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Approaches for effective and sustained drug delivery to the female reproductive tract (FRT) for treating a range of

gynaecological conditions remain limited. The development of versatile delivery platforms, such as soluble gels

(sol–gels) coupled with applicators/devices, holds considerable therapeutic potential for gynaecological conditions.

Sol–gel systems, which undergo solution-to-gel transition, triggered by physiological conditions such as changes in

temperature, pH, or ion composition, offer advantages of both solution- and gel-based drug formulations.

Furthermore, they have potential to be used as a suitable drug delivery vehicle for other novel drug formulations,

including micro- and nano-particulate systems, enabling the delivery of drug molecules of diverse physicochemical

character. Hence, such systems are are of profound significance in delivering the drugs to various parts of FRT for

optimal treatment of various gynecological conditions which was not achievable using conventional drug delivery

technologies.

vaginal drug delivery  sol–gel formulations  stimuli-responsive polymers  mucoadhesion

vaginal applicators/devices

1. Introduction

Recent advances in pharmaceutical research and development have drawn considerable attention towards

developing more effective, patient-friendly, and clinician-endorse treatment options for conditions of the FRT.

Compared to the oral/parenteral routes, local and direct vaginal drug delivery (VDD) is preferred for both small and

large molecules, owing to the mucosal surface area of the upper and lower FRT, with its rich blood supply, and

avoidance of the gastrointestinal tract and hepatic first-pass metabolism. From the patients’ perspective, VDD

minimizes off-target effects and enables self-administration in the case of lower FRT conditions, obviating the need

for specially trained medical personnel .

The vagina offers a direct channel for delivering therapeutic agents for the treatment of various gynecological

conditions that have, to date, been exclusively delivered via the oral/systemic route. However, effective VDD is

challenged by the highly variable anatomical, physiological, and microbiological features of the FRT, which

transition over a patient’s lifetime, consequently posing a great challenge to formulation scientists where catering to

the varied needs of patients can be effectively met.

[1][2][3]
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In this regard, various conventional formulations (e.g., creams and pessaries), although administered vaginally,

result in limited delivery success, due to the physiological clearing mechanism of the vagina, which results in

premature leakage and sub-therapeutic outcomes. These shortfalls stem from a short drug residence time on

mucosa, with lowered drug absorption and unfavourable clinical outcomes . Thus, an alternative vehicle

that can tolerate a changing microenvironment and has good mucoadhesive/retention properties, while having

appropriate flow properties to adequately disperse, reach, and coat target mucosa/structures in the FRT, is sought.

In this context, phase-transforming sol–gels offer a safe, practical, economical, and effective solution to the long-

standing issues hampering drug delivery to the upper and lower FRT . Sol–gels are initially in solution form,

enabling ease of dispersion onto mucosa with an appropriate device, undergoing rapid gelation in response to

physiological stimuli such as body temperature, changes in pH, and/or the presence of counter ions. Once gelled,

the mucoadhesive properties of an appropriately engineered sol-gel pave the way for the sustained delivery of

infused therapeutics (e.g., small molecules, peptides, proteins, genes) to underlying mucosal tissue .

Additionally, the hybridization of sol-gels with drug encapsulation strategies such as nanoparticles, microspheres,

liposomes, and PEGylation can be used to further enhance/fine-tune the drug release characteristics . Several

studies confirm the successful delivery of drugs using sol-gel formulations in a number of FRT-related conditions,

including infection treatment, the delivery of contraceptives, labor induction, supplementation of the microbiome,

HRT, and prophylaxis of sexually transmitted diseases . Given its immense potential, the highly

versatile sol-gel platform technology has drawn great attention and interest from the scientific community in

reimagining drug delivery to the FRT.

2. Sol–Gel Platform Technology in Vaginal Drug Delivery
System

The vagina is an appropriate site for local and systemic drug delivery to treat/manage a broad range of

gynecological conditions . A range of intravaginal medications is available on the market, with most requiring

frequent application/administration due to the associated key limitations of short residence time and inadequate

drug distribution on/through the vaginal mucosa (Figure 1) . In this context, there is a case to be made for sol-

gels, which can be engineered to prolong the vaginal residence time, resulting in predictable drug disposition to the

vaginal mucosa (Figure 1) . Sol–gels, also referred to as in situ hydrogels, which involve phase transition

simply in water, have shown promising results in terms of protein and peptide drugs, tissue engineering, and

overcoming barriers to drug absorption . With their combined attributes of both solutions and gels, they support

polymer-induced drug solubilization, and uniform drug distribution, when applied to the vaginal mucosa with an

appropriate applicator/device . Once in the gelled state, increased viscosity and incorporation of excipients that

promote mucoadhesion reduce vaginal outflow/leakage and mitigate the loss of the drug from the vaginal cavity,

providing greater opportunity for drug absorption in/through the vaginal mucosa and favourable drug release

kinetics . Thus, overall, an appropriately engineered mucoadhesive in situ sol–gel system can bring a

multitude of benefits that support the attainment of desired clinical outcomes in the FRT.
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Figure 1. (A) Cross-

section of the vaginal tract. (B) Uniform distribution and diffusion of drug throughout mucosal–epithelial layer with

sustained delivery using an in situ sol–gel system. (C) Poor and sparse drug distribution through mucosal-epithelial

layer and leakage via conventional dosage forms.

