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Abstract 12 
 13 

The aim of this work was to study the formulation of pharmaceutically 14 

relevant polyelectrolyte complex nanoparticles (NPs) composed of hyaluronic acid 15 

(HA) and chitosan (CS) containing no crosslinkers. The influence of polymer mixing 16 

ratio, concentration and molecular weight as well as the type of counterion in chitosan 17 

salt on properties of the resulting NPs was examined. Formulations and their 18 

components were studied by laser light scattering, viscosity, infrared spectroscopy 19 

and microscopy. Physical stability, isoelectric points and cytotoxicity of selected NPs 20 

were determined.  21 

By appropriate modification of HA molecular weight, stable and non-22 

sedimenting NPs were successfully formed. Sonication was found to be an effective 23 

method to reduce the molecular weight of HA from 2882±25 to 176±4 kDa with no 24 

chemical changes in the HA structure observed. High molecular weight CS formed 25 

micron-sized entities at all compositions investigated. Positively and negatively 26 

charged NPs were obtained depending on the mixing ratio of the polymers, with CS 27 

glutamate NPs yielding more negatively charged particles compared to CS chloride 28 

NPs. The smallest NPs (149 ±11 nm) were formed using HA with molecular weight 29 

of 176 kDa. Cytotoxicity of NPs was dependent on environmental pH but HA was 30 

found to exert cytoprotective effects on Caco-2 cells.  31 

 32 

Keywords: hyaluronic acid, chitosan, nanoparticle, pH titration, stability, 33 

cytotoxicity.  34 

35 
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1. Introduction 36 

 Nanoparticles (NPs) are being extensively investigated for medical 37 

applications such as drug delivery systems, molecular diagnosis, medical imaging and 38 

tissue engineering (Emerich, Thanos, 2003). Recently, there is an increased interest in 39 

NPs composed of naturally occurring polymers such as polysaccharides or their 40 

derivatives due to their diverse structures, a large number of reactive groups, low 41 

toxicity, biodegradability and satisfactory stability (Liu et al., 2008). Such polymers 42 

are generally intended to be used solely as carriers for the delivery of bioactive 43 

substances (Janes et al., 2001), however some of the polysaccharides are known to 44 

possess pharmacological and functional properties as well. Examples of those 45 

polymers include chitosan (CS) and hyaluronic acid (HA) and their applications in 46 

nanomedicine could be multifold. 47 

CS nanoparticles have been shown to improve the oral bioavailability of 48 

peptide and protein formulations as the positive charge of CS influences its reactivity 49 

with negatively charged surfaces, e.g. cell and mucosal membranes and it has 50 

permeability enhancing properties (Agnihotri et al., 2004). HA is present in the 51 

components of extra-cellular matrix of connective tissues and its action in vivo 52 

depends on the polymer size. Large (400-20,000 kDa) HA chains suppress 53 

angiogenesis and inhibit phagocytosis, while oligomeric hyaluronan fragments are 54 

angiogenic, immuno-stimulatory and inflammatory (Stern et al., 2006). Hyaluronic 55 

acid also interacts specifically with cell-surface receptors, e.g. CD44 and it has 56 

previously been used in the treatment of cancer cells over-expressing CD44 (Choi et 57 

al., 2010). Also, HA acts in synergy with CS to enhance mucoadhesion (Wadhwa et 58 

al., 2009). Thus combining HA and CS into a nanoparticle may be a useful approach 59 

to form functional and also targeted delivery systems.  60 
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Although NPs containing HA and CS have been studied (Boddohi et al., 2009; 61 

de la Fuente et al., 2008 a, b), further research is required, as to the best of our 62 

knowledge, no systematic screening of factors leading to the formation of such NPs 63 

with predictable properties has been published to date.  64 

In many of the published investigations the use of a crosslinker 65 

(tripolyphosphate, TPP) was essential to obtain NPs (de la Fuente et al., 2008a, 66 

Oyarzun-Ampuero et al., 2009). However, high concentrations of TPP have been 67 

found to be unfavourable as TPP neutralises the positive charge of chitosan, which 68 

may lead to aggregation of such NPs (Wadhwa et al., 2009). Boddohi et al. (2009) on 69 

the other hand, managed to obtain HA/CS NPs without TPP, however aggregation of 70 

the particles was observed and NPs were recovered only after leaving the suspensions 71 

to settle overnight. 72 

In this work we attempted to manufacture cross-linker free and stable NPs 73 

composed of only HA and CS. To achieve this goal, we comprehensively investigated 74 

the manufacturing process of HA/CS NPs including examination of polymer 75 

molecular weights, the type of chitosan salt, polymer mixing ratio and total polymer 76 

concentration. The physical stability of the nanoparticle dispersion on storage at room 77 

temperature and upon the exposure to different pH values was also examined. 78 

Cytotoxicity of selected HA/CS NPs was evaluated in the Caco-2 cell line.  With the 79 

recent advent of the quality by design approach adopted by the pharma industry (ICH 80 

guideline Q8, 2009), such methodical studies will become a necessity if any 81 

nanoparticulate system is to reach to the manufacturing stage. 82 

83 
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2. Materials and methods 84 

2.1 Materials 85 

Hyaluronic acid sodium salt from Streptococcus equi sp. was purchased from Sigma 86 

(USA). Ultrapure chitosan salts: chlorides (Protasan UP CL113 and CL213) and 87 

glutamates (Protasan UP G113 and G213) were obtained from NovaMatrix (Norway). 88 

The physicochemical properties of the various types of chitosan as well as HA “as 89 

received” are presented in Table 1. APC annexin V and propidium iodide were 90 

purchased from BD Biosciences (USA) and CellTiter 96® Non-Radioactive Cell 91 

Proliferation Assay from Promega Corporation (USA). Deuterium oxide, L-glutamic 92 

acid and cell culture reagents were provided by Sigma Aldrich (Ireland). All other 93 

reagents, chemicals and solvents were of analytical grade.  94 

 95 

2.2. Ultrasonication 96 

Ultrasonication of HA solutions was performed with the aid of a 130 Watt ultrasonic 97 

processor (SONICS VC130PB, Sonics and Materials Inc., USA) equipped with a 98 

probe with a diameter of 3 mm. Sonication was carried out at an amplitude of 80, 99 

which corresponds to power of 13 W. Solutions of HA were transferred into a beaker 100 

immersed in an ice bath and processed with the ultrasonic probe. The duration of the 101 

ultrasonic treatment was 10, 30 minutes, 1, 1.5, 2, 4 and 6 hours. When necessary, HA 102 

was recovered by lyophilisation (VirTis 6K freeze-dryer model EL, SP Scientific, 103 

USA) for gel permeation and cell culture experiments. 104 

 105 

2.3 Preparation of HA/CS nanoparticles  106 

Aqueous solutions containing 0.1 or 0.2% w/v HA of different molecular weights 107 

were prepared by sonication as described above (Section 2.2.). These solutions were 108 
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then mixed with chitosan (CS) solutions (CL113 0.1% or 0.2%, CL213, G113, G213 109 

