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Antiviral therapy requires desired intensity and duration of drug action at site of infection to minimize 

adverse effects.  The study aims to synthesize nanoparticles based controlled release system for Acyclovir 

with required loading and maintenance doses to achieve steady-state plasma concentration for once-daily 

therapy.  Amount of Acyclovir required for 24 h therapy was calculated to be 100 mg, which is 10 

approximately 10 fold reduced oral dose.  Accordingly, nanoparticles with spherical and smooth surface 

were synthesized using hybrid polymer blends of polyvinyl pyrrolidone with ethyl cellulose or eudragit 

RSPO.  Physical and chemical interactions between the drug and polymers favoured the formation of 

stable nanoparticles.  Optimized nanoparticles with 80% entrapment exhibited size and surface charge of 

100 nm and +26.1 mV respectively.  Insitu gels incorporated with 20% free drug and 80% Acyclovir 15 

loaded nanoparticles proved immediate sol-gel transition at 35°C - 37°C with gel viscosity ranging 

between 1000 and 10000 mPa.s.  Expected pH independent drug release profile was obtained in 0.1N 

HCl, phosphate buffer, simulated vaginal and tear fluids.  Ex-vivo permeability was significantly higher 

through cornea than stomach and rectal membranes.  Uptake of nanoparticles into human corneal 

epithelial cell lines was spontaneous.  Foam spray was developed for optimized insitu gels for site 20 

specific action through vaginal or rectal administration. The bubble size, relative foam density, collapse 

time, drug content per puff and stability of the foam spray formulations proves its suitability for effective 

drug delivery.   Hence, a unique dosage form achieving predicted release profile through diverse routes 

was well demonstrated. 

Introduction 25 

Acyclovir is a guanosine analogue with its IUPAC name 2-

Amino-1,9-dihydro-9-((2-hydroxyethoxy) methyl) -6H-purin-6-

one, and identified as one of the potent antiviral drugs for the 

treatment of herpes simplex virus (HSV-1 and HSV-2) and 

varicella zoster virus (VZV) infections.  In-spite of the emergence 30 

of several new antiviral drugs in the market, the older drug 

Acyclovir is still recommended for clinical application due to its 

potential capability to decrease viral load, preventing the 

recurrence of infections and hence remains superior in the 

antiviral therapy.  Acyclovir is more effective and well tolerated, 35 

which decrease the frequency and severity of asymptomatic 

HSV-2 reactivation, especially in HIV infected patients 1.  

However, its biological half life is low (2.5 – 3.3 h) and it is 

poorly soluble and permeable.  For the recommended oral 

administration at doses of 200 – 800 mg 4-5 times daily, it offers 40 

very low oral bioavailability (10-20%), and so alternative choice 

like topical semisolids are required.  Various drug modification 

approaches in terms of development of pro-drugs, techniques for 

improving the solubility or permeability and design of different 

drug delivery systems have been adopted to prolong drug release 45 

and improve its therapeutic action.  Higher antiviral efficacy for 

treating ocular infections of herpes simplex virus has been 

demonstrated for newly synthesized dipeptide pro-drugs and 

amino acid ester pro-drugs 2, 3.  Even the profitably marketed pro-

drugs like Valacyclovir which requires gut wall enzymes for its 50 

in-vivo activation, seem to be effective by oral therapy (as tablets) 

and not well accepted for other routes of administration.  Also, 

due to known drawbacks of oral routes of administration, the 

bioavailability of this pro-drug is reported to be 50-55% only.  On 

the other hand, drug delivery approaches through implantable 55 

system 4, nanosponges 5, polymeric nanosuspensions 6, insitu gels 
7, 8, nanoparticles 9, 10, etc., were also reported by researchers to 

enhance the potential of the drug.  Recently, a performance 

matrix was developed and studied for generic product in-vitro 

bioequivalence to Acyclovir topical creams with reference 60 

product Zovirax® 11.  Yet, maintenance of desired level of drug 

concentration at local site of action and systemic circulation 

throughout the treatment period remains challenging by these 

modifications and approaches, which provides an opening for 

development of better drug delivery system. 65 
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 The HSV replication cycle involves the entry of viral DNA 

into the host nucleus thereby affecting the normal cells and 

spreading the infection to the nearby cells.  The mode of action of 

Acyclovir is through competitive inhibition of herpes simplex 

viral DNA polymerase, which occurs most significantly in the 5 

infected cells.  It is clearly known that Acyclovir is activated by 

the viral thymidine kinase (TK) and HSV DNA polymerase to 

convert into Acyclovir triphosphate for its efficient action 12, 13, as 

depicted in Fig. 1.  Hence, its role is predominant inside the viral 

infected cells and remains unused in the normal cells.  Moreover, 10 

the action of viral TK is 3000 times more effective than host 

cellular TK and the viral DNA polymerase exhibits 10 to 30 fold 

greater affinity for Acyclovir phosphate than the host DNA 

polymerase 14.   

 15 

Fig. 1 Mode of Acyclovir action in HSV infected cells  

 The rapid biotransformation of Acyclovir reduces its 

bioavailability (<20%) and hence >80% of the orally 

administered doses are excreted as unchanged drug.  Saturation 

kinetics in absorption process is also reported, wherein an 20 

increase in dose from 200 to 800 mg decreased the absorption, 

and therefore reduced the bioavailability from 20 to 10% 14, 15.  

Although Acyclovir is well tolerated in human at regular doses, 

adverse reactions like nausea, head ache, mild gastro intestinal 

tract side effects, nephrotoxicity leading to acute renal failure, 25 

neurotoxicity including tremors, delirium and seizures have been 

reported with patients with continuous treatment and over dose 16, 

17.  HSV predominantly affects the mucous tissues in genitals, 

rectal, nasal, ocular and oral tract and hence higher drug 

concentration and better local action are essential at these sites.  30 

The required dosage of drug should be delivered at controlled rate 

for longer duration to achieve better pharmacological action.  The 

fact that excretion phenomenon of Acyclovir is biphasic in nature 
14, 18 which has led to failure of many drug delivery systems to 

maintain the therapeutic level of the drug at required site of 35 

action. Hence, achieving the steady state level of drug throughout 

the duration of therapy has been one of the serious issues for the 

systems.  

