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ABSTRACT
Nanosponges (NSs) are non-toxic, porous, solid polymers, having three dimensional
structures which stable at high temperature and can form inclusion complexes with many
molecules due to their cavity size. NSs are prepared by reacting β-cyclodextrin (β-CD) with
cross-linkers such as pyromellitic anhydride, hexamethylene diisocyanate, carbonyldiimidazole or diphenyl carbonate.
Many anti-cancer drugs with both hydrophilic and lipophilic properties can be loaded or
integrated into NS and ultimately increase the characteristics of the drugs.

The most

important properties and advantages of NSs are easily synthesized and modified, provide high
drug loading capacity along with controlled release, increase the solubility and bioavailability
of water-soluble molecules. In addition, NSs protect the degradable actives from
environmental influences, biologically safe and biodegradable compared to other
nanocarriers. This review has highlighted the structure and properties of CD-NS as well as
demonstrating a new generation of functionalized NS studies as an innovative drug delivery
agent for pharmaceutical applications.
Keywords: Nanosponge, Cyclodextrin, Nanocarriers, Controlled Drug Delivery, Guided
Drug Delivery, Cancer
INTRODUCTION
According to the data of the world health organization, cancer is defined as the second most
important disease which has a fatal impact on human health of the 21st century 1. Strategies
developed for cancer treatment include chemotherapy, surgery, hormone therapy, radiation
therapy and recently nanoparticular-based anti-cancer drugs and targeted therapy. However,
traditional cancer treatment methods have some disadvantages compared to innovative
methods. Although it has a positive effect on the destruction of cancer cells in chemotherapy

applications where cancer drugs are used, it has many negative features such as damaging
normal healthy cells in the tumor environment, showing toxic properties depending on the
doses used and having side effects. Surgical treatment, however, involves risks such as tumor
cells invading or spreading other tissues, reoccurrence, although local cancerous tissue is
removed.
In the radiation therapy that uses high energy radiation, tumor cells can be eliminated and
prevent them from dividing and multiplying. During radiotherapy, the tumor area is
determined and the rays are sent to the cancerous cell at a higher dose. In the treatments, a
large area is used to give adequate amount of irradiation to the tumor tissue, and accordingly,
healthy tissue damage and side effects can be seen much more.
Most drugs currently in use have poor biopharmaceutical properties 2, low permeability,
solubility and intestinal absorption, and short blood circulation times that cause various toxic
side effects, therefore limiting their use in clinical applications. These adverse conditions
cause rapid excretion, dose-related side effects, and deterioration in gastrointestinal fluids, in
vitro instability and lack of selectivity 3.In order to overcome disadvantages, drug targeting
and delivery systems (DTDS) have been broadly developed, investigated and researched,
especially with the aim of nano-carrier based DTDS. Treatment using nanoparticles (NPs) is
known as a new type of cancer treatment method that improves the pharmacological
properties of drugs and removes tumors in normal tissues with minimal effect. In this method,
traditional cancer drugs are directly conjugated to NPs or integrated with a suitable ligand,
and have positive results such as increased stability of the drugs, biocompatibility, and less
impact on healthy cells and much less side effects in traditional methods. The accumulation of
drug loaded nanostructure in the tumor cell can vary depending on the circulation time, shape,
size of the structure and the targeted tumor type 3.

The main function of NPs develop is the delivery and controlled release of therapeutic drugs
to the targeted area. It is prominent that the nanomaterials used for this aim should be
biocompatible, soluble and secure
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. It is also important that NPs should be non-toxic, non-

mutagenic, have high stability, and have the capacity to deliver therapeutic agent to specific
site.
For this objectives, many nano-based drug delivery system was developed, designed and
manufactured such as nanosponges, polymeric micelles, solid lipid nanoparticles, metallic
nanoparticles (silver, gold), carbon nanotubes, nanogels, dendrimers, liposomes, nanocrystals,
magnetic nanoparticles and microcapsules. For instance, Nanosponge is a three-dimensional,
solid, insoluble structure that is obtained by a variety of synthesis techniques using
cyclodextrins (CD) (which may be α-CD, β-CD, γ-CD) with polymeric crosslinkers. Solid
lipid nanoparticles (SLNs) are structures that are used as drug delivery material that
researchers work on, consisting of emulsifiers, water / solvents and lipids, and have many
advantages such as low toxicity, easy production, controlled drug release, and delivering
drugs of particular lipofolic nature 8.
Dendrimers are polymers containing a large number of branched monomers consisting of a
central core. These structures, which have many functional groups thanks to the branched
monomers composed of dendrons, are used as drug delivery agents due to their compatibility
and flexible structures. Denimers synthesized from many polymers such as polyamidoamine
PAMAM), polypropyleneimine (PPI) have nanoparticle drug delivery potential due to their
biological compatibility. In addition, these structures are used for photothermal therapy gene
therapy applications 9,10.
The liposomes, consisting of small spherical vesicles, are two-layer structures made of
phospholipids containing a hydrophobic hydrocarbon chain and a hydrophilic head, and are
used as drug delivery agents. Due to their high compatibility, liposomes, which can be formed