0.1% w/v in deionised water) at room temperature under magnetic stirring. A 110 

predefined aliquot of CS solution was added to a known volume of HA solution (the 111 

total polymer concentration was either 0.1 or 0.2% w/v) and stirring was maintained 112 

for 10 minutes to allow stabilisation of the system. A suspension of particles was 113 

instantaneously obtained upon mixing of polymer solutions.  114 

Due to dissimilar charge mixing ratios of polymers, all figures presenting results 115 

pertinent to NPs show the chitosan fraction on the bottom X-axis and the mass mixing 116 

ratio (HA/CS) on the top X-axis.  117 

 118 

2.4 Physicochemical characterisation of polymers 119 

Gel Permeation Chromatography (GPC) studies were performed using an analytical 120 

system composed of an LC-10 AT VD liquid chromatograph pump system, SIL-10 121 

AD VP autoinjector, FCV-10 AL VP low pressure gradient flow-control valve, DGU-122 

14A degasser, a Waters 410 refractive index (RI) detector with GPC for class VP 123 

(Version 1.02) and an SCL-10A VP system controller (Shimadzu, Japan). The column 124 

used was Plaquagel –OH mixed 8 µm 300 × 7.5 mm (Polymer Laboratories Ltd., 125 

UK).   126 

For HA samples, the composition of the mobile phase was similar to that 127 

recommended by the column’s manufacturer (Varian). The mobile phase was 128 

composed of 0.2 M NaCl (substitution for NaNO3) and 0.01 M NaH2PO4 brought to 129 

pH 7.4 with NaOH solution.  130 

For CS, the mobile phase was composed of 0.33 M acetic acid and 0.2 M sodium 131 

acetate (adapted from Boryniec et al., 1997). The mobile phase flow rate in each case 132 

was 1 ml/min and the column and detector temperatures were set to 35 ºC. Pullulan 133 
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standards (PL Polymer Laboratoires, Germany), were used to construct the calibration 134 

curve. Standards and samples were prepared as 0.5-1 mg/ml solutions in the mobile 135 

phase and 100 µl of samples or standards were injected in triplicate. Data collection 136 

and integration were accomplished using Shimadzu CLASS-VP software (version 137 

6.10) with GPC for Class VP (version 1.02). 138 

Quantification of glutamic acid (glutamate) was done using a method adapted from 139 

Afzal et al., (2002) and it was performed using a HPLC system as described above 140 

using a SPD-10A VP photodiode array UV-VIS detector (Shimadzu) instead the RI 141 

detector. Samples and stock standard solution were prepared in 0.15% v/v aqueous 142 

solution of trifluoroacetic acid (TFA). Chitosan chloride solution prepared at the same 143 

concentration as chitosan glutamate was used as a control. 50 µl of the standard or 144 

sample were injected onto the Luna 5µ C18 (2) 250 × 4.6 mm column (Phenomenex, 145 

Ireland). The flow rate of 1 ml/min using a mobile phase composed of 65% v/v of the 146 

aqueous phase (0.15% w/w TFA) and 35% v/v of tetrahydrofuran was employed. UV 147 

detection was carried out at 220 nm. The glutamate peak had a retention time of ~2.3 148 

min.  149 

For HA structural investigations UV spectra of 0.1% HA solutions were recorded 150 

(Alkrad et al., 2003) using a UV-1700 PharmaSpec UV-Visible spectrophotometer 151 

(Shimadzu, Japan). The absorbance values were measured at wavelengths ranging 152 

between 200 and 280 nm with a sampling interval of 1 nm.  153 

Viscosity of polymer solutions was measured using a low frequency vibration 154 

viscometer (SV-10 Vibro Viscometer, A&D Company, Limited). Samples were 155 

equilibrated at 25 ºC in a water bath (Precision Scientific Reciprocal Shaking Bath 156 

Model 25) prior to measurement. Three separate aliquots were prepared for each 157 

sample and at least three measurements were carried out for every aliquot.  158 
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1
H nuclear magnetic resonance spectroscopy (

1
H-NMR) and Fourier transform 159 

infrared spectroscopy (FTIR) of HA samples recovered by lyophilisation was carried 160 

out as described previously (Hirai et al., 1991, Tajber et al., 2009). Determination of 161 

the chloride ions was performed with a Dr Lange LCK 311 test as described earlier 162 

(Parojčić et al., 2011).  The test is based on the photometric determination (λ=468 nm, 163 

Dr Lange Lasa 100 spectrophotometer, Dr. Bruno Lange GmbH, Germany) of 164 

iron(III) thiocynate concentration formed by thiocynate ions released from mercury 165 

thiocynate reacting with the chloride ions. The content of sodium counterion was 166 

determined by inductively coupled plasma–mass spectrometry (ICP-MS) (Paluch et 167 

al., 2010). A known weight of the sample was placed in a digestion vessel and reacted 168 

with 69% HNO3 and 30% H2O2. The vessel was sealed and heated in a microwave 169 

digester operating at 1000 W for 20 minutes at 200 
o
C. The sample was then diluted 170 

with deionised water and the digest analysed by ICP-MS Varian 820. 171 

 172 

2.5 Physicochemical characterisation of nanoparticles 173 

The intensity-averaged mean particle size (mean particle size) and the polydispersity 174 

index of the nanoparticles were determined by Dynamic Light Scattering (DLS) with 175 

the use of 173º backscatter detection and the electrophoretic mobility values measured 176 

by Laser Doppler Velocimetry (LDV) were converted to zeta potential by the 177 

Smoluchowski equation. Both DLS and LDV measurements were done on a Zetasizer 178 

Nano series Nano-ZS ZEN3600 fitted with a 633 nm laser (Malvern Instruments Ltd., 179 

UK). Samples were placed directly into the folded capillary cells without dilutions. 180 

Each analysis was carried out at 25ºC with the equilibration time set to 5 minutes. The 181 

readings were carried out at least three times for each batch and the average values of 182 

at least three batches are presented. The results obtained were corrected for sample 183 
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viscosity (Kaszuba et al., 2008) measured as outlined above. Particle size and zeta 184 

potential of sedimenting samples was measured in the supernatant after allowing the 185 

sample to equilibrate for 24 hours. 186 

An Orion pH meter (model 520A) equipped with an Orion Ross™ 8103SC glass body 187 

pH semi-micro electrode was used for pH measurements. The pH meter was 188 

calibrated using standard buffer solutions (Orion) of pH 4.00, 7.00 and 10.00 (±0.01). 189 

Transmittance of NP formulations was measured using a UV-1700 PharmaSpec UV-190 

Visible spectrophotometer (Shimadzu, Japan) at an operating wavelength of 500 nm 191 

in optically homogenous quartz cuvettes (Hellma, UK) with the light path of 10 mm. 192 

