and blood vessel restructuring⁵. 
The treatment of patients with this condition becomes 
extremely difficult because their condition involves mul-
tiple complex mechanisms which overlap with one an-
other. The therapeutic effectiveness of medications gets 
diminished through multiple pharmacokinetic drug limi-
tations which include low bioavailability and extensive 
hepatic metabolism and nonspecific tissue distribution⁶. 
The patients who need to follow the treatment plan face 
challenges because systemic side effects emerge when 
drugs reach high levels in tissues that the medication 
does not target⁷.

The design of drug delivery systems which achieve 
targeted delivery has progressed through the develop-
ment of new methods that enable treatment to break 
through existing medical boundaries⁸. Nanotechnology 
enables researchers to construct drug delivery systems 
which operate at the molecular level because it repre-
sents one of the most sophisticated scientific disciplines 
that combines multiple fields of study⁹. The drug carri-
ers possess the ability to deliver medications straight to 
intended body parts while maintaining their controlled 
release system which protects healthy body parts from 
receiving any medication¹⁰. The tiny size and extensive 
active surface area of nanoparticles together with their 
ability to alter surfaces make them suitable solutions 
for overcoming biological obstacles¹¹. Nanosystems 
provide multiple advantages which extend beyond their 
ability to enhance drug effectiveness in treating patients 
with resistant hypertension¹². The systems protect drugs 
from early breakdown in biological environments while 
extending their plasma half-life which decreases how 
often patients need to take the medication thus making 
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it easier for them to stick to their treatment schedule¹³. 
Researchers use active targeting to control drug distribu-
tion by attaching specific ligands to nanoparticles so that 
the drugs reach their intended locations in the vascular 
endothelium and kidney¹⁴. The method enables higher 
drug concentrations at the treatment site while it reduces 
the occurrence of adverse effects throughout the body¹⁵.

Some preclinical studies prove that nanoparticles can 
enhance the therapeutic effectiveness of antihyper-
tensive medications¹⁶. The use of lipid and polymer 
nanoparticles that carry calcium channel blockers and 
angiotensin-converting enzyme inhibitors has resulted in 
improved drug absorption through oral administration¹⁷. 
The distribution of diuretic nanoemulsions and niosomes 
in kidney tissue demonstrates enhanced performance, 
which results in higher sodium excretion and lower fluid 
retention¹⁸. The research results establish a new period 
for providing precise treatments to patients who suf-
fer from high blood pressure that does not respond to 
standard therapies¹⁹. Researchers have made advance-
ments in this area but they still face multiple obstacles 
that need complete assessment before these technolo-
gies can enter clinical use²⁰. The assessment process 
needs to address three main areas which include physi-
cochemical stability assessment of nanoformulations 
and production scalability evaluation and assessment 
of nanoparticles toxicity to healthy tissues and their ef-
fects on the immune system²¹. The process of optimizing 
nanoparticle composition and synthesis methods and 
safety assessment requires implementation of system-
atic studies because it has become essential²².

The present study needs to be conducted because sci-
entists have discovered that nanotechnology shows 
great potential to treat resistant hypertension yet the 
medical field lacks effective methods to apply labora-
tory discoveries to actual patient treatment²³. Research-
ers have studied how singular medications and spe-
cific nanocarrier systems function but they have not yet 
conducted systematic tests which would compare how 
various nanoparticles operate under identical experi-
mental settings²⁴. The physicochemical characteristics 
of nanoparticles need further investigation because 
they influence both their therapeutic effectiveness and 
their safety²⁵. Scientists can create effective nanocarrier 
systems through better understanding of these relation-
ships. The article presents an extensive assessment of 
drug delivery systems based on nanotechnology which 
target the treatment of resistant hypertension. The study 
aims to examine various nanocarrier types which have 
been tested in preclinical research while studying their 
operational functions and future development challeng-
es. The study results offer a comprehensive view of cur-
rent research activities within this field while establishing 
a foundation for future treatment research dedicated to 
developing new therapies for patients with resistant hy-
pertension.

Synthesis and Preparation of Nanoformulations
The research was conducted as an experimental study 
during the first six months of 2025 in chosen laborato-
ries located in Tashkent. The study design enabled re-
searchers to study and evaluate six distinct nano drug 
delivery systems that targeted treatment for patients with 
resistant hypertension. All laboratory procedures which 
included creating nanoparticles and determining their 
physicochemical characteristics and testing their biologi-
cal properties took place in standard laboratory condi-
tions. The study utilized chemicals which met analytical 
purity standards and were obtained from established 
international chemical manufacturers. The researchers 
used various methods to create nanoparticles which 
matched the specific requirements of each drug delivery 
system. The researchers developed solid lipid nanopar-
ticles through hot homogenization which involved using 
glyceryl monostearate and stearic acid lipids as materi-
als. The researchers created polylactic-co-glycolic acid 
polymeric nanoparticles through double emulsion sol-
vent evaporation method. The researchers prepared 
niosomes through the thin-film hydration method using 
nonionic surfactants Span 60 and cholesterol. The re-
searchers produced nanoemulsions through spontane-
ous emulsification which used Tween 80 surfactant as 
the emulsifying agent. The researchers created nano-
crystals through anti-solvent precipitation method which 
utilized polyvinyl alcohol as a stabilizing agent. The re-
searchers created polyamidoamine dendrimers through 
a stepwise synthesis procedure which used ethylene 
diamine as the starting material for core development.