 Controlled drug release could be achieved through various 

novel drug delivery systems such as hydrogel, mucoadhesive 40 

systems, implants, gelling systems, particulate systems, reservoir 

devices, etc., depending upon the drug to be loaded and desired 

release rate 19, 20.  Insitu gelling system loaded with polymeric 

nanoparticles have been reported recently to achieve controlled 

release of drugs through ocular route 21, 22, 23.  In this present 45 

work, novel hybrid polymer blend nanoparticles loaded with 

Acyclovir was first synthesized and then incorporated into a 

thermo sensitive insitu gelling system.  Required amount of burst 

release of drug to initiate the action followed by controlled 

release throughout a day was predetermined with its lowest 50 

possible dose.  The pH-independent biocompatible polymers 

were used to develop the nanoparticles for effective local and 

systemic delivery of the drug.  The nanoparticles were prepared 

using hybrid polymer blend combination with varying ratio of 

amphiphilic and hydrophobic polymers in order to achieve 55 

desired entrapped and free drug levels to provide controlled and 

burst release, respectively.  The gel system is designed using 

poloxamer as gelling polymer as it exhibits remarkable thermo 

gelling property 24, 25 through different routes like oral, vaginal, 

rectal, topical and parenteral (intramuscular).  Further, the 60 

optimized sol-gel system was converted into foam spray 

formulation for effective application through vaginal or rectal 

routes specifically.  Foam spray could ensure high level of 

spreading, local drug delivery with high contact time, improved 

patient compliance through its ease of application 26, 27.  The 65 

motivation for this study stems from our desire to increase the 

retention time of drug at target site and provide controlled release 

as well.  A unique drug delivery system suitable for multiple 

routes with dosing flexibility based on the requirement of the 

individual patient (individualized therapy) can also be 70 

accomplished with this approach. 

Materials and Methods 

Materials 

Acyclovir was obtained as gift sample from Matrix India Pvt. 

Ltd., Hyderabad, India. Eudragit RSPO (ERSPO) was received as 75 

gift sample from Glukem Pharma Pvt. Ltd. Hyderabad, India.  

Poly Vinyl Pyrrolidone K 30 (PVP) and Ethyl Cellulose (EC) 

were purchased from SD Fine Chem. Pvt. Ltd., Mumbai, India.  

Pluronic F127 (PF127) was procured from Sigma Aldrich, 

Mumbai, India.  All other chemicals and buffer reagents used in 80 

the study were of analytical grade. 

Pharmacokinetics for controlled release of Acyclovir 

The dose required to provide controlled release of Acyclovir at 

target site can be predicted from its pharmacokinetic profile using 

one compartment model.  It has been shown in clinical trials that 85 

200 mg dose of Acyclovir every 4 h for 6 times a day yielded the 

steady state drug level on the 2nd day only.  The mean plasma 

concentration with trough and peak levels was 0.31 and 0.49 

µg/mL respectively 14, 28.  Multiple oral dosage regimens require 

more than 6 half lives to attain the steady state drug level in 90 

plasma. 

 The total amount of drug required in the body to achieve the 

plasma concentration can be calculated from the expression,  

 
C

X

d
V =  (1) 
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Where, Vd is volume of distribution (mL), X is amount of drug in 

body (mg) and C is the mean plasma concentration of the drug 

(mg/mL).  The first order elimination rate constant Ke (h-1) is 

calculated from the formula,  

 

1/2
t

0.693
eK =  (2) 5 

Where, t1/2
 is elimination half life (h).  The loading dose of drug 

required for initiating the action, the maintenance doses for 

continued steady state level and the rate of controlled release of 

the drug can be calculated using the following expressions,  

 eK
i

DK ×=  (3) 10 

 TKmD ×=  (4) 

 ( )pTK
i

D
l

D ×−=  (5) 

 mD
l

DtD +=  (6) 

Where, K is rate of controlled release (mg/h), Di is initial dose 

required to achieve minimum effective concentration (mg), Dm is 15 

the maintenance dose required for continued drug action (mg), Dl 

is loading dose required (mg), Dt is the total dose required by the 

formulation to achieve desired amount of drug release (mg), Tp is 

time taken to reach peak plasma concentration (h) and T is the 

total time period for which drug release is required 29.  20 

Preparation of Nanosuspension 

Nanoprecipitation method 30 was adopted to prepare the hybrid 

polymer blend nanoparticles and study the effect of varying 

composition of amphiphilic polymer (PVP) and hydrophobic 

polymers (EC and ERSPO) on the entrapment efficiency of 25 

Acyclovir.  Typical trial experiments were performed with hybrid 

polymer blends to identify conditions to achieve 80% entrapment 

of the drug.  The polymers were dissolved in 5 mL of methanol 

and 50 mg of the drug was dissolved in 10 mL of surfactant 

solution (1% w/v or 0.5% w/v Pluronic F-127). The organic 30 

phase was transferred into aqueous phase drop-wise with 

moderate magnetic stirring at room temperature, until the organic 

solvent evaporated completely with spontaneous formation of the 

nanoparticles.  

 The formulated nanosuspension was centrifuged using cooling 35 

ultracentrifuge (Sigma 3K30, Osterode Am Harz, Germany) at 

16,000 rpm for 30 min at -4°C, and the nanoparticles were 

pelletized. This pellet was re-dispersed in distilled water using 

cyclone mixer (Remi CM101 DX, Mumbai, India) to obtain 

uniform nanoparticle dispersion, which was freeze-dried (Christ 40 

Alpha 2-4 LD Plus, Osterode Am Harz, Germany) and used for 

further studies.  

Entrapment efficiency of nanoparticles 

The supernatant solution obtained after ultracentrifugation was 

suitably diluted and the absorbance of the samples were measured 45 

using UV-Visible spectrophotometer (Evolution 201, 

ThermoScientific, USA) at λmax of 252 nm.  The concentration of 

Acyclovir was estimated using the calibration standard curve and 

the entrapment efficiency was calculated using the formula 31,  

 
100

contentdrugTotal

t)supernatanincontentDrugcontentdrug(Total

EfficiencyEntrapment%

×
−

=

 (7) 50 

All experiments were repeated thrice and results have been 
reported as mean ± standard deviation. 

Characterization of the nanoparticles 

The size distribution and surface charge of the drug loaded 

nanoparticles were measured using Zeta Sizer (Nano Series ZS, 55 

Malvern, UK) to assess the distribution and stability of the 

formulation.  The surface morphology of the nanoparticles was 

observed using Field Emission Scanning Electron Microscope 

(JSM 6701F, JEOL, Japan) and compared with the pure drug.  

The freeze-dried samples were sputter coated with gold using 60 

auto fine coater (JFC 1600, JEOL, Japan), and then placed in the 

sample holder for imaging.  The morphology of the nanoparticles 

dispersed in different media was analyzed to assess the possible 

correlation in drug release studies.  Pure drug, pure polymers and 

the synthesized nanoparticles were subjected to FTIR 65 

spectroscopy (PerkinElmer System 200, Shelton, Connecticut, 

USA) to identify the interactions between them.  After uniform 

blending with dried IR grade potassium bromide crystals and 

samples were pelletized into thin disc using hydraulic pellet press 

(Kimaya Engineers, Thane, India) at 60 Kg/cm2 and IR spectrum 70 

was recorded between wave number ranging 4000–400 cm-1. 

Preparation of thermosensitive gelling system 

Cold method 32 was adopted with slight modification for the 

preparation of thermosensitive sol-gel systems using different 

poloxamer concentrations (12 – 24 % w/v), in addition with 75 

0.01% benzal konium chloride as preservative.  The required 

amount of polymer was gradually dispersed in neutral aqueous 

solution with gentle stirring and kept at 4°C for about 24 h, until 

complete solubilisation of the polymer to form homogenous sol.  