2.1. Features and Use of Vaginal Sol–Gel Formulations

The development of a drug delivery system using stimuli-reactive smart polymers, as is the case with sol–gels,

allows fine-tuning of the rheomechanical properties aligned to the use, be it localised (deposition) or systemic

(permeation) drug delivery that is sought . These smart polymers tend to transform their characteristics in

response to physiological changes, with the extent/degree of transformation determined by the nature of the

monomer(s), charge density, pendant chains, and the degree of polymer crosslinking . Stimuli-responsive in situ

sol–gel systems are a unique dosage form, being a clear, low-viscosity polymeric liquid/solution, which, through a

given trigger (pH, temperature, ions), converts to a viscous gel upon administration into a body cavity . From a

thermodynamic viewpoint, the balance between the hydrophobic and hydrophilic groups on the polymer chain and

the free energy of mixing (  result in marked alteration of the aqueous solubility of the

polymer and cause sol-to-gel phase transition . Since the enthalpy (ΔH) is smaller than the entropy (ΔS), an

increase in temperature (T) results in negative free energy of association (−ΔG), which increases the preference of

polymer-polymer and water-water interactions to polymer–water interactions and causes the dehydration of

solvated polymers . In the case of amphiphilic polymers, an increase in polymer concentration above CMC

results in the packaging of micelles in an ordered manner, forming a hydrophobic core and hydrophilic shell, and

ultimately forms a gel . Various mechanisms of stimuli-responsive gelation are shown in Table 1.

Table 1. Marketed VDD formulations, their indication, and the manufacturer.
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Active Drug Brand Name Dosage
Form Indication Manufacturer Reference

Oestradiol Vagifem Tablet Atrophic vaginitis
Novo Nordisk

Health Care AG

Dinoprostone Prostin E2, Tablet
Cervical ripening

and labour
induction

Pfizer

Dinoprostone Cervidil Insert
Cervical ripening

and labour
induction

Forest
Laboratories

Misoprostol Misodel Insert Labour induction
Ferring

Pharmaceuticals

Progesterone Endometrin Insert
Assists embryo
transplantation

Ferring
Pharmaceuticals

Oestradiol Imvexxy Inserts Atrophic vagina Therapeutics MD

Clotrimazole Gino-Canesten Cream
Vulovaginal
candidiasis

Bayer

Sertaconazole Sertopic Cream
Vulovaginal
candidiasis

CPH

Clindamycin Dalacin V Cream Antibacterial Pfizer

Z. multiflora Leucorex Cream Trichomoniasis Barijessence

Oestriol Ovestin Cream
Oestrogen hormone

supplement
Aspen

Etonogestrel/
Ethinyloestradiol

Nuvaring Ring
Endometriosis,
cervical cancer

Organon

Progesterone Progering Ring
Release

progesterone
Laboratorios
Andrómaco

Oestradiol Estring Ring

Oestrogen
replacement

therapy, cervical
cancer

Pfizer

Nonoxyl-9 Today Sponge Spermicide
Almatica

Pharma, Inc.

Progesterone Crinone Gel
Assisted

reproductive
procedures

Merck

®
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The stimuli-responsive polymers exhibit pseudo-plastic behaviour, which is highly desirable to formulate sol–gels

as they offer better distribution on the mucosal tissue . For the drug formulation exhibiting such behaviour,

viscosity is reduced during application on the mucosa due to the change in alignment of tangled polymeric chains

in the shear direction. However, the original rheological profile is regained immediately after application on the

vaginal mucosa in response to the physiological stimuli . This leads to the formation of a viscous gel in the

vaginal cavity, which is essential for prolonged drug residence time in the vaginal cavity and ultimately results in

sustained and controlled drug release . The sustained and controlled drug release profiles exhibited in the

examples of sol–gel systems included in Table 1 are attributed to the increased vaginal residence time of the drug

formulations. Further, drug distribution in the mucosal tissue is also assisted by the ability of the gel to permeate

the mucosa . For instance, a significant increase in drug permeation was observed with a vaginal in situ gel

formulation of fluconazole, which could be attributed to both the improved drug release profile of the drug in the

formulation as well as the interaction between chitosan used in the formulation and mucin present in the vaginal

mucosal layer . Studies on VDDS report an increase in drug permeability by the use of polyethylene glycol .

Mucoadhesive in situ gelling systems are those (containing natural or synthetic mucoadhesive polymers) that

interact with and adhere to the mucosal epithelial surface components, particularly mucin, via hydrogen bonding,

electrostatic interaction, and van der Waals forces, and, once administered in soluble form, they rapidly undergo in

situ gelation (Figure 2) . Published results suggest that at least 6 h of vaginal drug residence time is

desired to represent the mucosal clearance turnover rate for the drug to cross the mucosal barrier (30–100 µm

thick), epithelium layer (200–300 µm), and other adjacent layers before reaching the blood vessels in the vagina.

This target can be met by a gel using mucoadhesive polymers containing suitable surface characteristics, charge,

and functional groups, such as hydroxyl, sulphate, carboxyl, and amine groups—for example, polymers such as

polyacrylic acid, cellulose, chitosan, hyaluronic acid, carrageenan, alginate, gums, and sulphated polysaccharides

. Use of these polymers results in optimum mucoadhesive strength, sustained drug release, and

increased drug uptake by the vaginal mucosa . Mucoadhesive systems not only improve bioavailability through

localised action but also alter tissue permeability and enhance the absorption of protein and peptide-based drugs

. This makes mucoadhesion an essential parameter to consider and optimise as per the requirements to obtain

formulations for controlled and sustained deliveries . For instance, in a study comprising a thermosensitive

formulation, mucoadhesive formulation, and thermosensitive–mucoadhesive system, the in situ mucoadhesive gel

was considered the optimum formulation, with a longer vaginal residence time compared to the two other systems

(>8 h). The study suggests that both gelation and mucoadhesiveness together result in a robust vaginal formulation

.

