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Introduction  

Hydrogels are polymer-based mesh networks with huge 

water components prepared from natural, semisynthetic, or synthetic 

polymers crosslinked by physical or chemical methods and usually used 

for controlled drug delivery 1,2 Hydrogels have excellent 

biocompatibility, and enable encapsulation of a wide range of 

molecules, including small molecules, nucleic acids, and high 

molecular weight proteins.3-5 These hydrogels can be engineered to 

respond to a range of external stimuli, including temperature, pH, 

electric fields, light, solvent composition, ionic strength, salt type, 

pressure, and specific biomolecules 6,7. Hydrogels have also been used 

in tissue engineering, wound healing, environmental engineering, and 

human-machine interfaces.8  
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Transvaginal hydrogels are administered into the vaginal for local and 

systemic effects, however, the systemic absorption may be minimal. 

This ensures a significant reduction in the side effect profile and lowers 

the risk of developing resistance, particularly in antiretroviral 

formulations.9 However, challenges relating to the retention of 

hydrogels in the vagina due to washing off and gravitational effects 

make hydrogel development challenging for vagina use. This has 

necessitated the development of mucoadhesive hydrogels. 10 

Mucoadhesive polymers such as chitosan, hyaluronic acid, 

carboxymethylcellulose, alginates, hydroxyethylcellulose, and 

polyacrylic acid derivatives (such as carbopol and polycarbophil) have 

been employed. Such polymers form hydrogen and van der Waal bond 

with the mucin in the vaginal mucosa ensuring firm adhesion of the 

hydrogel to the vaginal wall. 11 Cyanovirin N (CV-N), a 101 amino acid 

lectin derived from the Cyanobacterium Nostoc ellipsosporum which 

has demonstrated potency against several enveloped viruses, including 

multiple strains of HIV, simian immunodeficiency virus, human 

papillomavirus, herpes simplex, Ebola, influenza, and hepatitis C.12 

Studies have demonstrated the efficacy of CV-N against HIV   and 

Herpes simplex virus (HSV).13,14 CV-N binds to the high mannose 

oligosaccharides on viral glycoproteins gp 120 and gp 41 which are 

located on viral envelopes, preventing the fusion and entry of the virus 

into the host cells.15 This selective antiviral mechanism underscores its 

suitability for vaginal applications where maintaining mucosal integrity 

is critical. Previous studies have proven CV-N is nontoxic to tissue 

culture cells even at very high concentrations.16 Tenofovir (TFV), 

chemically called 9-[R) 2[[bis[[(isopropoxycarbonyl)oxy] methoxy] 
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Hydrogels are three-dimensional networks used for targeted delivery of therapeutically active 

compounds. Although the combined use of cyanovirin-N and tenofovir has not been studied, co-

formulating tenofovir and cyanovirin-N in a hydrogel has great potential for preventing human 

immunodeficiency virus, herpes simplex virus, and human papillomavirus infections. 

Characterizing the hydrogel formulations is especially important for ensuring stability, efficacy, 

and safety. This study aims to assess the rheological behavior, drug release kinetics, and 

mucoadhesive properties of the hydrogels to optimize their suitability for vaginal use as 
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sodium carboxymethylcellulose and PEG 2000 polymers. A viscometer was used to analyze the 

rheological behavior of the hydrogels. Release kinetics were examined with the Franz cell 

apparatus and a 0.45 μm girded Millipore®  membrane. Mucin adsorption studies were performed 
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methods. The hydrogels exhibited shear-thinning behavior, demonstrated by their ability to 

overcome yield stress (Herschel-Bulkley model R² 0.8104-1), with varying degrees of pseudo-

plasticity and flow resistance. Rapid, complete release of tenofovir and cyanovirin-N was 

observed at 12 minutes and 5 minutes, respectively, along with high mucoadhesion (≥85%). The 

release followed Korsmeyer-Peppas kinetics, indicating a super case II transport mechanism 

influenced by swelling, erosion, and diffusion. These properties support ease of application, 

therapeutic effectiveness, and patient adherence. The optimized tenofovir/cyanovirin-N hydrogel 

shows strong potential as an on-demand multipurpose preventative technology due to its favorable 

viscosity, mucoadhesion, and release profile.  
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phosphonyl] methoxy] propyl] adenine fumarate, is a nucleotide reverse 

