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Abstract

Pulmonary Hypertension (PH) is a progressive and potentially fatal condition marked by high pulmonary artery
pressure, resulting in heart failure and reduced oxygenation. Despite advancements in treatments, therapeutic options
for PH remain limited, particularly in cases resistant to conventional therapies. In biomedical research, nanotechnology
has become a potential area of study, presenting novel approaches to drug delivery and tissue targeting. Nanosponges, a
class of nanoparticles with porous structures, have gained attention for their ability to encapsulate therapeutic agents,
enhance drug stability, and provide controlled release. Nanosponges can be engineered to deliver vasodilators, anti-
inflammatory drugs, and gene therapies directly to the pulmonary vasculature, minimizing systemic side effects and
improving drug efficacy. Additionally, their unique surface properties allow for targeted delivery to specific cells or
tissues involved in PH, such as the pulmonary arteries' smooth muscle and endothelial cells. This review explores the
potential role of nanosponges in pulmonary hypertension, highlighting recent advances in their design and function-
alization. The integration of nanosponges into PH therapy could revolutionize the treatment landscape, offering more
effective and individualized treatment plans.
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1. Introduction

1.1. Hypertension

H ypertension is now defined as having a sys-
tolic blood pressure (SBP) of 130 mmHg or

higher and/or a diastolic blood pressure (DBP) of
more than 80 mmHg. Among the most prevalent
Hypertension's great prevalence and substantial
clinical impact make it a leading cause of cardio-
vascular disease and death [1e4].
The following denotes the several stages of hy-

pertension, under the most recent U.S. national
guideline [5] (Table 1).

1.2. Pulmonary hypertension

A diverse collection of clinical conditions marked
by elevated pulmonary artery pressure are together

referred to as pulmonary hypertension (PH). By
definition, PH is present in patients whose average
pulmonary arterial pressure (mPAP), as ascertained
by right heart catheterization (RHC), is greater than
or equal to 25 mmHg [6]. About 10% of people over
65, at least 50% of heart failure (HF) patients, and 1%
of the world's population suffer from hypertension
of the lungs [7].

1.2.1. Categorization of hypertension in the lungs
There are five clinical subgroups of PH as stated

by the World Health Organization [8,9] as shown in
Fig. 1, 2.

1.2.2. Diagnosis
Angina, syncope, exhaustion, and dyspnea are

common signs of PH. The primary cause of the
symptoms is increasing right ventricular (RV) fail-
ure. A wide range of laboratory indicators have been
examined as possible biomarkers for PH diagnosis
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and surveillance. For many years, pro-BNP and
brain natriuretic peptide (BNP) have been employed
as stand-ins for mortality risk [10]. Although blood
uric acid levels have been discovered to be inversely
related to PVR, it is unknown what this association
means clinically [11].

1.2.3. Evaluation

1. ECG: PH can still be diagnosed with a normal
ECG. However, if QRS and QTc are extended, an
irregular ECG may be a sign of serious illness
[12e15].

2. Chest Radiography: The x-ray may show retic-
ular opacifications, diaphragmatic flattening,
hyperlucency, or volume loss in patients with
lung illness. PH cannot be ruled out by a normal
chest X-ray [16,17].

3. Ultrasonography of the abdomen: An abdominal
ultrasound is mostly performed to look for kid-
ney damage, portal hypertension, and liver ab-
normalities that could result from chronic PH.
The degree of collateral damage to these organs

can be evaluated with the use of ultrasonogra-
phy [18].

4. Cardiac Magnetic Resonance Imaging: The test
does not accurately predict pulmonary artery
pressures, although it is sensitive for identifying
early PH. The availability and expense of cMRI
are also significant obstacles [19].

1.2.4. Comprehensive pulmonary hypertension
management
The general supervision of PH is primarily

symptomatic and is contingent upon the patient's
needs as well as the nature and severity of the
illness. Patients with persistent thromboembolic PH
and those with comorbidities for which anti-
coagulation is appropriate are the only ones who are
currently advised to utilize anticoagulation [20].
Chronic thromboembolic PH is best treated by
pulmonary artery thromboendarterectomy [21].
Since pulmonary thromboendarterectomy has the
potential to be curative, it is the preferred treatment
for CTEPH. Most patients experience significant
symptom alleviation as well as improvements in
hemodynamics and RVF [22].