Active Drug Brand Name Dosage
Form Indication Manufacturer Reference

Nonoxynol-9
Vaginal

Contraceptive
Film

Film Spermicide Apothecus

Lactobacilli gasser
and Lactobacilli

rhamnosus
EcoVag Capsule Bacterial vaginosis

HÄLSA Pharma
GmbH

Progesterone Utrogestran Capsule
Luteal phase

support

Laboratories
Besins

International

®
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Figure 2. Stages of

mucoadhesion and drug release from stimuli-responsive sol–gel formulations.

Mucoadhesion occurs in two stages: (i) contact stage involving hydration, wetting, and spreading; (ii) consolidation

stage involving strengthening polymer and mucin interactions through hydrogen bonds, hydrophobic interactions,

van der Waals forces, electrostatic interactions driven by negatively charged mucin, and/or mucoadhesive or

polymer chain interpenetration into the cervicovaginal mucus gel (Figure 2) . Mucoadhesive intravaginal

formulations should be engineered considering the nature and physico-chemical characteristics of drugs and their

transportation route to overcome the associated challenges and improve their therapeutic efficacy . In addition,

for vaginal application, these polymers should be non-toxic, non-irritating, flexible, comfortable, and ideally remain

unabsorbed in the vaginal epithelium . The various polymers used in VDDS are represented. Natural polymers

used in these systems typically respond to single or multiple stimuli, while synthetic polymers respond to specific

stimuli. However, a major issue with the use of synthetic polymers is that they can result in irritation and toxicity to

the underlying tissue . Hence, diligent polymer and excipient selection is necessary before formulation into sol–

gel systems, for either localised or systemic action.

In this context, the World Health Organization (WHO) has issued guidance for vaginal preparations, such as

lubricants, recommending that they be mildly acidic (pH 4.5), with an upper limit of osmolality not exceeding 1200

mOsm/kg, to minimise any risk of mucosal/epithelial damage . In the context of tonicity, while hypotonic

vaginal products enhance muco-penetration, hyperosmolar vaginal products raise safety concerns with respect to

vaginal tissue health and sperm viability and mobility . This was corroborated in a phase 1 clinical trial for a

vaginal microbicide developed against HIV, which was discontinued, with the sponsor citing unacceptable side

effects resulting from the high osmolality of the gel, reinforcing the need to factor in osmolality when developing

vaginal semi-solid formulations . In addition, the size of the carriers/particles infused in semi-solid formulations

has a direct impact on cervicovaginal mucosal and epithelium penetration, with a 200–500 nm particle size range

recommended for VDD mucus . Surprisingly, lowering the particle size range to 100–150 nm results in them
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becoming trapped and immobilised in the numerous tiny pores/pockets of the cervicovaginal mucosa, rendering

them appropriate for localised, deep mucosal drug delivery. In contrast, larger-sized carriers >1000 nm are unable

to diffuse into such pores/pockets and so remain on the outer mucosal surface, where they are susceptible to more

rapid clearance by ciliated mucosa .

Considering the biological and physicochemical challenges, nanotechnology-based delivery systems have proven

a promising means of improving drug distribution, retention, and therapeutic efficacy in VDD . Nanoparticulate

systems can enhance the solubility, bioavailability, and targeting of drugs, while increasing the rates of dissolution

and surface area that can be reached. This can be achieved through the design of particulates including, but not

limited to, micelles, carbon nanotubes, polymeric lipid nanoparticles, nanocapsules, nanogels, nanofibers,

dendrimers, quantum dots, and nanocomposites, which are extensively reviewed elsewhere . The

literature suggests that these nanocarriers have demonstrable drug solubility enhancement properties, while also

protecting against rapid drug degradation and enhancing drug concentrations in target tissues, further masking

them from the harsh conditions of the FRT and addressing the many shortfalls of conventional VDDS . For

instance, the aqueous solubility, stability, and mucosal permeability of antifungal drugs have been addressed using

inclusion complexes and gel flakes . Antifungal drugs prepared using hydroxypropyl β-cyclodextrin (HPβ-CD)

have been readily incorporated into sol–gel formulations, and exhibited sustained drug release without any

detrimental effect on the vaginal tissue . Similarly, enhanced drug permeation/bioavailability was achieved

through the vaginal epithelium, alongside improved epithelial drug viability, when in situ nanoparticles of acyclovir,

a highly water-insoluble drug, were formed, in comparison to the pure drug . Likewise, atorvastatin, a BCS class

II drug, when formulated into nanoparticles exhibited significant improvements in solubility and efficacy, compared

to the native powdered atorvastatin . Hence, the use of vaginal sol–gel formulations as vehicles for such tailored

and innovative micro- and nano-encapsulated drug forms is a highly promising proposition to address the shortfalls

of conventional dosage forms for a range of conditions, as elaborated in Table 1 .

The range of gynaecological conditions receiving significant attention through innovative formulation development

include vaginal infection and atrophy, neoplasia, labour induction, prophylaxis of HIV, and contraception 

. Vaginal infections in particular are of growing concern, and, in this context, several studies have focused on the

development of sol–gels to treat a range of STIs of bacterial and fungal origin . A few studies on vaginal sol–

gel systems are represented in Table 1. These studies suggest that the sol–gel formulations, when used in vaginal

infections, not only have better efficacy compared to their conventional formulations but also are associated with

reduced toxicity towards the underlying tissues of the FRT. Hence, they present strong potential to solve the

problems of high reinfection rate and incomplete treatment with the current treatment regimen of vaginal infections.

