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Abstract

Nanoparticle loaded hydrogels as a pathway for
enzyme controlled drug release in ophthalmic
applications
Michelle Åhlén

The aim of this study was to develop nanoparticle loaded hydrogel
based contact lenses that could be used for ocular drug delivery. Two
potential contact lens platforms for controlled ophthalmic drug
delivery was thus developed by incorporating chitosan-poly(acrylic
acid) nanoparticles into polyvinyl alcohol (PVA) hydrogels and in-situ
gelled nanoparticles and cellulose nanocrystals (CNC) in PVA lenses.
The nanoparticles were shown to disintegrate in a physiological 2.7
mg/ml concentration of lysozyme resulting from the hydrolysis of the
chitosan chains by lysozyme. An extended release over a 28-hour period
was demonstrated once the nanoparticles had been integrated into the
composite lenses, with nanoparticle-CNC PVA lenses showing even
greater potential for extended release. Further experiments using a
suitable drug molecule incorporated into the nanoparticles during the
synthesis and released from the lenses in simulated tear fluid would
be needed in order to validate the hydrogels as a potential drug
delivery platform.

ISSN: 1650-8297, 17019
Examinator: Erik Björk
Ämnesgranskare:  Per Hansson
Handledare: Albert Mihranyan



 
 

Populärvetenskaplig sammanfattning 

De flesta ögonsjukdomar behandlas i dagsläget med läkemedel doserade i form av 

lösningar. Det finns många nackdelar med denna typ av formulering, bland annat att 

endast en liten andel läkemedel direkt absorberas av ögat. Detta gör att man behöver 

använda sig av koncentrerade lösningar som behöver appliceras flera gånger om dagen, 

vilket kan ge upphov till bieffekter. Ett sätt att komma runt det här problemet skulle 

vara att göra en kontaktlins som släpper ifrån sig läkemedel över en lång tidsperiod när 

den appliceras på ögat. I den här studien gjordes två typer av kontaktlinser som under 

ett dygn uppvisade en förlängd frisättning i närvaro av ett enzym som finns i tårvätska. 

Linserna innehöll små märkta partiklar i nanoskala som beroende på om de laddades 

direkt in i linsen eller tillsammans med ett annat ämne gav möjlighet till en mer 

kontrollerad frisättning. Då denna studie inte utfördes med något läkemedel så kan man 

endast konstatera att dessa linser är lovande verktyg som skulle kunna användas för att 

skapa bättre formuleringar för behandling av ögonsjukdomar och åkommor. 



 
 

Abbreviations 

NP Nanoparticle 

v/v % Volume percent 

PVA Polyvinyl alcohol 

CNC Cellulose nanocrystals 

FITC Fluorescein isothiocyanate isomer I 

SEM Scanning electron microscope
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1. Introduction 

Eye drops in the form of suspensions and solutions are currently the most common 

preparations for ophthalmic drug delivery, accounting for more than 90% of the 

formulations on the market today [1–4]. However, one major drawback with these types 

of topical formulations is their low bioavailability resulting from a short residence time 

of the drug on the cornea, which varies between 2-3 minutes [4,5]. The small volume of 

between 7-30 µl of fluid that is able to occupy the surface of the eye is partly to blame 

for this as the majority of the drug is already removed 15-30 seconds after application 

by nasolacrimal drainage [1,6,7]. Any drug that is left at the anterior surface of the eyes 

faces further removal from tear turnover, which replenishes at a rate of 0.5-2.5 µl tear 

fluid per minute, and metabolic degradation leading to an effective absorption of only 1-

7% of the drug [1–3,5]. As a result of this, ophthalmic solutions need to contain a high 

concentration of drug which moreover needs to be applied frequently in order to reach 

therapeutic concentrations within the eye. This could lead to a lower compliance among 

certain patient groups but more importantly to toxic side effects not only locally in the 

eye but in the whole body since a large amount of the drug is absorbed systemically 

[1,4,7,8]. As such alternative formulations and drug delivery vehicles have been 

investigated in order to circumvent these problems.  