in nanometer or micrometer size due to their single or multi-layer structure, can carry
structures such as medicine, protein, antigen, DNA and can be used in other therapies as well
as cancer therapy 11.
However, due to the disadvantages of NPs, it is difficult to develop an optimal drug delivery
system that achieves the desired result, some nanomaterials are difficult to apply as a drug
delivery agents due to their degradation or toxicity effects in the body parts, and this requires
sufficient time and research. For instance, the disadvantage of solid lipid nanoparticles is that
SLNp have a crystalline structure that causes drug release due to unexpected polymeric
degradation 8. Dendrimers, on the other hand, may show toxic properties due to the presence
of peripheral amine carboxylate, phosphonate, sulfonate groups, as well as the fact that they
can show non-specific drug delivery and sudden and uncontrolled drug release due to its open
network 12.
Liposomes also have disadvantages such as low content of drug loading, high cost, poor
stability and undesired hydrophobic drug release.
Due to their characteristic structure and properties, NPs can be passively, actively or
physically delivered to the target site, e.g. tumor cell
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. Targeting the NPs to the tumor

region depends on the structural feature of the tumor tissue, that is, the leaky vascular feature
and the weak excretory system, which is called enhanced permeability and retention (EPR)
effect. The nanostructure caused by the EPR effect accumulates in the tumor region and this is
defined as passive targeting.

The NPs whose surface is modified with ligands such as

peptides or antibodies binds by recognizing reproducers on the cell surface and internalized
into the cell through endocytosis, leaving the loaded drugs. This event is defined as active
targeting. On the other hand, accumulation of nanostructure can be performed in tumor tissues
through external effects such as ultrasound, magnetic field, heat, light waves (UV, infrared) 1718

.

Again according to the designed NPs structure, internal stimulatory mechanisms (pH-guided
19

, enzymes20, temperature
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) or as external stimuli (electric field

22

, the magnetic field
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,

Light 24, voltage excitations 25 ultrasound 26, and other chemicals 27-29) may release the drug in
the cell.
In researches on some nanoparticles used for drug delivery strategies, the solubility and
effectiveness of drugs have been increased and it has been proven that these structures can be
used as effective delivery agents. For instance, dendrimers can be used as delivery agents for
non-steroidal anti-inflammatory lyophilic drugs. For example, in a study, the drug containing
the amino group was encapsulated into PPI or PAMAM type dendrimers and its solubility
was increased 12,30.
In a study with solid lipid nanoparticles, tamoxifen loaded SLNp was prepared and its
effectiveness on MCF7 cancer cells was investigated. In in vitro cytotoxide research, they
emphasized that the efficiency of tamoxifen loaded SLNp increased when compared to free
tamoxifen31,32.
METHODOLOGY
Cyclodextrin Based Nanosponges (CD-NSs)
Nanosponges are effective nano-carriers that researchers focus on as a drug delivery agent,
which has recently attracted the attention of many researchers due to their characteristic
structures. NSs have been developed to eliminate the disadvantages of the traditional
medicines described in detail above and increase the effectiveness of drugs. Briefly,
Nanosponges are obtained by using cyclodextrins (CD) (α-CD, β-CD, γ-CD) with polymeric
crosslinkers (such as diphenyl carbonate). Since the main component is cyclodextrins, it is
useful to mention the definition and structure of CDs.