transcriptase clinically used with other antiretrovirals for the 

management of HIV infection.17 Research has also demonstrated its 

efficacy in the management of herpes simplex virus (HSV) and 

hepatitis.14-17 Studies have shown that vaginal tenofovir gels are well-

tolerated, with minimal systemic absorption, which significantly 

reduces the risk of systemic side effects such as nephrotoxicity.18-20 The 

topical application also mitigates gastrointestinal issues commonly 

associated with oral administration.21 The 1% tenofovir gel has shown 

limited effectiveness in preventing HIV and HSV in human studies, 

with reported success rates of 39% and 54%, respectively.18 Other 

multipurpose preventive technologies (MPTs) have been developed 

solely for HIV prophylaxis and contraception. 22This underscores the 

urgent need for innovative strategies and formulations that can prevent 

multiple sexually transmitted infections (STIs), enhancing efficacy, 

safety, and end-user acceptance. Sodium carboxymethyl cellulose 

(NaCMC) is an ionic water-soluble derivative of cellulose ether used 

for various hydrogel and film formulations due to its great rheological 

and mucoadhesive properties. Its carboxyl groups enable ionic 

interactions with divalent cations like calcium ions (Ca²⁺), making it 

ideal for hydrogel formation. It reacts with CaCl₂, resulting in Ca²⁺ ions 

crosslinking NaCMC chains through electrostatic interactions, forming 

a three-dimensional gel network. The ionic crosslinking increases the 

viscosity, mechanical strength, and swelling capacity of the hydrogel, 

all of which are critical for controlled drug release. The density and 

uniformity of this crosslinking can be modulated by adjusting the 

concentration of Ca²⁺, allowing for controlled tuning of the gel's 

physical properties such as porosity, swelling behavior, and 

viscoelasticity. These parameters are critical in determining the 

mobility of water and solutes within the matrix, directly influencing the 

drug release profile.23 TFV-bearing phosphate functional groups can be 

physically entrapped within the Ca²⁺ stabilized NaCMC hydrogel 

without chemically reacting with either the polymer or the crosslinking 

agent. This retention relies on non-covalent interactions such as 

hydrogen bonding, electrostatic forces, and spatial entrapment within 

the hydrogel network. The mechanism aligns with findings from 

NaCMC-based film systems and demonstrates the hydrogel’s capacity 

to serve as a biocompatible carrier for controlled TFV delivery.24While 

some weak ionic or ion-dipole interactions may occur between the 

phosphate moieties of tenofovir and the divalent calcium ions, these are 

not strong covalent bonds that delay release. In contrast, (CV-N), a 

hydrophilic, cationic protein has a net positive charge at physiological 

to slightly acidic pH, due to the presence of lysine and arginine residues. 

When incorporated into a NaCMC matrix crosslinked with Ca²⁺, CV-N 

is likely to interact electrostatically with the polymer chains. However, 

the divalent calcium ions (Ca²⁺) crosslink NaCMC by binding to its 

carboxyl groups, which reduces the availability of these groups for 

electrostatic interaction with CV-N. Furthermore, Ca²⁺ may compete 

with CV-N for binding sites on the NaCMC backbone or form weak 

coordination complexes with CV-N itself. The nature of the interactions 

within the NaCMC-CaCl₂ hydrogel system has profound implications 

for the stability and release of TFV and CV-N.25 Although the combined 

use of CV-N and tenofovir as a MPT has not been investigated, 

coformulation of tenofovir and CV-N in a hydrogel appears promising 

as this multipurpose preventive technology (MPT) has immense 

potential for prophylaxis of HIV, herpes simplex virus and human 

papillomavirus infection thereby offering an advantage over available 

MPTs used for only HIV prophylaxis. The co-formulation of these 

moieties may broaden the spectrum of prophylaxis and treatment, 

offering several advantages such as enhanced efficacy at lower doses, 

which can help minimize toxicity and side effects. This approach could 

also improve patient compliance and reduce the risk of developing 

resistance to therapy, a challenge observed with existing formulations, 

especially when used as monotherapy. The proposed synergism 

between CV-N and tenofovir may further enhance the efficacy of this 

MPT for HIV treatment.  This study aims to characterize CV-N/ TFV 

hydrogel formulations comprehensively, focusing on their rheological 

properties, drug release kinetics, and mucoadhesive properties. These 

characteristics are crucial for the development of effective MPTs for 

STIs. 

 

Materials and Methods  

Material 

The following reagents were obtained commercially from the 

companies mentioned in the brackets. Tenofovir [Energy Chemical Ltd, 

India], Calcium chloride anhydrous (Klincent Laboratory, Mumbai, 

India). Polyethylene glycol M.W 2000 (PEG2000) (Maclin 

Pharmaceuticals, India), periodic acid (Maclin Pharmaceuticals, India). 

Sodium carboxymethyl cellulose (MW 700,000 Da) (Sigma- Aldrich, 

USA), Glycerol, methylparaben, propylparaben, bovine serum albumin 

(BSA), mucin, disodium hydrogen phosphate, potassium dihydrogen 

phosphate, sodium chloride, sodium chloride, potassium hydroxide, 

calcium hydroxide, lactic acid acetic acid urea, glucose and Schiff’s 

reagent (Merck Specialty Pvt Ltd, Germany). Cyanovirin-N was 

purified at Bhabha Atomic Research Centre, Mumbai, India, as 

described by Agarwal et al, 2020.26 All reagents were of analytical 

grade, and no further purification was needed for their use. 

 

Preparation of stable hydrogel base   

Hydrogel formulations were prepared using a novel method developed 

as illustrated in Table 1. Hydrogels were prepared in batches where one 

ingredient was varied at a time while the others were kept constant, 

allowing the influence of each component to be individually assessed. 

This approach was systematically applied to all formulation ingredients. 

Using a magnetic stirrer, sodium carboxymethyl cellulose (2-4%) was 

dissolved in distilled water. Calcium chloride (0.1-1%) was weighed 

and dissolved in a quantified amount of water (hydrogel A-D). An 

aqueous solution of 5% PEG 2000 was added to the mixture and stirred 

until fully dispersed. The prepared calcium chloride solution was added 

and stirred for crosslinking. In a separate container, 0.05 g of both 

methyl and propyl paraben was dissolved in distilled water and slowly 

added to the mixture while stirring continuously. Glycerol 1 mL was 

added to the mixture and stirred until a uniform, lump-free hydrogel 

was formed. The pH of the hydrogels was measured, then fine-tuned 

using 0.01M hydrochloric acid (HCl) to pH 4.5. The prepared gel 

formulations were stored in a clean glass container at 25° ± 2 °C. The 

pH of the hydrogel formulations was measured immediately, at 5, 10, 

15, 20 minutes, and one hour to assess the effect of curing time on the 

hydrogel formulations. The viscosity of the hydrogels was also 

measured using a Brookfield DV2TRVTJO viscometer. 

Physicochemical characterization and stability studies of the hydrogels 

were carried out over a period of 3 months. 27 

  

Preparation of tenofovir- boosted CV-N hydrogel formulations 

Based on the outcome of the initial preliminary assay carried out on the 

hydrogel base, hydrogel formulations were prepared as shown in Table 

2. TFV and CV-N were added to the PEG 2000 and mixed with the 

hydrogel base. Hydrogels A-H were prepared and assessed for stability. 