For instance, in a pilot, randomised, controlled trial with confirmed bacterial vaginosis, which has a very high rate of

reoccurrence, the initial treatment rate for an in situ gel and gel was 85% and 71.24%, respectively. However, the

difference was more prominent with treatment for 4 weeks, with values of 80% with the in situ gel and 47.4% with

gel application, indicating the higher long-term efficacy of in situ gels, which can be ascribed to the increased

mucoadhesiveness, increased vaginal residence time, and sustained release nature exhibited by the use of

poloxamers in in situ gel formulation .
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Current strategies for HIV prophylaxis utilise vaginal microbicides that act specifically on the critical steps of HIV

transmission, and several such formulations are in different stages of development . In this regard, vaginal

sol–gels provide an opportunity for early intervention to the sexual transmission of HIV in females, with pH-induced

gelation triggered by exposure to semen, effectively shielding underlying epithelial cells, and restricting the entry of

virions into the systemic circulation . For instance, a pH-responsive polymeric network comprising phenylboronic

acid, salicylhydroxamic acid, and 2-hydroxypropyl methacrylamide impeded the migration of HIV at pH ≥ 4.8 .

This mechanism gives rise to the concept of “molecular condoms”, where the temperature and pH responsiveness

of formulations can be applied to the vaginal mucosa setting, with the gel form effectively covering the mucosal

tissue and releasing microbicides . Moreover, this concept of shielding the mucosal tissue helps drug

concentration and retention at the vaginal mucosa surface to facilitate mucopenetration and enhance

pharmacokinetics at the target tissue . In cases where the microbiome and/or vaginal mucosal tissue integrity is

compromised, susceptibility to HIV infection is elevated. Therefore, co-administration of anti-HIV drugs alongside

the localised delivery of mucosal barrier formulations is a combination approach to the prophylaxis of HIV infection

that warrants widespread use . For instance, thermosensitive nanoparticles of the combination of hydrophilic

drug Raltegravir, a HIV integrase inhibitor, and lipophilic drug efaviren (non-nucleoside reverse transcriptase

inhibitor), prepared using a poloxamer (Table 2), resulted in thermogelation at 32.5 °C and exhibited anti-HIV

activity at a concentration lower than that exhibited by the solution of the combination of these drugs. Moreover,

nanoparticles were taken up rapidly by HeLa cells (within 30 min) and exhibited sustained drug release without

exhibiting cytotoxicity for a period of 14 days, which indicates that the formulation is a suitable candidate for the

prevention of prolonged vaginal pre-exposure of HIV. Furthermore, the incorporation of (RAL + EFV) nanoparticles

did not result in the aggregation of nanoparticles, suggesting that the thermosensitive gel is an effective drug

delivery vehicle for these anti-HIV drug-loaded nanoparticles .

Similarly, intravaginal dendrimer-based sol–gels have also earned considerable attention in recent years for the

treatment of the highly challenging HPV infection, particularly in pregnant women, where systemic drug exposure is

not desirable for either the mother or the growing foetus . An in situ hydrogel infused with amoxicillin using a

generation 4 poly(amidoamine) dendrimer with polyethylene glycol provided in vitro drug release for 240 h and a

sustained antibiotic effect through a dual mechanism, i.e., the antibiotic effect of the dendrimer itself and the

sustained release of the drug. Moreover, the dendrimer complex targeted the inflammatory cells and reduced

cytotoxicity and hence no change in vaginal pH or tissue necrosis was observed while the formulation was retained

in the vaginal mucosa (72 h), after which the hydrogel started to become degraded .

With these established benefits of VDDS, and the many limitations/unwanted effects associated with current

modes of hormonal contraceptive administration, safer and more patient-friendly intravaginal hormonal

contraceptives—specifically, stimuli-responsive in situ hydrogels—are gaining attention and interest . It has

been demonstrated that formulations containing multiple drugs are more efficient contraceptives compared to

single-drug formulations . In this context, an in situ pH-responsive hydrogel containing indomethacin,

gestodene, and ethinyl estradiol prevented pregnancy completely compared to a control group, which presented

100% pregnancy. However, surprisingly, another group receiving hydrogels without any drugs had a 60%

pregnancy rate, indicating that the hydrogel components also play a role in contraception . Likewise, in situ

[4][65]
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hydrogels of non-hormonal agents have also been explored for vaginal contraceptives . For instance, a

chitosan-based in situ hydrogel of iron (II) gluconate dihydrate, used prior to sexual intercourse, releases iron

rapidly in the vagina and exhibits spermicidal properties . In another study, poloxamer-based temperature-

responsive in situ hydrogels of nonoxynol-9 resulted in up to 10 h of vaginal residence time . With the rising

interest in using multi-drug treatment regimens for more comprehensive therapeutic coverage, drugs with

complementary modes of action have been proposed (e.g., anti-HIV + anti- HPV + spermicide), and so the

development of sol–gels in this context would be an important milestone in advancing VDD and women’s health

and well-being more broadly . For instance, vaginal administration of a nanoparticle formulation containing an

antimicrobial and spermicidal agent, curcumin, and the anti-HIV agent efavirenz exhibited better encapsulation

efficiency compared to single-drug nanoparticles and exhibited better efficacy compared to their solution form,

without affecting lactobacilli viability or vaginal tissue, hence indicating the formulation as an efficient example of

multiple prevention technology (MPT)-based VDDS . In this context, the development of an efficient delivery

vehicle such as sol–gels would enhance the therapeutic benefits . Additionally, the intravaginal administration of

hormones infused in sol–gels is also being investigated for hormonal replacement therapy and fertility treatment,

while its application in cervical cancer has shown promise (Table 2 and Table 3) .

Table 2. Sol–gel formulations designed for gynaecological indications.