The required mass of polymer nanoparticles and the free drug, 80 

equivalent to 80% and 20% of requisite dose of Acyclovir 

respectively, were added to the sol.  The samples were mixed 

uniformly to obtain a final drug concentration of 10 mg/mL and 

then refrigerated for further research.  The formulations were 

sterilized with UV radiation before sterility testing. 85 

Estimation of pH and Gelation 

The pH of the samples was measured in triplicates using 

electronic pH meter (pHep, Hanna Instruments, Woonsocket, 

Rhode Island, USA), and the results expressed as mean ±S.D.  

Experiment to assess the critical gelation temperature (CGT) for 90 

sol to gel transition was carried out through modified Miller and 

Donavan technique 33. About 2mL aliquot of sol was transferred 

to test tubes, immersed in a water bath at 4°C and sealed with 

aluminium foil.  The temperature of water bath was increased in 

increments of 1°C and left to equilibrate for 2 min at each new 95 

setting.  Critical gelation temperature was noted when the 

meniscus of sample remains without flowing upon tilting through 

90° 34. 
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Drug content analysis 

About 1 mL of the sample was dissolved in 100 mL of distilled 

water and kept overnight for complete release of the drug. The 

absorbance of the solution was measured using UV-Visible 

spectrophotometer at 252 nm using water as blank.  The 5 

experiment was performed in triplicates for each formulation and 

the amount of Acyclovir was calculated using standard 

calibration curve. 

Rheology studies 

Viscosity of the formulations was determined using Brookfield 10 

Viscometer (Brookfield Viscometer DV-II + Pro Extra, USA) 

with spindle no. 63.  Viscosity of the sol (before gelling) was 

measured at room temperature (25°C), at varying shear rate.  The 

temperature of the sol was progressively increased from 25°C to 

37°C at rate of 2°C/min and the viscosity of the sample was 15 

recorded at same shear rates after gelling of the sample.  All 

measurements were recorded in triplicate with good 

reproducibility. 

In-vitro release studies 

In-vitro release of Acyclovir from the thermo sensitive insitu gel 20 

formulations was studied for the period of 24 hours by dialysis 

bag method using 4 different media.  Phosphate buffer of pH 7.4 

and 0.1 N HCl pH 1.2 (without enzymes) were used to mimic the 

systemic circulation and gastric (stomach) environment, 

respectively.  The simulated vaginal fluid (pH~4.2) and simulated 25 

tear fluid (pH~7.4) resemble the biological media in vaginal and 

ocular route of administration.  

 The release profile of the optimized hybrid blend polymeric 

nanoparticles loaded with Acyclovir (AN-1 and AN-2) was 

studied before its incorporation into the gelling system.  Similarly 30 

the drug release pattern from thermo sensitive insitu gel 

incorporated with plain Acyclovir (AIG-1 to AIG-5) was also 

evaluated.  The comparative study was performed to ascertain the 

efficiency and significance of the dual controlled delivery system 

(polymeric nanoparticles + thermo sensitive gel system).  35 

 About 1 mL of the prepared sol system was placed in a dialysis 

bag (HiMedia, Mumbai, India) and immersed in 5 mL of media 

in a vial with a small magnetic bead at the bottom.  The vial kept 

on a water bath and the entire set up was positioned on a 

magnetic stirrer (100 ± 5 rpm) and maintained at temperature of 40 

37°C ± 2°C.  At periodic time intervals entire media was 

withdrawn from the vial and replaced with same volume of warm 

fresh media.  The collected samples were analyzed using UV-

Visible spectrophotometer at λmax of 242 nm for estimation of 

drug release from the gel. The experiments were performed in 45 

triplicates and data presented as the mean with standard 

deviation.  

Kinetics of drug release 

The mechanism of drug release from the insitu gelling system 

was predicted through the drug release kinetics, by fitting the 50 

drug release data to various models such as zero-order, first-

order, Higuchi, Hixson, Korsmeyer–Peppas, Hopfenberg, Baker-

Lonsdale, Makoid-Banakar, Weibull and Gompertz models. The 

values of R2, n (Release exponent), K (Rate Constant) and SSR 

(Sum of Squared Residual) were computed for each formulation 55 

and the possible mechanism of drug release was identified.  

Sterility studies 

These tests were done to detect the presence of viable forms of 

bacteria, fungi and yeast in the formulations.  The sol samples 

were added individually into the plates containing nutrient agar 60 

and incubated at ambient conditions for 48 hours, and then the 

plates were examined.  The procedure was carried out under 

laminar air flow sterile area and the experiments adhered to 

circumvent accidental contamination of the product during the 

test 35. 65 

Stability studies 

The optimized thermo sensitive gelling systems that satisfied the 

expected physico-chemical standards and drug release pattern 

were evaluated for their stability on storage.  Stability studies 

were conducted as real time tests at ambient room temperature 70 

(25 – 27 °C) and at refrigerated temperature (2 – 8 °C). Samples 

were withdrawn from the stored formulations at weekly intervals 

and evaluated for its appearance, pH, drug content, viscosity and 

gelling property.   

Ex-vivo permeation study 75 

The Franz diffusion apparatus (in-house made) with effective 

diffusion area of 2.54 cm2 was used to determine the amount of 

drug diffused across different ex-vivo membranes. The biological 

membranes such as rectal membrane, stomach membrane and 

corneal membrane were isolated from goat tissue obtained from 80 

local slaughter house. The receptor cell was filled with phosphate 

buffer pH 7.4 as medium, till the neck of the chamber (15 mL) 

and the excised membrane was mounted between donor and the 

receptor. The insitu gel formulation was placed on the upper 

surface of membrane, while the lower surface was in contact with 85 

the medium of the receptor cell.  The entire apparatus was kept 

over magnetic stirrer with a magnetic teflon bead placed in the 

bottom of the receptor cell.  Samples of 5 mL were collected 

from the receptor cell at periodic time intervals, and replaced with 

the same volume of fresh media to maintain perfect sink 90 

condition.  The absorbance of collected samples was measured at 

252 nm (λmax) of Acyclovir using respective blank.  The amount 

of drug diffused through the membrane at each time point was 

calculated to assess the cumulative drug diffusion 36. 

Permeation Data Analysis 95 

The amount of material flowing through a unit cross section of a 

membrane per unit time is measured as flux, and expressed as,  

 
A t

Q
ssJ =  (8) 

Where, Jss is steady-state flux (µg/cm2/h), Q is the quantity (µg) 

of material passing through the membrane, A is the active 100 

diffusion area (cm2) and t is the time (h).  

The permeation profile was constructed by plotting the 

cumulative amount of drug permeated per unit surface area of the 

membrane (µg/cm2) versus time (h), and the slope of linear 

portion of plot was estimated as steady state flux (Jss, µg/cm2/h).  105 

The lag time (tL, h) was estimated from the x-intercept of the 

slope and the permeability coefficient (Kp, cm/h) was calculated 
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by using the Eq. (9).  

