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ABSTRACT 

The aim of the study was to investigate the influence of the nature and composition of the monomer feed, added to the 

reaction system indomethacin/vinyl acetate/3-dimethyl (methacryloyloxyethyl) aminopropyl sulfonate 

(IMC/VAc/DMAPS) and the characteristics of the obtained polymer latexes on indomethacin In-situ loading, its kinetic 

release properties, and drug stability. Indomethacin loaded nanoparticles were obtained by an emulsifier-free emulsion 

radical copolymerization of the monomers, in presence of the drug. Transmission electron microscopy, Attenuated Total 

Reflection Fourier Transform Infrared spectroscopic analyses, Particle size distribution and zeta potential analysis were 

carried out to characterize the In-situ loaded nanocarriers. High-performance liquid chromatography and UV/VIS 

spectroscopic analyses were applied to determine the drug loading, In vitro release properties and stability studies of the 

drug used.  

High yield of 90 to 96% was obtained for the tested In-situ loaded nanocarriers. They possess a spherical shape with 

diameter ranging from 100 to 900 nm and zeta potential from -3.25 mV to -20.3 mV. Mono-modal and bi-modal particle 

size distribution was observed depending on monomer feed, added to the reaction system. It also influenced the drug 

loading and its release characteristics. Indomethacin was released from the investigated patterns following first order 

release. The nature and composition of the monomer feed, added to the reaction system IMC/VAc/DMAPS are an 

effective factors for the control of the indomethacin loading and also affect the rate and extent of drug-releasing but do 

not influence the kinetic model and drug transport mechanism. Stability studies indicated the stabilizing role of the 

polymer carrier on the In-situ included indomethacin. 

 

Keywords: Indomethacin-loaded nanoparticles, radical polymerization, polyzwitterion nanoparticles, vinyl acetate co-

polymers.  

 

INTRODUCTION 

Indomethacin (IMC), ([1-(4-chlorobenzoyl)-5-methoxy-

2-methylindol-3-yl]-acetic acid) as a non-steroidal anti-

inflammatory drug (NSAID) is well known. The FDA 

first approved IMC in January 1965. It is used for the 

treatment of inflammation caused by the rheumatoid 

arthritis, ankylosing spondylitis, gouty arthritis, 

osteoarthritis, and soft tissue injuries as tendinitis and 

bursitis. IMC blocks the enzymes cyclooxygenase 1 and 2 

(COX-1 and COX-2) and thereby reduces the levels of 

prostaglandins. As a result, fever, pain and inflammation 

are reduced. Since IMC inhibits both COX-1 and COX-2, 

it inhibits the production of prostaglandins in the stomach 

and intestines, which maintain the mucous lining of the 

gastrointestinal tract. IMC along with its powerful anti-

inflammatory action, therefore, like other non-selective 

COX inhibitors may cause peptic ulcers1. In this regard 

the control on the rate and extent of drug release from the 

dosage forms is of the utmost importance2. Furthermore, 

IMC is practically insoluble in water, unstable in alkaline 

and acidic media and slightly soluble in alcohol. In 

ophthalmology, IMC is used as topical eye drops for 

prevention of miosis during cataract surgery, cystoid 

macular edema and conjunctivitis1. Its use in liquid 

formulations is limited due to its insolubility in water, 

low bioavailability and ocular mucosa irritation. 

Development of nanocarriers that deliver the drug 

specifically to the target site in order to meet the 

therapeutic needs of the patients at the required time and 

level remains the key challenge in the field of 

pharmaceutical biotechnology3. The nanocarriers could 

protect the drug from the adverse action of the 

environment and thus to improve its chemical stability. 

Furthermore, the carrier could influence the rate and 

extent of the drug release and thus also affect the 

bioavailability4. 

Polycaprolactone based nanoparticles (NPs) containing 

IMC and Argan oil have been fabricated for skin 

application and treatment of rheumatoid arthritis5. Good 

reproducibility, high drug loading and high values of zeta 
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potential have been reported for the nanocarriers obtained 

via nanoprecipitation method.  