Contact lenses for ophthalmic drug delivery are one such device which has 

garnered interest among scientist for the last 40 years [9] and which could theoretically 

lead to an increase in bioavailability of up to 50% as a result of a prolonged drug 

residence time on the surface of the eye [7]. The lens would also minimize the systemic 

side effects of the drug as it would also have an occlusive effect [8,9]. One of the first 

drug loaded contact lenses were developed by Sedlacek in 1965 who was able to load an 

ocular paralytic by soaking hydrogel lenses in a diluted solution of the drug. The drug 

was successfully released and showed an improved effect compared to conventional eye 

drops when tested on patients [9]. Many studies have since been done over the years 

employing the soaking method of contact lenses in a concentrated drug solution or a 

solution of prodrug, which upon being released into the eye would degrade into the 

pharmaceutical active form [9,10]. One major disadvantage with this strategy, however, 

was the initial burst release that was observed during the first hour when the lens was 

applied, in which the majority of the drug was released. As such the formulation was 

only able to supply the drug for a couple of hours at most [7,8].  

As few products on the ophthalmic drug market, even today, were unable to 

supply an extended release of drug for the treatments of ocular diseases, further studies 

were made in order to enhance and improve both the drug loading and release from 

contact lenses [1]. The choice of contact lens material, when designing therapeutic 

lenses, was an important starting point. The material not only affects drug incorporation 

and release but also the mechanical stability as well as other properties such as 

transmittance and oxygen permeability of the lenses. As such the choice of hydrogels, 

such as NVP (n-vinyl pyrrolidone) and HEMA (hydroxyethylmethacrylate), which have 

a high water content and varied oxygen permeability or silicone-based lenses, such as 

silicone acrylates or fluorosilicone acrylates, which contain no water, would have big 

impact in the development of different therapeutic lenses [10,11]. Molecular imprinting 

of silicon-based contact lenses was one new way in which an increase in drug loading as 

well as an extended release was achieved. This was attained by imprinting the drug 

structure in the polymeric network of the lens by using the drug molecule as a template 
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in the synthesis process [1,8]. The drug would interact with the functional groups in the 

polymeric network as it diffused through the lens resulting in a slower release. Extended 

in vitro releases were successful for ketotifen fumarate and timolol with these molecular 

imprinted lenses [12]. 

Other methods have also been investigated to reduce the diffusion of the drug 

molecules in the lenses such as creating diffusion barriers by adding vitamin E [13,14]. 

It was found that soaking silicone lenses in an ethanol solution of vitamin E resulted in 

the formation of aggregates inside the lens. These aggregates were then be able to act as 

diffusion barriers for hydrophilic drugs as they would be forced to travel around these 

aggregates when diffusing through the lens [7,13,14]. Nanoparticle loaded contact 

lenses have also been shown to be promising platforms for ophthalmic drug delivery 

[5]. A study by Kim et al. showed that nanodiamond gels loaded with timolol maleate 

crosslinked with chitosan could successfully be imbedded into poly-2-hydroxyethyl 

methacrylate (polyHEMA) lenses. These lenses were then able to release the drug in a 

controlled fashion in the presence of tear fluid, where the enzyme lysozyme was able to 

degrade the chitosan chains by hydrolysis of the 1,4-β-glycosidic bond between the 

subunits leading to release of the drug [15]. Although nanoparticle formulations, made 

from dispersed colloidal systems, in general show great promise some of the drawbacks 

involve the possibility that the drugs may diffuse from the particles and lens during 

storage [7,8].  