Subsequently, hydrogels I-Y were prepared to optimize hydrogels for 

mucoadhesion, release, and flux. Hydrogels M, N, Q, T, and Y (control 

hydrogels) predicted by an artificial neural network (ANN) were 

employed using the method previously discussed by Oyediran et al. 28 

to evaluate the accuracy of formulation properties during the 

characterization and optimization process. 

           

Characterization of hydrogel formulations 

Physicochemical evaluation 

The prepared gels were visually inspected for odor, color, phase 

separation and formation of precipitates, and the presence of any clogs. 

Gels were also evaluated for their feel and optical appearance. The pH 

was determined using a pH meter (Mettler Toledo C231551472). The 

probe was calibrated with pH 4.0, 7.0, and 10 standards. All 

measurements were recorded in triplicate. The viscosity of the 

formulated gels was determined by Viscometer (Brookfield 

DV2TRVTJO) using spindles no. 3, 5, and 7 at 5.0 to 80 rpm and 

Torque at 25ºC. Spindle sizes were selected based on hydrogel 

viscosity, ensuring consistency over the assay period. The hydrogel was 

allowed to equilibrate for 30 min at 25 °C before initiating the test. 
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Table 1: Hydrogel formulations using sodium carboxymethyl cellulose as polymers and calcium chloride as crosslinking agent. 

Ingredients (%w/v) A B C D E F G H 

CN-V (%) 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 

Tenofovir (%) 1 1 1 1 1 1 1 1 

NaCMC (%) 2 4 6 8 4 4.5 5 5.5 

PEG 2000(%) 5 5 5 5 2 3 4 5 

Glycerol (%) 1 1 1 1 1 1 1 1 

Propylparaben (%) 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

Methylparaben (%) 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

Calcium chloride (%) 0.1 0.5 0.8 1 0.1 0.5 0.8 1 

Distilled water to 100 100 100 100 100 100 100 100 

Dil HCl to 4.5 q. s q. s q. s q. s q. s q. s q. s q. s 

Stability Measurement 

The potential of Hydrogen (pH), viscosity, was measured to assess the 

stability of the hydrogels with samples taken at scheduled time intervals 

(day 1, 5, 21, 60, and 90) during a 3-month storage at 25° ± 2 °C/65 ± 

5% RH and 40° ± 2 °C/75 ± 5% RH according to the ICH guidelines. 

Physical stability was also monitored for any visual instability, such as 

fusion and aggregation. 29 Each experiment was performed in triplicate. 

 

Rheometric evaluation of developed TFV/CNV hydrogels  

The viscosity of the hydrogel formulations was measured using a 

Brookfield digital rotational viscometer (Model DV2TRVTJO) 

equipped with a spindle RV-7. All measurements were carried out at a 

temperature of 25 ± 1 °C. °Before measurement, the samples were 

allowed to equilibrate for 10 minutes to eliminate temperature-related 

viscosity fluctuations. The hydrogel sample of 500 mL was carefully 

transferred into a clean sample beaker, ensuring the absence of air 

bubbles. The spindle was lowered into the sample until it was properly 

immersed as indicated by the instrument's immersion mark. Viscosity 

measurements were taken at varying rotational speeds (RPMs) to 

observe the rheological behavior of the formulation under different 

shear conditions, and the viscosity (in centipoise, cP) was recorded at 

each speed after stabilization. Measurements were performed in 

triplicate, and the average viscosity values were reported. The shear rate 

was estimated for each RPM using the standard shear rate chart 

provided for Brookfield spindles, corresponding to the spindle type and 

the DV2T model. 

The data obtained was fitted into different models (Bingham, Power 

Law, and Herschel–Bulkley) to highlight the shear stress–shear rate 

relationships and evaluate the flow properties of the hydrogels.30, 31 

 

Mucoadhesion 

The mucoadhesive test of the prepared hydrogels was measured by 

mucin adsorption (porcine stomach type II) and the periodic acid/Schiff 

colorimetric method.32 Mucin 12.5, 6.25, 3.125, and 1.625 mg per 100 

mL solution in phosphate-buffered saline PBS pH 5.5 was prepared, and 

200 µL of 10% periodic acid was added to 2 mL of each prepared 

sample and subsequently incubated for 2 h. Schiff reagent 200 µL was 

subsequently added to the mixture and absorbance read at 555 nm using 

a UV/Visible spectrophotometer (VWR, UV-6300PC Double beam),  

after 30 min.  A plot of the absorbance versus concentration was made 

to obtain the calibration curve. The prepared hydrogels were mixed with 

mucin (dissolved in simulated vaginal fluid (SVF)) at a ratio of 1:1. The 

suspensions were mixed on a magnetic stirrer for 30 minutes followed 

by centrifugation at 400 rpm for 120 sec. The supernatant was 

recovered, and periodic acid 0.2 mL added to 1 mL of the supernatant 

with subsequent incubation at 37 °C for 2 hours.33 Schiff reagent 0.2 

mL was added and incubated at 25 °C for 30 min. Control hydrogels 

(M, N, Q, T, and y with the same formulation parameters were used to 

validate results for accuracy. The absorbance was measured at 555 nm, 

and the mucin content was calculated from the standard calibration 

curve. Each experiment was performed in triplicate, with mucin 

adsorption computed using equation 1 

% 𝑀𝑢𝑐𝑖𝑛 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 

=
𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑚𝑢𝑐𝑖𝑛 −  𝑓𝑟𝑒𝑒 𝑚𝑢𝑐𝑖𝑛  × 100  

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑚𝑢𝑐𝑖𝑛
                            (1) 

 

In vitro drug permeability and Flux of Tenofovir and Cyanovirin-N  

Simulated vaginal fluid was prepared according to the method by Owen 

& Katz, 1999.34 The experiment used the Franz® diffusion cells with an 

available diffusional cross-sectional area of 0.98 cm2. A 0.45 μm white 

girded synthetic Millipore® membrane (CAT. NO. HAWG047S6, LOT. 