The effect of Eudragit® L100, polyethylene glycol, and 

polysorbate 80 on encapsulation efficiency of IMC within 

enteric NPs has been studied6. Formulations were 

developed based on a multilevel factorial design (three 

factors, two levels). The amount of polyethylene glycol 

was shown to be the factor that had the greatest influence 

on the encapsulation efficiency (evaluated response) at 

95% confidence level. 

In another investigation a dramatic increase in the 

chemical stability and In vitro corneal permeability of 

IMC has been observed with the IMC-solid lipid NP 

formulation in comparison to the IMC solution- (0.1% 

w/v) and IMC hydroxypropyl-ß-cyclodextrin-based 

formulations (0.1% w/v)7. Compritol® 888 ATO has been 

selected as the lipid phase for the IMC-solid lipid NPs, as 

IMC exhibited highest distribution coefficient and 

solubility in this phase. 

In a previous study the possibility of an effective 

incorporation of IMC into homopolymer poly(vinyl 

acetate) (pVAc) NPs8 as well as mixtures of NPs of these 

polymers with the hydrophilic poly(3-dimethyl 

(methacryloyloxyethyl) aminopropyl sulfonate) 

(p(DMAPS)), Carbopol®9, and chitosan10 by one-stage 

emulsion polymerization without using an emulsifier was 

demonstrated for the first time. The challenge was to find 

easily available and feasible technological parameters for 

the effective control of the IMC release from the polymer 

NPs. For that purpose two approaches were tested. The 

first one was based on changes in the composition of 

polymer mixture (pVAc, pDMAPS, Carbopol® and 

chitosan) from which the NPs with included IMC were 

prepared9,10. With the second approach this control was 

based on the IMC inclusion in the copolymer of vinyl 

acetate (VAc) with 3-dimethyl (methacryloyloxyethyl) 

aminopropyl sulfonate (DMAPS) (p(VAc-co-DMAPS)) 

nanolatex and the control of the drug loading, 

encapsulation efficiency, and IMC kinetic release 

properties by the variation of the copolymer composition. 

The results of this approach are the subject of this work. 

The choice of DMAPS was based on its hydrophilic 

properties and polyzwitterionic character.  

Stable copolymers of VAc and DMAPS in different mole 

ratios, obtained by emulsion radical polymerization of co-

monomers, have been reported in the literature. Dry latex 

p(VAc-co-DMAPS) NPs have been used in the tableting 

of metoprolol tartrate, and verapamil hydrochloride to 

obtain a solid dosage form with sustained release11-13. 

Metoprolol tartrate has been included in copolymers of 

VAc and DMAPS by In-situ emulsion radical 

polymerization of the co-monomers14. 

The objective of this study was to investigate the 

influence of the nature and composition of the monomer 

feed, added to the reaction system (IMC/VAc/DMAPS) 

and the characteristics of the obtained polymer latexes on 

IMC In-situ loading, its kinetic release properties, and 

drug stability.  

 

MATERIALS AND METHODS  

In this research IMC (European Pharmacopoeia reference 

material) as a drug, vinyl acetate (VAc) as a monomer, 

and ammonium persulfate (AP) as an initiator were 

purchased from Fluka. DMAPS from Merck (Darmstadt, 

Germany) was used for obtaining p(VAc-co-DMAPS). 

Potassium dihydrogen phosphate and di-sodium hydrogen 

phosphate from Merck (Darmstadt, Germany) were used 

for preparation of phosphate-phosphate buffer 

(Sorensen’s phosphate buffer) (PPB). It was used as a 

medium for In vitro dissolution study of IMC-p(VAc-co-

DMAPS) NPs. All HPLC-grade solvents (methanol and 

acetonitrile) were obtained from Labscan (Ireland). 

HPLC-grade standards (indometacin and 4-Cl-benzoic 

acid) were purchased from Sigma (USA). 