 
C

ssJ
pK =  (9) 

Where, C is the initial concentration of the drug in the 

formulation.  The results were presented as mean ± SD of three 

experiments.  5 

Statistical studies 

The statistical analysis was performed through two-way ANOVA 

at p < 0.05 level of significance for the data obtained by in-vitro 

drug release and ex-vivo permeation studies. 

Cell uptake studies 10 

Human corneal epithelial (HCE) cells obtained from Sankara 

Nethralaya Eye Hospital, India were cultured in Dulbecco’s 

Modified Eagles Medium/F12 containing 10% fetal bovine serum 

(FBS), 1% penicillin-streptomycin (P/S) and 1% epithelial 

growth supplement.  The cells were detached to develop single 15 

cell suspensions and counted using a haemocytometer.  The 

viable cells were seeded on cover slips in 6-well plate at density 

of 1,00,000 cells/well and incubated for 24 hours at 37°C in 5% 

CO2 with 10% FBS.  Nanoparticles (AN-1 and AN-2) marked 

with curcumin fluorescence were individually loaded into the 20 

wells at concentration of 50 µg/mL and incubated for 30 min to 3 

hours.  The uptake of nanoparticles by the epithelial cells was 

viewed using laser scanning confocal microscopy (Olympus FV-

1000, Japan) at 60X magnification with the excitation wavelength 

of curcumin. 25 

 To determine that the intracellular fluorescence is not due to 

uptake of the dye that might have been released from the 

nanoparticles, a sample of nanoparticles was suspended in cell 

medium (5 mL) and dialyzed against plain cell medium (5 mL) 

for 3 h using a dialysis bag 37. The percentage of free curcumin 30 

released in the media was measured using UV-Visible 

spectrophotometer with respect to standard calibration curve.  

The entrapment efficiency of curcumin in the nanoparticles was 

estimated and hence, the percentage of curcumin available in the 

nanoparticles after 3 h dialysis in cell media was estimated. 35 

Development of Foam Spray 

In order to facilitate effective and easy application through 

vaginal and rectal routes, the optimized insitu gelling systems of 

PEC-3 and PERS-2 were developed into foam spray in 250 ml 

canisters by compression filling technique.  To achieve the foam 40 

delivery of the sol system, 20-30% of hydro fluoro carbon 

(1,1,1,2-tetra fluoro ethane) was used as the propellant 38.  The 

sol sample was placed in the canister followed by crimping the 

valve assembly and removal of air by vacuum.  Propellant in the 

form of compressed gas was then passed into the canister with 2-45 

3 bars pressure and finally sealed.  The canisters were stored in 

refrigerator to maintain the sol integrity of the formulation to 

enable easy delivery of the spray upon actuation of the valve. 

Evaluation of foam spray 

The developed foam spray was evaluated for physico chemical 50 

characteristics to assess their suitability for application.  Foam 

structure and foam characteristics such as bubble size, shape, 

clarity and collapse time were depicted by visual examination.  

Bubble size was observed immediately after spraying out of 

canister to identify its coarse or fine appearance, followed by the 55 

optical microscopic (KI-198A, Khera Instruments Pvt. Ltd., 

India) examination.  The foam structure as well as foam clarity 

was assessed as it plays a role in aesthetic value.  Collapse time 

was noted as the time taken by the bubbles to disappear 

completely to leave the formulated drug over the applied surface 60 

39, 40.  Relative foam density was estimated by dispensing the 

foam into a flat bottomed dish with approximate volume of 60 

mL and measuring its weight.  Similarly mass of the same 

volume of water was determined and the relative foam density 

was calculated by the formula 27,       65 

 

waterofvolumesameofMass

samplefoamtestofMass

DensityFoamRelative =

 (10) 

Drug content per puff of foam (approximately 10 ml) was 

determined by suitably diluting the sample and measuring the 

absorbance using UV-Visible spectrophotometer 41. All the 

experiments were performed in triplicate and the results were 70 

tabulated as mean with standard deviation. 

Results and discussion 

Prediction of controlled drug release profile and reduction of 
dose of Acyclovir 

The amount of Acyclovir required for achieving the mean plasma 75 

concentration of 0.31 - 0.49 µg/mL was calculated from its 

volume of distribution (Vd = 32.4-61.8 L) as follows: 

 C
d

VX ×=  (11) 

( ) ( )

elyapproximatmg20mg23.07to14.6

µg/mL0.49to0.31L61.8to32.4bodyindrugofAmount

==

×=

For the elimination half life of 2.5 to 3.3 h, the elimination rate 80 

constant for Acyclovir is estimated to be 0.238 h-1.  As the values 

of Di and Ke are 20 mg and 0.238 h-1 respectively, the rate 

constant (K) for controlled release of Acyclovir is found to be 

4.76 mg/h from Eq. (3).  The controlled release of Acyclovir for 

once daily administration for total drug release period (T) of 20 h 85 

requires the maintenance dose (Dm) of approximately 95.2 mg, as 

estimated using Eq. (4).  Hence, from Eq. (5), the loading dose 

(Dl) required to achieve the desired rate of controlled release for 

reaching peak plasma concentration time (Tp = 1.5 to 2.5 h) is 

found as 10.48 mg.   So, according to Eq. (6), the total dose (Dt) 90 

required for the dosage form to achieve the desired amount of 

drug release is calculated to be 105.68 mg. The expected 

Acyclovir controlled drug release profile, cumulative amount of 

drug remaining in body after each half life, steady state plasma 

concentration at each half life and its biological elimination 95 

profile are shown in Fig. 2. 
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Fig. 2 Predicted controlled release profile of Acyclovir for once daily administration 

The prediction of once-a-day dosage system clearly indicated that 

the quantity of Acyclovir required for controlled release is 105 

mg.  This once-a-day dose calculated is approximately 10 times 5 

lower than the dosage currently prescribed (200 mg 5 times / day 

orally).  The reduction of dose could ultimately decrease the 

excess drug exposure and associated adverse side effects and also 

the controlled release of drug reduces the fluctuations in drug 

levels in-vivo 42.  The predicted drug release profile clearly 10 

displayed 20 % of burst release within 2-3 h (1st half life) to reach 

the minimum effective concentration (MEC) in plasma, followed 

by controlled release of remaining 80% of the drug. The release 

kinetics was found to fit Korsemeyer-Peppas and Hopfenberg 

models with high correlation coefficient (R2 > 0.99) that 15 

explained drug release by diffusion and surface erosion from 

matrix.   Hence a controlled release system that provides required 

loading dose for initial burst release and maintenance doses for 

total period of 20 h has been designed.  

 20 

Optimization of entrapment level in nanoparticles 

A range of polymer blend combinations were characterized to 

identify the formulation with required encapsulation efficiency.  

Entrapment efficiency was found to increase with increase in 

amount of polymer used for nanoparticle formulation.  However 25 

very high level of the polymer caused reduction in entrapment 

(results not shown) due to rapid precipitation and sedimentation 

of excess polymer during the preparation 43.   