Chemical Structure and Properties of CDs
Cyclodextrin (CD) is defined as a water-soluble, biocompatible cyclic oligisaride, which is
formed by the enzymatic degradation of starch, elementary polysaccharides in nature, by the
Bacillus amylobacter
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bacterium, and contain a hydrophilic outer surface and a lipophilic

cavity that is formed by the α-1,4 glycosidic binding of D-glycosupranoses (Figure 1.). β-CD,
γ-CD, α-CD are named depending on the number of glucosupranose units in their structure.
For instance, the structure formed by connecting 7 glucosupranose units with glycosidic bond
is called β-CD (Figure 1.).
Despite the fact that CDs in higher structures are found in nature, the difficulty of obtaining
and being able to form an inclusion complex with very few substances were not preferred in
terms of research. Among them, β -CD is the most preferred and profound studied structure
because its convenient cavity, which can interact with many inorganic and organic substances,
in addition, ensures high drug loading capacity, easy availability and affordability.
Since 1970, CDs have been used in medicine, food, cosmetics, textiles, catalysts,
biotechnology, and more recently as a drug targeting and delivery system in pharmacology,
nanotechnology and the pharmaceutical industry.

Figure 1. Dimensions and chemical structure for α-, β- and γ-CD (n = 6, 7 and 8,
respectively).

Cyclodextrin-Based Nanosponge (CD-NS) Concept
Natural CDs do not form inclusion complexes with particular drugs which has high molecular
weight or hydrophilic property, in addition some CDs limit their use since they show toxic
properties when injected intravenously
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.Therefore, many chemical modification studies

have been carried out in order to use them as a nano drug carrier system, eliminate the
disadvantages of CDs, and improve their physical, chemical properties. One of these
alterations is the formation of NSs by reacting natural CDs with the crosslinkers described
below. In 1998, DeQuan Li and Min Ma were the first researchers to use the term
cyclodextrin-based Nanosponges
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and develop the NS obtained by bonding β-CD with a

cross-linker (such as diisocyanate) for the treatment and purify of wastewater
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. In their

research, they showed that CD- NSs completely removed wastes such as p-chlorophenol from
wastewater at even a billionth level. However, the development of CD-based NSs by reacting
of natural CDs with crosslinkers and the application of NSs as a nano drug delivery system
was first demonstrated by Trotta and his team 39-41.
Nanosponge's are defined as nanoscale hyper-crosslinked polymers which is non-toxic, stable
at high temperature, spongy pores and a three-dimensional network structure. It is synthesized
by using main component of β, α, or γ-cyclodextrins and crosslinked by proper amount of
crosslinkers (such as pyromellitic anhydride, hexamethylene diisocyanate, carbonyldiimidazole, diphenyl carbonate, (Figure 2,3.) NSs can preserve the hydrophilic and
hydrophobic drugs in their three dimensional cavity. It is usually prepared from βcyclodextrins compared with other native CDs (α, and γ) because β-CD has the highest drug

encapsulation sites, higher complexes and stability due to the appropriate cavity size

39,40

.

Figure 2. Cyclodextrins bind to the crosslinking polymer to form Nanosponge.
The four most basic cross-linking polymers are used in the synthesis of NSs with appropriate
synthesis methods, such as anhydride crosslinkers, carbonyl crosslinkers, diisocyanate linkers,
and epichlorohydrin (Figure 3.).

Figure 3. Common crosslinkers used in Nanosponge synthesis.

RESULTS AND DISCUSSION
Methods Used In Nanosponge Synthesis
Melting method
synthesis

44,45

42

, solvent method

43,

, ultrasound assisted synthesis

42

microwave-assisted

methods are used to obtain desired characteristics and different sizes of NS. In

the melting method, briefly, the crosslinker such as diphenyl carbonate and beta cyclodextrin
in certain molar ratios are melted and gradually heated to a temperature of 90-100 °C under
magnetic stirring, and the by-product formed is removed and cooled at room temperature. The
solid product (Figure 4.) formed is washed with distilled water and acetone, and the
unreacted product is removed 42.
In solvent method, cyclodextrin is dissolved in a polar solvent such as dimethylsulfoxide and
reacted with a crosslinker such as carbonyldiimidazole at a certain molar ratio for about 4-5
hours at 90 °C. When the reaction is over, an excess of water is added to remove the unreacted
crosslinker and the solid is obtained by filtration. Then Sohxlet- extracted with acetone to
remove from by-products (Figure 4.) 43, 44,46.
In ultrasound assistand synthesis, cyclodextrin and cross-linker are put in a bottle in a solventfree environment and subjected to sonication in the ultrasound bath for approximately 5 hours
at 90 °C. After cooling at room temperature, processes are performed as specified in the
solvent method 39,42.
The product obtained by the solvent method has a spherical morphology and a high
dissolution power for water-soluble molecules. In addition, submicron spherical nanosponges
can be obtained by ultrasound assisted synthesis using a suitable crosslinker.
Microwave assisted synthesis is known as the easiest method in obtaining cyclodextrin based
nanosponge compared to other methods. The method is used to obtain homogeneous

crystallinity of NSs as well as a synthesis method which reduces reaction time four times
compared to melting method.