Preparation of IMC-p(VAc-co-DMAPS) NPs: IMC-

p(VAc-co-DMAPS) NPs were obtained by an one-stage 

emulsifier-free emulsion radical copolymerization of 

VAc and DMAPS (v/v) (moll ratio 4:1, 1:1, and 1:4), in 

presence of IMC 1% (w/v). The polymerization was 

conducted in a nitrogen atmosphere and a temperature of 

55С, for 90 min under ultrasonic impact (Ultrasonicator 

Siel UST7.8-200, Gabrovo, Bulgaria). Ammonium 

persulphate (AP) in concentration 1% (w/v) was used as 

initiator. The model latexes were exposed on dialysis 

through membrane with MWCO 8000 Da for 7 h to 

eliminate the low molecular weight compounds (e.g. the 

initiator of process, residual monomers or free IMC) from 

the primary latex, and then the samples were freeze-

dried9,10. NP yield (%Y) was calculated using the 

following equation6,9,10: 

 

   (1) 

 

Characterization of IMC-p(VAc-co-DMAPS) NPs 

Transmission electron microscopy (TEM): TEM images 

of the investigated models were produced by transmission 

electron microscope JEOL JEM 2100 (JEOL Ltd., Japan) 

with accelerating voltage 200 kV. For the phase 

identification of the samples the diffraction mode of the 

microscope, Selected area electron diffraction (SAED), 

was used. The following preparation procedure was 

applied before the observation of the samples in the 

microscope: micro-quantities of the studied substance 

were mixed with distilled water in a test tube and placed 

in an ultrasonic bath to homogenise for 3 min. Thereafter, 

the suspension was dropped on carbon-coated standard 

Cu grid and dried on air conditions in a dust free 

environment for 24 h.  

Attenuated Total Reflection Fourier Transform Infrared 

(ATR-FTIR) spectroscopic analyses: ATR-FTIR analyses 

was carried out with NicoletTM iS TM 10 FT-IR 

Spectrometer equipped with a Smart iTRTM Attenuated 

total reflectance sampling (diamond crystal) accessory 

(Thermo Scientific, Thermo Fisher Scientific, Inc., USA). 

The spectra were recorded from 4000 to 600 cm−1 using a 

DTGS detector. All spectra were corrected for H2O and 

CO2 using internal software. 

Particle size distribution (PSD) and zeta potential (ZP) 

analysis: PSD and ZP analysis of tested models were  
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carried out with the apparatus Nanotrac Wave MN 401  

(Microtrac, Inc., USA). The core methodology of the 

Nanotrac Wave is Dynamic Light Scattering, (DLS) 

incorporating the patented Controlled Reference Method 

for advanced power spectrum analysis of Doppler shifts 

under Brownian Motion. PSD of tested models was 

determined in measurement range of 0.8 nm - 6.54 µm 

(diameter), and minimum sample volume ~ 250 µL. ZP of 

tested models was determined in measurement range of 

+/-200 mV, size range 10 nm to 20 µm and less than 750 

µL. Other specifications are: measurement angle 180°; 

repeatability 1% or better for 100 nm Polystyrene; 

concentration limits from ppb to 40% by volume in 

certain conditions; Laser Diode, 780 nm, 3 mW Nominal, 

no alignment required. 

The samples were prepared using equal quantity of NPs 

in Sorensen’s PPB at pH 7.4 and filtered through a filter  

Chromafil Xtra 1.00 μm before measuring the particle 

mean diameter and polydispersity index (PDI).  

Drug loading and In vitro release studies 

Drug loading assessment: Modification of HPLC assay  

of IMC and its related substances described by Tsvetkova 

et al. was used to determine the amount of incorporated 

IMC into the IMC-p(VAc-co-DMAPS) NPs15. The HPLC 

system was composed of a ProStar 230 solvent delivery 

module and PDA detector model 335, Microsorb-MV 

C18 column (150 mm × 4.6 mm, 5 μm particle size), all 

from Varian (Australia). A solvent system including 

methanol and acetonitrile in proportions 1:1 v/v (A) and 

H2O with pH=3 (B) was used in isocratic condition 

75А:25В. The flow rate was 1.1 mL/min and detection at 

240 nm. The compound of interest was identified 

according to its retention time determined using authentic 

IMC standard. It was quantified using an absolute  

 
Figure 1: ТЕМ of a) IMC-p(VAc-co-DMAPS)-1, b) IMC-p(VAc-co-DMAPS)-2, c) IMC-p(VAc-co-DMAPS)-3 and 

electron diffractions in the bottom left corner of the micrographs. 