Physical stability studies of the nanoparticle suspensions upon storage at room 193 

temperature were performed for a period of up to 4 weeks. Samples from each 194 

formulation were withdrawn periodically during studies and the particle size, zeta 195 

potential and transmittance were measured. 196 

Particle sizer Zetasizer Nano series Nano-ZS ZEN3600 fitted with a 633 nm laser 197 

together with a MPT-2 autotitrator (Malvern Instruments Ltd., UK) were used to 198 

determine the isoelectric point of the nanoparticles. 0.1M HCl and 0.1M NaOH were 199 

used as titrants. 12 ml of the NP suspension was added initially to the sample 200 

container. Each analysis was carried out at room temperature in the automatic regime 201 

using a target pH tolerance of 0.2 units. Three particle size and three zeta potential 202 

measurements were carried out for each pH value and the sample was recirculated 203 

between repeat measurements. 204 

FTIR studies of polymer physical mixes and lyophilised NPs were carried out as 205 

described above (Tajber et al., 2009). 206 

To measure the glutamic acid content in NPs, the non-associated glutamate was firstly 207 

separated from NPs by a combined ultrafiltration-centrifugation technique (Amicon 208 
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Ultra-15, MWCO of 30 kDa; Millipore, USA). 5 ml of sample was placed in the 209 

sample reservoir of a centrifugal filter device and centrifuged for 15 minutes at 4,500 210 

rpm. The filtrate was collected and its volume measured. The NP suspension from the 211 

sample reservoir was mixed with a predefined volume of 0.1M HCl and centrifuged 212 

for 30 minutes at 13,000 rpm. After centrifugation both filtrates were assayed for the 213 

content of glutamate by HPLC (as described above). 214 

The amount of precipitating flocs when native HA or HA sonicated for 10 minutes 215 

was used to form NPs was estimated gravimetrically. The supernatant was carefully 216 

separated from the flocs by aspiration using a plastic dropper, while the remaining 217 

residue was dried overnight in a vacuum oven at room temperature and weighted.  218 

Morphology of nanoparticles was investigated by transmission electron microscopy 219 

(TEM) and scanning electon microscopy (SEM). For TEM (Jeol 2100, Japan) the 220 

samples were immobilised on copper grids and stained with either 1% w/v ammonium 221 

molybdate solution for 60 seconds or 1% w/v uranyl acetate solution for 30 seconds 222 

and dried overnight for viewing by TEM. SEM was carried out a Zeiss Supra Variable 223 

Pressure Field Emission Scanning Electron Microscope (Germany) equipped with a 224 

secondary electron detector at 2 kV. Powders were directly placed onto aluminium 225 

stubs, dried for 24 hours at ambient temperature in a desiccator over silica gel and 226 

sputter-coated with gold under vacuum prior to analysis. 227 

 228 

2.6 Cell culture studies 229 

Human colon adenocarcinoma cells (Caco-2) were obtained from European 230 

Collection of Cell Cultures. Cells were cultured as a monolayer in 75 cm
2
 cell culture 231 

flasks in Eagle’s Minimal Essential Medium (MEM), supplemented with 20% foetal 232 

bovine serum, penicillin (0.006 mg/ml), streptomycin (0.01 mg/ml), gentamicin 233 
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(0.005 mg/ml), sodium bicarbonate (2.2 g/l), sodium pyruvate (0.11 g/l), pH 7.4 234 

(adjusted with NaOH or HCl solution if necessary) at 5% CO2 and 37º C humidified 235 

atmosphere (CO2 incubator series 8000DH, ThermoScientific). Cells were supplied 236 

with fresh medium every second day and split after detaching with EDTA- trypsin 237 

twice a week. For experimental purposes the passage number range was maintained 238 

between 20 and 30. 239 

 240 

2.7 MTS assay 241 

Caco-2 cells were seeded into flat-bottom 96-well plates in 100 µl of 20% MEM at a 242 

density of 25000 cells per well (cells were previously counted with the aid of Z1 243 

Coulter Particle Counter, Beckman Coulter) and incubated at 37 ºC for one day. The 244 

medium was then replaced with 100 µl of the sample (sonicated HA, HA/CL113) 245 

dispersed or dissolved in serum-free media. After 72 hours of incubation, or 24 h 246 

when a serum-free medium at pH 5 was used, the supernatant was removed from the 247 

wells and replaced with serum-free media. 20 µl of the MTS reagent prepared 248 

according to the manufacturer’s protocol was then added into each well; for positive 249 

control (0% viability) the media was replaced by 10% SDS solution in serum-free 250 

media 30 min before the addition of MTS reagent. After 4 hours the UV absorbance 251 

of the formazan product was measured spectrophotometrically (FLUOstar Optima 252 

microplate reader, BMG Labtech) at 492 nm. The positive control was treated as a 253 

blank and its absorbance was subtracted from each reading. The cells’ viability was 254 

expressed as the ratio of the absorbance value of the cells treated with different 255 

samples and that of the negative control (cells treated with serum-free (0%) MEM at 256 

pH=5.0 or pH=7.4). The negative control was assumed to have 100% of the cell 257 

viability. IC50 values (concentrations required to reduce the viability of cells by 50% 258 
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as compared with the control cells) were calculated by fitting the experimental points 259 

to the Hill equation using Origin software ver. 7.5. 260 

 261 

2.8 Flow cytometry 262 

Cell survival/ death were assayed using flow cytometry (Radziwon-Balicka et al., 263 

2012). One 75 cm
2
 flask of confluent Caco-2 cells was seeded into eight 25 cm

2 
264 

flasks, each containing Caco-2 cells suspended in 4 ml of 20% MEM. Cells were 265 

allowed to attach for 24-48 hours. The medium was then replaced with 3 ml of sample 266 

(sonicated HA). After 72 hours of incubation the supernatant was removed and cells 267 

were harvested with trypsin/EDTA. After neutralisation, the cells were combined with 268 

the previous supernatant and centrifuged (300 g, 5 minutes, Eppendorf centrifuge 269 

5804R, Germany); the supernatant from centrifugation was discarded, and cells were 270 

washed with binding buffer (0.14M NaCl, 0.0025M CaCl2 and 0.01M HEPES, pH 7.4 271 

adjusted with NaOH solution). 20 µl of the cell suspension was stained with 5µl of 272 

APC-Annexin V, 5 µl of propidium iodide and diluted with 70 µl of binding buffer 273 

and incubated in dark at room temperature for 15 minutes. Then the cell suspension 274 

was further diluted with binding buffer, transferred to a flat bottom 96-wells plate and 275 

applied to flow cytometric analysis. All analyses were performed by a BD 276 

FACSArray
TM

 bioanalyser (Becton Dickinson, UK). The instrument was set up to 277 

measure the size (forward scatter), granularity (side scatter) and cell fluorescence. 278 

Antibody binding was measured by analysing individual cells for fluorescence. The 279 

mean fluorescence intensity was determined after correction for cell autofluorescence. 280 

Fluorescence histograms were obtained for 10000 individual events. Data was 281 

analysed using BD FACSArray
TM

 system software and expressed as a percentage of 282 

control fluorescence in arbitrary units. 283 
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 284 

2.9 Statistical analysis 285 

The statistical significance of the differences between samples was determined using 286 

one-way analysis of variance (ANOVA) followed by the posthoc Tukey's test using 287 

Minitab software. Differences were considered significant at p<0.05. 288 

 289 

3. Results and discussion 290 

3.1. The influence of ultrasound on physicochemical properties of HA 291 

The viscosity and GPC results showed that HA with initially high molecular 292 

weight (2882±24.50 kDa) was effectively depolymerised even after a relatively short 293 

exposure (i.e. 10 minutes) to ultrasound (Table 2). The viscosity of 0.1% w/v solution 294 

of native HA was about 17 times higher than the viscosity of water at 25 ºC (Table 2). 295 