The aim of this study was to develop nanoparticle loaded hydrogel based contact 

lenses that could be used for controlled ocular drug delivery. As such the goal was to 

show that the synthesized nanoparticles would disintegrate in the presence of lysozyme 

as well as show that these particles could be incorporated into and released from the 

hydrogel lenses in a controlled manner. In order to achieve this aim two types of 

chitosan-poly(acrylic acid) nanoparticle loaded hydrogel lenses were developed as a 

possible platforms for controlled ophthalmic drug delivery. A controlled extended 

release from the lenses would be achieved by enzymatic degradation of the 

nanoparticles in the presence of lysozyme. Cellulose nanocrystal (CNC) reinforced 

polyvinyl alcohol (PVA) hydrogels were chosen as contact lens material for one of the 

lenses. Previous studies by Tummala et al. showed the material to have good 

mechanical stability, biocompatibility among other properties, such as high water 

content and transparency, which were comparable or even superior that of commercial 

contact lenses [16,17]. The chemical and physical qualities of the PVA, which has made 

it a popular material in areas such as biomaterials, the abundance of cellulose in nature 

coupled with the above mentioned properties make the lenses an attractive vehicle for 

drug delivery, with superior qualities to that of commercial lenses [18].  Pure PVA 

hydrogel was used as the reference. The controlled release properties from the lenses 

were demonstrated by covalently labeling the nanoparticles with a fluorescent marker, 

used as a model drug substance.  

2. Experimental 

2.1 Materials 

Chitosan low molecular weight (Mw: 50-190 kDa, degree of deacetylation 75-85%) 

(Sigma-Aldrich, SE), Anhydrous acrylic acid (Sigma-Aldrich co., St. Louis, MO, USA), 

Potassium peroxydisulfate (97%, K2O8S2) (Alfa Aesar, GE), Lysozyme from chicken 

egg white (Mr ~14.6 kDa) (Sigma-Aldrich co., St. Louis, MO, USA), Fluorescein 
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isothiocyanate isomer I (FITC) (Sigma-Aldrich co., St. Louis, MO, USA), Polyvinyl 

alcohol (Mw 146,000-186,000) (Sigma-Aldrich co., St. Louis, MO, USA), Sodium 

hydroxide (NaOH) (ACS reagent, pellets) (Sigma-Aldrich co., St. Louis, MO, USA), 

Hydrochloric acid solution 0.1 M (HCl) (Sigma-Aldrich co., St. Louis, MO, USA), 

Buffer solution pH 7.00 (potassium hydrogen phosphate/sodium hydroxide) (Sigma-

Aldrich co., St. Louis, MO, USA), Saline solution 9 mg/ml NaCl (Fresenius Kabi, DE), 

Dimethyl sulfoxide (DMSO, ACS reagent) (Sigma-Aldrich co., St. Louis, MO, USA), 

Sodium chloride ACS, ISO, Reag. Ph Eur (NaCl) (Merck KGaA, DE), Methanol 

(Merck KGaA, DE), Ethanol (ACS reagent) (VWR International S.A.S, FR), Acetic 

acid (ReagentPlus) (Sigma-Aldrich co., St. Louis, MO, USA). 

All chemicals were used as bought without further purification. 

2.2 Instruments 

2.2.1 Particle diameter and zeta potential 

Dynamic light scattering (DLS) was the method chosen for characterizing the size of the 

synthesized nanoparticles. A size distribution is constructed from the analysis of 

fluctuations in light scattered, at a specific scattering angle, by particles as the move in a 

solution. For example larger particles move slower than smaller ones and thus lead to 

reduced fluctuations in scattered light. These fluctuations are then converted by a 

mathematical model into frequency size distributions. DLS is one of the most common 

methods used today for analyzing the size distribution of nanoparticles as it can measure 

particles of 1-3000 nm in diameter in a matter of minutes. However the reliability of the 

measurement can be affected by how the samples are prepared, for example how they 

are diluted and stirred prior to measurement, the composition of the solution, 

temperature at measurement and what mathematical model is chosen. This unreliability 

mainly results from the change in the homogeneity in the sample, 

aggregation/flocculation and size of the particles that the previously mentioned factors 

might affect. The chosen mathematical model is also very important as the size 

distribution is constructed from it, and as such the shape of the particles and their 

interactions need to be considered prior to any measurements [19].  