 The entrapment efficiency of Acyclovir was found to be 80 ± 

2% in two formulations, AN-1 and AN-2. The formulation AN-1 30 

was prepared using blended polymers PVP and EC at the 

concentrations of 20 mg/mL and 10 mg/mL respectively, while 

1% w/v Pluronic F-127 was used as surfactant. Whereas 

formulation AN-2 was developed using the combination of 

polymers PVP (10 mg/mL) and ERSPO (5 mg/mL) with  0.5% 35 

w/v Pluronic F-127 surfactant.   

 As the system was designed to accomplish controlled release 

of 80% drug for longer time, the initial stage of optimization was 
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aimed for 80% entrapment of the drug in the polymeric 

nanoparticles.  Hence, formulations which exhibited 

encapsulation efficiency of 80 ± 2 % were selected for further 

characterization, followed by incorporation into the thermo 

sensitive gelling system. 5 

Size and surface charge of nanoparticles 

The average diameter of the nanoparticles in formulation AN-1 

and AN-2 were found to be 400 nm and 100 nm, respectively, 

which could be one of the key factors for effective drug delivery 

to improve bioavailability 44.  The SEM images (Fig. 3 a, b, c) of 10 

pure drug compared to the formulated nanoparticles, confirmed 

the transition of non uniform flakes of Acyclovir into uniform 

spherical and smooth particles.  Both the formulations exhibited 

polydispersity in size with wide particle size range from 310 nm 

to 540 nm and 45 nm to 255 nm for AN-1 and AN-2, 15 

respectively. 

 The lyophilized nanoparticles in different release media 

showed fused spherical particles 45, 46 (Fig. 4).  This could be due 

to the hydrolysis and diffusion of amphiphilic PVP molecules 

from nanoparticle matrix to the external surface in presence of the 20 

media.  Yet, the spherical nature of the particles without 

significant changes in size and its wide distribution could be 

observed.  The fusion of nanoparticles was more in the PVP-EC 

blend nanoparticles compared to the PVP-ERSPO system, which 

could be attributed to the presence of higher amount of PVP in 25 

the former. 

 

 
Fig. 3 SEM images of a) Pure drug b) Acyclovir loaded PVP-EC nanoparticles c) Acyclovir loaded PVP-ERSPO nanoparticles

30 
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Fig. 4 Morphology of nanoparticles in different media A) AN-1 nanoparticles in 0.1 N HCl B) Phosphate buffer C) Simulated vaginal fluid D) Simulated tear 

fluid E) AN-2 nanoparticles in 0.1 N HCl F) Phosphate buffer G) Simulated vaginal fluid H) Simulated tear fluid
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 The zeta potential was -12.3 mV and +26.1 mV for the 

formulations AN-1 and AN-2 respectively.  Surface charge of 

nanoparticles was influenced by the type of polymer (anionic or 

cationic), therefore EC incorporated nanoparticles showed 

negative charge and ERSPO system exhibited positive charge. 5 

Also the zeta potential was found to be independent of the 

amount of PVP in both systems due to its amphiphilic non-ionic 

nature.  It is known that as the cellular membranes are negatively 

charged, cationic particles exhibited higher tendency to permeate 

membranes thereby improving the cellular uptake of 10 

nanoparticles 47.             

Interaction of drug and polymers in nanoparticles 

FTIR spectrum of the drug loaded nanoparticles compared with 

the pure drug and pure polymers is displayed in Fig. 5.  Acyclovir 

identity was confirmed by the presence of characteristic peaks at 15 

3440 cm-1 for alcoholic –OH group, 3182 cm-1 and 2854 cm-1 for 

–CH stretching, 1714 cm-1 for -C=O ketone stretching, 1641 cm-1 

for –C=C stretching, 1387 cm-1 for presence of amine group, 

1105 cm-1 for –C-N stretching and 902 cm-1for –N-H stretching.  

Pure polymers PVP, EC and ERSPO showed their characteristic 20 

bands for their identity.    

 Acyclovir loaded PVP-EC blend nanoparticles showed the 

bands of drug at slightly shifted wave numbers such as 3437 cm-1 

for –OH stretching, 2974 cm-1 for aromatic –C-H stretching, 1663 

cm-1 for –C=O for ketone stretching, 1384 cm-1 due to amine 25 

group and 1109 cm-1for –C-N stretching.  In case of Acyclovir 

loaded PVP-ERSPO blend nanoparticles, the bands of drug were 

observed at 3437 cm-1, 1651 cm-1, 1385 cm-1 and 1106 cm-1.  

Shift and broadening of bands in the nanoparticles could be due 

to overlapping of peaks of similar functional groups –C=O and –30 

C-H and –N-H in both drug and polymers, hydrophobic 

interactions and existence of hydrogen bonding interactions due 

to free hydroxyl and carbonyl groups in Acyclovir and PVP, 

respectively 48, 49.  However, uniqueness of drug was not affected 

by these interactions, as confirmed by the presence of its 35 

characteristic peaks 50, 51.       

Characteristics of the insitu gels 

The results of characterization studies of formulated pluronic 

insitu gels, PEC-1 to PEC-5 and PERS-1 to PERS-5 containing 

AN-1 nanoparticles and AN-2 nanoparticles, respectively are 40 

shown in Table 1.  Physical appearance of the sol systems 

showed that transparency and clarity decreased with increase in 

the polymer content, especially at 24% w/v concentration of 

pluronic F-127.  However, the pH and drug content lied within 

the expected range of 6.8±0.5 to 7.0±0.3 and 97.1±5.8 to 45 

101.8±3.2%, respectively.  The sols converted into gel 

spontaneously at the critical gelation temperature of 35-37°C in 

between 20-50 seconds. 

 
Fig. 5 Chemical interaction studies of drug and polymer by FTIR analysis 50 

Impact of rheological behaviour 

The viscosity measurements obtained at room temperature (25 

°C) and body temperature (37 °C) clearly demonstrated the sol to 

gel transition at its critical gelation temperature.  The viscosity-

shear rate data for the formulated insitu gels (PEC-1 to PEC-5 55 

and PERS-1 to PERS-5) showed shear thinning characteristics at 

both sol and gel state (Fig. 6 a, b, c, d).  Greater the concentration 

of pluronic F-127, higher is the viscosity of the formulations.  