2. Nanosponges

Targeting drug delivery mechanisms has long
been a goal in order to get the desired outcome.
Nanosponges are tiny structures that resemble
meshes and can encapsulate a wide range of mate-
rials, including drug compounds [23,24]. The lengthy
polyester backbone is combined with tiny molecules
known as crosslinkers, which function as tiny

Fig. 1. Classification of pulmonary hypertension.

Table 1. Stages of hypertension.

Ranges Systolic
tension

Diastolic
tension

Ordinary 90e119 60e79
Prior to blood pressure 120e139 80e89
� Phase 1 (Slight)
� Phase 2 (Moderate)
� Phase 3 (Harsh)

140e159
160e179
>180

90e99
100e109
>109

Isolated systolic hypertension >140 <90
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grappling hooks to hold the various components of
the polymer together. Because nanosponges are an
encapsulating class of nanomaterials, they can
include and encapsulate a wide range of medications
because they are made up of tiny particles with voids
that are just a few nanometers in diameter [25]. By
encapsulating hydrophilic as well as lipophilic moi-
eties, these materials assist improve the solubility of
molecules [26]. They also have a spherical colloidal
structure and improve the solubilization ability of
both lipid-soluble and water-soluble medications
[27]. They improve the bioavailability of medications
with extended release [28]. They don't result in any
toxicity, allergic reactions, irritations, or mutations
[29]. Because of its solid structure, nanosponges
can be safely administered through alternative
methods [30].
Nanosponges have already been used in a variety

of applicable domains, including the pharmaceu-
tical and cosmetic industries [31]. Because of their
small size, nanosponges can be delivered both
venous and pulmonary. The medication molecules
are housed inside the center of nanosponges, which
are encasing nanoparticles [32]. Additionally, they
have no trouble integrating liquids into their 3D
structure [33] as shown in Fig. 3.

2.1. Key characteristics of nanosponges

Nanosponges are made of particles of a certain
size, and by varying the ratios of crosslinking agents

and polymers, their polarity can be changed. The
diameters of nanosponges with changeable void
polarity are 1 mm or less [34]. This kind of encap-
sulating nanoparticle can retain the medication
molecule in its center [35]. The crosslinker's func-
tional groups and concentration have an impact on
the nanosponges porosity and provide adjustable
polarity [36]. They are shown to be stable at tem-
peratures up to 130 �C and pH values between 1 and
11. They are discovered to be non-toxic, biode-
gradable, and permeable [37]. When creating a
topical formulation with nanosponges, the nano-
sponges are combined with hydrogel applied topi-
cally; for parenteral compositions, they are
combined using aqueous solution, saline, or sterile

Fig. 2. Pathophysiology of pulmonary arterial hypertension.

Fig. 3. Structure of nanosponge.
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water [38]. Because of their high aqueous solubility,
weakly water-soluble medications can be adminis-
tered with them [39]. They produce transparent,
colloidal with a milky colour combinations in water,
and they possess the further advantage of being
easily redeveloped using solvent extraction, micro-
waves, and the thermal desorption process.

2.2. Materials needed to prepare nanosponges

Depending on the kind of nanosponges that are
desired and the level of crosslinking that is needed,
a variety of chemicals have shown encouraging re-
sults and can be used to create them. The quantity of
crosslinking, which depends on the concentration of
the crosslinker, is an essential part of nanosponges
since it affects the way that the medicine is encap-
sulated and released.
The following discusses many ingredients requi-

red to make nanosponges [40].

2.2.1. Polymers
Nanosponges development and performance are

influenced by the kind of polymer used in their
formation. Additionally, the type of medicine to
be entrapped and the intended release profile
determine which polymer is best [41]. Commonly
used polymers are methyl b-Cyclodextrin, poly-
Valerolactone, hydroxy propyl b-cyclodextrin,
Eudragit RS 100 and acrylic Polymer.