Determination of physicochemical properties
Standard methods were used to assess the physico-
chemical characteristics of nanoparticles which were 
synthesized. The dynamic light scattering instrument 
Zetasizer Nano model from Malvern Company in Eng-
land was used to measure particle size and size dis-
tribution and zeta potential. The Tescan Mira III scan-
ning electron microscope from the Czech Republic was 
used to study the surface details of nanoparticles. The 
drug entrapment efficiency in nanoparticles was deter-
mined by ultrafiltration and centrifugation, and then the 
drug concentration was measured with a Shimadzu UV-
1900 ultraviolet-visible spectrophotometer, made in Ja-
pan. Researchers studied the drug release pattern from 
nanoformulations through an in vitro experiment which 
used bag dialysis method in phosphate buffered saline 
at two pH values of 4.5 and 4.7 at 37°C for 72 hours. 
Researchers assessed the physical stability of nanopar-
ticles by measuring their size changes and entrapment 
efficiency across different storage temperatures and dif-
ferent time intervals. The researchers used differential 
tests to identify functional groups and they used Fourier 
transform infrared spectroscopy to confirm the existence 
of nanocomplexes.

In vitro evaluations
The researchers conducted experiments on human en-
dothelial cells and mouse aortic smooth muscle cells to 
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assess the toxic effects and compatibility of their nano-
formulations. The researchers grew cells in an incubator 
which maintained a carbon dioxide level of 5% and a tem-
perature of 37 degrees Celsius while they used DMEM 
medium that contained 10% fetal bovine serum and pen-
icillin-streptomycin antibiotic. The researchers conduct-
ed main experiments using cells which had reached their 
third to sixth passages. The researchers assessed the 
toxic effects of nanoparticles through the MTT method 
after they incubated different nanoformulation concen-
trations for 24 and 48 hours. The research team tracked 
nanoparticle uptake through fluorescent coumarin-6 la-
beling and observed the results with a Zeiss LSM 880 
laser confocal microscope which was manufactured in 
Germany. The researchers measured intracellular reac-
tive oxygen species levels through DCFH-DA fluores-
cent probe detection to assess the antioxidant effects 
of nanoformulations. The researchers used the wound 
healing method to study how nanoparticles prevented 
vascular smooth muscle cells from migrating.

Animal Studies
Researchers conducted animal experiments using Wis-
tar rats which weighed between 200 to 250 grams from 
the Biomedical Research Institute of Uzbekistan. The re-
searchers established resistant hypertension in the ani-
mals through two methods which involved surgical renal 
artery stenosis and they gave the animals L-NAME to 
take orally during a period of four weeks. The research-
ers established resistant hypertension through a blood 
pressure test that used non-invasive thermometry to re-
cord systolic blood pressure which exceeded 160 mmHg 
on three different days. The researchers established 
separate animal groups which included a negative con-
trol group and a positive control group that received free 
drug as well as six experimental groups that tested dif-
ferent nanoformulations. The researchers selected eight 
animals through random selection to form each experi-
mental group. The researchers administered all nanofor-
mulations and free drug through intraperitoneal injection 
at a dose of 10 mg per kilogram of body weight. The 
researchers measured blood pressure at specific inter-
vals which included 0 hours, 2 hours, 4 hours, 8 hours, 
12 hours, 24 hours, 48 hours, and 72 hours after the 
injection. The researchers collected blood samples from 
animals at the specified times to determine plasma drug 
concentrations through high-performance liquid chroma-
tography analysis.

Histological and immunological studies
After the study period ended, the researchers used an 
anesthetic overdose to kill the animals and then col-
lected kidney, heart, aorta, and liver tissues for histologi-
cal and immunological research. The researchers fixed 
the tissue samples with 10% buffered formalin and then 
used paraffin to create 5 μm thick sections for their study. 
Hematoxylin-eosin staining was performed to evaluate 
structural changes and Masson’s trichrome staining was 
performed to evaluate tissue fibrosis. The researchers 
used monoclonal antibodies to perform an immunohisto-

chemical evaluation of inflammatory markers which in-
cluded tumor necrosis factor alpha and interleukin-6 and 
monocyte chemotactic protein-1. The researchers used a 
light microscope with ImageJ image analysis software to 
measure staining intensity in a semi-quantitative way. The 
researchers used spectrophotometric methods to mea-
sure tissue lipid peroxidation through malondialdehyde 
assessment and antioxidant enzyme activity assessment 
which included superoxide dismutase and catalase.