 
Figure 2: ATR-FTIR spectra of IMC, IMC-p(VAc-co-DMAPS)-1, IMC-p(VAc-co-DMAPS)-2, and IMC-p(VAc-co-

DMAPS)-3. 

 

Table 1: Investigated models, moll ratio of co-monomers, and NP yield (%Y) 

Model Moll ratio VAc:DMAPS %Y±SD 

IMC-p(VAc-co-DMAPS)-1 4:1 92.78±0.76 

IMC-p(VAc-co-DMAPS)-2 1:1 96.02±1.09 

IMC-p(VAc-co-DMAPS)-3 1:4 90.45±0.65 
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calibration curve. Star Chromatography Workstation 

Version 6.30 (build 5) software was used. 

The drug loading (%DL) and encapsulation efficiency 

(%EE) were calculated using the following equations6,9,10: 

 

  (2) 

    (3) 

In vitro release of IMC from IMC-p(VAc-co-DMAPS) 

NPs: Examination on the release of IMC from the model 

nanosized particles was carried out in a thermostated 

vessel with equal amounts of the tested models under 

perfect “sink” conditions; working volume for dissolution 

100.0 mL Sorensen’s PPB at pH 7.4; temperature 

37C±0.5C; stirring speed 100 minˉ¹. The quantitative 

defining of IMC was made spectrophotometrically at 

λ=320 nm6,16 on UV/VIS spectrophotometer Ultrospec  

 

 

 

Figure 3: Particle size distribution of the tested models: a) IMC-p(VAc-co-DMAPS)-1; b) IMC-p(VAc-co-DMAPS)-2; 

c) IMC-p(VAc-co-DMAPS)-3. 
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3300 pro (Biochrom Ltd., Cambridge, UK) after filtering  

 the samples through a filter Chromafil Xtra 1.00 μm. The 

measurements were made compared to the medium of 

examination Sorensen’s PPB at pH 7.4. Control 

experiments were performed using NPs without IMC. 

The concentrations were calculated from the standard 

curve with a linearity coefficient (r)=0.999. 

Stability studies 

Stability studies were conducted according to 

International Conference on Harmonisation (ICH) 

guidelines17 and the WHO guidelines on the active 

pharmaceutical ingredient master file procedure18. 

Stress testing was carried out on a three primary batches 

of IMC-p(VAc-co-DMAPS)-2 NPs in an aqueous 

medium at pH 7.4 (Sorensen’s PPB) under the conditions 

of elevated temperature (50, 60, and 70°C ± 2°C) and 

75% ± 5% relative humidity (RH) for 8 h. 

Long term study was conducted at 25°C ± 2°C/60% RH ± 

5% RH with three primary batches of each tested dry 

models of IMC-p(VAc-co-DMAPS) NPs for 12 months.  

HPLC analysis described above was used for the 

quantitative defining of IMC and 4-Cl-benzoic acid as a  

product of degradation of the drug used. 

Statistical analysis 

The data were analysed using the Statistical Package for 

the Social Sciences for Windows software, Version 11.0. 

Means were considered significantly different at p < 0.05. 

The results have been presented as the means of three 

experiments ± standard deviation. 

 

RESULTS AND DISCUSSION 

White or pale yellow coloured, finely dispersed powders 

of starting IMC-p(VAc-co-DMAPS) NPs were obtained 

by one stage emulsifier-free radical copolymerization of 

VAc and DMAPS (v/v) (moll ratio 4:1, 1:1, and 1:4),  

with In-situ included IMC 1% (w/v). The investigated 

models, moll ratio of co-monomers, and NP yield (%Y) 

are shown in Table 1. High yield of 90 to 96% was 

obtained for the tested IMC-p(VAc-co-DMAPS) models. 