NO. F0JB71372C). A pH 4.5 simulated vaginal fluids (SVF) was used 

as the receptor (kept at 37 ± 1°C in a water bath) compartment of the 

Franz® diffusion cell and filled with 25 mL of SVF.  Hydrogel 

formulations 1 g were placed on a membrane that had been pre-soaked 

overnight in simulated vaginal fluid (SVF). 2 mL samples were 

withdrawn from the receptor medium into sterile sample bottles for 

analysis at varying time intervals. The concentrations of TFV in the 

permeant at varying time lapses were measured with a UV/ VIS 

spectrophotometer at 260nm.35 Measurements were taken in triplicate, 

and a plot of concentration permeated against time was plotted. The 

drug flux at a steady state (Jss µg/cm2/h) was calculated from the slope 

of the linear portion of the cumulative amount permeating the 

membrane per unit area versus time plot. For Cyanovirin-N, 

concentration was measured by subjecting the SVF retrieved from the 

receptor compartment at various time intervals to the Folin Lowry assay 

for proteins. 36 Control hydrogels M, N, Q, T, and Y with the same 

formulation parameters were used to validate results for accuracy. The 

experiment was performed in triplicate. 

For the Folin-Lowry assay, an alkaline sodium carbonate solution was 

prepared by dissolving sodium bicarbonate NaHCO3, 20 g, in 0.1mol/L 

sodium hydroxide (NaOH). Copper sulfate sodium–potassium tartrate 

solution was freshly prepared by mixing hydrated copper sulfate 

CuSO4.5H2O 5 g in 10 g/L sodium–potassium tartrate. Alkaline sodium 

carbonate solution 50 mL was mixed with Copper sulfate sodium–

potassium tartrate solution, 1 mL. The folin ciocalteau reagent was 

freshly diluted with an equal volume of water before use.  To SVF (1 

mL) retrieved from the receptor compartment at various time intervals, 

alkaline solution 5 mL was added to each test tube and mixed 

thoroughly. The solution was allowed to stand at room temperature for 

10 minutes. Diluted Folin-Ciocalteu reagent 0.5 mL was added, mixed 

thoroughly and allowed to stand for 30 minutes. The absorbance was 

measured at 750 nm. CV-N standard (2.5-120 µg/mL) in SVF and the 

blank solution were also subjected to the same procedure. A standard 

curve was constructed, and the concentration of CV-N in the SVF at 

various time intervals was extrapolated from the standard curve.36 

 

Statistical Analysis 

Data obtained were documented as mean ± SD (standard deviation). 

Stability data (pH, viscosity) were subjected to ANOVA to test if there 

was a significant difference in the data obtained. P-values ≤ 0.05 were 
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considered statistically significant. Tukey's Honestly Significant 

Difference (HSD) post-hoc test was used after an ANOVA to identify 

which specific group means are significantly different. 

 

Results and Discussion 

Physicochemical characterization of hydrogels 

All Hydrogel formulations were off-white, homogenous, and smooth 

except for hydrogel D and H, which were extremely viscous and stiff.  

The odor was agreeable; hydrogels were easily spread and easy to wash 

off with water. The increase in viscosity observed was consistent with 

increased polymer concentration. The pH of the hydrogel formulations 

ranged from 4.47 ±0.01 to 4.48 ± 0.01. All hydrogels show clear shear-

thinning behavior, where viscosity decreases as shear rate increases. 

However, a significant decline in multipoint viscosity was observed in 

formulations A-C by day 7. Hydrogel D, which was extremely viscous 

on day 1 with lumps, was observed to be homogenous on day 7 with no 

lumps (Table 3). The viscosity of other hydrogels remained consistent 

over the assay period (Figure 1). 

 

Figure 1: Viscosity of hydrogels measured at varying RPM over a period of 3 months (A)Hydrogel E (B) Hydrogel F(C) Hydrogel G 

(D) Optimized hydrogel 
 

The rigidity of hydrogel D and H can be attributed to the extremely high 

concentration of the polymer NaCMC and crosslinker, typical of highly 

crosslinked hydrogels resulting in excessive Ca²⁺ ions crosslinking 

NaCMC chains through electrostatic interactions, forming a stiff gel 

network.37 All hydrogels had an agreeable odor, were easily spread, and 

easy to wash off with water. An increase in viscosity observed was 

consistent with increased polymer concentration as highlighted in Table 

3. The reduction in viscosity with increased shear rate highlighted the 

pseudoplastic nature of the hydrogels, demonstrating reversible 

disruption and reformation of their internal network structure under 

applied stress typical of crosslinked hydrogels. The interaction of the 

divalent calcium ions (Ca²⁺) with two negatively charged carboxylate 

groups on separate NaCMC chains forms ionic crosslinks capable of 

reformation of the hydrogel network on application and removal of 

shear stress.38 The pH of the hydrogel formulations ranged from 4.47 ± 

0.01 to 4.48 ± 0.01 making it suitable for vaginal administration. The 

pH was measured at intervals for up to one hour after hydrogel 

formation to assess the hydrogel gelation time. It revealed no substantial 

change in pH over the period assayed. This implies that the gelation 

process of these hydrogels was very rapid, occurring within the first few 

minutes of preparation. 

 

Stability of hydrogel formulations 

The hydrogel formulations were evaluated for their appearance, pH, and 

viscosity. These parameters were monitored to assess the stability of the 

hydrogels throughout the study period, as summarized in Table 3 and 

illustrated in Figure 1. 