The measurement of the surface charge of the particles was estimated from the 

zeta potential. This was done by measuring the electrophoretic mobility of the particles, 

i.e. their velocity as they move towards either end of a positively or negatively charged 

electrode (e.g. a dip cell). The Smoluchowski model was selected as it applies for 

aqueous solutions containing a modest concentration of electrolyte. This specific 

method was chosen as it gives a good indication on the stability of the nanoparticles, i.e. 

if they have a tendency to aggregate/flocculate. Though as previously discussed, 

concerning DLS, the reliability of the method depends on the composition and viscosity 

of the sample, as these factors can affect the mobility of the particles [20].   

Measurements of the particle hydrodynamic diameter were done by DLS using 

disposable PMMA cuvettes with ZetaSizer Nano Instrument (Malvern Instruments, 

UK). The measurement angle used for all measurements were 173˚ backscattering 

NIBS. Average surface charge of the nanoparticles were measure using a universal dip 

cell (Malvern Instruments, UK) using the same instrument as mentioned previously. 

The zeta potential was obtained from the electrophoretic mobility of the particles using 

the Smoluchowski model [20]. Each sample, unless mentioned, was equilibrated for 60 

seconds at 25˚C prior to each measurement, which were done in triplicates. 
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2.2.2 Homogenization 

Mixtures of cellulose nanocrystal and nanoparticle suspensions were homogenized in a 

10 ml glass beaker using a VC 505/VC 750 Vibra-Cell Processor (Sonics & Materials 

Inc., US) with a 30:30 pulse and 40% amplitude for 30 seconds. 

2.2.3 Fluorescent intensity  

Fluorescence spectroscopy was used to measure the release of labeled nanoparticles 

from the hydrogels. This specific spectroscopic method was selected mainly because the 

chosen label was a fluorophore but also for the sensitivity of the instrument. The 

sensitivity is linked to the excitation and emission intensity of the fluorophore. As the 

sample is irradiated at a certain intensity and wavelength, electrons in the fluorophore 

are excited to a higher energy state. When the electrons return to their low energy state 

again photons are emitted which are measured at a chosen wavelength by the detector. 

By increasing or decreasing the incident radiation, the emission intensity can be 

affected. A disadvantage of this method on the other hand is that any impurities in the 

sample could lead to quenching [21]. Self-quenching, between two fluorophores, might 

also take place. 

Fluorescence measurements and scans of labeled nanoparticles were done on 

black Corning® 96 well plates (polystyrene, flat bottom wells, 100/cs) with an Infinite 

M200 Multimode Microplate Reader (Tecan, CH). Each well contained 200 µl sample 

and each sample was measured once using default settings and λem=520 nm and λex=490 

nm [22]. 

2.2.4 Fluorescent imaging 

Fluorescent microscopy was chosen for its simplicity in locating the nanoparticles by 

viewing the fluorescence from the FITC-labeled chitosan in the particles. The principle 

behind this method is similar to that of fluorescence spectroscopy; the sample is 

irradiated with light of a specific wavelength, the electrons in the fluorophore become 

excited and emit light at another wavelength. Some drawbacks with this method 

involves the risk of photobleaching of the fluorophore which might occur during the 

imaging and can diminish the fluorescence intensity over time [23].   

Fluorescent images were taken on a Nikon Eclipse TE2000-U Inverted 

Microscope (Nikon, JP) using a mercury lamp and NIS-Elements F as imaging 

software. 

2.2.5 Scanning electron microscope (SEM) imaging 

SEM was the method chosen to study the morphology of the nanoparticles in water as 

well as the effects of lysozyme. The surface of the particles can be studied by scanning 

the sample with a focusing beam of electrons. The impact of the electrons on the 

particles are then collected by a detector and analyzed to form an image. As biological 

samples often contain a large amount of water they need to be prepared before they can 

be studied. The samples need to be dried as well as coated in a layer of heavy metal 

atoms, such as gold, prior to measurement. This is done in order to increase the contrast 

of the images as such samples often display low conductivity [24,25]. One of the 

advantages of this technique is that samples can be viewed at a high resolution of a few 
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microns down to a few nanometers. However the preparation procedure of biological 

samples, which consists of freeze-drying and coating, can affect the morphology of the 

particles as well as create artifacts [23]. 