Statistical analysis
The study used SPSS version 26 for data analysis. The 
results showed mean values together with their stan-
dard deviation. The study used one-way analysis of 
variance test to compare group means which was fol-
lowed by Tukey’s post hoc test for significant results. In-
dependent t-test was used to compare the two groups. 
The researchers used repeated measures test to ana-
lyze blood pressure values across various time points. 
The researchers used a significance level of 0.05 for all 
tests. The researchers created graphs through Graph-
Pad Prism version 9 software. The study required three 
separate tests of each experiment to confirm the results 
could be accurately and consistently reproduced.

he results of the evaluation of the physico-
chemical properties of the six nanoformula-
tions prepared in this study (Table 1) showed 

that all nanosystems had a suitable and uniform size 
distribution. The average particle sizes for solid lipid 
nanoparticles, polymeric nanoparticles, niosomes, na-
noemulsions, nanocrystals and dendrimers were 126.8 
± 14.2, 145.5 ± 8.5, 158.3 ± 11.8, 108.3 ± 6.3, 152.8 
± 12.7 and 8.5 ± 4.5 nm, respectively. The dispersion 
index for all formulations was less than 0.3, indicating a 
homogeneous particle size distribution. The measured 
zeta potential for the nanoformulations varied between 
-16.8 and +24.2 mV, indicating a suitable physical sta-
bility of the colloids. The drug entrapment efficiency in 
different nanoparticles ranged from 78 to 94%, with the 
highest rate being for solid lipid nanoparticles and the 
lowest for nanocrystals.

The study of drug release patterns from different nano-
formulations in phosphate buffered medium with pH 7.4 
for 72 hours (Table 2) showed that all nanosystems had 
a slow and controlled release compared to the free drug. 
The free drug was released almost completely (96.8%) 
during the first 8 hours, while the nanoformulations 
showed between 67.5 and 83.5% drug release after 72 
hours. Solid lipid nanoparticles with 67.5% release had 
the slowest and nanoemulsions with 83.5% release had 
the fastest release patterns among the nanoformulations. 
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Table 1: Physicochemical characteristics of the prepared nanoformulations
Nanoformulation type Particle size (nm) PDI Zeta potential (mV) Entrapment efficiency (%)
Solid lipid nanoparticles 126.8 ± 14.2 0.23 ± 0.04 -21.4 ± 3.2 94.2 ± 3.8
Polymeric nanoparticles 145.5 ± 8.5 0.18 ± 0.03 -16.8 ± 2.7 89.6 ± 4.1

Niosomes 158.3 ± 11.8 0.26 ± 0.05 -24.2 ± 3.5 86.3 ± 3.9
Nanoemulsions 108.5 ± 6.3 0.15 ± 0.02 -19.5 ± 2.8 91.5 ± 3.2

Nanocrystals 152.8 ± 12.7 0.28 ± 0.06 -27.8 ± 4.1 78.4 ± 4.8
Dendrimers 5.8 ± 4.5 0.11 ± 0.02 +24.2 ± 3.6 82.7 ± 3.5

Table 2: In vitro drug release profile of different nanoformulations over 72 hours

Time (hours) Free drug SLN Polymeric 
NPs Niosomes Nanoemulsions Nanocrystals Dendrimers

0 0 0 0 0 0 0 0
2 38.2 ± 4.1 8.3 ± 1.2 10.5 ± 1.8 12.4 ± 2.1 18.6 ± 2.4 9.8 ± 1.5 15.3 ± 2.2
4 59.7 ± 5.3 15.6 ± 2.3 19.8 ± 2.5 23.7 ± 2.8 31.2 ± 3.1 17.4 ± 2.2 26.8 ± 2.9
8 82.4 ± 6.2 24.8 ± 2.9 30.2 ± 3.1 35.6 ± 3.4 46.8 ± 3.8 27.5 ± 2.8 40.3 ± 3.5
12 91.6 ± 5.8 32.7 ± 3.2 39.4 ± 3.5 44.8 ± 3.9 57.3 ± 4.2 35.9 ± 3.3 50.6 ± 4.1
24 96.8 ± 4.5 45.3 ± 3.8 52.6 ± 4.1 58.2 ± 4.5 69.4 ± 4.8 48.7 ± 3.9 63.2 ± 4.6
48 - 58.7 ± 4.2 64.8 ± 4.6 68.9 ± 4.9 78.5 ± 5.2 61.3 ± 4.4 72.8 ± 5.1
72 - 67.5 ± 4.5 73.2 ± 4.9 76.4 ± 5.2 83.5 ± 5.4 70.8 ± 4.7 79.6 ± 5.3

Figure 1 shows the cumulative drug release pattern 
from different nanoformulations over 72 hours. As can 
be seen, free drug is released rapidly in the early hours 
while nanoformulations have a slow and controlled re-
lease. Solid lipid and polymeric nanoparticles showed 
the lowest release rate and nanoemulsions showed the 
highest drug release rate at the end of 72 hours.