Results obtained from characterization of hydrogels A-D demonstrated 

no change in hydrogel color, homogeneity, and pH measured for 

hydrogels A, B, and C. However, a significant decline in viscosity was 

evident for hydrogels A and B after 7 days. The decline observed in 

viscosity can be attributed to the disproportionate ratio of hydrogel 

polymers (NaCMC and PEG 2000).  A high concentration of PEG 2000 

in the hydrogels relative to the concentration of the NaCMC resulted in 

the mechanical softening of the gel network. Studies by Rubinson and 

Meuse have highlighted that at high concentrations, PEG molecules are 

found in groups competitively binding water molecules sparingly, 

spatially interfering with ionic crosslinking between polymer chains, 

weakening the gel matrix.39 Its plasticizer effect may also result in the 

thinning of the hydrogel by a reduction in the storage Young modulus.40 

 Lumps were noticeable in hydrogel D after preparation due to the 

extremely high viscosity that made mixing difficult. By day 7, the lumps 

were no longer observed, leaving a homogenous hydrogel. The sharp 

decline in viscosity may be due to an imbalance in the ratio of 

polymer(s) and crosslinker, calcium chloride. An insufficient polymer 

and/or crosslinker concentration may also contribute to the weaker 

hydrogel network, which degrades faster over time. Ensuring an ideal 

ratio of polymer and crosslinker concentration is crucial to preserving a 

balanced ratio of polymers to crosslinkers, and maintaining consistent 

crosslinking conditions is crucial for preserving the structural integrity 

and viscosity of hydrogels over time.41 The high concentration of PEG 

2000 used with low concentration of NaCMC, resulted in excessive 

decline in viscosity of the hydrogels due to the plasticizer nature of PEG 

2000 resulting in thinning and breakdown of the hydrogels over a short 

period as observed in hydrogels A and B. Excessively high crosslinker 

concentration can also result in an extremely rigid hydrogel matrix 

which can eventually become brittle and degrade over time.42 This trend 

was observed in hydrogel D, which combines a high concentration of 

crosslinker and NaCMC. 
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Table 2: Composition of Hydrogel formulations I-Y and Optimized hydrogel. 

INGREDIENTS (%w/v) I J K L M N O P Q R S T U V W X Y Op 

CN-V (%) 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 

Tenofovir (%) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

NaCMC (%) 4.5 5 4 4.5 4.5 4.5 5 4.5 4.5 4 4 4.5 5 5 4.5 4 4.5 4 

PEG 2000(%) 2 2 3.5 2 3.5 3.5 3.5 5 3.5 2 3.5 3.5 3.5 5 5 5 3.5 2 

Glycerol (%) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Propylparaben (%) 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

Methylparaben (%) 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

Calcium chloride (%) 0.1 0.55 1 1 0.55 0.55 0.1 1 0.55 0.55 0.1 0.55 1 0.55 0.1 0.55 0.55 1 

Distilled water to (%) 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 

Dil HCL to 4.5 q. s q. s q. s q. s q. s q. s q. s q.s  q. s q. s q. s q. s q. s q. s q. s q. s q. s q. s 

OP-Optimized hydrogel formulation. Hydrogels M, N, Q, T, and Y are control hydrogels. 

Table 3: Physicochemical characterization of hydrogels A-D highlighting a drastic decline in viscosity over a 7-day period. 

HYDROGEL  

 

Properties 

 

          25° ± 2 °C / 65 ± 5% RH 

DAY 1 DAY 7 

A Color Clear and colorless Clear and colorless 

Appearance Homogenous and runny Homogenous and runny 

pH 4.48 ± 0.01 4.47 ± 0.030 

Viscosity (cPas) 10rpm 20826.67 ± 0.65  3200 ± 0.52 

B Color Off-White Off-White 

Appearance Homogenous and smooth Homogenous and smooth 

pH 4.47 ± 0.01 4.47 ± 0.05 

Viscosity (cPas) 10rpm 288044.4 ± 0.41  75560 ± 0.11 

C Color Off-White Off-White 

Appearance Homogenous and thick  homogenous and thick 

pH 4.48 ± 0.00 4.48 ± 0.04 

Viscosity (cPas) 10rpm 398790 ± 0.55 338400 ± 0.16 

D Color Off-White Off-White 

Appearance Homogenous with lumps Homogenous with no lumps but very viscous 

pH 4.48 ± 0.01 4.48 ± 0.03 

Viscosity (cPas) 10rpm ************ ************** 

********* viscosity not measured **OP-Optimized hydrogel 
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Hydrogels E-G, I-Y, and optimized hydrogel remained stable at both 

temperatures 25° ± 2 °C / 65 ± 5% RH and 40° ± 2 °C / 75 ± 5% RH as 

the pH remained consistent at 4.5 and the viscosity remained constant 

with no statistically significant difference observed over the three-

month study period. However, the physical breakdown of hydrogel H 

was observed during the three-month period. This degradation occurred 

due to a disproportionate ratio of polymer and crosslinker. Ensuring a 

balanced ratio of polymers to crosslinkers and maintaining consistent 

crosslinking conditions are crucial for preserving the structural integrity 

and viscosity of hydrogels over time.43 The hydrogels exhibited shear-

thinning behavior with an increasing shear rate typical of non-

Newtonian fluids. This trend is common in polymeric formulations and 

allows for ease of administration, as well as prolonged mucosal contact 

in the vagina. These are crucial for the efficacy and acceptability of the 

formulation.44 

 

Rheology of hydrogel formulations 

The rheological properties of hydrogel formulations were assessed 

using the Power Law, Bingham, and Herschel-Bulkley models (Figure 

2A-I). Key parameters derived from each model fitting are presented in 

Table 4. The power model highlights that hydrogel samples exhibited 

shear-thinning behavior, as indicated by flow behavior indices (n) less 

than 1. The consistency indices (k) ranged from 1063.9 to 2912.6, with 

high coefficients of determination (R² > 0.9), confirming the suitability 

of the Power Law model for describing the flow behavior. Bingham 

model fittings revealed significant yield stresses (τ₀), varying from 

1958.4 to 3676.7 Pa, suggesting that finite stress is required to initiate 

flow in these systems. The slope values (1/η), ranging from 36.2 to 

367.5 Pa⁻¹, reflected the flow behavior following yield stress.  Model 

fits were generally strong with R² 0.8766–1. The Herschel-Bulkley 

model, which combines yield stress and non-linear flow, also provided 

excellent fits R² 0.8104- 1 (suppl fig), with Herschel-Bulkley n values 

ranging from 0.9087 to 2.7094. The apparent consistency factors (K) 

ranged from 7.26 to 344.67, depending on the formulation.  