The viscosity of PEC formulations containing 12 to 24% w/v 

concentration of pluronic varied from 12 - 52 mPa.s at shear rate 60 

of 264 s-1, respectively.  The PERS formulations also showed 

analogous behaviour with viscosity ranging 20 - 106 mPa.s.  The 

gel phase of both PEC and PERS systems exhibited viscosity in 

the range of 1000 – 10,000 mPa.s. 
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Table 1 Characterization of thermosensitive insitu gels incorporated with Acyclovir loaded hybrid polymeric blend nanoparticles 

Tests PEC-1 PEC-2 PEC-3 PEC-4 PEC-5 PERS-1 PERS-2 PERS-3 PERS-4 PERS-5 

Pluronic F127 

(% w/v) 

12 15 18 21 24 12 15 18 21 24 

 
 

Clarity Clear Clear Clear Slightly 

turbid 

Turbid Clear Clear Clear Slightly 

turbid 

Turbid 

 
 

pH 6.9±0.1 7.03±0.05 7±0.2 6.96±0.2 7±0.3 6.9±0.1 6.86±0.05 6.93±0.2 6.96±0.2 6.9±0.17 

 
Gelling Temp. 37°C 37°C 36°C 37°C 35°C 37°C 37°C 35°C 37°C 36°C 

 

Gelling Time 
(sec.) 

47±2.6 40±2.5 30±1.1 24±2 25±1 45±2.5 32±2.5 23±1 24±2 28±2 

Drug Content (%) 100.6±2.1 98.5±0.8 99.9±1.4 98.9±6.1 99.6±4.8 97.1±5.8 100.6±3.3 100.9±4.7 101.8±3.2 98.7±4.1 

 

 
Fig. 6 Viscosity of thermo sensitive insitu gels loaded with Acyclovir nanoparticles a) PEC sol b) PEC gel c) PEC gel d) PERS gel 5 
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 The decrease in viscosity with respect to increase in shear rate 

indicated the Non-Newtonian flow behaviour with pseudo plastic 

nature of pluronic sol-gel systems.  The shear thinning property 

of the pluronic gels is attributed to the formation of spherical 

micelles by the unimers, leading to clusters and hard sphere 5 

crystals, which could align under the influence of shear during 

the measurement of viscosity 34. At low shear rate, the high 

viscosity of gel could support in maintaining effective contact on 

the surface applied.  Shear thinning character of gel could permit 

appropriate delivery and distribution of the dose over the surface.  10 

The high viscosity range of gel systems could enhance in-vivo 

bioadhesion (mucoadhesion) irrespective of the pH of the 

environment 52. 

 Various mechanisms have been explained for the sol to gel 

transition process of this polymer 53, 54.  Poloxamer being an 15 

amphiphilic co-polymer containing the PEO-PPO-PEO block 

chains, the gel formation was attributed to entropic changes in the 

system leading to ordered water molecules close to PPO core, by 

which the monomers aggregated as micelles to minimize the free 

energy of solution. As the temperature increased further, micelles 20 

undergo progressive dehydration causing entanglement by 

hydrophobic associations, which results in micelle crystallization 

in a cubic lattice 55.  

Dual controlled release behaviour  

The drug release of the two insitu gelling systems (PEC and 25 

PERS) exhibited controlled release behaviour in four different 

media, and was compared with the predicted controlled release 

profile of Acyclovir, as shown in Fig. 7 a, b, c, d and Fig. 8 a, b, 

c, d.  Controlled release of drug was achieved by the formulations 

through the dual barriers of the hard sphere crystal of micelle 30 

packing and the polymeric encapsulation of the nanoparticles.  

Burst release of the drug was accomplished between 2-3 hours 

due to the single micelle barrier for the free drug in gelling 

polymer, which could satisfy the initial loading dose required to 

achieve minimum therapeutic level in-vivo.  However, drug 35 

release from polymeric nanoparticles incorporated in the gel 

could be achieved through several mechanisms such as 

degradation of polymer PVP by hydrolysis, diffusion of drug 

from polymeric nanoparticles, diffusion of drug through the 

micellar aggregates of poloxamer, dilution of gel by the media 40 

leading to its erosion and dissolution 56.  Drug release from this 

system is also influenced by viscosity of gel, presence of aqueous 

channels, distribution of free drug and nanoparticles between the 

micelles.  Higher the viscosity of the gelling system, lesser is the 

drug release 55.   45 

  

 
Fig. 7 Drug release profile of PEC insitu gelling systems in media a) 0.1 N HCl b) Phosphate buffer c) Simulated vaginal fluid d) Simulated tear fluid 
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Fig. 8 Drug release profile of PERS insitu gelling systems in media a) 0.1 N HCl b) Phosphate buffer c) Simulated vaginal fluid d) Simulated tear fluid 

 In case of PEC systems, PEC-1 and PEC-2 showed faster drug 

release, whereas PEC-4 and PEC-5 displayed very slow release 

due to low and high concentration of gelling polymer, 5 

respectively.  PEC-3 containing 18 % of PF-127 incorporated 

with Acyclovir loaded PVP-EC blend hybrid nanoparticles 

depicted the expected drug release profile. The PERS systems 

also exhibited similar release pattern, wherein the formulation 

PERS-2 containing 15 % of PF-127 incorporated with Acyclovir 10 

loaded PVP-ERSPO nanoparticles matched the expected release 

profile.  As the systems were loaded with equivalent level of the 

nanoparticles (80 %) and free drug (20 %), the amount of drug 

release was found to be dependent on the concentration of gelling 

polymer. 15 

 Acyclovir loaded polymeric nanoparticles AN-1 and AN-2 

showed sustained release of drug for a period of 13 h and 24 h, 

respectively (Fig. 9 a).  Likewise, insitu gels loaded with 

unprocessed (pure) Acyclovir (AIG-1 to AIG-5) exhibited faster 

drug release reaching 100 % concentration within 8 h for 12 % 20 

w/v PF127, as shown in Fig. 9 b. It was extended to the 

maximum period of 15 h for the 24 % w/v concentration of 

polymer.  Also the release profile and kinetics were typically 

different from the expected pattern.  Yet the combination of both 

techniques (polymeric nanoparticles and insitu gel) provided a 25 

dual controlled system, which satisfied the required release 

behaviour.  

 The usage of different media for the in-vitro release studies 

aided in prediction of the in-vivo dissolution through various 

routes of administration.  The morphology of the nanoparticles 30 

did not show considerable variation with respect to the different 

media used in the study.  And the drug release phenomenon for 

the formulations in all the four media was found to be similar, 

due to pH independent drug release mechanism from the systems.  

However, considerable variation between the optimized 35 

formulations PEC-3 and PERS-2 was observed in-spite of both 

showing the expected release pattern.  This is attributed to higher 

hydrophobicity of ERSPO due to methacrylic chains 57 compared 

Page 12 of 19RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  13 

to EC containing cellulose network.  Yet, PEC-3 containing 

higher concentration of gelling polymer (18% w/v) than PERS-2 

(15% w/v) offered higher number of micelles for packing into 

hard sphere crystals that controlled the drug release.  The 

variation in drug release could also be attributed to the presence 5 

of high concentration of PVP polymer and surfactant in AN-1 

nanoparticle incorporated in PEC systems, compared to the less 

PVP and surfactant level in AN-2 nanoparticles loaded into the 

PERS systems.  PVP exhibited vital role to enable faster release 

due to its hydrolysis followed by pore diffusion of drug 58.     10 

 
Fig. 9 Drug release profile a) Polymeric nanoparticles of Acyclovir b) Plain drug loaded insitu gels 

Mechanism of drug release 

The data obtained from the drug release kinetics are shown in 

Table 2 for the PEC and PERS thermosenstive gelling systems 15 

loaded with the Acyclovir hybrid blend polymeric nanoparticles.  