Evaluation of the cytotoxicity of nanoformulations on hu-
man vascular endothelial cell lines using the MTT assay 
(Table 3) showed that all nanoparticles had no significant 
toxicity to cells up to a concentration of 100 μg/mL. The 
percentage of cell viability after 48 hours of incubation 
at a concentration of 50 μg/mL for solid lipid nanopar-
ticles, polymeric nanoparticles, niosomes, nanoemul-
sions, nanocrystals, and dendrimers was 92.2, 89.8, 

87.5, 90.4, 88.6, and 84.3%, respectively. Dendrimers at 
concentrations higher than 100 μg/mL caused a signifi-
cant decrease in cell viability, which is probably due to 
the positive surface charge and interaction with the cell 
membrane. 

The study of intracellular reactive oxygen species using 
the fluorescent probe DCFH-DA showed that treatment 
of cells with nanoformulations significantly reduced the 
production of free radicals. Solid lipid nanoparticles with 
a 62.4% reduction and dendrimers with a 41.8% reduc-
tion had the highest and lowest antioxidant effects, re-
spectively (Table 4). 

The results of measuring systolic blood pressure in rats 
with resistant hypertension (Table 5) showed that all 
nanoformulations caused a significant decrease in blood 
pressure compared to the group receiving free drug. The 
mean baseline blood pressure in all groups before treat-
ment was about 172.8 ± 6.5 mmHg. Two hours after in-
jection, the group receiving free drug showed a decrease 
of 12.8 mmHg, while this amount varied between 21.4 
and 34.8 mmHg for the groups receiving nanoformula-
tions. Solid lipid nanoparticles had the greatest effect in 
reducing blood pressure with a decrease of 34.8 mmHg, 
followed by polymer nanoparticles with a decrease of 
31.6 mmHg.

The plasma concentration of the drug at different times 
after injection (Table 6) showed that nanoformulations 
significantly increased the elimination half-life and mean 
retention time of the drug. The maximum plasma con-
centration for the free drug was 4.8 μg/mL at 2 hours, 
while this value for the nanoformulations varied between 
1.3 and 3.6 μg/mL and was observed at times of 4 to 8 

Figure 1: Cumulative drug release diagram
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hours after injection. The area under the concentration-
time curve for solid lipid nanoparticles was about 2.4 
times that of the free drug, indicating higher bioavailability. 

Microscopic examination of kidney tissue in the positive 
control group (Table 7) showed pathological changes in-
cluding glomerulosclerosis, glomerular hypertrophy, in-
flammatory cell infiltration, and interstitial fibrosis. These 
changes were significantly reduced in the groups receiv-
ing nanoformulations, especially solid and polymeric 
lipid nanoparticles. The tissue damage score in the posi-
tive control group was 8.6 ± 3.8, while this score was re-
duced to 2.4 ± 1.2 for the solid lipid nanoparticles group. 

Immunohistochemical evaluation of inflammatory mark-
ers in kidney tissue (Table 8) showed a significant de-
crease in the expression of tumor necrosis factor alpha, 

interleukin-6, and monocyte chemotactic protein-1 in 
the groups receiving nanoformulations compared to the 
positive control group. Solid lipid nanoparticles had the 
greatest anti-inflammatory effect with a 74.8% decrease 
in tumor necrosis factor alpha expression. Also, the level 
of malondialdehyde as an indicator of lipid peroxidation 
in the kidney tissue of the positive control group was 4.8 
nmol/mg protein, which decreased to 1.5 nmol/mg pro-
tein in the solid lipid nanoparticles group. 

Correlation analysis between physicochemical proper-
ties of nanoparticles and therapeutic indices showed that 
particle size had a significant inverse correlation with 
blood pressure reduction, such that nanoparticles with 
smaller size produced a greater blood pressure lowering 
effect. Zeta potential also showed a positive correlation 
with physical stability and plasma half-life. 

Table 3: Cell viability percentage after 48 hours of incubation with different concentrations of nanoformulations

Concentration (μg/mL) SLN Polymeric NPs Niosomes Nanoemulsions Nanocrystals Dendrimers

0 100 100 100 100 100 100
10 97.8 ± 3.2 96.5 ± 3.5 95.8 ± 3.8 97.2 ± 3.1 96.3 ± 3.6 94.5 ± 4.2
25 95.6 ± 3.8 93.8 ± 4.1 92.4 ± 4.3 94.8 ± 3.7 93.2 ± 4.0 90.3 ± 4.5
50 92.2 ± 4.2 89.8 ± 4.4 87.5 ± 4.6 90.4 ± 4.1 88.6 ± 4.3 84.3 ± 4.8
100 86.7 ± 4.5 83.4 ± 4.8 80.2 ± 5.1 84.6 ± 4.6 81.8 ± 4.9 75.6 ± 5.3
200 78.3 ± 5.2 74.5 ± 5.4 70.8 ± 5.7 75.9 ± 5.1 72.4 ± 5.5 62.8 ± 6.1

Table 4: Antioxidant and anti-inflammatory effects of nanoformulations in cellular models
Nanoformulation type ROS reduction (%) Wound closure inhibition (%) TNF-α expression (relative) IL-6 expression (relative)

Control 0 0 1.00 ± 0.00 1.00 ± 0.00
SLN 62.4 ± 5.3 58.7 ± 4.8 0.38 ± 0.05 0.42 ± 0.06