Ultrasonication resulted in a reduction of the viscosity of HA solution depending on 296 

the duration of exposure (Table 2). The decrease in viscosity of HA was very rapid 297 

during the first 30 min and decelerated when sonication was maintained for longer 298 

times (1-6 hours). Ultrasonic treatment also resulted in the reduction of the molecular 299 

weight of HA (Mn and Mw) as a result of depolymerisation (Table 2).  300 

The native HA was heterogeneous in terms of molecular weight distribution 301 

and had a high polydispersity of approximately 3.73 (Table 2), however even a short 302 

sonication time (10 minutes) caused a significant drop in the polydispersity index 303 

(Mw/Mn) leading to an increase in the polymer molecular weight homogeneity. After 304 

30 minutes of sonication the decrease in Mw/Mn values was still noticeable, however 305 

with a further increase in the sonication treatment the decrease in heterogeneity of the 306 

polymer became less pronounced (Table 2).  307 
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 Ultrasonication has been reported as a simple and efficient method of 308 

obtaining HA of lower molecular weight from the original high molecular weight 309 

compound (Lapčík et al., 1998). It is generally accepted that mechanical force is the 310 

factor causing depolymerisation of HA during a sonication process. Depolymerisation 311 

by ultrasonication depends on the process parameters and it is characterised by a 312 

limiting molecular weight (Miyzaki et al., 2001). Indeed, we observed that after 4 and 313 

6 hours of sonication the reduction in the molecular weight, although significant (p-314 

value=0.0014), was less apparent than compared with the first 30 minutes of 315 

sonication. Drimalova et al. (2005) reported that prolonged sonication of HA results 316 

in a gradual depolymerisation levelled to a limiting molecular weight of 100 kDa. 317 

Based on those findings, it can be assumed that applying the current sonication 318 

conditions, the molecular weight of 176 kDa for HA obtained after 6 hours of 319 

sonication is close to the limiting molecular weight value and a further increase in 320 

sonication time would not decrease the molecular weight markedly. 321 

Structural changes in sonicated HA were investigated by H
1
NMR, FTIR and 322 

UV. H
1
NMR showed viscosity dependent intensities of the spectra (data not shown), 323 

consistent with the report of Alkrad at el. (2003), however no peak shifts were 324 

observed. FTIR spectra of HA, pre- and post- sonication, were very similar indicating 325 

no other than molecular weight changes in the polymer structure (Fig. 1A). No shifts 326 

of the asymmetric COO
-
 stretching band at 1616 cm

-1
 nor the amide I vibration at 327 

1653 cm
-1 

(Bezakova et al., 2008) were discerned, however the originally broad and 328 

asymmetric absorption at 3100-3600 cm
-1

 assigned to the hydrogen bonding amine 329 

and hydroxyl groups of HA appeared to broaden even more when the HA was 330 

subjected to sonication. This in contrast to observations of (Bezakova et al., 2008), 331 

where narrowing of the H-bond band, assigned to a decrease in hydrogen-bond 332 
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strength, was noticed as a result of depolymerisation by microwave irradiation. The 333 

increase in strength of H-bonds observed in this work can perhaps be explained by 334 

increased entropy of the system resulting from shortening the polymer chains, thus 335 

enabling better mutual accessibility of H-bond donor and acceptor groups. UV 336 

analysis also suggested minor structural differences when comparing native and 337 

sonicated HA, visible as slight differences in slopes of the spectra (data not shown), 338 

nevertheless no extra absorption bands appeared suggesting decomposition 339 

(Drimalova et al., 2005). Therefore it was concluded that sonication only decreased 340 

the molecular weight of HA without introducing structural damage to the polymer. 341 

 342 

3.2. HA/chitosan nanoparticles – formation and formulation variables 343 

3.2.1 Impact of HA molecular weight 344 

To examine the influence of the molecular weight of HA on the formation and 345 

properties of HA/CS nanoparticles, HA polymers with different molecular weights 346 

obtained by the sonication process (see section 3.1) were used. Three different 347 

HA/CL113 mass mixing ratios with total polymer content (TPC) of 1 mg/ml were 348 

selected based on preliminary studies. The HA/CL113 mass mixing ratio (MMR) of 1 349 

resulted in the formation of positively charged NPs, while ratios of 2.5 and 5 resulted 350 

in negatively charged NPs (Fig. 2A). NPs with an MMR of 5 were observed to have 351 

generally lower zeta potential values compared to those based on an MMR of 2.5 for 352 

all molecular weights of HA studied.  353 

When either native HA (HA2882) or HA sonicated for 10 minutes (HA1161) 354 

was used, the formation of NPs was accompanied by the presence of visually large 355 

flocs for all three MMRs (Fig. 2B). SEM analysis of the precipitate revealed that 356 

those flocs were not composed of discreet nanoparticles or even microparticles, but 357 
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rather formed a bed of material with a rough surface (Fig. 3a). The amount of 358 

precipitating flocs was 26.5±3.0% and 24.2±0.6% of the overall particulates formed 359 

when native HA was used to prepare NPs with MMR=5 and MMR=1, respectively, 360 

while for HA1161 it was 27.1±10.7% and 29.0±0.5% for MMR=5 and MMR=1, 361 

respectively. 362 

Formulations with HA sonicated for shorter periods (especially 30 minutes, 363 

HA590) were more turbid compared to formulations with HA of lower molecular 364 

weights (Fig. 2C). Since the theoretical yields of NPs formed using HA sonicated for 365 

different times should be the same, as identical amounts of HA were used, the 366 

differences in transmittance may be related to changes in particle size due to the 367 

higher molecular weight of HA used. As both HA and chitosan are polymers with 368 

high molecular weight, and their solutions in water are viscous, the high viscosity 369 

may impair the mixing process and so favour the formation of aggregates (Mackay et 370 

al., 2006). The sonication process, and thus the reduction of the molecular weight of 371 

HA, renders the solution less viscous (Table 2). The formulation with a HA/CL113 372 

MMR of 5 was more transparent than those with MMRs of 2.5 and 1 for the whole 373 

range of molecular weights of HA examined.  374 

 For all the HA/CL113 MMRs tested (5, 2.5 and 1) sonication of HA used for 375 

preparation of the NPs for at least 30 minutes resulted in a decrease in the particle size 376 

(Fig. 2B) and no aggregation was seen to occur (Fig. 2C). SEM showed well-377 

developed nanostructures (Fig. 3b). No further change in the particle size was 378 

observed when HA was sonicated for up to 6 h (HA176). Generally, PDI values (Fig. 379 

2D) and zeta potential (Fig. 2A) also decreased with the increase of the duration of 380 

sonication of HA. The reduction in the absolute values of zeta potential is more 381 

pronounced when HA solutions sonicated for shorter periods were used and this can 382 
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be observed in negatively as well as positively charged particles. Since the pH of the 383 

formulations was not seen to be affected by the molecular weight of HA and was 384 

approximately 5.8 and 4.4 for all negatively and positively charged samples, 385 

respectively, variations in zeta potential values could be explained by a limited ability 386 

of the polymer chains to mix effectively due to high viscosity, thus forming large 387 

entities having different arrangement of polymers on the surface compared with NPs. 388 

