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

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-

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

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.

Keywords: Nanotechnology, Resistant Blood Pressure,
Solid Lipid Nanoparticles, Targeted Drug Delivery, Con-
trolled Release
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a hipertension resistente representa un ob-

staculo fundamental para la practica médica

contemporanea, ya que los enfoques tera-
péuticos estandar no logran controlar esta afeccion de
manera eficaz. El campo de la nanotecnologia ofrece
nuevas soluciones para este problema mediante el de-
sarrollo de sistemas que administran farmacos directa-
mente a dianas especificas. El equipo de investigacion
realizd su estudio en el Centro Nacional de Cardiologia
de Uzbekistan para crear y probar seis nanosistemas
diferentes mediante nanoparticulas lipidicas soélidas,
nanoparticulas poliméricas, nanoemulsiones de nioso-
mas, nanocristales y dendrimeros, que se utilizaran para
el tratamiento de la hipertension resistente. El equipo de
investigacion utilizd métodos estandar para evaluar las
propiedades fisicoquimicas de las nanoformulaciones,
incluyendo pruebas de los patrones de liberacién de
farmacos, la citotoxicidad y los efectos antihipertensi-
vos en un modelo de rata con hipertension resistente.
Los resultados mostraron que todas las nanoformula-
ciones tenian un tamafo adecuado, de 5,8 a 158,3 nm,
y una alta eficiencia de atrapamiento, del 78 al 94 %.
Las nanoparticulas lipidicas sélidas, con un tamafo de
126,8 nm y una eficiencia de atrapamiento del 94,4 %,
mostraron el patron de liberacion mas lento, con una lib-
eracion del 67,5 % en 72 horas. Las nanoparticulas redu-
jeron la presion arterial sistélica en 34,8 mmHg, lo que
difirié significativamente de la reduccién de 12,8 mmHg
observada en el grupo del farmaco libre. La vida media
plasmatica aument6 de 3,4 horas para el farmaco libre
a 14,8 horas para las nanoparticulas lipidicas soélidas,
y el area bajo la curva concentracion-tiempo se multi-
plicé por 2,4. El estudio observd que las nanoparticulas
lipidicas sélidas redujeron el dafio renal y produjeron
una disminucién del 74,8 % en los niveles del factor de
necrosis tumoral alfa, segun las evaluaciones histologi-
cas. La investigacion demuestra que las nanoparticulas
lipidicas so6lidas funcionan como el sistema éptimo de
administracién de farmacos, proporcionando un trata-
miento dirigido eficaz para la hipertension resistente,
con potencial para futuras pruebas clinicas.

Palabras clave: Nanotecnologia, Presion arterial resis-
tente, Nanoparticulas lipidicas sélidas, Administracion
dirigida de farmacos, Liberacion controlada
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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 year'. 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-
cilities®. 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
issue®. 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 restructuring®.
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 distribution®.
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 target’.

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 boundaries®. 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 study®. 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 medication'®. The tiny size and extensive
active surface area of nanoparticles together with their
ability to alter surfaces make them suitable solutions
for overcoming biological obstacles'. Nanosystems
provide multiple advantages which extend beyond their
ability to enhance drug effectiveness in treating patients
with resistant hypertension2. 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




it easier for them to stick to their treatment schedule?s.
Researchers use active targeting to control drug distribu-
tion by attaching specific ligands to nanopatrticles so that
the drugs reach their intended locations in the vascular
endothelium and kidney*. The method enables higher
drug concentrations at the treatment site while it reduces
the occurrence of adverse effects throughout the body™®.

Some preclinical studies prove that nanoparticles can
enhance the therapeutic effectiveness of antihyper-
tensive medications®. 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 administration?”.
The distribution of diuretic nanoemulsions and niosomes
in kidney tissue demonstrates enhanced performance,
which results in higher sodium excretion and lower fluid
retention?®. 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 therapies®. 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 use®. 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 system?', The process of optimizing
nanoparticle composition and synthesis methods and
safety assessment requires implementation of system-
atic studies because it has become essential?.

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 treatment?3. 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 settings?*. The physicochemical characteristics
of nanoparticles need further investigation because
they influence both their therapeutic effectiveness and
their safety?. 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.
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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 Il 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 um 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 Imaged 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, 1455 + 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.