The rheological characterization of hydrogel formulations using the 

Power Law, Bingham, and Herschel–Bulkley models describes the 

structural behavior of the hydrogels under shear stress and at rest, hence 

influencing ease of use, end-user acceptance, release of TFV and CV-

N, efficacy, stability and suitability for vaginal application. The Power 

Law model revealed moderate to high goodness-of-fit (R² values) and 

N value below 1. This highlights the non-Newtonian, shear-thinning 

behavior of the hydrogels, typical of polymeric systems.45 This shear-

thinning property is beneficial for application, as it allows the gel to 

spread easily under pressure while maintaining viscosity at rest.  The 

Bingham model also provided a good fit, indicating that stress is 

necessary before flow.46 This is essential for ensuring the gel remains in 

place post-application, minimizing leakage. Conversely, moderate yield 

stress values in formulations suggest a favorable balance between 

vagina retention and spreadability. However, the use of an applicator 

may be necessary for optimal vaginal administration. The Herschel–

Bulkley model produced the best R² values for most, indicating 

hydrogels possess yield stress and shear-thinning characteristics with 

varying degrees of pseudoplasticity and flow resistance, indicating a 

complex flow behavior of the hydrogels.47 

For vaginal administration, formulations must balance spreadability 

with mechanical robustness to ensure ease of insertion and spreading 

and resist leakage while ensuring stability during storage High pseudo-

plasticity (low n power law values) indicates strong shear-thinning 

behavior, which favors easy application under manual pressure while 

resisting flow at rest. However, extremely low n values can lead to 

overly soft gels that are unstable in situ. Hydrogels L, M, and OP had 

good balance (n = 0.31–0.43), with the OP hydrogel having the most 

favorable flow behavior combining adequate viscosity under storage to 

maintain hydrogel stability and retention in the vagina while ensuring 

hydrogel swelling and release of TFV and CV-N for efficacy. The yield 

stress needed to ensure flow promotes the stability of the hydrogels. 

High shear rates during application overcome the yield stress and 

reduce viscosity, facilitating easy spread and uniform coating of the 

vaginal epithelium whereas at low shear, viscosity increases, promoting 

retention and reducing leakage or gravitational flow from the vagina 

orifice for efficacy.  

Mucin adsorption is a measure of mucoadhesion based on the 

interaction of the polymer with mucin during contact. This interaction 

is dependent on the chemical structure and the functional groups present 

at the surface of the moieties. The polar functional groups present 

rearrange at the interface, causing chemisorption as a result of hydrogen 

bonding or van der Waals forces.48 Mucin is a glycoprotein that forms 

the protective layer of the mucosa, and its adsorption by hydrogels can 

affect their biocompatibility and efficacy.49 All hydrogel formulations 

had percentage mucoadhesion levels of 85% and higher, apart from 

hydrogels A and B. This indicates a high potential of the hydrogel to 

adhere to the vaginal wall, prolonging contact time and facilitating drug 

delivery. The low mucoadhesion of hydrogels A-C can be attributed to 

the disproportionate ratio of the copolymer’s sodium carboxyl 

methylcellulose and PEG 2000 with the crosslinker.  Formulation G had 

the highest mucoadhesion (99.2%), but the optimized formulation 

combines high mucoadhesion (96.3%) with high flux and release of the 

incorporated active moieties. Sodium carboxyl methyl cellulose is an 

anionic polymer capable of interacting with positively charged ions in 

the mucin. Conversely, the concentration of NaCMC exhibited a 

positive influence on mucoadhesion, as indicated by the nearly linear 

increase in mucoadhesion values with increasing NaCMC 

concentration.  This trend suggests that higher concentrations of 

NaCMC enhanced mucoadhesive properties due to the increased 

interaction between NaCMC and mucin.50 Moreover, diffusion of the 

polymer chains into the loops in the glycoprotein mucin network and 

the formation of new hydrogen and other non-covalent bonds further 

promote mucoadhesion. PEG 2000 also influences the mucoadhesion 

of the hydrogel formulations as it promotes hydration of the mucosa, 

thereby enhancing lubrication and mucoadhesion. PEG 2000 forms 

hydrogen bonds with mucin through the interaction of its ether groups 

with mucin. Both polymers also absorb a large amount of water, causing 

swelling. Swelling of the polymers facilitates hydrogel mucoadhesion 

by increasing the surface area for interaction of the hydrogel with 

mucin.51 High mucoadhesion of the hydrogels has significant 

implications in the efficacy of the hydrogels, enhancing hydrogel 

retention in the vagina and promoting release of incorporated moieties 

for therapeutic efficacy. 

 

Release kinetics of TFV and CV-N from hydrogel formulations  

The results obtained from the release studies of TFV from the hydrogel 

formulations were fitted into varying release kinetic models zero order, 

Korsmeyer-Peppas, first order and Higuchi (Figure 4-5)   to elucidate 

the release mechanism. The varying release constants were highlighted 

to assess the best model to depict the release of TFV from the hydrogel 

formulations (Table 5). The release pattern of tenofovir from the 

optimized hydrogel formulation provides further insight into the most 

suitable release model for TFV. The release studies of CV-N from the 

optimized hydrogel formulations were analyzed using various kinetic 

models, including zero-order, first-order, Korsmeyer-Peppas, and 

Higuchi (Figure 6), to elucidate the release mechanism. The 

corresponding release constants were evaluated to determine the most 

appropriate model for describing the release of CV-N from the 

hydrogels, as summarized in Table 6. The cumulative TFV and CV-N 

amount released over time per unit area was estimated.  