Samples were prepared by gold coating with a Polaron SC7680 Large Chamber 

Sputter Coater (Quorum Technologies, UK) prior to being imaged on an AS02 

SEM/EDS 1550 (Zeiss, UK). 

2.3 Procedure 

2.3.1 Synthesis of chitosan poly-(acrylic acid) nanoparticles 

The nanoparticles were synthesized by template radical polymerization according to 

Yong et al. as follows [26]. 3.00 mmol of chitosan was added to 50 ml acrylic acid 

solution, containing an equimolar amount of acrylic acid, during magnetic stirring in a 

250 ml three-necked round bottom flask. The chitosan was allowed to dissolve under 

nitrogen stream at room temperature until a clear solution was obtained, at which point 

1.00 mmol K2S2O8 was added. The solution was allowed to polymerize for 2 hours at 

70˚C until the suspension turned opalescent. The pH was kept at around 4 during the 

whole polymerization procedure by addition of 0.1 M HCl or 0.2 M NaOH. The 

finished nanoparticle suspension was then finally filtered and then dialyzed using a 

dialysis cellulose membrane with a molecular cut-off of 14 kDa for 24 hours in 2000 ml 

of deionized water with continuous magnetic stirring (150 rpm).  

The synthesis was carried out a further two times using a molar ratio of 1:1.33 and 

1.33:1 acrylic acid to chitosan. 

2.3.2 Stability of nanoparticles 

2.3.2.1 Stability of nanoparticles in different pH-environments and salinity 

The chemical stability of the synthesized nanoparticles were investigated in solutions of 

varying pH; NaOH solution of pH 11, phosphate buffer of pH 6.99, acetic buffer of pH 

4.5, deionized water of pH 5.77 and an isotonic solution (9 mg/ml NaCl) pH of 5.67. 

The samples contained a 1:50 v/v % of nanoparticle suspension to solution and a NaCl 

concentration of 0.6 mg/ml in all solutions apart from the isotonic one. Samples were 

incubated at room temperature for approximately 30 minutes prior to each measurement 

and the average diameter and zeta potential was calculated as the average of three 

measured samples. 

2.3.2.2 Physical stability of nanoparticles when heating in DMSO 

The physical stability of the nanoparticles in DMSO was investigated by preparing a 

mixed solvent solution of 1 ml nanoparticle suspension, 1 ml deionized water and 8 ml 

DMSO in a 50 ml flask with a lid. The solution was heated at 120˚C for an hour with 

continues stirring and then left to cool to approximately 60˚C at which point a sample 

was taken and measured with DLS. Further measurements were made once the solution 

had cooled to room temperature, after which it was heated a second time and process 

repeated. Three samples were collected at each point in the process and the average 

diameter was calculated from three measured samples. 
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2.3.2.3 Stability of nanoparticles in different concentrations of lysozyme 

The chemical stability of the nanoparticles in varying concentrations of lysozyme was 

investigated by inspecting the change in average hydrodynamic diameter of the 

synthesized nanoparticles. Four solutions were prepared containing 500 µl nanoparticle 

suspension in 50 ml 0.6 mg/ml saline solution. The particle diameter of the 

nanoparticles in the solutions were monitored for two hours, with one measurement per 

hour, after which lysozyme was added to make a final concentration of 1 mg/ml, 2.7 

mg/ml and 4 mg/ml in three of the solutions with respect to lysozyme. The fourth 

solution acted as a control and contained no enzyme. Measurements were conducted 

every hour for 5 hours with a final measurement after 24 hours. One sample was taken 

from the four solutions and measured at each time point. The experiment was repeated 

three more times. 

2.3.3 SEM imaging  

Three solutions containing nanoparticle suspension in deionized water, 2.7 mg/ml 

lysozyme and 2.7 mg/ml lysozyme and 0.6 mg/ml NaCl (1:50 v/v % nanoparticle 

suspension to solution) were incubated at room temperature for 24 hours and sonicated 

for 30 min prior to being frozen at -100˚C for an hour. Samples were then freeze-dried, 

mounted on SEM stubs and coated with gold before being imaged. 