a

b

c

Figure 4. SEM image of a) Cyclodextrin b) Diphenyl Carbonate crosslinked NS c)
Pyromellitic Anhydride crosslinked NS 46
Factors Affecting Formation of NSs
There are also important factors affecting the formation of NS. These are:
Drug Type: Besides the fact that the drugs used are hydrophilic or hydrophobic, the
properties of the drugs known as 'Five rules of Lipinski' affect the formation of NSs.
Polymer Type and Crosslinkers: The type of CD (being α -, β- and γ-CD) and the
crosslinkers used play an important role in NSs formation. Specifically, the determination of
CD and cross-linker molar ratios causes the particle size of NS to form in the desired size;
however, in the cross-linker types play an important role in transforming NSs into a threedimensional structure suitable for hydrophilic or hydrophilic drugs.
Temperature: Increasing the temperature, for example, can especially lead to a decrease or
weakening of intermolecular hydrophobic forces (such as Vander waals force) between NSs
and the drug 47.
Nanosponge Preparation Method: The effectiveness of the method used is important in
terms of both the formation of NS and drug coplex and integration of the drug into NS,

depending on the nature of the drug and polymer used in the formulation. One of the most
useful techniques for the drug / nanosponge complex is the freeze-drying technique 48.
Degree of Substitution: The ability to form nanosponge complexes may vary depending on
the number, position and structure of the substituent on the parent polymer. For example, the
higher the degree of substitution on the parent polymer, the more cross-linking can take place
between CD and crosslinker 49.
Nanosponge Toxicity
Toxicity studies are necessary studies that are extremely important in terms of whether or not
the dose of the drug used and the nanocarrier designed for drug delivery is toxic to humans
and animals, hence to evaluate the usability of the structure.
Toxicity studies with NS have shown no toxic effects or adverse effects. For example, by
injecting NS onto Swiss albino mice, the acute systemic toxicity of NS has been shown to be
safe from 500 to 5000 mg / kg and does not show any signs of toxicity or adverse reactions 50.
In addition, the study of oral administration of nanosponge was tested in mice
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without

significant side effects. In vitro toxicity studies using cell cultures such as MCF7, COS,
HELA using the MTT test also showed that NSs had no cytotoxic effect 39.
The Most Common General Applications of Nanosponge
Due to their sophisticated structure and biocompatibility, they can deliver hydrophobic and a
hydrophilic drug, provide controlled release, enhance the satiability of drugs as well as
increases the dissolution rate of drugs in aqueous environments. NSs can be prepared and
used in the pharmaceutical field as capsules or tablets, parenterally, topically in hydrogel
forms and as adjuvants as well as in applications such as delivery and targeting of drugs 41,5254

.

To summarize a few of the general drug delivery application areas of NSs,
Increasing solubility of drugs: Shende et al.54 researched the effect of the low-soluble
meloxicam drug on the stability, solubility, slow and sustained release of the inclusion
complex formed with β-CD alone and NS.
For this goal, 1: 1 molar ratio of β-CD with meloxicam drug and 1: 8 molar ratio of NS
obtained by using β-CD and pyromellitic dianhydride cross-linker (PMDA). Meloxicam,
which has a solubility of 9.45 / g / ml in aqueous medium alone has increased to 19.07 g / ml
after combining with β-CD, and this value has increased to 36.61 g / ml in integration with βCD based NS. Therefore, they have successfully proved that NS increases the solubility of the
drug.
Controlled and sustained drug release: Cavalli et al.55 has obtained NS by using beta
cyclodextrin and DFC crosslinker and integrates 3 different type of drugs with both
hydrophilic (eg Doxorubicin) and lipophilic (eg flurbiprofen or dexamethasone) property to
NS, and conducted a research to examine drug solubility and its effect on drug release profile.
Effect of NS study has indicated that the solubility increases about 4% by weight for
doxorubicin and 15% by weight for lipophilic drugs. Compare to release profile, doxorubicin
is released very slowly in the physiological medium at pH 1.1, but it is faster when the pH is
increased to 7.4. In addition, they demonstrated the interaction between the drug and
nanosponge and sustaine drug release over time, emphasizing that drug release from NSs was
less than 20% for dexamethasone and for flurbiprofen less than 10% after 2 hours.
Protecting drugs from light or distortion:

S. Anandam et al.56 conducted discrete

irradiation tests for complex quercetin and pure quercetin at the equal concentration so the
protective effect of NS on photodegradation of quercetin investigated. As a result, they have
proved that pure quercetin disorder is much faster than NS encapsulated quercetin. In addition

to this study, they proved that concentration of pure quercetin decreased by more than 50% in
simulated intestinal fluid (SIF) within 6 hours, but NS encapsulated formulation did not show
significant reduction, therefore NS proved that it effectively protects drugs from
photodegradation. In addition, they emphasized that the antioxidant activity of quercetin and
the radical scavenging activity of DPPH increased 569 times with the NS complex. 56.
Protein and enzyme transport: Bovine has been used as a model protein and has been
shown to increase protein stability by incorporating serum albumin into poly amidoamine
cross-linked NS 57.
As oral and topical drug delivery systems:, Gangadharappa, H. V. et al.58 conducted a
research on pharmacokinetics and skin irritation on mice for the topical application of
Nanasponges by integrating the water-soluble lipophilic celecoxib drug with NS formed in
hydrogel. They emphasized that the optimized formulation NS-4 does not irritate the skin on
mice, nanosponge hydrogels obtained can be used as topical drug release for celecoxib, as
well as meeting the requirements in human use in this dosage form 58 .
As a gas delivery agent: Nanosponge formulations have demonstrated the ability to function
and store as a reservoir for large quantities of various gas types such as carbon dioxide and
oxygen 59. In addition, NSs are used as cosmetics 60, agricultural 61 and water treatment 62.
Recently, researchers have been focusing on designing functionalized NS by surface
modification of NSs and enhancing intracellular cell interaction by using ligands. In a study
conducted for this purpose, NS was synthesized with β-CD and diphenyl carbonate (DPC)
crosslinker and functionalized the surface of NS with hydrogen succinate (CHS) to investigate
cellular interaction and protein binding by adding cholesterol 63. In the study used doxorubicin
DOX as a model drug, the cellular binding activity revealed an increase in cellular uptake and
Dox adsorption of Dox-loaded β-CD-NS using the surface functionalization approach. They

emphasized that they show preferable internalization in cells due to the interaction among cell
membrane and CHS. In the same study, in vitro cytotoxicity of surface-modified β-CD-NS
was investigated in the HeLa cell line and the data obtained showed that surface-modified βCD-NS samples were biologically friendly and did not show significant toxicity in HeLa cells
63

.

CONCLUSIONS
Drug targeting provides significant advantages in terms of drug delivery and drug release
compared to traditional treatment methods, as well as significant potential advantages such as
reducing the side effects of drugs, increasing their bioavailability and biocompatibility (thus
encapsulating lipophilic and / or hydrophilic materials and keeping them in the blood for a
long time and in a controlled manner). In addition, it is a promising nanocarrier that can
increase the bioavailability and aqueous solubility by protecting the drugs from degradation in
the physiological environment, which may result in increased specificity with yield when used
with ligands for targeting.
There are many more things to discover, research and develop for NS. For example, obtaining
functionalized NS, integrating ligands into NS, delivering the nanostructure to the targeted
region through active or passive mechanisms and binding to the cell receptors. In addition,
many studies are needed, such as intracellular uptake and drug release using internal and
external stimulants, to integrate NS with metallic or inorganic nanostructures to increase drug
loading capacity. However, functionalized NS surface engineering studies are limited to
several publications.
In addition to increasing the efficiency and specificity of the targeted regions and reducing the
toxicity of the drug, many researches are needed to increase the effect level of the drug by
taking the drug release slowly and gradually.

However, mathematical modeling of NS integration into the cell and conducting positively
charged NS studies to overcome the problems encountered for gene or nucleic acid delivery
may be considered as future approaches.
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