The in-vitro release kinetics of the hydrogel formulations was carried 

out using the Franz cell diffusion method with simulated vaginal fluid 

(SVF) as the medium. SVF was used to mimic the physiological 

conditions in the vagina area.34 The release pattern of TFV and CV-N 

from hydrogels was best fitted with korsemeyer peppas kinetics, despite 

the high R2 value observed for other release kinetic models. This 

indicates a complex release pattern involving the erosion of the 

hydrogel matrix and breakdown, in addition to swelling and rapid 

diffusion through the hydrogel matrix, typical of NaCMC hydrogels. 51 

This is consistent with the release pattern of TFV, where an initial burst 

release was observed within the first 5 minutes. This rapid release phase 

can be attributed to hydrogel matrix erosion and swelling. This was 

followed by a slower, diffusion-controlled phase, within 12 minutes, as 

the drug gradually diffused through the hydrated polymer network 

toward maximum cumulative release. The complete release of TFV was 

observed at 12 minutes. The burst pattern release of CV-N from the 

hydrogel matrix due to rapid erosion and swelling of the hydrogel 
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matrix ensures complete release of CV-N within 5 minutes. The Peppas 

model highlighted that all hydrogels had a diffusion coefficient N > 1, 

indicating a non-Fickian super case II transport release mechanism, 

mediated by polymer relaxation-driven burst release.52 The Higuchi 

model, a model of the Korsemeyer Peppas and should not be used when 

the release is due to hydrogel swelling, hence the TFV release from the 

hydrogels cannot be described using the Higuchi model.53 Whereas the 

first and zero order (constant rate and concentration dependent release 

respectively) does not align with the release pattern of TFV. The 

optimized hydrogel had the fastest burst release of TFV with a flux rate 

of 9806 µg/cm2/hr. Other hydrogel formulations also exhibited the burst 

release pattern with flux of 2291-5061 μg/cm2/hr. 

 

Mucoadhesion  

The percentage mucoadhesion of the hydrogel formulations was 

assessed to evaluate their adhesive properties under simulated 

physiological conditions. Figure 3 illustrates the comparative 

mucoadhesion profiles of formulations A to Y, alongside the optimized 

formulation.  

 

 

 

 

Figure 2: Rheological Characterization of Hydrogels C-K Using (A) Power (B) Bingham and (C) Herschel-Bulkley Model, 

Hydrogels L-R Using (D) Power (E) Bingham and (F) Herschel-Bulkley Model, and Hydrogels S-Y/ OP Using (G) Power (H) 

Bingham and (I) Herschel-Bulkley Model. 
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Table 4: Results of model fitting of Rheological characterization of hydrogel formulations 

Power model Bingham model Herschel Bulkley model 

Hydrogel N K R² ηp τ₀ R²   N log(K) K R2 

C 0.2078 2744.9 0.9862 69.6 3654.7 0.999 1.023 1.8151 65.3281 0.9985 

E 0.4610 1117.9 0.9926 115.5 2019.3 0.9962 1.1557 1.8718 74.4389 0.9594 

F 0.2477 1871.1 0.9531 57.1 2702.1 0.8766 1.3695 1.2952 19.7333 0.8848 

G 0.5684 1501.0 0.9987 267.5 2733.8 0.9982 1.032 2.3887 244.737 0.9973 

I 0.4168 1341.8 0.9999 115.5 2266.6 0.9907 1.0756 1.9707 93.4756 0.9872 

J 0.2749 1859.2 0.9728 68.6 2769 0.9122 1.287 1.48 30.1995 0.9111 

K 0.1286 2219.1 0.9202 68.6 2769 0.9122 2.7094 0.8608 7.2577 0.8104 

L 0.3178 1624.9 0.9936 83.8 2461.9 0.9978 1.0351 1.8807 75.9801 0.9969 

M 0.1682 1882.3 0.9172 36.4 2359.9 0.9978 0.9087 1.6688 46.6444 0.9649 

N 0.1682 1882.3 0.9172 36.4 2359.9 0.9978 0.9087 1.6688 46.6444 0.9649 

O 0.3339 1704.1 0.9858 97.6 2606 1 1.0032 1.9857 96.7609 1 

P 0.6409 1503.8 0.9989 367.5 2733.8 0.999 1.0231 2.5374 344.6672 0.9985 

Q 0.1682 1882.3 0.9172 36.4 2359.9 0.9978 0.9087 1.6688 46.6445 0.9649 

R 0.4898 1063.9 0.9949 126.7 1958.4 0.9731 1.1362 1.9362 86.3376 0.9667 

S 0.2500 1654.8 0.9348 59.1 2281 0.9862 0.9198 1.866 73.4514 0.9739 

T 0.1682 1882.3 0.9172 36.2 2359.9 0.9818 0.9087 1.6688 46.6445 0.9649 

U 0.5684 1501 0.9987 267.5 2733.8 0.9982 1.032 2.3887 244.7372 0.9973 

V 0.1627 2912.6 0.9979 50.3 3676.7 0.9875 1.0886 1.5938 39.2464 0.9832 

W 0.3308 1678 0.9997 91.3 2603.6 0.9887 1.0837 1.8589 72.2603 0.9847 

X 0.2756 1859 0.9991 73.0 2707.6 0.9888 1.0834 1.7622 57.8362 0.9848 

Y 0.1682 1882.3 0.9172 36.4 2359.9 0.9978 0.9087 1.6688 46.6445 0.9649 

OP 0.4272 1170.3 0.9955 103.2 2038.4 0.9704 1.144 1.8374 68.7702 0.9594 



                               Trop J Nat Prod Res, September 2025; 9(9): 4167 - 4181                 ISSN 2616-0684 (Print) 

                                                                                                                                                  ISSN 2616-0692 (Electronic)  
 

4175 

 © 2025 the authors. This work is licensed under the Creative Commons Attribution 4.0 International License 

 

***statistically significant difference P < 0.001, **** P < 0.0001. 

Figure 3: Percentage mucoadhesion of hydrogel formulations. 
 