2.3.4 Labeling of nanoparticles 

FITC-labeled chitosan was prepared according to Huang et al. [22], by dissolving 1 g of 

chitosan in 100 ml 0.1 M acetic acid in a 500 ml round-bottomed flask during 

continuous magnetic stirring. 100 ml methanol was then slowly added followed by a 

dropwise addition of 50 ml FITC dissolved in methanol. The solution was left to mix in 

the dark for 3 hours at which point the polymer was precipitated by addition of 

approximately 50 ml 0.2 M NaOH. The obtained precipitate was then washed with a 

methanol solution (70:30 v/v % methanol to deionized water) and pelleted by 

centrifugation at 4000 rpm for 10 minutes. The washing and palletization procedure was 

repeated until a clear and uncolored supernatant was obtained. The chitosan pellets were 

then redissolved in 100 ml 0.1 M acetic acid by magnetic stirring and the acquired 

yellow solution dialyzed (molecular cut-off of 14 kDa) in 2000 ml deionized water in 

the dark for three days. The dialyzed chitosan solution was then finally freeze-dried and 

stored in the dark for further use. 

FITC-labeled nanoparticles were then synthesized according to 2.3.1 

2.3.5 Integration of FITC-labeled nanoparticles in hydrogel lenses 

2.3.5.1 FITC-labeled nanoparticle integration into cellulose nanocrystal (CNC) 

reinforced polyvinyl alcohol (PVA) hydrogel lenses 

3.0 g of PVA was dissolved in 21.6 g of DMSO by gradual heating to 100˚C in an oil 

bath with continuous stirring. 2.29 g of CNC-suspension, which was obtained from a 

prior synthesis by Tummala et al. [16], was then diluted with 3.14 g of FITC-labeled 
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nanoparticle suspension and homogenized before being added to the clear PVA-

solution.  The mixture was left for an additional hour at 100˚C in the dark while stirring. 

The obtained clear yellow tinged solution was then heated to 120˚C for 10 minutes and 

degassed by vacuum before being cast in polypropylene molds and left to gel at -20˚C 

for 24 hours. The hydrogel lenses were then dialyzed for 48 hours in 1000 ml 0.6 mg/ml 

saline solution in the dark and stored in deionized water.   

2.3.5.2 FITC-labeled nanoparticle integration into PVA hydrogel lenses 

The formation of labeled nanoparticle loaded PVA lenses were made according to 

2.3.5.1 but with a small difference; 5.4 g FITC-labeled nanoparticle suspension was 

directly added to 3.0 g PVA and 21.6 g DMSO solution at the beginning of the 

synthesis.  

2.3.6 Release studies of FITC-labeled nanoparticle loaded hydrogel lenses 

PVA and PVA-CNC loaded lenses were immersed in 10 ml 0.6 mg/ml saline solution 

and in, respectively, 10 ml 2.7 mg/ml lysozyme 0.6 mg/ml saline solution in the dark at 

room temperature. Five samples were taken throughout a 28-hour period from each 

solution and measured for fluorescence using a microplate reader [22]. 

2.3.7 Fluorescent imaging of FITC-nanoparticle integrated hydrogel lenses 

Fluorescent imaging was done on undialyzed FITC-nanoparticle integrated PVA- and 

PVA-CNC-lenses as well as dialyzed lenses that had been immersed in 0.6 mg/ml saline 

solution and 2.7 mg/ml lysozyme saline solution for 30 hours.  

2.4 Statistics 

Plotted values in each graph and diagram are the calculated average values of measured 

particle diameter/zeta potential/fluorescent intensity with all error bars depicting the 

calculated average sample standard deviation. One-way ANOVA was used to confirm 

significant differences between calculated averages of different solutions, using a 

significance level (α) of 0.05 for each analysis.   

3. Results and discussion 

3.1 Nanoparticle synthesis and characterization at different pH:s 

As the molar ratios of chitosan and acrylic acid in the synthesis can have an effect on 

the properties of the nanoparticles three different ratios were selected to be investigated; 

1:1, 1.33:1 and 1:1.33 of chitosan to acrylic acid. In each synthesis the solution was 

allowed to polymerize for the same amount of time in order to have comparable results. 