 When the duration of ultrasound treatment was increased to 30 minutes and 389 

more, it was possible to obtain nanoparticles without the tendency to sediment for at 390 

least 24 hours. HA with a molecular weight of 257 kDa, obtained by sonication of 391 

native HA for 2h, was used in subsequent studies since its molecular weight appeared 392 

to provide the optimum balance between the viscosity of HA solution, leading to the 393 

production of non-sedimenting NPs, as well as sonication time. 394 

 395 

3.2.2 Impact of chitosan molecular weight and type of counterion 396 

Formation of particles of different sizes including large, fast sedimenting flocs 397 

and NPs was observed when high molecular weight salts of chitosan were used 398 

(CL213 and G213). It appeared that the flocculating structures in both cases were 399 

made of NPs (Fig. 3c and d), but the particulates formed by HA/G213 were irregular 400 

and formed cauliflower-like assemblies. The samples were allowed to settle overnight 401 

to remove aggregated particles and any NPs remaining in the liquid after 24 h were 402 

subsequently characterised. CL113 and G113 produced stable NP dispersions with the 403 

exception of MMRs corresponding to charge mixing ratios (CMR) of approximately 1 404 

(see Section 3.2.3). 405 

It was noticed that, even after sedimentation of aggregates, transmittance of 406 

CL213 NPs was smaller than CL113 NPs, which did not form sedimenting particles 407 
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(Fig. 4A). That may suggest that when chitosan with a higher molecular weight was 408 

used, more particles were formed. When the polymer chain is longer, there are more 409 

amino groups to interact with carboxyl groups of HA leading to precipitation of the 410 

interacting polymer chains as nanoparticles or aggregates. The transmittance values 411 

were similar when G213 (after sedimentation) and G113 were studied and for cationic 412 

G213 NPs the transmittance was lower than for G113 NPs, consistent with reduced 413 

concentration of NPs due to removal of particles (Fig. 4B).  414 

Comparing chitosan glutamate and chloride NPs, it was observed that the 415 

glutamate NPs were more negatively charged (Fig. 5A). Since the glutamate contains 416 

two carboxylic and one amino residues with pKa values of 2.19, 4.25 and 9.67 (Stahl, 417 

Wermuth, 2008), respectively, it exists as a negatively charged deprotonated 418 

carboxylate at pH above 5. Hence it can be assumed that not only the chitosan chains, 419 

but also the counterion can be involved in the formation of NPs and become 420 

incorporated into the particulate. The amount of the glutamate counterion entrapped in 421 

the NPs was quantified to be 10.35±0.29% w/w for HA/G113 NPs with MMR=1.67 422 

and 12.50±0.38% w/w for HA/G113 NPs with MMR=0.8. A careful selection of the 423 

polymer salt is therefore advised. 424 

Even after sedimentation of aggregates, the particle size (Fig. 5B) and 425 

polydispersity indices (Fig. 5C) of CL213 and G213 NPs were greater than CL113 426 

and G113 NPs, suggesting unsuitability of polymers with high molecular weight for 427 

the manufacture of stable NP carriers.   428 

 429 

3.2.3 Impact of polymer mixing ratio 430 

Generally, negatively charged particles (Fig. 5A) were obtained at high HA 431 

contents and their sizes at first decreased slightly or did not change significantly with 432 
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decreasing HA/CS ratio, however when the polymer’s MMR was approaching the 433 

charge equivalence point (n
-
/n

+
=1), the particle size rapidly increased and large 434 

aggregates were formed consistent with a decrease in particle repulsion as the net 435 

surface charge decreased. It was impossible to measure the properties of such systems 436 

immediately after preparation, thus the sedimenting samples were characterised after 437 

standing for 24h and removing the precipitate (data for those samples is presented as 438 

filled symbols in Figs. 5A and 5B). With a further decrease in MMR the particles 439 

formed had positive zeta potential values (Fig. 5A). A similar tendency as that for the 440 

size was observed for PDI values (Fig. 4C); generally they decreased with increasing 441 

content of chitosan (but for formulations with high excess of HA the changes are not 442 

significant), then reached the minimum just before the inversion of the particle 443 

charge, when the charge mixing ratio was close to 1, to increase again with a further 444 

increase in the chitosan content.  445 

HA and CS are polyelectrolytes which are able to dissociate in aqueous 446 

solutions, resulting in charged polymer chains. For HA, the charge is produced upon 447 

dissociation of the carboxylic groups in D-glucuronic acid (pKa of 3.23) and the pKa 448 

of HA was estimated to be 2.9 (Lapčík et al., 1998). The pKa value of the amino 449 

group of CS is approximately 6.5, therefore in acidic media these amino groups 450 

undergo protonation and chitosan becomes a polycation. Furthermore, the charge 451 

density (number of charged groups per gram of polymer) of chitosan depends also on 452 

its deacetylation degree (Boddohi et al., 2008). It is known that when the polymer 453 

charge mixing ratio (CMR) is 1, opposite charges are neutralised and aggregation as 454 

well as phase separation is expected to occur (Nizri et al., 2004). The MMR values 455 

were hence converted into the equivalent CMRs considering the counterion content, 456 

the degree of deacetylation for chitosan and environmental pH. 457 
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Based on experimental values, the CMR corresponding to complete polymer 458 

charge neutralisation for HA/CL113, HA/CL213, HA/G113 and HA/G213 were 1.05, 459 

1.02, 0.80 and 0.71, respectively, corresponding to MMRs of 1.56, 1.41, 1.02 and 460 

0.94, respectively. Thus only the NPs based on chitosan chloride, but not the 461 

glutamate salt, had CMRs close to 1. That deviation of CMR from 1 for HA/G is 462 

supportive of the proposed above hypothesis that the glutamate residue is in fact 463 

incorporated into the particles and does not act as a counterion only. Distinct zones of 464 

NP formation and phase separation and aggregation were also determined visually. 465 

When a large excess (in terms of CMR) of one of the polymers was used, the sample 466 

had an appearance of a solution. With the quantities of polymers approaching the 467 

CMR of 1, the systems first became opalescent, then turbid and finally the NPs were 468 

seen to aggregate. Visual observations were confirmed by transmittance measurement 469 

(Fig. 4A and B). SEM revealed that at CMR=1 the particle size of formed NPs was 470 

very broad and microparticles as well as NPs were formed (Fig. 3e). 471 

The type of interactions between the NP constituents was investigated by 472 

infrared spectroscopy. FTIR spectra of pure HA and CS showed characteristic bands 473 

of ionised polymers, as the polymers used to prepare NPs were sodium and chloride 474 

salts, respectively. CS spectrum (Fig. 1B) presented bands at 3418 cm
-1

 of –OH and –475 

NH stretching, 1634 cm
-1

 of amide I, 1521 cm
-1

 of –NH3
+
, 1414 cm

-1
 of –CH2 bending 476 

and 1154 cm
-1

 of antisymmetric C−O−C stretching (Peniche et al., 2007; Lawrie et al., 477 

2007). FTIR spectrum of HA (Fig. 1B) showed peaks at 3407 cm
-1

 of –OH and –NH 478 

stretching, 1653 cm
-1

, 1616 cm
-1

 as well as 1567 cm
-1

 of amide I and –COO
-
 (as 479 

described in section 3.1), 1412 cm
-1

 of –CH2 bending and 1154 cm
-1

 and 1079 cm
-1 

of 480 

antisymmetric C−O−C stretching (Denuziere et al., 1996). The infrared spectrum of 481 

the 1:1 w/w CS:HA physical mixture (PM) was dominated by the characteristic 482 
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vibrations of HA (Fig. 1B), however small differences in the position and appearance 483 

of some of the absorption bands of PM were seen in comparison to NPs. The latter 484 

had a characteristic broad band at 1629 cm
-1

 of amide I and –COO
-
, while the band at 485 

1562 cm
-1

 was shifted and less prominent compared to that of pure HA (Fig. 1B). 486 

Therefore it can be concluded that the polymers retained their ionic character in the 487 