  

 
Figure 4: Release kinetic models (A) Zero order (B) First order (C) Higuchi (D) Korsemeyer-peppas of TFV from hydrogels E-G. 
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Table 5: Model fitting of release kinetics of TFV from CV-N /TFV hydrogel formulation in simulated vaginal fluid pH 4.2 Where K0 is the release constant, R2 is the coefficient of 

determination, KH is the Higuchi release constant, N is the Higuchi dissolution constant. 
 

Kinetic model Parameters E F G H I J K L M N O 

Zero order R2 0.9786 0.9829 0.9579 0.923 0.9885 0.9959 0.9448 0.8869 0.9312 0.81 0.9551 

  K0 19.21 20.731 23.792 13.192 46.332 48.516 38.275 72.455 59.284 62.834 77.595 

First order R2 0.886 0.9563 0.908 0.8258 0.7965 0.7434 0.7425 0.8787 0.9033 0.9456 0.826 

  K 0.0016 0.002 0.0013 0.0013 0.0034 0.0032 0.0035 0.0036 0.0038 0.004 0.0034 

Korsmeyer-Peppas R2 0.9639 0.9143 0.977 0.9304 0.9155 0.9959 0.9049 0.9539 0.9407 0.9303 0.9482 

  N 1.3653 1.2761 1.2066 1.2052 1.4394 1.3584 1.3479 1.19 1.3841 1.4562 1.3622 

Higuchi  R2 0.8659 0.947 0.857 0.7607 0.9701 0.9404 0.8327 0.9751 0.9865 0.9291 0.9838 

  KH 3.974 4.6639 3.4902 3.2934 5.1017 4.8443 4.6561 4.7396 5.3724 5.4989 5.1676 

Kinetic model Parameters P Q R S T U V W X Y OP 

Zero order R2 0.928 0.9432 0.985 0.9267 0.9379 0.8582 0.8879 0.8914 0.8984 0.9549 0.9109 

  K0 52.53 52.152 188.42 53.552 60.948 42.356 76.668 75.928 62.001 62.311 304.08 

First order R2 0.8476 0.8196 0.7094 0.8572 0.8667 0.8931 0.8923 0.8834 0.894 0.9083 0.9693 

  K 0.0034 0.0033 0.0031 0.0035 0.0036 0.0036 0.0031 0.0035 0.0036 0.0038 0.0046 

Korsmeyer-Peppas R2 0.9233 0.918 0.9061 0.9933 0.9624 0.9113 0.9851 0.9875 0.991 0.9368 0.9197 

  N 1.2074 1.2028 1.4126 1.1774 1.2691 1.1862 1.2244 1.2237 1.2052 1.4097 1.4084 

Higuchi  R2 0.9923 0.9877 0.9049 0.9933 0.9892 0.9689 0.9831 0.9846 0.9857 0.9895 0.9688 

  KH 4.9189 4.7493 4.5982 4.8502 5.0556 4.9961 4.9671 4.9644 4.937 5.3723 5.6667 
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 Figure 5: Release models of I-Q(A) Zero order (B) First order (C) Higuchi (D) Korsemeyer-peppas of tenofovir from hydrogel formulations. Release models R-

Y/Optimized (E) Zero order (F) First order (G) Higuchi (H) Korsemeyer-peppas of tenofovir from hydrogels R-Y and Optimized hydrogel. 
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Figure 6: Release models(A) Zero order (B) First order (C) Higuchi (D) Korsemeyer-peppas of CV-N from optimized CV-N/TFV hydrogel 
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*** statistically significant difference P < 0.001, **** P < 0.0001. 

Figure 7: Statistical analysis of R2 value of release Korsemeyer Peppas kinetic model of hydrogels(A) and Herchel Bulkley rheological 

model of hydrogel formulations (B) 

 

Table 6: Results of model fitting of release kinetics of CV-N from CV-N/TFV hydrogel formulation in simulated vaginal fluid pH 4.2. 
 

Kinetic model Parameter 

 

OPTIMIZED HYDROGEL 

Zero order R2 0.9355 

 K0 101.91 

   

First order R2 0.7774 

 K 0.0033 

Korsmeyer-Peppas R2 0.9289 

 

 N 1.3461 

Higuchi R2 0.9822 

 KH 4.6341 

Where K0 is the release constant, R2 is the coefficient of determination, KH is the Higuchi release constant, N is the Higuchi dissolution constant. 

 

Conclusion 

The Tenofovir/Cyanovirin-N hydrogel formulation shows strong 

potential as an on-demand multipurpose preventive technology (MPT) 

due to its favorable physicochemical properties. Its shear-thinning 

behavior enhances ease of application and user comfort, promoting 

acceptance and adherence across varied social and cultural settings. The 

formulation's smooth, adaptable texture reduces discomfort during use, 

encouraging consistent application, particularly in communities where 

cultural sensitivity or stigma may affect the acceptance of vaginal 

products. High mucoadhesion (≥85%, with optimized formulation at 

96.4%) ensures effective retention in the vaginal mucosa, preventing 

wash-off and supporting prolonged drug contact. The rapid, complete 

burst release of tenofovir and Cyanovirin-N delivers immediate 

therapeutic concentrations, offering prompt protection against HIV, 

HPV, and HSV infections—ideal for on-demand use before or shortly 

after exposure. While individual agents have shown efficacy in previous 

studies, further research on the combined TFV/CV-N hydrogel in 

animal models is crucial for clinical translation.  
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