The first main difference that could be observed after the synthesis was the difference in 

viscosity between the suspensions. The two nanoparticle suspensions which contained 

unequal molar amounts of chitosan and acrylic acid had significantly higher viscosities 

than the suspension containing an equal amount. The gel-like consistency of the two 

suspensions could, according to Yong et al., most likely be attributed to the chitosan 

chains getting tangled up in the inter- and intramolecular interactions between the 

negatively charged polyacrylic acid and positively charged chitosan during the 
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polymerization process [26]. This phenomenon could perhaps also be part of the reason 

for the gelling in the suspension that contained an excess amount of acrylic acid due to 

the increased amount of polyacrylic acid formed during the synthesis process. This was 

evident when the synthesis was carried out with a greater amount of acrylic acid as a 

white opaque gel-like suspension was obtained indicating the presence of polyacrylic 

acid. 

The sample preparations for DLS and zeta potential measurements, figure 1, of 

the nanoparticle suspensions were done by dilution 1 ml of suspension in 50 ml saline 

solution. The increased viscosity of two of the solutions did not have an effect on the 

final viscosity of the measured samples as a liquid homogenous solution was obtained 

after mixing. Though as expected the molar ratios of acrylic acid and chitosan also had 

an effect on the average particle diameter and zeta potential of the nanoparticles, as can 

be seen in figure 1. 

 

Figure 1. Average hydrodynamic diameter, obtained from a frequency distribution, and zeta potential of 

nanoparticles synthesized with different ratios of acrylic acid (AA) and chitosan (CS). Samples were measured in a 

0,6 mg/ml saline solution, containing a 1:50 v/v % of nanoparticle suspension to saline solution. Each bar represents 

the average of three measurements and each error bar the average sample standard deviation. 

For the nanoparticles synthesized in an excess of chitosan the increase in zeta 

potential and particle diameter, compared to the 1:1 molar ratio suspension, was 

expected. The surplus chitosan that was not coupled to any acrylic acid molecules was 

most likely adsorbed onto the surface of the formed nanoparticles leading to an increase 

in size as well as net surface charge. However, for the nanoparticles synthesized in an 

excess of acrylic acid the increase in zeta potential seems rather counterintuitive. A 

possible explanation for this though could be that the acrylic acid molecules that were 

not interacting with the chitosan formed polyacrylic acid aggregates, which could have 

formed as a result of the polymeric chains getting tangled up. These tangles could, 

during the polymerization process, have acted as sites of nucleation for the forming 

nanoparticles. Though Yong et al. found that the synthesis of the polyacrylic acid 

followed a template polymerization, in which the molecular weight of the chitosan had a 

kinetic effect on the formation of polyacrylic acid [26]. It could still be possible that 
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polyacrylic acid may form without chitosan as a template when in excess. Another 

possible hypothesis could be that most the acrylic acid which were ionically interacting 

with the chitosan underwent polymerization, leaving the excess acrylic acid free and 

unpolymerized in the forming suspension. This is a likely scenario as the chitosan 

linked acrylic acid would be more locally concentrated than the unlinked, thus leading 

to an increased yield in polyacrylic acid at these sites. In conjunction with this, if only 

part of the chitosan chains ionically interacted with the acrylic acid, i.e. leading to a 

certain amount of free amine groups, a greater net charge of the particles could have 

been achieved. This may also be the reason for the positive zeta potential that is 

obtained for the nanoparticles containing 1:1 molar ratio acrylic acid and chitosan. A 

greater particle diameter could likewise be attributed to the increase in acrylic acid but 

also from the particle swelling. The charge density of the polyacrylic acid at near 

neutral pH increases leading to electrostatic repulsions between and within the 

polymeric chains. However another competing process is the strengthened interaction 

between the charged amine groups on the chitosan and the carboxyl groups on 

polyacrylic acid which would lead to the particles shrinking [26].  