SD – standard deviation, n=3 

Figure 1 shows TEM micrographs of the tested IMC-

p(VAc-co-DMAPS) models. The particles of the 

observed samples possess a spherical shape, various sizes 

and different degree of aggregation. Model IMC-p(VAc-

co-DMAPS)-1 (Fig.1a) was characterized with an 

irregular spherical shape and an approximate diameter 

350-400 nm. A dense structure was observed with a drug 

dispersed in the polymer matrix of the NPs. In models 

 

Table 2: Encapsulation efficiency (%EE) and drug loading (%DL) of the tested models 

Model %EE±SD %DL±SD 

IMC-p(VAc-co-DMAPS)-1 25.50±0.31 2.50±0.11 

IMC-p(VAc-co-DMAPS)-2 75.58±0.77 7.16±0.65 

IMC-p(VAc-co-DMAPS)-3 15.50±0.44 1.56±0.11 

SD – standard deviation, n=3 

 

 
Figure 4: IMC release profiles from IMC-p(VAc-co-DMAPS)-1, IMC-p(VAc-co-DMAPS)-2, and IMC-p(VAc-co-

DMAPS)-3 models. 

Table 3: Correlation coefficient (R) values of different kinetic models for the IMC release from IMC-p(VAc-co-

DMAPS)-NPs 

Formulation 

Correlation coefficient (R) 

Zero order First Higuchi 
Hixson-

Crowell 

IMC-p(VАc-co-DMAPS)-1 0.813 0.991 0.951 0.829 

IMC-p(VАc-co-DMAPS)-2 0.626 0.995 0.973 0.638 

IMC-p(VАc-co-DMAPS)-3 0.829 0.985 0.950 0.858 
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IMC-p(VAc-co-DMAPS)-2 (Fig.1b) and IMC-p(VAc-co-

DMAPS)-3 (Fig.1c) spherical particles were observed, 

with different degree of dispersity, significantly smaller 

dimensions on the electronic photographs and non solid 

structure, compared to model IMC-p(VAc-co-DMAPS)-1 

(Fig.1a). Figure 1 also shows a characteristic 

conformation in all tested models, resulting in a 

crystalline structure, demonstrated on the SAED patterns  

 (in the bottom left corner of the micrographs). This effect 

can be explained by the crystallization of IMC itself,  

included in the nanosized particles, as it is confirmed by 

the XRD analysis9 (the results are not shown). It is 

noteworthy that the SAED is a method for determination 

of a local structure, while XRD is for integral one. 

The particles of the observed samples differ in size, shape 

and structure. The difference in the monomer feeding is 

essential on the morphological characteristics of the NPs 

obtained.  

IMC-p(VAc-co-DMAPS)-1 was obtained in moll ratio of 

the monomers VAc:DMAPS = 4:1. The polymerization  

was conducted through the mechanism of an emulsifier-

free emulsion copolymerization of VAc and DMAPS. 

The resulting latex particles were released into the 

aqueous phase. They have hydrophobic characteristics 

and would seek to obtain structures with the lowest 

surface energy - large particles with spherical shape 

(Fig.1a)19.  

 IMC-p(VAc-co-DMAPS)-2 (Fig.1b) obtained in moll 

ratio of the monomers VAc:DMAPS = 1:1 shows a 

structure closer to that of the model IMC-p(VAc-co-

DMAPS)-3 (Fig.1c). The micrograph on Fig.1b shows 

well-formed spherical NPs with dimensions around and 

under 100 nm. The structure is thicker than that of IMC-

p(VAc-co-DMAPS)-3 (Fig.1c) and much lighter, more 

transparent than that of IMC-p(VAc-co-DMAPS)-1 

model (Fig.1a).  

IMC-p(VAc-co-DMAPS)-3 (Fig.1c) was obtained in moll 

ratio VAc:DMAPS = 1:4. There was no phase separation 

because of the four times greater amount of DMAPS. The 

system was homogeneous, and the copolymerization 

takes place as free-radical polymerization in an aqueous 

medium. The particles obtained are smaller than those of 

the model IMC-p(VAc-co-DMAPS)-1. Тhey are 

distinguished by a lighter structure, and constitute 

hydrogels, swollen with water, which are difficult to 

separate from the aqueous phase. The electron diffraction 

photograph of this model strongly suggests the presence 

of IMC (Fig.1c, in the bottom left corner of the 

micrograph). 