[10][63]

[10]

[71]

[14][72]

[73]

[74]

[75][76]

Indication API Drug Form

Stimuli-Sensitive
and

Mucoadhesive
Polymers (w/v)

Gelation
Trigger

Gelation
Mechanism Comments References

Bacterial
vaginosis

Metronidazole Free drug
20% poloxamer
407 and 10%

poloxamer 188
Temperature

Swelling due
to polymeric
crosslinking

Increased
prolonged curative
rate with sol–gel

(80%) compared to
conventional gel

(47.4%)

Clotrimazole Free drug

15% poloxamer
407, 15% and/or
20% poloxamer
188, and 0.2%

w/v polycarbophil

Temperature
Micelle

formation

Antifungal effect
for 10 days;

reduced toxicity to
epithelium cells of

human cervix

Secnidazole Aerosol foam

0.45% carbopol
940 with 0.35%

HPMC K4 M and
0.35% carbopol
940 with 0.35%

HPC

pH
Hydrogen
bonding

Less than 50% of
drug released by 8

h, indicating
controlled drug

release

Secnidazole Free drug 20% poloxamer
407, 1%

poloxamer 188,

Temperature Micelle
formation

Approximately 1–
2-fold increase in

mucoadhesiveness
with chitosan

[61]

[18][21]

[77]
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Indication API Drug Form

Stimuli-Sensitive
and

Mucoadhesive
Polymers (w/v)

Gelation
Trigger

Gelation
Mechanism Comments References

and 1 or 2.5%
chitosan

  Clindamycin Free drug
1% gellan gum
and 1% HPMC

Ion
Polymeric

crosslinking

Good gelling
capacity; good

mucoadhesion and
adequate inhibition
of microbial growth

  Voriconazole

Drug-
hydroxypropyl
β-cyclodextrin

inclusion
complex

Poloxamer 407,
poloxamer 188
HPMC, HEC,
polycarbophil,

and carrageenan

Temperature

Formation of
closely
packed

micelles in
aqueous
medium

Increased vaginal
tissue uptake by

the use of
cyclodextrin and
sustained drug
release for 8 h

using in situ gel in
female Wistar rats

compared to
conventional
formulation

 
Amphotericin

B

Drug-
Hydroxypropyl
ϒ-cyclodextrin

complex

25% poloxamer-
based multiblock

copolymers

pH and
temperature

Hydrogen
bonding

Toxicity reduced by
complexation;

dissolution
controlled drug
release rate;

prolonged drug
release observed
at pH 7.4 and pH

9.0

Herpes
simplex virus

(HSV)
infection

Acyclovir Nanoparticle
18% poloxamer

407
pH and

temperature
Polymeric

crosslinking

Drug’s therapeutic
level achieved with

10 times smaller
amount of drug;

relative
bioavailability

increased twice
compared to
suspension

dosage form of
pure drug

Infertility Fetilty-
Promoting
intrauterine

infusion liquid
(FPL)

Icariin
extracted from

Epimedium,
safflower, and

motherwort

19% poloxamer
407, 2.5%

poloxamer 188,
and 0.3% HPMC

Temperature Hydrogen
bonding

Uterus and ovarian
indices significantly

increased in the
rats receiving the

sol–gel formulation

[17][78]
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Table 3. Types of polymers used in VDD.

Indication API Drug Form

Stimuli-Sensitive
and

Mucoadhesive
Polymers (w/v)

Gelation
Trigger

Gelation
Mechanism Comments References

compared to
control group;

oestradiol levels
increased after day

7 to day 22

Sildenafil
citrate

Free drug
15% poloxamer

407 and 1% HEC
Temperature

Entanglement
and

condensed
micelle

packing at
increased
polymer

concentration

Sol–gel transition
temperature
reduced by

addition of HEC;
increased

endometrial
thickness as well

as uterine flow with
reduced dosing

length compared to
vaginal

suppositories

Pre-
exposure

prophylaxis of
HIV

Raltegravir +
efaviren (RAL

+ EFV)
Nanoparticles

20% poloxamer
407 and 1%

poloxamer 188
Temperature

Hydrogen
bonding

Inhibitory
concentration of
RAL + EFV–NPs

less than the
solution form; sol–

gel proved an
efficient delivery
vehicle of NPs

Tenofovir Microsphere

α,β-
glycerophosphate

(GP), chitosan,
sodium alginate

Temperature

Electrostatic
interaction
between
polymers

Viscosity of
chitosan–GP

complex
strengthened by
sodium alginate;

initial burst release
(30%) in the first

30 min followed by
cumulative release
(87.82%) after 24

hrs

Contraceptive Nonoxynol-9 Free drug
18% poloxamer
407 and 1% or
6% poloxamer

Temperature
Micelle

formation

Increased vaginal
residence time
compared to

solution form; rapid
hydrogel erosion
and drug release

[81]

[13][82]

[83]

[11][71]

Source Polymers Role/Feature References

Plant

Cellulose derivatives e.g., HPMC,
HPC, HEC, MC, EC

Thermo responsive gelation;
Mucoadhesive; non-biodegradable

 

Pectin Mucoadhesive  

Alginate
Biocompatible; biodegradable; anionic; ion-

responsive gelation
 

Carrageenan
Mucoadhesive; antimicrobial and antiviral

activity

Animal

Chitosan
Polycationic copolymer;

Mucoadhesive; biocompatible;
biodegradable; antibacterial activity

Gelatin Biocompatible; biodegradable;

Hyaluronic acid Negatively charged

Microbial Gellan gum Ion-responsive gelation

[17][85]

[47][17]

[17]

[47]

[17]



Application of Sol–Gels for Treatment of Gynaecological Conditions | Encyclopedia.pub

https://encyclopedia.pub/entry/19757 12/27

HPMC—hydroxypropyl methyl cellulose, HPC—hydroxypropyl cellulose, HEC—hydroxyethyl cellulose.