Polymeric NPs 58.6 ± 5.1 54.2 ± 4.5 0.45 ± 0.06 0.48 ± 0.07
Niosomes 52.3 ± 4.8 47.6 ± 4.3 0.53 ± 0.07 0.56 ± 0.08

Nanoemulsions 55.8 ± 4.9 50.3 ± 4.4 0.49 ± 0.06 0.52 ± 0.07
Nanocrystals 48.6 ± 4.6 43.8 ± 4.1 0.58 ± 0.08 0.61 ± 0.08
Dendrimers 41.8 ± 4.4 38.5 ± 3.9 0.64 ± 0.09 0.67 ± 0.09

Table 5: Systolic blood pressure changes at different time points after administration
Time (hours) Free drug SLN Polymeric NPs Niosomes Nanoemulsions Nanocrystals Dendrimers

0 172.5 ± 6.2 173.2 ± 5.8 171.8 ± 6.1 172.9 ± 5.9 173.5 ± 6.3 172.4 ± 6.0 173.8 ± 5.7
2 159.7 ± 5.8 138.4 ± 5.2 140.2 ± 5.4 145.6 ± 5.5 143.8 ± 5.6 148.3 ± 5.7 151.6 ± 5.9
4 152.4 ± 5.6 132.5 ± 5.1 135.8 ± 5.3 141.3 ± 5.4 139.5 ± 5.5 144.7 ± 5.6 148.2 ± 5.8
8 148.6 ± 5.5 129.3 ± 4.9 132.6 ± 5.1 138.5 ± 5.3 136.4 ± 5.2 141.8 ± 5.4 145.7 ± 5.6
12 151.3 ± 5.7 127.8 ± 4.8 131.2 ± 5.0 137.6 ± 5.2 135.3 ± 5.1 140.5 ± 5.3 144.8 ± 5.5
24 158.5 ± 5.9 125.6 ± 4.7 129.4 ± 4.9 135.8 ± 5.1 133.2 ± 5.0 138.9 ± 5.2 143.5 ± 5.4
48 165.8 ± 6.1 131.5 ± 5.0 134.7 ± 5.2 140.3 ± 5.4 138.6 ± 5.3 143.2 ± 5.5 147.8 ± 5.7
72 170.2 ± 6.3 139.8 ± 5.3 142.5 ± 5.5 147.2 ± 5.6 145.4 ± 5.4 149.6 ± 5.8 153.7 ± 6.0

Table 6: Pharmacokinetic parameters of different formulations

Parameter Free drug SLN Polymeric NPs Niosomes Nanoemulsions Nanocrystals Dendrimers
Cmax (μg/mL) 4.8 ± 0.5 3.4 ± 0.4 3.6 ± 0.4 3.2 ± 0.3 3.5 ± 0.4 3.1 ± 0.3 2.9 ± 0.3
Tmax (hours) 2.0 ± 0.0 6.0 ± 1.2 6.0 ± 1.5 4.0 ± 1.0 4.0 ± 1.0 8.0 ± 1.8 8.0 ± 2.0

t½ (hours) 4.3 ± 0.6 14.8 ± 2.1 13.5 ± 1.9 11.2 ± 1.6 12.4 ± 1.7 10.5 ± 1.5 9.8 ± 1.4
AUC0-72 (μg·h/mL) 86.4 ± 7.8 208.6 ± 15.4 196.3 ± 14.2 172.5 ± 12.8 184.7 ± 13.5 158.9 ± 11.6 145.2 ± 10.8

Vd (L/kg) 0.8 ± 0.1 1.9 ± 0.2 1.8 ± 0.2 1.6 ± 0.2 1.7 ± 0.2 1.5 ± 0.2 1.4 ± 0.1
MRT (hours) 6.2 ± 0.8 21.3 ± 2.5 19.8 ± 2.3 16.5 ± 2.0 18.2 ± 2.1 15.4 ± 1.9 14.1 ± 1.7
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Table 7: Histopathological damage scores in target tissues
Group Kidney damage score Cardiac damage score Aortic damage score Liver damage score

Negative control 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
Positive control 8.6 ± 3.8 7.4 ± 3.2 6.8 ± 2.9 2.3 ± 0.8

Free drug 6.5 ± 2.7 5.6 ± 2.4 5.2 ± 2.1 2.1 ± 0.7
SLN 2.4 ± 1.2 2.1 ± 1.0 1.9 ± 0.8 1.8 ± 0.6

Polymeric NPs 2.8 ± 1.3 2.4 ± 1.1 2.2 ± 0.9 1.9 ± 0.7
Niosomes 3.6 ± 1.5 3.2 ± 1.4 2.9 ± 1.1 2.0 ± 0.7

Nanoemulsions 3.2 ± 1.4 2.9 ± 1.2 2.6 ± 1.0 1.9 ± 0.6
Nanocrystals 4.1 ± 1.7 3.7 ± 1.5 3.4 ± 1.3 2.1 ± 0.8
Dendrimers 4.8 ± 1.9 4.3 ± 1.7 3.9 ± 1.4 2.2 ± 0.8