The release kinetics of formulations was best fitted with 

Korsemeyer-Peppas kinetics and Makoid-Banakar model with R2 

> 0.99 and least SSR values.  The mechanism of drug release was 

based on non-Fickian diffusion transport as indicated by the 20 

release exponent n-value > 0.5.  Further, the R2 > 0.98 with the 

lowest SSR value in Weibull and Hopfenberg model suggested 

the drug release from polymeric matrix system through surface 

erosion of the gel matrix 59.  This was due to the interaction of the 

poloxamer (physical entanglements or hard sphere crystals of 25 

micelles) with physiological fluid.  The CGC of the sample was 

decreased after prolonged exposure at physiological condition, 

finally leading to dissolution and erosion of the gel through its 

surfaces 60.  

Sterility and Stability of the systems 30 

Test for sterility is an important aspect for preparations intended 

for ophthalmic and other mucosal delivery systems since non-

sterile formulations could induce and spread pathogenic 

infections at the site of application.  The optimized formulations 

(PEC-3 and PERS-2) did not exhibit any symptoms of microbial 35 

or fungal growth during the tests for its sterility, which confirmed 

its suitability for in-vivo application.  Addition of benzal konium 

chloride during the preparation and the UV sterilization of the 

final product maintained the sterility of the dosage form.  There 

was no significant difference in the pH, viscosity and uniformity 40 

of drug content of formulations stored at 2 – 8 °C.  Hence, 

storage at refrigerated condition was more appropriate to 

maintain the sol integrity of the formulation which could favour 

easy application to necessary site.   

Ex-vivo permeation studies 45 

The permeation profile and comparative data are shown in Fig. 

10 a, b and Table 3 for the optimized formulations PEC-3 and 

PERS-2.  The cumulative amount of drug permeated through all 

the membranes was found to be linear up to 12 h, followed by a 

slight decline in the permeability further.   The rate of drug 50 

permeation through corneal membrane was higher than that in the 

stomach and rectal membranes.  Accordingly, the steady state 

flux and corresponding permeability coefficient were higher in 

corneal membrane for both the formulations.  This is mainly 

attributed to the considerable variation in membrane properties 55 

like thickness, presence of pores and its diameter and its 

biological composition 61.  Corneal membrane being thin and 

transparent exhibited higher permeability coefficient and flux 

compared to stomach and rectal membranes.  PERS-2 

demonstrated higher permeation and membrane flux than the 60 

PEC-3 insitu gel.  This may be due to the improved diffusion and 

penetration of smaller (around 100 nm) hydrophobic 

nanoparticles in the PERS-2 insitu gel formulation.  

Statistical Studies  

Statistically significant difference (p < 0.05) in the percentage of 65 

drug release with respect to different media at different time 

points was depicted by two-way ANOVA for the in-vitro release 

data of the formulations. 

 The values of Q, Jss and Kp were significantly different (P < 

0.05) for PERS-2 and PEC-3 formulations for all the membranes 70 

as predicted for the ex-vivo permeation study statistics. 
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Table 2 Release kinetics for thermo-sensitive gelling system incorporated with Acyclovir loaded hybrid polymeric blend nanoparticles 

Kinetic models   PEC-3 PERS-2 

Drug release media  HCl PB SVF STF HCl PB SVF STF 

Zero order R2 0.9273 0.9052 0.9298 0.9 0.9194 0.9256 0.9193 0.9212 
 K0 4.72 4.76 4.73 4.88 4.7 4.64 4.66 4.59 

 SSR 1059 1367 1023 1496 1122 1018 1095 1047 

First order R2 0.9854 0.9897 0.9844 0.9892 0.9809 0.9804 0.9819 0.9821 
 K1 0.08 0.083 0.08 0.087 0.08 0.078 0.079 0.077 

 SSR 212 148 227 161 266 267 245 238 

Higuchi R2 0.9384 0.9499 0.9392 0.9539 0.9474 0.9446 0.9496 0.9484 
 KH 16.99 17.24 17.02 17.68 16.97 16.74 16.82 16.57 

 SSR 896 722 887 690 731 758 684 685 

Korsemeyer-Peppas R2 0.9914 0.9908 0.9927 0.9918 0.9931 0.9935 0.9944 0.9942 
 KKP 10.12 11.15 10.09 11.68 10.57 10.19 10.53 10.3 

 SSR 124 132 105 123 96 88 76 76 

 n 0.714 0.681 0.716 0.672 0.696 0.705 0.694 0.697 
Hixson-Crowell R2 0.9932 0.993 0.9927 0.9929 0.987 0.9871 0.9871 0.9866 

 KHC 0.023 0.024 0.023 0.025 0.023 0.023 0.023 0.022 

 SSR 98 100 107 106 180 176 174 177 
Hopfenberg R2 0.9935 0.9933 0.993 0.9931 0.9871 0.9873 0.9871 0.9866 

 KHB 0.027 0.02 0.028 0.021 0.025 0.025 0.023 0.022 

 SSR 94 97 101 103 179 174 174 177 
Baker-Lonsdale R2 0.8906 0.9053 0.8907 0.9083 0.9006 0.8977 0.9035 0.9033 

 KBL 0.006 0.007 0.006 0.007 0.006 0.006 0.006 0.006 

 SSR 1593 1366 1594 1372 1383 1400 1311 1284 
Makoid-Banakar R2 0.9945 0.995 0.9949 0.9956 0.9934 0.9937 0.9946 0.9943 

 KMB 8.25 9.02 8.55 9.63 9.96 9.74 10.12 9.96 

 SSR 79 71 74 65 91 86 73 75 
Weibull R2 0.9953 0.9952 0.9948 0.9947 0.9911 0.991 0.9916 0.99 

 SSR 67 69 75 78 123 122 114 132 
Gompertz R2 0.9369 0.9413 0.9338 0.9389 0.9203 0.9201 0.9211 0.9226 

 SSR 919 846 966 914 1109 1092 1071 1028 

HCl – 0.1 N HCl pH 1.2, PB – Phosphate buffer pH 7.4, SVF – Simulated vaginal fluid pH 4.2, STF – Simulated tear fluid pH 7.4
 

 

Table 3 Results of permeability data analysis of thermo sensitive gelling system incorporated with Acyclovir loaded hybrid polymeric blend nanoparticles 

Formulation code Membrane Q24 (µg/cm2) JSS (µg/cm2/h) KP (cm/h x 10-3) TL(h) 

PEC-3 Rectal 1061.37 ± 144.80 54.7715 ± 6.81 5.47715 ± 0.68 0.69 ± 0.26 

 Stomach 1688.50 ± 136.28 92.894 ± 8.02 9.2894 ± 0.80 0.17 ± 0.09 
 Cornea 2451.66 ± 178.45 139.805 ± 17.24 13.9805 ± 1.72 0.18 ± 0.15 