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+3.2 942 +3.8
Polymeric nanoparticles 145.5+85 0.18 +0.03 -16.8 +2.7 89.6 +4.1
Niosomes 158.3 + 11.8 0.26 +0.05 242 +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 78448
Dendrimers 58+45 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 Po'ﬁ;:‘:"c Niosomes Nanoemulsions Nanocrystals Dendrimers

0 0 0 0 0 0 0 0

2 38.2 +4.1 8.3+1.2 10.5+1.8 124 +21 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+3.1 174 +2.2 26.8 +2.9
8 82.4 +6.2 248 +29 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£35 44.8 £3.9 57.3+4.2 35.9+3.3 50.6 + 4.1
24 96.8 +4.5 453 +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 +4.9 785 +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.

Figure 1: Cumulative drug release diagram
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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 pg/mL. The
percentage of cell viability after 48 hours of incubation
at a concentration of 50 pg/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 pug/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 pg/mL at 2 hours,
while this value for the nanoformulations varied between
1.3 and 3.6 pg/mL and was observed at times of 4 to 8
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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.

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.

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

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

Concentration (ug/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 +3.6 945 +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 +41 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+5.2 745 +54 70.8 +5.7 75.9 5.1 724 +55 62.8 + 6.1

able 4: A o) {[eof anda a d ato erre O anoro atio e d ode

Nanoformulation type | ROS reduction (%) | Wound closure inhibition (%) | TNF-a 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 £5.1 542 +45 0.45 +0.06 0.48 +0.07
Niosomes 52.3+4.8 476 £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 1725 +6.2 173.2+5.8 171.8 £6.1 1729 +5.9 173.5+6.3 172.4 + 6.0 173.8 +5.7

2 159.7 +5.8 138.4 +5.2 1402 +54 145.6 +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+54 139.5+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+54

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
Parameter Free drug SLN Polymeric NPs | Niosomes | Nanoemulsions | Nanocrystals | Dendrimers

Cmax (pg/mL) 4.8+0.5 3.4+04 3.6+0.4 3.2+0.3 3.5+0.4 3.1+0.3 29+0.3

Tmax (hours) 2.0+0.0 6.0+1.2 6.0+1.5 40+1.0 40+1.0 8.0+1.8 8.0+2.0

t¥2 (hours) 43+0.6 14.8 £2.1 13.5+1.9 11.2+1.6 124 £1.7 105+1.5 9.8+1.4
AUCO0-72 (pug-h/mL) 86.4+7.8 208.6 +15.4 196.3 + 14.2 1725 +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+25 19.8 +2.3 16.5+2.0 18.2 2.1 154 +1.9 141 £1.7




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 23+0.8
Free drug 6.5+27 56+24 52+21 2.1 +0.7
SLN 24 +1.2 21 +1.0 1.9+0.8 1.8+0.6
Polymeric NPs 28+1.3 24+1.1 22+0.9 1.9+0.7
Niosomes 3.6+1.5 32+1.4 29+1.1 2.0+0.7
Nanoemulsions 32+14 29+1.2 26+1.0 1.9+0.6
Nanocrystals 4117 3.7+1.5 3.4+13 21+0.8
Dendrimers 48+1.9 43 +1.7 3914 22 +0.8

Table 8: Inflammatory and oxidative stress markers in kidney tissue

Group TNF-a (p.ositive IL-6 (po_sitive MCP-1 (p_ositive MDA (nm_ollmg SOD (U_/mg CAT (U!mg
cells/field) cells/field) cells/field) protein) protein) protein)
Negative control 42+1.1 3.8+1.0 51+1.3 0.9+0.2 38.6 +4.2 423 +4.8
Positive control 38.6 £5.2 423 +5.8 35.7+4.9 4.8+0.6 154 +2.5 18.6 £2.9
Free drug 28.4 +4.1 31.5+45 26.8 +3.8 3.6 +0.5 21.3 +3.1 245+3.4
SLN 9.8+2.3 11.2+25 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+27 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 26+04 26.8 £3.3 29.3+35
Nanoemulsions 15.7 £3.0 17.3+3.2 16.4+2.9 23x04 28.5+3.4 31.2+3.6
Nanocrystals 21.5+35 23.8+3.8 21.6 +34 3.0+0.5 242 +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+3.0 249 +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 pg/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
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