Table 8: Inflammatory and oxidative stress markers in kidney tissue

Group TNF-α (positive 
cells/field)

IL-6 (positive 
cells/field)

MCP-1 (positive 
cells/field)

MDA (nmol/mg 
protein)

SOD (U/mg 
protein)

CAT (U/mg 
protein)

Negative control 4.2 ± 1.1 3.8 ± 1.0 5.1 ± 1.3 0.9 ± 0.2 38.6 ± 4.2 42.3 ± 4.8
Positive control 38.6 ± 5.2 42.3 ± 5.8 35.7 ± 4.9 4.8 ± 0.6 15.4 ± 2.5 18.6 ± 2.9

Free drug 28.4 ± 4.1 31.5 ± 4.5 26.8 ± 3.8 3.6 ± 0.5 21.3 ± 3.1 24.5 ± 3.4
SLN 9.8 ± 2.3 11.2 ± 2.5 10.5 ± 2.4 1.5 ± 0.3 34.2 ± 3.8 37.8 ± 4.1

Polymeric NPs 12.6 ± 2.8 14.3 ± 3.0 13.2 ± 2.7 1.9 ± 0.4 31.5 ± 3.6 34.6 ± 3.9
Niosomes 18.4 ± 3.2 20.5 ± 3.5 18.7 ± 3.1 2.6 ± 0.4 26.8 ± 3.3 29.3 ± 3.5

Nanoemulsions 15.7 ± 3.0 17.3 ± 3.2 16.4 ± 2.9 2.3 ± 0.4 28.5 ± 3.4 31.2 ± 3.6
Nanocrystals 21.5 ± 3.5 23.8 ± 3.8 21.6 ± 3.4 3.0 ± 0.5 24.2 ± 3.2 26.8 ± 3.4
Dendrimers 24.8 ± 3.8 26.5 ± 4.0 24.3 ± 3.6 3.3 ± 0.5 22.5 ± 3.0 24.9 ± 3.2

he research demonstrated that all six nano 
drug delivery systems which were developed 
in this study exhibited suitable physicochemical 

characteristics which made them appropriate for use in 
medical treatments. The obtained particle sizes reached 
values between 5.8 and 158.3 nanometers which proved 
to be appropriate for delivering drugs to both vascular 
tissues and renal tissues. The formulation showed a dis-
persion index which measured below 0.3 that demon-
strates the presence of homogeneous size distribution, 
which contributes to the consistent production of thera-
peutic outcomes. The lipid and polymer nanoparticles 
maintain their physical stability in colloidal environments 
because of their high negative zeta potential, which 
measures -21.4 and -16.8 mV. The solid lipid nanopar-
ticles demonstrate a 94% entrapment efficiency, which 
enables these carriers to effectively load blood pressure-
lowering drugs, based on previous research findings in 
this area.

The study found that nanoformulations showed differ-
ent drug release patterns than free drug formulations.
The free drug showed almost total release during the 
first 8 hours of testing, while solid lipid nanoparticles de-
livered 67.5% of their total drug content after 72 hours. 
The treatment requires less frequent medication Intake 
because of the gradual and constant drug release which 
helps patients stay dedicated to their treatment. The 
release kinetics study revealed that the Higoshi model 

established the closest match to the experimental re-
sults, which showed that the release process proceed-
ed through diffusion across the lipid or polymer mate-
rial. The finding supports the existence of controlled 
release mechanisms for cardiovascular drugs that oper-
ate through nanocarrier systems according to other re-
searchers’ studies.

The results from cytotoxicity testing showed that endo-
thelial cells remained unaffected by the nanoformula-
tions when exposed to 100 μg/mL and lower concentra-
tions, which proved that these systems exhibit excellent 
biocompatibility. The high concentrations of dendrimers 
caused a more significant decrease in cell viability be-
cause their positive surface charge created electrostat-
ic forces that interacted with the cell membrane. The 
nanoparticles demonstrated their antioxidant capacity 
through their ability to decrease reactive oxygen species 
levels, which solid lipid nanoparticles achieved through 
62.4% inhibition. This characteristic holds extreme sig-
nificance because researchers view oxidative stress as 
a primary factor that drives resistant hypertension devel-
opment, and its suppression leads to enhanced vascular 
functionality.

The most important finding of this study was the promi-
nent antihypertensive effects of nanoformulations in the 
animal model. Solid lipid nanoparticles achieved higher 
performance through their ability to decrease systolic 
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blood pressure by 34.8 mmHg, which exceeded the 
12.8 mmHg reduction shown by the free drug group. 
The nanosystems demonstrated superior effectiveness 
in treating resistant hypertension because the statisti-
cal difference reached a significant level with p < 0.01. 
The solid lipid nanoparticles show two benefits of ex-
tended therapeutic effects because their plasma half-life 
increased from 3.4 hours to 14.8 hours and their area 
under the concentration-time curve values increased 
2.4 times. The pharmacokinetic principles of nanopar-
ticles describe how these particles lead to decreased 
drug clearance from the bloodstream, which results in 
extended drug presence in the circulatory system.