2.2.2. Crosslinking agent
The structure of the polymer and the medication

whose nanosponges are to be made determine the
kind of crosslinker that should be used. Further-
more, various crosslinking agents have the ability to
drastically change important characteristics, such as
the polymer's ability to swell and its hydrophilicity
or hydrophobicity [42]. For instances carbonyl dii-
midazole, carboxylic acid dianhydrides, glutaralde-
hyde, dichloromethane and diarylcarbonates.

2.2.3. Copolymers
Utilize in combination with polymers to enhance

their properties. For examples ethyl cellulose,
Polyvinyl alcohol, Poly (Valerolactone allyl
Valerolactone).

2.2.4. Polar solvents
Commonly used are ethanol, Dimethyl-acetamide

and Dimethyl-formamide.

2.3. Methodology for nanoparticle preparation

The following sections discuss the various me-
thods for producing nanosponges:

2.3.1. Solvent technique
This method involved combining the polymer

with a suitable solvent, namely a polar aprotic sol-
vent. This mixture was added in excess of the
crosslinker, preferably in a 4:16 crosslinker/polymer
molar ratio. For one to 48 h, the reaction was con-
ducted at temperatures between 10 �C and the
reflux temperature of the solvent. After the response
was finished, the mixture was allowed to reach room
temperature. After that, the product was mixed with
a sizable volume of additional bidistilled water,
collected by vacuum filtration, and purified using
ethanol and a drawn-out Soxhlet extraction pro-
cedure. The substance was ground into a uniform
powder in a mechanical mill after being vacuum-
dried [43] as shown in Fig. 4.

2.3.2. Melt technique
The crosslinker and the polymer melt together

during the melting process. Every component was
thoroughly mixed. By frequently washing the pur-
chased item with an appropriate substance, nano-
sponges were gathered. After cleaning, the product
is separated into nanosponges by removing the
waste polymer and unreacted reagents [44]. The

Fig. 4. Pictorial representation of solvent method.
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encapsulation of drugs was further subjected to
such blank nanosponges as shown in Fig. 5.

2.3.3. Solvent diffusion method

2.3.3.1. Emulsion solvent diffusion technique. This
method uses two different levels of aqueous and
organic phases. Drugs and polymers are combined
in the organic phase, whereas polyvinyl alcohol
(PVA) is utilized in the phase of water [45]. After
dissolving the medication and polymer in the
proper organic solvent, this stage is gradually
combined with the watery phase and agitated for
two or more hours at 1000 rpm using a magnetic
stirrer. After that, the completed nanosponges are
filtered, cleaned, and allowed to air dry at ambient
temperature or in a vacuum oven set at 40 �C for
24 h [46] as shown in Fig. 6.

2.3.3.2. Solvent technique for quasi-emulsions. In this
method, the inner stage is made with Eudragit RS
100 and added to a reasonable dissolvable stage.
When subjected to ultrasonication, at 35 �C, the
medication produced a reaction and broke down
[47]. The exterior phase that contains polyvinyl
alcohol uses this internal process as an operator for
emulsification. After 3 h of stirring at 1000e2000 rpm

at room temperature, the mixture is dried in an air-
warmed oven for 12 h at 40 �C as shown in Fig. 7.

2.3.3.3. Technique with ultrasound assistance. This
method involves sonicating a reaction between
polymers and crosslinkers without the need of a
solvent to create the nanosponges. This technique
creates spherical, homogeneous nanosponges. This
process involves adding crosslinkers like pyromellic
anhydride or di-phenyl carbonate to the polymer in
the flask at a predetermined molar ratio. Once the
flask's mixture had cooled, it was heated to 90 �C in
an ultrasonic bath loaded with water. A water wash
is performed on the mixture to eliminate any sur-
plus non-reacted polymer. Using ethanol and a
lengthy Soxhlet extraction procedure, the mixture is
refined [48,49] as shown in Figs. 8, 9.