NPs and that the type of intermolecular interaction is mainly of electrostatic nature.   488 

Apart from the formulations with amounts of polymers close to charge 489 

neutralisation, all NP dispersions had an absolute value of zeta potential above 30 mV 490 

(Fig. 5A), indicating their good physical stability. The dispersions had pH values 491 

between 4.2 and 6.1 with lower values corresponding to higher chitosan contents. 492 

Fig. 5D shows that the polymer mixing ratio had a considerable influence on 493 

the viscosity of NP suspensions and lower viscosity values were measured for lower 494 

CMRs. It has been reported that the particulates themselves barely influence the 495 

viscosity (Philip et al., 1989). Our results showed that viscosity may be a useful tool 496 

for the estimation of non-complexed residual polymer in the system. When one of the 497 

polymers is used in excess, there are still molecules of that polymer which do not 498 

participate in the formation of NPs or which only weakly interact with the NPs; these 499 

polymer molecules are responsible for the increase in viscosity of the continuous 500 

phase.  501 

 502 

3.2.4 Impact of total polymer concentration 503 

Generally, the yield of particles formed was higher for the higher polymer 504 

concentration (transmittance measurements in Figure 4A shows that 0.2% w/v 505 

formulations are more turbid compared to 0.1% w/v).  For anionic NPs, when a high 506 

excess of HA was used, the particle size of 0.1 and 0.2% w/v formulations did not 507 
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differ significantly, however at an MMR of 1, the 0.1% w/v NPs were significantly 508 

smaller compared to the 0.2% w/v formulations (Fig. 5B). All 0.2% w/v samples had 509 

moderate PDI values (between 0.2 and 0.5), while for the 0.1% w/v formulations the 510 

PDI values were low (below 0.2), which suggests homogenous size distributions (Fig. 511 

5C).  512 

It was observed that when an excess of one of the polymers was used, 513 

viscosity of the 0.2% w/v NP dispersion was greater than that of the 0.1% w/v, 514 

however the viscosities of NPs with the MMRs of 1-2.5 (corresponding to the CMRs 515 

close to 1) were comparable (Fig. 5D).  516 

 517 

3.3 TEM of NPs 518 

TEM micrographs show that the particles are approximately spherical, but in 519 

some cases deformations can be observed (Fig. 6). When the HA/CL113 mass MMR 520 

was 2.5, the particles appeared to be compact and well defined. The NPs with the 521 

HA/CL113 MMR of 5 were composed of a relatively dense core surrounded by a less 522 

solid and diffused polymer corona making the NPs less spherical in shape. Similar 523 

types of morphologies for HA/CS NPs were deduced, but not observed directly, by  524 

Boddohi et al., (2009), who noticed that as the charge mixing ratio was farther from 1, 525 

the relative size of the polymer corona was increased. Fig. 6A may suggest that the 526 

polymer used in insufficient quantity in terms of charge neutralisation is localised 527 

mainly in core, while the polymer in excess is present in the core as well as in the 528 

corona, being the dominant constituent and responsible for surface charge of the 529 

particle. 530 

 531 

3.3. Isoelectric points of NPs 532 
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Table 3 shows the isoelectric points (IEPs) of selected HA/chitosan NPs. Most 533 

of the negatively charged formulations tested (MMRs of 2.5 and 5) had IEPs close to 534 

3. The IEP shifted to more acidic pH values with increasing content of HA in the 535 

systems (2.83 for the HA/CL113 MMR of 2.5 and 2.47 for the MMR of 5). When the 536 

HA/CL113 mass mixing ratio was 1, the IEP of this formulation was 7. When the 537 

total polymer concentration was increased to 0.2% w/v, or when glutamate salt was 538 

used instead of chloride, the isoelectric point was not affected (p-value of 0.8678 and 539 

0.9006, respectively). A change in the molecular weight slightly affected the values of 540 

IEP, however the differences between the IEPs of nanoparticles composed of 250 kDa 541 

HA were not significantly different (p-value of 0.0784 and 0.2864) from either 590 542 

kDa HA or 175 kDa HA. Thus, the HA/CS mass mixing ratio appears to be the most 543 

important factor influencing the IEP. 544 

The surface of NPs becomes more negatively charged with increasing pH, and 545 

the increase in hydrogen ion concentration leads to an increase in positive charge of 546 

the particles. However, aggregation of NPs was observed even when the surface 547 

charge of the particles decreased to about ±10 mV. 548 

Depending on the route of administration, NPs may be exposed to different 549 

environmental pH values. Thus the IEP (the pH at which a particular molecule or 550 

surface carries no net electrical charge) is a very important property of NPs as at a pH 551 

near the isoelectric point colloids are usually unstable and flocculation is likely to 552 

occur. Thus is appears that the NPs with MMRs of 2.5 and 5 will be stable at 553 

physiological pH values of 7.35-7.45, while those with the MMR of 1 should be 554 

preferred when used in acidic environments. We found no statistical difference (p-555 

value of 0.0760) in the particle size of the HA/CL113 NPs with an MMR of 2.5 in the 556 

pH range of 5.9-7.4 (the size range was 170-215 nm), while the NPs with an MMR of 557 
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1 remained stable as nanoparticulate dispersions within the pH range of 2-5.9 (the 558 

mean NP size was 194-260 nm), whereas at pH of 7.4 the particles flocculated within 559 

a few hours.  560 

 561 

3.4. Stability of HA/CL113 nanoparticles after storage at room temperature 562 

For the evaluation of dispersion stability of NPs upon storage at RT two 563 

negatively charged (HA/CL113 the MMRs of 2.5 and 5) and one positively charged 564 

formulation were selected (MMR of 1). Fig. 7 shows changes in the particle size, zeta 565 

potential and PDI for the two formulations over 28 days storage at RT.  566 

Positively charged NPs (MMR of 1) were the least stable formulation. First 567 

signs of sedimentation were visually observed after two weeks of storage, while for 568 

both formulations containing negatively charged NPs (MMRs of 2.5 and 5) the first 569 

signs of sedimentation were noticeable after 3 weeks. After 4 weeks it was possible to 570 

observe sediment at the bottom of the vial for all samples, especially for positively 571 

charged.  572 

The particle size of positively charged NPs decreased systematically from 239 573 