HPMC—hydroxypropyl methylcellulose, HPC—hydroxypropyl cellulose, HEC—hydroxyethyl cellulose, MC—methyl

cellulose, EC—ethyl cellulose.

2.2. In Situ Sol-to-Gel Phase Transition Stimuli

2.2.1. Thermoresponsive Gelation

Thermosensitive sol–gel systems comprise polymers that undergo gelation at/approaching body temperature.

Gelation occurs physically by the entanglement of polymer chains, micelle packing due to self-assembly of the

polymeric micelles at elevated temperatures, physical crosslinking due to the dehydration of the polymeric block

above a lower critical solution temperature (LCST), hydrophobic interaction, and the transition of a coil into helix

form . The aqueous solutions of thermogelling polymers have a perfect balance of hydrophilic and hydrophobic

groups, which is disturbed with the slightest change in temperature, and they undergo phase separation at the

critical solution temperature (CST) . For the polymers exhibiting LCST, phase separation occurs above CST,

whie the opposite is true for polymers exhibiting an upper critical solution temperature (UCST) . The hydrophilic

polymers become hydrophobic and insoluble above their LCST, resulting in gel formation (Figure 3A). LCST

determines the thermo-reversibility of thermoresponsive systems and depends upon the polymer concentration .

There is an inverse relationship between polymer concentration and gelation temperature, driven by the

hydrophobic force . At a higher polymer concentration, hydrophobic interaction increases due to molecular

crowding, resulting in gelation at a lower temperature . Polymers are typically used in concentrations that trigger

gelation in the 25–37 °C range, in the context of VDD. Using an appropriate applicator, an appropriately

engineered sol–gel can provide ease of application, while its rapid transformation to a viscous gel can reduce

leakage, enhancing retention on the vaginal mucosa . Here, a gelling temperature close to the physiological

temperature is ideal for the stabilisation, solubilisation, and controlled release of hydrophobic drugs, as the

polymeric monomers aggregate to form micelles within their hydrophobic core, wherein the solubilised hydrophobic

drug resides . The concentration of thermogelling polymers, co-solutes, and dilution by fluid in the vagina

affect the gelation temperature and the viscosity of the gel formed. Hence, it is essential to characterise

thermosensitive systems in simulated conditions to help predict their in vivo performance . Temperature-

stimulated sol–gel transition is a commonly employed phenomenon in several studies of VDDS, even though dual

stimuli are also employed for sol–gel transition (see examples in Table 2).

Indication API Drug Form

Stimuli-Sensitive
and

Mucoadhesive
Polymers (w/v)

Gelation
Trigger

Gelation
Mechanism Comments References

Intrauterine
device

insertion for
contraception

Lidocaine Free drug

18% poloxamer
407, 5%

poloxamer 188,
and 0.3% gellan

gum

Temperature
and ionic
strength

Hydrogen
bonding

between the
polymers

Better acceptance
and pain

management by
sol–gel formulation

compared to
conventional gel

Hormone
replacement

therapy,
preterm birth

Progesterone Free drug 5% glycol chitin Temperature
Hydrophobic
interaction

No significant
effect on

gel property by
viscosity reduction

after dilution by
vaginal fluid but

not
recommended in

presence of
semen; prolonged
vaginal residence

time and controlled
drug release

Cervical
cancer

Doxorubicin Free drug 7% glycol chitin Temperature
Hydrophobic
interaction

Initial 20% burst
release followed by
sustained release

for 13 days

[82]

[76][84]

[75][84]

Source Polymers Role/Feature References

Xanthan gum Form physical gel

Synthetic

Poloxamers
Non-ionic triblock copolymer; amphiphilic;

multi-stimuli responsive gelation

Polyacrylates Viscosity affected by formulation pH

Polyethylene glycol Water soluble

Polyvinylpyrrolidone Linear; water soluble

[17]

[47][17][86]

[47]

[17]

[17]

[6][8]

[8][21]

[87]

[8]

[8][88]

[79]

[6]

[21][25]

[8][18]
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Figure 3. Sol–gel

transition of various stimuli-sensitive polymeric systems: temperature-sensitive (A), pH-sensitive (B), and ion-

sensitive (C) systems. T—transition temperature, LCST—lower critical solution temperature.

Poloxamers

Poloxamers (Pluronic ) are triblock copolymers of poly(ethylene oxide)-poly(propylene oxide)-poly(ethyleneoxide)

(PEO-PPO-PEO) units. They are amphiphilic in nature, with two outer hydrophilic PEO segments and an inner

hydrophobic PPO segment that can partly solubilise hydrophobic drugs . However, such characteristics result in

inconsistent drug release profiles since the drug loaded in the PEO portion is released prior to gel dissolution, in

contrast to the drug loaded in the PPO portion, which is released after gel dissolution; hence, modification of the

formulation is required for better drug release characteristics . An increase in temperature causes a change in

the orientation of the methyl group of the side chain and dehydration of the PPO segment, as well as water

extrusion from the micellar core of poloxamers, resulting in gelation . Above the critical micellar concentration of

polymers (CMC), the hydrophobic cores of the micelles absorb water and can also accommodate and solubilise

hydrophobic drugs . This encapsulation process can also protect drugs from cellular interactions and

degradation . Although poloxamers are water-soluble at room temperature and have excellent gelling properties

at body temperature, their lack of inherent mucoadhesiveness warrants the use of mucoadhesive polymers (e.g.,

chitosan, carbopol, HPMC, which are discussed below), although their addition can disrupt the gels’

rheomechanical properties; thus, further fine-tuning of the poloxamer composition is usually warranted .