2.4. Factors influencing the development of nanosponges

2.4.1. The properties of the polymer and crosslinker
employed
Crosslinkers help build an nanosponges three-

dimensional configuration. The quantity of cross-
linker employed helps determine drug entrapment
[50]. The nanosponges solubility in water or any
other solvent depends on the kind of crosslinker

Fig. 6. Pictorial representation of the diffusion technique for emulsion solvents.

Fig. 5. Pictorial representation of Melt method.
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that is utilized [51]. Hydrophilic nanosponges are
employed for enhancing drug absorption and
serving as a practical drug transporter to provide
formulations with swift release [52,53]. Hydrophobic
nanosponges are employed as a continuous release
drug delivery technology for water-loving medica-
tions, including as proteins and peptides [54].

2.4.2. Medium for demonstrating pharmacological
properties and interactions
A molecule must possess specific qualities that

make it appropriate for encapsulation in order to be
chosen for incorporation into nanosponges [55]. The
organic drug molecule becomes trapped in the hy-
drophobic cavities of nanosponges if the medium is

Fig. 8. Pictorial representation of Ultrasound-assisted method.

Fig. 9. Loading of drug into the nanosponges.

Fig. 7. Pictorial representation of Solvent technique for quasi-emulsions.
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hydrophilic, and organic molecules are released
from the nanosponges if the medium is an organic
solvent [56].

2.4.3. Temperature
A drug or nanosponges complex's stability con-

stant usually drops with temperature, possibly as a
result of weakened contact forces such van der
Waals and hydrophobic forces [57,58].

2.4.4. The extent of replacement of crosslinking
The level of crosslinking and number of sub-

stituents are directly correlated; a higher number of
substituents can result in a higher degree of cross-
linking, that produces extremely permeable nano-
sponges with an interior structure that resembles a
mesh [59]. The final value of the nanosponges which
is based on the purity of the resource and the
product processing, determines how important de-
gree of polymer substitution is [60].

2.4.5. The nature of complexity
When the temperature rises, the medication and

the mixture created with the nanosponges consis-
tency constant falls, reducing the contact forces, such
as the water-hating and van der Waal forces [61].

2.5. Evaluation of nanosponges

2.5.1. Size of particles and polydispersity
Utilizing MAS OPTION and 90 Plus particle size

reequipped particle sizing software, the particle size
can be ascertained by dynamic light scattering [62].

2.5.2. Zeta potential
The average of all measurements was used to

determine the particles' average hydrodynamic
diameter and polydispersity index [63].

2.5.3. Fourier transform infrared spectroscopy
The detection ranges for pharmaceuticals, poly-

mer compounds of drugs, bare nanosponges,
medication-loaded nanosponges [64]. Nanosponges
bands slightly alter during complicated formation
[65].

2.5.4. Porosity
Helium pycnometers are used to study porosity

since the gas may pass through and between the
channel media found in nanosponges. The sub-
stance's true volume is calculated using helium
displacement [66].
Porosity percentage is equal to (bulk volume -

actual volume/bulk volume) times 100.

2.5.5. Dissolution test
Using a customized basket constructed from five

meters of stainless steel wire and rotating at
150 rpm, the USP XXIII dissolution equipment can
be used to examine the dissolution profile of nano-
sponges. When examining the solubility of active
chemicals, the chosen dissolve medium guarantees
that sink conditions are maintained. The finished
samples undergo analysis using the available
analytical methods [67].

2.5.6. Test for resilience
The rate of release is gradually slowed by an in-

crease in crosslinking. Thus, the resilience of
sponges can be examined and adjusted as necessary
by taking into account the release pattern as a time-
dependent function of crosslinking [68].

2.6. Applications of nanosponges

Nanosponges' versatility and biocompatibility
make them useful in a variety of medical applica-
tions. In the manufacturing of topical dosage forms,
tablets, capsules, pellets, granules, suspensions, and
solid dispersions, they can be employed as excipi-
ents [69].