(day 0) to 152 nm (day 28) (p-value < 0.0001) (Fig. 7A). A similar trend was 574 

observed for PDI, which decreased from the initial value of 0.270 to 0.150 after 28 575 

days (p-value < 0.0001) (Fig. 7B). The zeta potential remained steady for 21 days (51-576 

52 mV), and in the fourth week of storage it slightly decreased to 47 mV (Fig. 7C). 577 

The samples became more transparent during storage (the transmittance increases 578 

from 58% initially to 70% after 3 weeks, data not shown).  579 

In contrast, the size of negatively charged NPs with the HA/CL113 MMR of 580 

2.5 systematically increased during storage from 188 to 221 nm (p-value = 0.0003) 581 

and the PDI values remained low (Fig. 7C). The transmittance values decreases from 582 
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68% to 54% after 3 weeks (data not shown), so they became more turbid. For both 583 

negatively charged formulations the initial value of the zeta potential did not differ 584 

significantly (p-value of 0.0938 and 0.7856 for MMR 5 and 2.5, respectively) from 585 

the zeta potential value after 4 weeks of storage, and slight fluctuations of zeta 586 

potential could be observed (Fig. 7C). Interestingly, there was an initial increase in 587 

particle size and polydispersity of the formulation with the HA/CL113 MMR of 5 - 588 

the hydrodynamic diameter and PDI reached its peak values after the third day of 589 

storage and then decreased to values which did not differ significantly (p-value of 590 

0.1692 for size; p-value of 0.4691 for PDI) from the initial values (Fig. 7A and 6B). 591 

That increase in the particle size was however minor as the size increased only by 592 

about 10% however, it may suggest reorganisation of NPs in the medium.  593 

 594 

3.5. Cytotoxicity studies 595 

3.5.1. HA post-sonication 596 

The cytotoxicity of sonicated HA used for the production of the nanoparticles 597 

was examined. HA with three molecular weights were tested (590, 257 and 176 kDa 598 

obtained by sonication of native HA for 0.5h, 2h and 6h, respectively) at a 599 

concentration of 0.5% w/v (which is much higher than the mass of HA in NPs) by 600 

MTS assay and flow cytometry (FC). It can be observed from MTS results (Fig. 8A), 601 

that the HA samples tested not only exhibited a lack of negative effects on cellular 602 

viability, but instead the number of living cells was approximately 10-20% higher 603 

than the control. This may suggest that HA either has a cytoprotective effect on cells, 604 

or may increase their proliferation rate (Kawasaki et al., 1999).  Moreover, the 605 

molecular weight of HA did not have an effect on cell viability.  606 
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The above HA samples were also analysed for apoptotic/necrotic incidence 607 

using FC.  This assay showed that the viability of control cells and cells treated with 608 

all HA samples was comparable (there was no significant difference between any of 609 

them, Fig. 8B and 8C), thus it can be stated that sonication did not result in formation 610 

of HA with adverse toxicological effects on the cells.   611 

 612 

3.5.2 Nanoparticles 613 

For the evaluation of NP cytotoxicity, one negatively charged (HA/CL113 614 

with an MMR of 5) and one positively charged formulation (with an MMR of 1) were 615 

chosen. The zeta potential of NPs with an MMR of 1 in serum-free media (pH=7.4) 616 

inverted and was measured to be -17.2±1.25 mV, consistent with the IEP of the 617 

formulation of approximately 7. The % of viable Caco-2 cells measured by MTS 618 

assay in serum-free media at pH 7.4 for the NP concentrations 20-500 µg/ml and 619 

chitosan (CL113) concentrations 125-5000 µg/ml was not significantly different from 620 

the control. A change in the colour of medium to orange followed by precipitation 621 

was observed upon dissolving chitosan in serum free media. As mentioned earlier, the 622 

pKa of amino group of chitosan is 6.5, so at pH 7.4 only about 10% of amino groups 623 

of chitosan would be dissociated. Since chitosan is poorly soluble in aqueous 624 

solutions with neutral or basic pH (Kudsiova, Lawrence, 2008), the concentration of 625 

chitosan remaining in solution will be much smaller due to precipitation of non-626 

ionised chitosan chains. That may explain why the viability of Caco-2 cells is not 627 

affected by chitosan at pH 7.4. Also, it has been shown that the degree of chitosan 628 

toxicity depends on the charge density, configurational arrangements of the cationic 629 

residues and degree of deacetylation (Kudsiova, Lawrence, 2008; Schipper et al., 630 

1996). Also, Loretz et al. (2007) reported that the zeta potential is the key feature that 631 
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contributes most to the toxicity of chitosan NPs, while the size of the particles only 632 

slightly affects their toxicity. 633 

Considering the impact of pH on the toxicity of NPs formulations, serum free 634 

media without sodium bicarbonate (pH 5.0) was also used for the MTS experiments. 635 

The zeta potential values for the HA/CL113 formulations measured in this modified 636 

medium were 20.3±0.314 and -18.7±0.247 mV for NPs with MMR=1 and MMR=5, 637 

respectively. A concentration-dependent cytotoxicity was observed for chitosan on its 638 

own (CL113) and NPs with MMR=1 (Fig. 9). The IC50 values calculated from the cell 639 

viability-concentration graph were significantly different (p-value < 0.0001) for the 640 

chitosan solutions and NPs with MMR=1 and were 25.9±1.02 µg/ml for chitosan and 641 

83.9±2.66 µg/ml for the NPs. Thus, by formulating CL113 as HA-based NPs, the IC50 642 

was increased by over 3-fold. This suggests that positively charged HA/CL113 NPs 643 

can be used as a less toxic alternative to chitosan formulations. HA/CL113 with 644 

MMR=5 were found be non-toxic in the whole range of concentration studied and 645 

furthermore, cytoprotective effects were seen, similar to those when HA on its own 646 

was used as described above, at higher HA concentrations (Fig. 9). It can be 647 

concluded that HA present in the NPs seems to play a protective role neutralising the 648 

toxic effects of chitosan.  649 

 650 

4. Conclusions 651 

A production method aimed at fabrication of novel, cross linker-free and non-652 

sedimenting NPs was successfully developed. The physicochemical properties of the 653 

NPs were found to be conveniently adjusted by changing the formulation conditions: 654 

polymer mixing ratio, total polymer concentration, the molecular weight of the 655 

polymers and the type of the counterion in the chitosan salt. The main factor 656 
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determining particle formation and properties was the mixing ratio of the polymers. 657 

However, other parameters, e.g. the salt of chitosan used and the total polymer 658 

concentration also played a role. The influence of molecular weight of the polymer 659 

was especially pronounced in the range of higher molecular weights. A change in 660 