Drug–polymer compatibility is of essential importance in 

the design of pharmaceutical formulations, since 

therapeutic activity and/or bioavailability could be  

improved on the basis of their composition. Mid-infrared 

absorption spectroscopy has been widely used to study 

drug–polymer interactions6. In the present study ATR-

FTIR spectroscopic analyses was carried out to 

demonstrate the interaction of IMC with the polymer 

nanocarriers.  

Figure 2 shows the IR-spectra of the investigated models 

compared to the pure IMC. In the spectrum of pure IMC  

 (γ–type is more stable and less soluble polymorphic 

modification of IMC in comparison with α-modification) 

two most intensive peaks, at 1717 cm-1 and at 1690 cm-1 

of υС=О, are shown20. Spectrum of IMC-p(VAc-co-

DMAPS)-2 model shows a greater similarity to this of 

pure IMC compared to the spectra of the other IMC-

p(VAc-co-DMPS)-1 and IMC-p(VAc-co-DMAPS)-3 

models20,21. Obviously, in the current systems there is no 

covalent interaction between polymers and IMC, but the 

interaction between them by hydrogen bonds is 

possible21. In the spectra of IMC-p(VAc-co-DMAPS)-1 

and IMC-p(VAc-co-DMAPS)-3 there are the 

characteristic absorption peaks of IMC, but their intensity  

is much lower than those in the spectra of pure IMC and 

another investigated model because of the lower quantity 

of incorporated IMC in these NPs. 

IMC-p(VAc-co-DMAPS) NPs obtained in different moll 

ratio of co-monomers VAc and DMAPS showed PSD, 

PDI, and ZP in wide range. The last one influences their 

behaviour in an aqueous environment and is related to the 

tendency of NPs to aggregate.  

Fig. 3a shows PSD of model IMC-p(VAc-co-DMAPS)-1 

in Sorensen’s PPB at pH 7.4. NPs with dimensions below 

100 nm and up to 700 nm (an average diameter 

339.20±2.56 nm) and highest PDI 0.567 were found.  

Narrower PSD was observed in the model IMC-p(VAc-

co-DMAPS)-2 in the range of 100 nm to 600 nm (Fig. 3b) 

with PDI 0.198 and an average diameter 142.10±2.50 nm. 

Mono-modal PSD was observed for both models.  

Model IMC-p(VAc-co-DMAPS)-3 was characterized 

with bi-modal PSD (Fig. 3c) in the diameter range of 400 

nm up to 900 nm with PDI 0.381. The difference in the 

monomer feeding defines the hydrophilicity of the NPs. 

The particles in model IMC-p(VAc-co-DMAPS)-3, 

obtained in moll ratio VAc:DMAPS=1:4, were swollen 

hydrogels. TEM microphotography of this model (Fig.1c) 

confirms the presence of particles in a wide size range 

and suggests possible bi-modal PSD.  

ZP values were -20.32±1.24 mV for IMC-p(VAc-co-

DMAPS)-1, -12.50±0.32 mV for IMC-p(VAc-co-

DMAPS)-2 , and -3.25±0.15 mV for IMC-p(VAc-co-

DMAPS)-3, respectively.  

The quantitative defining of IMC incorporated into the 

NPs was made according the HPLC analysis described 

above. A linear detection response was observed in 

concentration range between 0.50 and 8.00 µg/mL for 

IMC with correlation coefficient 0.9989.  

Table 2 shows the results from drug loading assessment. 