2.6.1. Drug delivery
Drug solubility, stability, and rate of dissolution

can all be enhanced with nanosponges. They can
also be used to transform liquids into solids and
cover up disagreeable tastes [70]. It may be possible
to distribute complexes in a blend of anticoagulants,
excipients, thinners, and lubricants in tablets and
capsules with the proper formulation for oral
administration [71].

2.6.2. Immobilization of enzymes
Lipases are especially affected by the problem of

enzyme immobilization since it increases their
consistency and changes characteristics such as re-
action rates and enantio selectivity [72].

2.6.3. Prevents photodegradation
Gamma-oryzanol is encapsulated with robust

protection against photodegradation to create na-
nosponges [73].

2.6.4. Autoimmune disorders
The creation of biomimetic nanoparticles, which

take inspiration from nature and enhance the
interaction of synthetic materials with biological
systems, has garnered significant interest in the
realm of nanomedicine lately [74e77]. By employing
a function-based strategy to accomplish broad-
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spectrum neutralization, the nanosponge platform
distinguishes itself from traditional nanomaterial-
based methods that work via complementary
structures [78].

2.6.5. Cancer treatment
The administration of anticancer drugs is one of

the most difficult tasks in the pharmaceutical in-
dustry these days due to their poor solubility. Ac-
cording to one report, the compound of nanosponge
is three times more effective than direct injection at
slowing the growth of tumors [79].

2.6.6. Sustained release drug delivery
Acyclovir is a popular antiviral medication be-

cause it effectively treats herpes simplex virus in-
fections. Both formulations had no early burst
effect, demonstrating that the medication was not
poorly adsorbed onto the surfaces of the nano-
sponge [80].

2.7. Nanosponges in pulmonary hypertension

Pulmonary hypertension (PH), a dangerous illness
marked by high blood pressure in the pulmonary
arteries, is being treated with nanosponges, a novel
therapeutic method. Their potential as tailored
medication delivery systems is among the most
exciting uses of nanosponges in this area. Nano-
sponges have the potential to increase the efficiency
of therapeutic agents while reducing systemic side
effects by encapsulating drugs that are specifically
made to lower pulmonary artery pressure and
delivering them directly to the lungs.
Long-term, regulated medication release is made

possible by the special porosity structure of nano-
sponges. This continuous release helps maintain
therapeutic drug levels in the bloodstream, which
is especially helpful in the management of long-
term conditions such as pulmonary hypertension.
Nanosponges may improve the adherence of pa-
tients to their therapy plans along with enhance
overall therapy outcomes by delivering a consistent
supply of medication. The possible decrease in
toxicity is another important benefit of employing
nanosponges in pulmonary hypertension treat-
ment. Because they are systemic in nature, tradi-
tional treatments for PH frequently have a variety
of adverse effects. The danger of side effects can be
decreased by using nanosponges to carry drugs
only to the lungs, limiting the exposure of other
organs to these drugs. This focused strategy not
only improves the treatment's safety profile but
also makes it possible to employ larger dosages of
drugs when needed.

2.8. Conclusion

The use of nanosponges has become a viable
therapeutic strategy for the treatment of pulmonary
hypertension (PH), a complicated and frequently
lethal illness marked by high lung blood pressure.
These nanostructures are engineered to target
specific molecular pathways involved in the dis-
ease, offering potential advantages over traditional
treatments. Nanosponges can be designed to
deliver drugs directly to the pulmonary vascula-
ture, improving the bioavailability and reducing
side effects by localizing treatment. Moreover, their
unique features, including a high surface area and
biocompatibility, facilitate enhanced interaction
with cellular targets, leading to improved drug ef-
ficacy. Recent studies suggest that nanosponges
can help modulate inflammation and endothelial
dysfunction-key factors in PH pathogenesis.
Despite encouraging initial findings, more study is
required to maximize the long-term efficacy, sta-
bility, and safety of nanosponges in therapeutic
settings. Overall, the use of nanosponges repre-
sents a novel and exciting avenue for PH therapy,
potentially transforming the landscape of treat-
ment for this challenging disease.
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