HA/CS mass ratio considerably changed the physicochemical properties of the 661 

nanoparticles, especially the zeta potential. A decrease in the HA content was 662 

accompanied by an increase in zeta potential and its inversion from negative to 663 

positive values. Fine-tuning of the HA/CS ratio allowed for non-toxic NPs at pH=5 664 

and 7.4 to be produced, a vital property when NPs are formulated for e.g. the oral 665 

route of administration. 666 

Overall, the HA/CS NPs obtained can be considered as viable and non-toxic 667 

carriers for formulating bioactive compounds due to their favourable physicochemical 668 

and biopharmaceutical properties.  669 
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Table 1 Physicochemical characteristics of chitosan salts and native HA used in the 

studies. DD – degree of deacetylation according to manufacturer’s data, DD NMR -  

degree of deacetylation calculated from nuclear magnetic resonance data, Mn - 

number average molecular weight, Mw - weight average molecular weight 

 
Polymer Counter 

ion  

Counter ion 

content 

DD DD 

NMR 

Mn [kDa] Mw [kDa] Mw/Mn 

HA Na
+
 3.6% N/A N/A 772±9.77 2882±24.50 3.73±0.064 

CL113 Cl
-
 15.5% 83% 83.5% 33 ±7.33 110±6.78 3.38±0.544 

CL213 Cl
-
 14.0% 86% 79.8% 113±1.81 340±13.62 3.01±0.169 

G113 glutamate 30.6±3.08% 86% N/A 35±1.93 115±14.16 3.27±0.224 

G213 glutamate 30.4±2.94% 86% N/A 227±21.90 398±37.29 1.75±0.004 

 

 

 

Table 2 Physicochemical parameters of native and sonicated HA. Symbols as in Table 

1. 

 

Sonication 

time of 

HA [hrs] 

Sample 

name 

Dynamic 

viscosity 

[mPa*s] 

Mn 

[kDa] 

Mw [kDa] Mw/Mn 

0 HA2882 15.49±0.815 772±9.77 2882±24.50 3.73±0.064 

0.17 HA1161 8.33±0.434 409±9.45 1161±35.99 2.84±0.125 

0.5 HA590 4.13±0.225 238±9.45 590±20.44 2.43±0.043 

1 HA343 2.91±0.179 145±6.93 343±14.40 2.36±0.044 

1.5 HA292 2.37±0.133 128±4.89 292±6.68 2.28±0.039 

2 HA257 2.14±0.162 118±4.89 257±8.43 2.18±0.042 

4 HA201 1.72±0.025 96±2.51 201±3.40 2.08±0.019 

6 HA176 1.49±0.233 86±1.09 176±4.32 2.05±0.028 

 

 

 

Table 3 Isoelectric points of HA/CS nanoparticles. TPC – total polymer 

concentration.  

 

HA type Type of CS 

salt 

TPC (%) HA/CS mass 

mixing ratio 

Isoelectric 

point 

HA590 CL113 0.1 2.5 3.76±0.57 

HA257 CL113 0.1 2.5 2.83±0.38 

HA176 CL113 0.1 2.5 3.10±0.02 

HA257 CL113 0.1 1 6.98±0.54 

HA257 CL113 0.1 5 2.47±0.25 

HA257 G113 0.1 2.5 2.87±0.09 

HA257 CL113 0.2 2.5 2.86±0.09 
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Figure captions 

 

Figure 1. A) FTIR spectra of a) native HA and HA sonicated for b) 2h and c) 6h. B) 

FTIR spectra of a) CL113, b) HA257, c) 1:1 w/w physical mixture of CL113 and 

HA257 and d) HA257/CL113 NPs (1:1 w/w).  

 

Figure 2. A) Zeta potential B) Particle size, C), Transmittance and D) Polydispersity 

of NPs formulated with HA sonicated for various time periods and CL113. TPC was 

0.1% w/v. Circles – HA/CL113 with MMR of 5, squares - HA/CL113 with MMR of 

2.5 and triangles - HA/CL113 with MMR of 1. Filled symbols indicate flocculating 

and sedimenting samples, while empty symbols indicate neat NP dispersions. 

 

Figure 3. Scanning electron micrographs of: a) HA2882/CL113 MMR=2.5, b) 

HA257/CL113 MMR=2.5, c) HA257/CL213 MMR=2.5, d) HA257/G213 MMR=2.5 

and e) HA257/CL113 MMR=1.7 (CMR=1). TPC of 0.1% w/v was used in all cases. 

 

Figure 4. Transmittance of A) HA/CS chloride and B) HA/CS glutamate NP systems. 

HA molecular weight was 257 kDa. Squares – HA/CL113 with TPC of 0.2% w/v, 

circles - HA/CL113 with TPC of 0.1% w/v, upward triangles - HA/CL213 with TPC 

of 0.1% w/v, downward triangles - HA/G113 with TPC of 0.1% w/v and diamonds - 

HA/G213 with TPC of 0.1%. All lines are for visual guidance only. Filled symbols 

indicate data for flocculating and sedimenting samples obtained after standing 

samples for 24 h, while empty symbols indicate data obtained immediately after 

preparing the dispersions. Small empty symbols indicate visually opalescent NP 

dispersions and large empty symbols indicate dispersions visually transparent. Inset in 

4B is for clarity purposes. 
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Figure 5. A) Zeta potential B) Size, C) Polydispersity and D) Viscosity of various 

HA/CS NP systems. HA molecular weight was 257 kDa. Squares – HA/CL113 with 

total polymer concentration (TPC) of 0.2% w/v, circles - HA/CL113 with TPC of 

0.1% w/v, upward triangles - HA/CL213 with TPC of 0.1% w/v, downward triangles 

- HA/G113 with TPC of 0.1% w/v and diamonds - HA/G213 with TPC of 0.1% w/v. 

All lines are for visual guidance only. Filled symbols indicate data for flocculating 

and sedimenting samples obtained after standing samples for 24 h, while empty 

symbols indicate data obtained immediately after preparing the dispersions. 

 

Figure 6. TEM micrographs of HA/CL113 NPs with MMR of A) 5 and B) 2.5. HA 

molecular weight was 257 kDa and TPC was 0.1% w/v. 

 

Figure 7. Stability studies of NPs dispersions at room temperature: A) particle size, B) 

polydispersity and C) zeta potential. Triangles - HA/CL113 NPs with MMR of 1, 

circles - HA/CL113 NPs with MMR of 2.5 and squares - HA/CL113 NPs with MMR 

of 5. HA molecular weight was 257 kDa and the total polymer concentration was 

0.1% w/v. All lines are for visual guidance only. 

 

Figure 8. A) Cell viability (MTS assay, empty bars) and apoptosis (flow cytometry, 

hashed bars) in Caco-2 cells after 72 h treatment with HA 0.5% w/v solutions of the 

polymer with molecular weight of 590, 257 and 176 kDa. B) C) and D) Scatter plots 

for apoptosis assay – control, HA with molecular weight of 590 and 176 kDa, 

respectively. HA sonicated induced similar apoptosis/necrosis events in Caco-2 cells 

compared to the control.  Representative recordings of 3 similar experiments.  Q1: 
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necrotic cell zone, Q2: late apoptosis or dead cell zone Q3: living cell zone Q4: viable 

apoptotic cell zone. 

 

Figure 9. Cell viability (MTS assay) for Caco-2 cells as a function of chitosan 

concentration. Squares indicate chitosan (CL113), triangles HA/CL113 NPs with 

MMR of 1 and circles HA/CL113 NPs with MMR of 5. The treatment time was 24 h 

using medium at pH=5.0. The dashed line indicates 50% cell viability. Viability of the 

control group was 100% (dotted line). 
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Figures in colour for on-line version 
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Black&white versions of figures 
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