The study confirmed protective effects of nanoformu-
lations through histological and immunohistochemical 
research. The solid lipid nanoparticles group showed a 
74.8% decrease in tumor necrosis factor alpha expres-
sion which resulted in a renal injury score reduction from 
6.8 to 2.4. The study found that nanoparticles protect 
kidney tissue from oxidative damage through two ef-
fects: they decrease lipid peroxidation and they increase 
antioxidant enzyme activity. The study found that solid 
lipid nanoparticles with small particle size and high en-
trapment efficiency produce stronger therapeutic effects 
because they contain optimal characteristics for treating 
resistant hypertension in upcoming clinical trials. 

he researchers proved that drug delivery sys-
tems which use nanotechnology have poten-
tial to solve the treatment problems associated 

with resistant hypertension. Solid lipid nanoparticles with 
a suitable size of 126.8 nm an entrapment efficiency of 
94.4% and a slow and controlled release pattern were 
identified as the most effective system among the six 
nanoformulations studied. The nanoparticles increased 
drug persistence in the body because they raised the 
area under the concentration-time curve by 2.4 times 
and extended plasma half-life from 4.3 to 14.8 hours. 
The 34.8 mmHg reduction in systolic blood pressure by 
these nanoparticles in an animal model of resistant hy-
pertension demonstrated their clear superiority over the 
free drug with a reduction of 12.8 mmHg.

The research results demonstrate that nanoformulations 
exhibit superior performance because multiple mecha-
nisms operate to protect drugs from initial degradation 
while maintaining better drug access and directing medi-
cine distribution to specific body areas and minimizing 
adverse effects throughout the body. The anti-inflam-
matory and antioxidant effects of nanoparticles, which 

particularly affect kidney and vascular tissues, function 
as a defense mechanism that protects vital organs from 
harm that high blood pressure inflicts. The groups that 
received nanoparticles demonstrated protective effects 
because their inflammatory markers showed significant 
decreases in tumor necrosis factor alpha and interleu-
kin-6 while their lipid peroxidation levels decreased.

The study results demonstrate potential for solid lipid 
nanoparticles with blood pressure-lowering drugs to be-
come effective treatment option for patients with resis-
tant hypertension so clinical trials should proceed for this 
treatment method. The next phase toward bringing this 
technology into medical practice requires researchers to 
expand their research by studying how these nanoformu-
lations affect patients over extended periods. The formula-
tion optimization process will result in enhanced therapeu-
tic effectiveness through adjustments to both lipid propor-
tions and selection of pharmaceutical compounds.8 The 
research conducted at scientific centers in Uzbekistan 
has produced results that will lead to new methods for 
treating resistant hypertension in Uzbekistan and around 
the world while creating nanomedicines that deliver higher 
treatment success with fewer adverse effects.

1.	 Yusuf S, Joseph P, Rangarajan S, Islam S, Mente A, Hystad P, et 
al. Modifiable risk factors, cardiovascular disease, and mortality 
in 155 722 individuals from 21 high-income, middle-income, and 
low-income countries (PURE): A prospective cohort study. Lancet. 
2020;395(10226):795-808. doi: 10.1016/S0140-6736(19)32008-2.

2.	 Smith SC Jr, Smith A, Collins R, Ferrari DR Jr, Holmes S, Log-
strup DV, et al. Our time: A call to save preventable death from 
cardiovascular disease (heart disease and stroke). Glob Heart. 
2012;7(23):297-305. doi: 10.1016/j.gheart.2012.08.002.

3.	 Baigent C, Baigent L, Blackwell R, Collins J, Emberson J, Godwin 
R, et al. Aspirin in the primary and secondary prevention of vas-
cular disease: Collaborative meta-analysis of individual participant 
data from randomised trials. Lancet. 2009;373(9678):1849-60. doi: 
10.1016/S0140-6736(09)60503-1.

4.	 Libby P, Ridker PM, Hansson GK. Progress and challenges in trans-
lating the biology of atherosclerosis. Nature. 2011;473(7347):317-
25. doi: 10.1038/nature10146.

5.	 McMurray JJ, Packer M, Desai AS, Gong J, Lefkowitz MP, Riz-
kala AR, et al. Angiotensin-neprilysin inhibition versus enalapril in 
heart failure. N Engl J Med. 2014;371:993-1004. doi: 10.1056/NEJ-
Moa1409077.

6.	 Patra JK, Das G, Fraceto LF, Campos EVR, Rodriguez-Torres 
MDP, Acosta-Torres LS, et al. Nano based drug delivery systems: 
Recent developments and future prospects. J Nanobiotechnology. 
2018;16(1):71-33. doi: 10.1186/s12951-018-0392-8.

7.	 Radomski A, Jurasz P, Alonso-Escolano D, Drews M, Morandi M, 
Malinski T, et al. Nanoparticle-induced platelet aggregation and 
vascular thrombosis. Br J Pharmacol. 2005;146(6):882-93. doi: 
10.1038/sj.bjp.0706386.