Model IMC-p(VAc-co-DMAPS)-2 features with highest 

values for DL% and EE%. The monomers of DMAPS 

were dissolved in the aqueous medium, while the IMC 

was dissolved in the oil phase of VAc. Perhaps during the 

polymerization, under the influence of ultrasonic 

agitation of the system, droplets of the aqueous phase 

with dissolved DMAPS were included in the oil droplets 

of VAc with dissolved IMC. During the dialysis when the 

residues monomers and initiator AP were extracted and 

the subsequent lyophilization, pores were formed in the 

obtained NPs which help the inclusion of IMC in the 

carrier. That process also benefits the release of IMC.  
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Therefore, the ratio 1:1 of the hydrophobic VAc to the 

hydrophilic DMAPS monomers resulted to the greatest  

extent on the incorporated drug. At IMC-p(VAc-co-

DMAPS)-1 model, the fourfold lower content of DMAPS 

does not allow the creation of enough pores, which could 

incorporate IMC. At IMC-p(VAc-co-DMAPS)-3, the 

fourfold lower amount of VAc monomers prevents the 

dissolution of the drug and the formation of IMC-loaded 

NPs. That suggests predominantly inclusion of DMAPS 

in the formed IMC-p(VAc-co-DMAPS) NPs.  

Figure 4 presents the release profiles of IMC included in 

the model carriers. The results are presented as a 

percentage of the IMC included into the NPs. Blank 

formulation has not any significant absorbance at 320 nm. 

The release profiles show the greatest speed and extent of 

IMC released for the same time from model IMC-p(VAc-

co-DMAPS)-2 obtained at moll ratio of VAc:DMAPS 

=1:1.  

Model IMC-p(VAc-co-DMAPS)-3 contains the least 

amount of IMC. In the first 45 min it releases the drug 

with the lowest speed and extent compared to the other 

models. After that the speed and extent of drug release 

becomes higher than model IMC-p(VAc-co-DMAPS)-1 

and lower than model IMC-p(VAc-co-DMAPS)-2. These 

results could be explained with the swelling of the 

polymer carrier. After that period the extent and the speed 

of drug release in IMC-p(VAc-co-DMAPS)-3 increases 

compared to IMC-p(VAc-co-DMAPS)-1, where the less 

amount of pores formed slows the IMC release. In the 

first 45 min IMC-p(VAc-co-DMAPS)-1 releases the IMC 

located on the surface/surface pores of the NPs. Model 

IMC-p(VAc-co-DMAPS)-2 was characterized with the 

highest porosity. The formed pores facilitate not only the 

inclusion process, but also the release of the drug.  

To determine the kinetic model that best describes the 

release mechanism, the In vitro release data were 

analyzed according to zero-, first-, Higuchi and Hixson-

Crowell models. The model with the highest correlation 

coefficient (R) was selected as the best fit22. The results 

obtained show that IMC release from all investigated 

patterns follows the first order release kinetics (Table 3).  

These results relate to conditions in which there is no 

change in the shape of the NPs during the dissolution 

process (i.e. the surface area remains constant)23. Based 

on the high values of R for the Higuchi model it is 

possible to determine the drug transport mechanism as 

Fickian diffusion24. 

Stability studies 

Stress testing was carried out on three primary batches of 

IMC-p(VAc-co-DMAPS)-2 NPs (as a promising model) 

in an aqueous medium at pH 7.40 (PPB) under the 

conditions of elevated temperature (50, 60, 70°C) and 

75% relative humidity (RH) for 8 h. IMC solution was 

used as a control. Samples for analysis were taken at 

 

 
Figure 5: Ratio IMC/4-Cl-benzoic acid established in aqueous medium at pH 7.4 for a) IMC and b) for the IMC-

p(VAc-co-DMAPS)-2 dispersions. 
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specified intervals. The amount of IMC and 4-Cl-benzoic 

acid in the aqueous medium were determined via HPLC 

analysis, described above. A linear detection response 

was observed in concentration range between 0.50 and 

8.00 µg/mL for IMC and 0.25 and 4.00 µg/mL for 4-Cl-

benzoic acid with correlation coefficient 0.9989 and 

0.9987 respectively. Figure 5 shows the ratio IMC/4-Cl-

benzoic acid established in aqueous medium at pH 7.4 for 

IMC (Fig.5a) and for the IMC-p(VAc-co-DMAPS)-2 

(Fig.5b) dispersions. 

Traces of 4-Cl-benzoic acid as a breakdown product of 

the drug appear in the IMC solution on the 4th hour of the 

study for all the temperatures. Quantities of 4-Cl-benzoic 

acid, which can be determined by the HPLC method 

used, were determined at 6th hour of the study.  