For instance, supplementation of poloxamer 407 with poloxamer 188 increases the mechanical strength of the gels

and hence slows polymer erosion and modulates drug release. On the other hand, the higher hydrophilicity of

poloxamer 188 can result in increased polymer erosion and rapid drug release, thus balancing the concentrations,

®

[79]

[86]

[21]

[21]

[89]

[11][25][90]
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and tailoring them to the infused drug is needed to ensure optimal mucoadhesion, polymer erosion, and drug

release .

Cellulose derivatives

MC and HPMC exhibit thermoresponsive behaviour at 40–50 °C and 75–90 °C, respectively . Gelation occurs

by polymer–polymer hydrophobic interactions at higher temperatures due to the loss of incomplete but sufficient

water for the hydration of the polymers, leading to the association of polymer units and gel formation. When the

temperature of these polymers is increased, the viscosity of the polymers is reduced, which, on further heating,

increases again, driving gel formation . However, the gelation temperature can be reduced by the use of

physical and chemical methods—for example, the addition of NaCl to MC solution reduces its transition

temperature to 32–34 °C . In the context of VDD, ethyl(hydroxyethyl) cellulose, whose viscosity is reduced on

increasing temperature, has a reverse character after incorporating an ionic surfactant such as sodium dodecyl

sulfate, cetyl triammonium bromide, etc., and undergoes gelation at a temperature of 30–40 °C, making it a

suitable polymer for VDDS .

Gelatin

Gelatin forms a gel when the temperature is lowered, due to the conversion of coils into helices through hydrogen

bonding as well as van der Waals forces, and hence is grafted with other polymers to ensure the desired sol–gel

transition in the human body . For instance, gelatin combined with poly-N-isopropylacrylamide produces a

thermoresponsive matrix, which undergoes rapid gelation at 37 °C .

2.2.2. pH Sensitive Sol–Gel Systems

Here, polymers contain weakly acidic or basic groups capable of donating or accepting H  ions depending upon

the environmental pH, leading to the ionisation, association, and binding of ions to the polymer chains, resulting in

changes in polymer conformation and solubility, both of which are drivers of gelation (Figure 3B) . Such

changes occur at a specific pH known as the transition/critical pH and it depends upon the pKa of the polymer 

. pH-responsive delivery is a promising approach for the delivery of poorly water-soluble drugs such as

paclitaxel, for the treatment of ovarian and cervical cancer. Here, the elevated pH of tumour cells triggers the

release of chemotherapeutic agents from the drug formulation containing the pH-responsive polymer mPEG2000-

Isopropylideneglycerol . pH-responsive gelation has also been employed in the prophylaxis of STIs and HIV,

wherein drug activity is delayed by the vaginal pH and only triggered in the presence of a higher pH once semen is

detected . Human semen, with a pH of 6.5 to 7.0, has a high buffering capacity and hence acts a trigger for

gelation and drug release, resulting in the inactivation of HIV or other pathogens. The resulting gel acts as a

protective microbicide, coating virus particles at the vaginal epithelium, although a short mucosal residence time

usually warrants co-formulation of the gel with mucoadhesive polymers .

Chitosan

[71]

[91]

[20][92]

[24]

[21][24]
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Chitosan, a naturally derived glucosamine and N-acetylglucosamine polymer, is widely used in the pharmaceutical

sector owing to its cationic-based mucoadhesiveness and antimicrobial activity . The positively charged

groups in chitosan interact with the negatively charged mucin layer, developing a strong attractive force resulting

from the hydrogen bonding, coulombic force, and hydrophobic interactions between chitosan and mucin. Prolonged

adhesion of chitosan gels in the vaginal mucosa results in sustained and comprehensive drug release, wherein it

disrupts intracellular junctions on the vaginal mucosa, providing mucopeneterating characteristics . It promotes

gelation in the pH 6–7 range due to deprotonation of the amine groups, which is an advantage for VDD. However,

chitosan also becomes insoluble in the basic pH range, which presents practical challenges to its use in sol–gel

systems . Interestingly, the pH sensitivity of chitosan systems can be transformed into a thermosensitive nature

by supplementation with polyol salts . For instance, a combination of chitosan and alginate at the ratio of 1:2

w/w provides an improved antibiotic effect and better control of drug release compared to the use of chitosan alone

. Due to such features, chitosan has been widely employed in formulations for treating vaginal infections.

Furthermore, it has been found that microparticles prepared using chitosan effectively encapsulate both hydrophilic

and hydrophobic drugs for VDD, paving the way for multi-drug delivery .

Polyacrylates (PA)

PAs are esters of acrylic and methacrylic acids and are commercially available as Eudragit , Kollicoat , and

Eudispert  . Carbopol and polycarbophil are the most commonly used PAs for VDDS and are found to be

effective for both local and systemic effects . A drawback, however, includes the limited drug loading capacity for

poorly aqueous soluble drugs . Carbopol is highly versatile, serving as a mucoadhesive agent, viscosity

modifier, and hydrophilising agent in various liquid and semi-solid formulations for VDDS . Phase transition of

carbopol occurs when the pH increases beyond its pKa value of 5.5. In the acidic environment of the vagina, the

carboxylic group of carbopol dissociates, resulting in increased intra-polymeric ionic repulsion, which causes

swelling of the uncoiled polymeric chain, eventually forming a completely packed gel structure . The

mucoadhesive nature of carbopol is ascribable to its ability of forming hydrogen bonds with mucin of the vaginal

mucosa . Polycarbophil is found to possess a normalising effect on the vaginal pH during menopause and

vaginitis, and is often employed as the mucoadhesive polymer of choice .