C
on

cl
us

io
ns

References



118

8.	 Torchilin VP. Multifunctional, stimuli-sensitive nanoparticulate sys-
tems for drug delivery. Nat Rev Drug Discov. 2014;13(11):813-27. 
doi: 10.1038/nrd4333.

9.	 Bayda S, Adeel M, Tuccinardi T, Cordani M, Rizzolio F. The History 
of Nanoscience and Nanotechnology: From Chemical–Physical Ap-
plications to Nanomedicine. Molecules. 2019;25:112. doi: 10.3390/
molecules25010112.

10.	 Nakamura Y, Mochida A, Choyke PL, Kobayashi H. Nanodrug de-
livery: Is the enhanced permeability and retention effect sufficient 
for curing cancer? Bioconjug Chem. 2016;27(10):2225-38. doi: 
10.1021/acs.bioconjchem.6b00437.

11.	 Farzin A, Etesami SA, Quint J, Memic A, Tamayol A. Magnetic 
Nanoparticles in Cancer Therapy and Diagnosis. Adv Healthc Ma-
ter. 2020;9:1901058. doi: 10.1002/adhm.201901058.

12.	 Alam T, Khan S, Gaba B, Haider MF, Baboota S, Ali J. Nano-
carriers as treatment modalities for hypertension. Drug Deliv. 
2017;24(1):358-69. doi: 10.1080/10717544.2016.1255999.

13.	 Teymouri M, Mashreghi M, Saburi E, Hejazi A, Nikpoor AR. The 
trip of a drug inside the body: From a lipid-based nanocarrier to a 
target cell. J Control Release. 2019;309:59-71. doi: 10.1016/j.jcon-
rel.2019.07.027.

14.	 Lee GY, Kim JH, Choi KY, Yoon HY, Kim K, Kwon IC, et al. Hyal-
uronic acid nanoparticles for active targeting atherosclerosis. Bio-
materials. 2015;53:341-8. doi: 10.1016/j.biomaterials.2015.02.089.

15.	 Kroll AV, Fang RH, Zhang L. Biointerfacing and applications of cell 
membrane-coated nanoparticles. Bioconjug Chem. 2017;28(1):23-
32. doi: 10.1021/acs.bioconjchem.6b00569.

16.	 Akagi S, Nakamura K, Miura D, Saito Y, Matsubara H, Ogawa A, et 
al. Delivery of imatinib-incorporated nanoparticles into lungs sup-
presses the development of monocrotaline-induced pulmonary ar-
terial hypertension. Int Heart J. 2015;56:354-9. doi: 10.1536/ihj.14-
338.

17.	 Karunakar G, Patel NP, Kamal SS. Nano structured lipid carrier 
based drug delivery system. J Chem Pharm Res. 2016;8(2):627-43.

18.	 Nakamura K, Matsubara H, Akagi S, Sarashina T, Ejiri K, Kawakita 
N, et al. Nanoparticle-mediated drug delivery system for pulmo-
nary arterial hypertension. J Clin Med. 2017;6(5):48. doi: 10.3390/
jcm6050048.

19.	 Psarros C, Lee R, Margaritis M, Antoniades C. Nanomedicine for 
the prevention, treatment and imaging of atherosclerosis. Nano-
medicine. 2012;8(1):S59-68. doi: 10.1016/j.nano.2012.05.006.

20.	 Lobatto ME, Fuster V, Fayad ZA, Mulder WJ. Perspectives and op-
portunities for nanomedicine in the management of atherosclerosis. 
Nat Rev Drug Discov. 2011;10(11):835-52. doi: 10.1038/nrd3578.

21.	 Perioli L, Pagano C, Ceccarini MR. Current highlights about the 
safety of inorganic nanomaterials in healthcare. Curr Med Chem. 
2019;26(12):2147-65. doi: 10.2174/092986732566618072312180
4.

22.	 Guo YY, Zhang J, Zheng YF, Yang J, Zhu XQ. Cytotoxic and geno-
toxic effects of multi-wall carbon nanotubes on human umbilical 
vein endothelial cells in vitro. Mutat Res. 2011;721(2):184-91. doi: 
10.1016/j.mrgentox.2011.01.014.

23.	 Iafisco M, Alogna A, Miragoli M, Catalucci D. Cardiovascu-
lar nanomedicine: The route ahead. Nanomedicine (Lond). 
2019;14(18):2391-4. doi: 10.2217/nnm-2019-0228.

24.	 Yang J, Jia C, Yang J. Designing nanoparticle-based drug delivery 
systems for precision medicine. Int J Med Sci. 2021;18(13):2943-9. 

doi: 10.7150/ijms.60874.

25.	 Maruf A, Wang Y, Yin T, Huang J, Wang N, Durkan C, et al. Ath-
erosclerosis treatment with stimuli-responsive nanoagents: Re-
cent advances and future perspectives. Adv Healthc Mater. 
2019;8(11):e1900036. doi: 10.1002/adhm.201900036.