44.40±0.21 μg/mL IMC and 0.21±0.01 μg/mL 4-Cl-

benzoic acid were established in the dry particles of the 

model IMC-p(VAc-co-DMAPS)-2 prior to heating 

(according drug loading assessment; ratio IMC/4-Cl-

benzoic acid=211.43). This attitude was taken as a 

starting point of the presentation of the results from the 

nanocarriers. In the aqueous dispersion of model IMC-

p(VAc-co-DMAPS)-2 quantities of 4-Cl-benzoic acid 

were established on the 7th hour of the study for all 

investigated temperatures. During this period of 7 hours 

change in the amount of IMC in the aquatic environment, 

connected with the process of drug release from the 

polymeric carrier, was only observed (the results are not 

presented).  

Figure 5 shows that in the end of the study the ratio 

IMC/4-Cl-benzoic acid from IMC-p(VAc-co-DMAPS) 

dispersion was greater than the same from IMC 

dispersion at all of the tested temperatures. For example, 

the ratio IMC/4-Cl-benzoic acid from IMC-p(VAc-co-

DMAPS) dispersion was 12.91 (4.26±0.21 μg/mL IMC 

and 0.33±0.02 μg/mL 4-Cl-benzoic acid) versus 3.67 

(9.58±0.77 μg/mL IMC and 2.61±0.06 μg/mL 4-Cl-

benzoic acid) from IMC dispersion at 60°C. The results 

from the study at 70°C were similar. The ratio IMC/4-Cl-

benzoic acid from IMC-p(VAc-co-DMAPS) dispersion 

was 5.97 (4.30±0.32 μg/mL IMC and 0.72±0.04 μg/mL 4-

Cl-benzoic acid) versus 2.68 (21.66±0.16 μg/mL IMC and 

8.07±0.24 μg/mL 4-Cl-benzoic acid) from IMC 

dispersion. These results indicate the stabilizing role of 

the polymeric carrier on the IMC included. The data also 

suggest that the ratio IMC/4-Cl-benzoic acid was changed 

according to time-dependent exponential equation for all 

tested temperatures. 

Long term study was conducted at 25°C ± 2°C/60% RH ± 

5% RH with three primary batches of each tested dry 

models of IMC-p(VAc-co-DMAPS) NPs for 12 months. 

During the study it was not found increasing the quantity 

of the decomposition product and reducing the quantity of 

the drug more than 5%. 

 

CONCLUSION 

The results from this investigation definitely prove the 

importance of the properties of the components used in 

the polymerization system, on the properties and 

characteristics of the nanocarrier as a drug delivery 

system. The possibility for the In-situ IMC inclusion in 

the p(VAc-co-DMAPS) latexes was proved. IMC, as a 

hydrophobic drug, was released from the investigated 

patterns following first order release kinetics and it relates 

to conditions in which there is no change in the shape of 

the NPs during the dissolution process (i.e. the surface 

area remains constant). The addition of DMAPS 

monomer units in copolymer p(VAc-co-DMAPS) affects 

the rate and extent of IMC release but does not influence 

the kinetic model and drug transport mechanism. It was 

also shown that the composition of the copolymers was 

an effective factor for the control latex loading with IMC 

and its release characteristics. Stability studies indicated 

the stabilizing role of the polymer carrier on the In-situ 

included IMC.  

The sustained release of the drugs used from copolymer 

zwitterionic matrix tablets has been demonstrated from 

the literature data11-13. The results from the present study 

strongly confirm the potential use of p(VAc-co-DMAPS) 

NPs as a drug delivery system not only for hydrophilic14 

but also for hydrophobic medicines. The co-monomer 

composition and physicochemical properties of the drugs 

in In situ loaded polyzwitterionic copolymer NPs define 

their controlled release characteristics. The change of co-

monomer composition has proved easily available and 

feasible technological parameter for the effective control 

of the drug release from the polymer NPs.  

Future investigations will concern the influence of the 

nature and quantity of other co-monomers on the 

controlled release characteristics of the drug used.   
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