PERS-2 Rectal 1315 ± 140.02 74.387 ± 8.64 7.4387 ± 0.86 0.23 ± 0.07 

 Stomach 2313 ± 199.23 131.53 ± 14.53 13.153 ± 1.45 0.38 ± 0.17 
 Cornea 3020 ± 122.78 177.705 ± 11.10 17.7705 ± 1.11 0.22 ± 0.005 

 5 
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Fig. 10 Ex-vivo permeation studies a) PEC insitu gels b) PERS insitu gels 

 The polymers used in the nanoparticle formulations namely 

Poly Vinyl Pyrrolidone, Ethyl Cellulose and Eudragit RSPO and 

the gelling polymer poloxamer are biocompatible, non-toxic and 5 

non-irritant, hence approved by FDA and used in food and 

pharmaceuticals through oral and topical administrations 57, 62, 63, 

64.  Eudragit containing ester linkage could be easily degraded by 

esterase enzyme and Poly Vinyl Pyrrolidone undergoes 

hydrolytic degradation.  Ethyl Cellulose is poorly absorbed and 10 

not metabolized hence, excreted unchanged through faecal (96%) 

and urine (< 5%) 65.  PVP and poloxamer has been reported to be 

excreted mainly by renal clearance mechanism 66, 67. 

Uptake of nanoparticles by HCE cells 

Internalization and accumulation of the hybrid polymer blend 15 

nanoparticles (AF1 and AF2) in to the HCE cells was 

spontaneous and dynamic. Cell uptake of nanoparticles was time 

dependent, since there was increase in the fluorescence 

nanoparticles inside the cell and into the nucleus with increase in 

incubation time from 30 min to 1 h and 3 h 68.  The results were 20 

in accordance with the previous reports where the uptake of the 

curcumin nanoparticles increased during 10 min to 3 h, whereas 

the free curcumin was rapidly up taken by cells within 10 min 

after which the uptake decreased over time 69. It has also been 

confirmed that curcumin nanoparticles exhibited more efficient 25 

uptake and retention in the cells than the free curcumin 70.  With 

75% entrapment efficiency of curcumin in the formulated hybrid 

polymer blend nanoparticles, only 5% of free curcumin was 

released during dialysis in the cell media at the end of 3 h.  This 

could be due to the slow diffusion of hydrophobic molecules and 30 

very less hydrolysis of polymer PVP during the initial period.  

Hence, the green fluorescence inside the cells could be attributed 

mainly due to the entry of dye loaded nanoparticles along with 

lesser proportion of the free curcumin. Higher amount of 

nanoparticles depicted in the cytoplasm (Fig. 11) could favour the 35 

system, since it is the major site for drug activation.  There was 

no significant difference between the cellular uptake of PVP-EC 

and PVP-ERS nanoparticles at the end of 3 h, as both the systems 

were designed with combination of amphiphilic and hydrophobic 

polymers which favoured its entry into cells.  40 

 The cytotoxicity of the developed hybrid polymer blend 

nanoparticles of Acyclovir has been studied by MTS assay using 

epithelial cell lines and reported in our earlier work 71.  The 

polymer blend samples and the nanoparticle formulations showed 

>90% cell viability at concentrations up to 50 µg/mL.  The 45 

gelling polymer pluronic used for incorporation of the 

nanoparticles has been reported to be non-toxic, non-irritant and 

non-sensitizing to mouse, rats, dogs and human through various 

routes.  As pluronic is primarily distributed in extracellular water 

with little or no uptake by red blood cells, no hemolysis of cells 50 

and no symptoms of adverse effects were found during the acute 

animal toxicity studies 72, 73, 74. 

Characteristics of the foam spray 

The foam sprayed out of the canisters was stable and white in 

colour.  Propellant plays vital role in maintaining the foam 55 

integrity and uniform dispensing of the foam.  The 

characterization results of the developed foam spray containing 

Acyclovir loaded polymeric nanoparticles are shown in table 4.   

Table 4 Characterization of insitu gel foam containing Acyclovir loaded 

polymeric nanoparticles 60 

Formulations Tests PEC-3 PERS-2 

Bubble size (µm) 57.19 ± 17 69 ± 28 

Relative foam density 0.071 ± 0.004 0.064 ± 0.002 

Clarity Translucent Translucent 
Collapse time (min) 95 ± 4 90 ± 5 

pH 6.9 7.16 

Drug content per puff 
(mg/10mL) 97.2 ± 12.7 

 
101.4 ± 14.06 
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Fig.11 Cellular uptake studies of the hybrid polymer blended nanoparticles 

 
Fig. 12 Appearance and bubble collapse time of foam spray  
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Immediately after dispensing out, the bubble size of the foam was 

found to be narrow in the range between 55 – 70 µm.  The size of 

the bubbles increased with respect to time, grown larger and 

finally ruptured out due to thinning of the film 75.  The foam was 

clear, colourless and translucent in nature.  The relative foam 5 

density of the PEC-3 and PERS-2 formulations was found to be 

0.06 and 0.07, respectively.   

 The foam was found to be in the grading scale of #1 27, 

possessing the characteristics of stable, fine bubbles with few 

coarser bubbles on the surface, then slightly coarser over time.  10 

Also the foam appeared to be creamy initially and slowly 

converted into thin layer, which could favour its spreadability 

upon contact with the mucous layer through vaginal or rectal 

application 76.  The time taken for the complete collapse of the 

bubbles was found to be 90 – 95 minutes (Fig. 12), wherein the 15 

formed bubbles were breaking slowly due to the presence of 

surfactant (Pluronic) in the aqueous phase which gradually 

decreased the bubble film thickness resulting in rupture of the 

bubbles 77.   The drug content per puff of the foam was found to 

be in the range of 90 – 110 mg/10 mL. 20 

Conclusions 

The expected therapeutic level of drugs could be predicted with 

the pharmacokinetic data and thus controlled release systems 

could be designed to provide pre-determined level of loading and 

maintenance doses.  Such significance could result in remarkable 25 

dose reduction, especially for the potent drugs.   With this 

contest, the dosage form of Acyclovir loaded polymeric 

nanoparticles incorporated into insitu gel was synthesized and 

optimized for recommended drug entrapment level and controlled 

release pattern.  The obtained data revealed that the optimized 30 

formulations meet the required dose release for 20 h to ensure 

more appropriate once daily administration, as predicted by the 

pharmacokinetic modeling.  It is proved to be a unique dosage for 

site specific local action in eye, nose, rectal, vaginal, topical and 

also for the systemic treatment of herpes simplex virus infections. 35 

Development of foam spray for vaginal or rectal administration 

could increase the retention time of drug at applied surface and 

improve patient compliance.  Reduction in the daily dose 

(conventional oral tablets) to the tune of 10 times is a noteworthy 

feature of this system, that could decrease the overall side effects, 40 

unwanted wastage of drug, drug resistance and reoccurrence of 

the infections. 
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