2.2.3. Ion-Sensitive Sol–Gel Systems

Anionic polysaccharides, which undergo gelation by crosslinking in the presence of ions, are employed to create

ion-sensitive systems . Here, the solution forms of drug–polysaccharide complexes undergo gelation in the

presence of ions existing in vaginal fluid, most typically sodium (Na ), calcium (Ca ), potassium (K ), and chloride

(Cl¯) . Although limited studies have been published that use ion-responsive systems, they provide another

avenue for investigation to circumvent the shortfalls related to conventional formulations for VDD.

Gellan gum

[9][45]

[45]

[96]

[24][45]
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[98][45]
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Being an anionic polymer, gellan gum undergoes gelation via hydrogen bonding between the ions and water

through the formation and subsequent aggregation of double helical structures in the presence of monovalent,

divalent, and trivalent ions . The role of cations is crucial during this process and divalent cations are found to

have greater gelling capacity than monovalent cations . Vaginal sol–gel formulations of clindamycin have been

prepared using gellan gum and supplemented with HPMC, the latter of which aligned the gelation temperature of

gellan gum close to body temperature, providing a well-tolerated formulation and a viable alternative to

conventional VDDSs .

Alginate

Alginate is an acidic polysaccharide that contains residues of (1,4)-linked β-D-mannuronate (M) and α-L-guluronate

(G), undergoing gelation on binding with divalent (e.g., Ca ) and trivalent (e.g., Al  and Fe ) ions . Ions drive

the dimerisation of two G chains oriented in opposite directions, forming a hydrophilic cavity, serving as the binding

site for ions, while each ion is capable of binding four G chains. The resulting orientation resembles an “egg-box”,

and an interconnecting gel network forms, resembling a “zip” (Figure 3C) . Sodium alginate, when used in a

thermosensitive polymeric microsphere of tenofovir, did not impact gelation time; however, it strengthened the gel,

supporting adherence to the vaginal mucosa and resulting in extended drug absorption kinetics .

Pectin

Pectin is another polysaccharide, consisting of methoxylated galacturonic acid units, with gelation related to the

degree of methoxylation; low methoxylation content is desirable for appropriate responses to ionic changes . A

pseudo-“egg-box” model has been proposed as a gelation mechanism of pectin wherein Ca  ions bind to the

antiparallel pectin chains, forming egg-box dimers . Studies using pectin for localised VDD of

fungistatic/fungicidal agents have shown promise and warrant further clinical investigation .

3. Applicators for Intravaginal Administration of Dosage
Forms

The effectiveness of VDDSs is largely influenced by the patients’ acceptance and adherence to treatment

regimens, which is ultimately determined by the overall user experience. Acceptable user experience can be

achieved by ensuring ease of use and patient comfort when administering any vaginal product . Applicators

make the vaginal drug administration convenient and drug delivery more reliable. They are classified as class I

medical devices and hence possess low risk to the user and are subjected to minimal regulatory control .

Although vaginal products can be administered without an applicator, studies suggest the preference of an

applicator, despite the associated elevated costs to patients/consumers. Moreover, the physical attributes of the

applicator, including the length, width, colour, comfort, ease of grip and use, overall appearance, and environmental

friendliness, have been found to influence the choice of applicator .
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Generally, applicators are an optional tool for administering solid dosage forms such as tablets and capsules.

However, their use becomes critical when administering liquids, semi-solids, and foams, which typically require

deep insertion of the formulation, and applicators offer the advantage of more uniform drug distribution and

localised targeted delivery while mitigating leakage and systemic effect . Semi-solid formulations, such as

creams and sol–gels, need to be sufficiently free-flowing to be used in syringe applicator-based devices, so that the

formulation can be ejected via a plunger with ease . Historically, vaginal applicators were developed to deliver

contraceptives to the cervix and hence drug exposure to the entire vaginal mucosal tissue was not considered

critical . However, increasingly so, the focus has shifted more towards the development of vaginal microbicides,

wherein the applicator’s role has become more critical in ensuring delivery to a larger proportion of the lower FRT

. As a result, device manufacturers have designed applicators with pores along their length, which ensures that

the formulation spreads across a larger surface area of the vaginal mucosa when actuated; this is in contrast to the

delivery profile of conventional applicators that aim to deliver the drug into the cervix and upper FRT .

Recently, a non-hormonal contraceptive with a pre-filled applicator and multiple-pore design was approved by the

U.S. FDA, providing on-demand contraception when used 1 h before or immediately after sexual intercourse .

Similarly, dinoprostone is used to induce labour and is administered deep in the endocervical canal using an

applicator inserted intravaginally by trained personnel .

The lack of a suitably designed applicator can seriously hamper the effectiveness of even the best therapeutics,

and so patient experience/acceptability must go hand in hand with dosage form and applicator design if expected

clinical outcomes are to be met . Selection of a suitable applicator design for VDD has historically been

somewhat of an afterthought, although the tide is turning with new vaginal applicators on the horizon, some of

which are highlighted in Table 4.

Table 4. Summary of vaginal applicators used in clinical practice.
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[28]
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[100]

Applicator
Type

Dimensions
(mm) Features Advantages Disadvantages Product

Examples Reference

Single
use

114 × 12.7
with a

tapered,
rounded tip

Comprises
plunger, barrel,

and cap
fabricated from

PP and a
piston inside

the barrel
made of non-
latex rubber;
pre-filled or

manual filling

Reduced cost
due to bulk
production

Higher plastic
waste

KY-gel;
Canesten

cream

Multiple
use

114.5 ×
11.3

Comprises
barrel and

plunger
fabricated from

PE

Can be refilled
and reusable,

reducing
packaging,

storage, and

Sanitary
concerns

Ovestin
intravaginal

cream

®
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PP—polypropylene, PE—polyethylene.
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