The nanoparticles obtained from equimolar amounts of acrylic acid and chitosan 

had the smallest measured particle diameter, this could be attributed to the electrostatic 

interaction between most of the polyacrylic acid and chitosan resulting in the formation 

of dense particles. A lower charge of the nanoparticles at the measured pH could have 

resulted from, according to Yong et al., the chitosan becoming less charged and thus 

aggregating at the surface of the particle [26]. But also follow from the resulting 

decrease in net charge from the ionic interaction between chitosan and polyacrylic acid.  

The effect of pH as well as salinity on the average hydrodynamic diameter and 

zeta potential of the nanoparticles were explored in different media as can be seen in 

figure 2. 

 

 

 
Figure 2. Average hydrodynamic diameter ,obtained from a frequency distribution, and zeta potential of synthetized 

nanoparticles in solutions with different pH:s. Each solution contained a 1:50 v/v % of nanoparticle suspension (1:1 

AA:CS) in 0.6 mg/ml saline solution, apart from the saline solution. Each bar represents the average of three 

measurements and each error bar the average sample standard deviation. 
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The smallest particle diameter was observed in acetic buffer at a pH of 4.5, in 

which the nanoparticles shrank as a result of strong ionic interactions between the 

charged chitosan and polyacrylic acid, the pKa of acrylic acid is 4.75 and 6.5 for 

chitosan [26]. At neutral pH the particles started to swell as the polyacrylic acid became 

more ionized. The neutralization of the chitosan could also perhaps have result in the 

polymer aggregating at the surface of the nanoparticles resulting in the chitosan 

separating from the polyacrylic acid and forming an uncharged shell [26]. However, the 

low positive zeta potential does indeed indicate that some of the chitosan does remain 

charged and strongly interacting with the polyacrylic acid. At a high pH the particle 

diameter was about twice that at neutral pH, which might be attributed to the high 

charge density of the polyacrylic acid. The negative zeta potential of the particles seems 

to indicate that the chitosan located at the surface of the particles could have aggregated 

in the solution leaving negatively charged tangled polymeric aggregates mainly 

consisting of polyacrylic acid [26]. All solutions that were analyzed were clear, so any 

aggregates that may have formed would have been small and few.  

All above discussed solutions contained a sodium chloride concentration of 10 

mM (or 0.6 mg/ml) to stabilize the nanoparticles. As previously discussed the 

nanoparticles have a low zeta potential in water, which might induce aggregation as the 

attractive van der Waals forces between the uncharged groups on the particles are 

greater than the electrostatic repulsion that the electrical double layer around the 

particles induces [27]. The addition of a low concentration of a neutral salt, NaCl, which 

does not show great chaotropic nor kosmotropic properties according to the Hofmeister 

series [28], would lead to a salting-in effect by slightly minimizing the hydrophobic 

effects of the surrounding water molecules by decreasing their degree of order around 

the particles [29]. Another, perhaps more simple explanation, for the salting-in effect 

might be due to the ions decreasing the ionic interactions between the polyacrylic acid 

and chitosan leading to an increase in net charge of the particles. As salt can affect the 

stability of the nanoparticles, by preventing or inducing aggregation by changing the 

ionic repulsions between the particles, it was important to evaluate how the 

nanoparticles would be affected when incubated in an isotonic solution. As can be seen 

in figure 2 a slight decrease in the zeta potential was obtained which most probably was 

a result of the slightly lower pH of the isotonic solution which in turn effected the 

ionization degree of the chitosan and polyacrylic acid. It is also possible that the Cl-- 

and Na+-ions could have affected the net charge of the nanoparticles to a certain degree 

by interacting with the charged carboxyl and amine groups. The measurements indicate 

that the stability of the nanoparticles in the isotonic solution was comparable to that in a 

0,6 mg/ml saline solution. 

In order to determine if the nanoparticles would remain stable when incorporated 

into a hydrogel, i.e. in the same conditions that the hydrogel is formed, the nanoparticle 

suspension was heated for one hour in a mixed solvent DMSO/water solution (80:20 v/v 

%) at 120˚C, figure 3. The solution was first cooled to 60˚C and subsequently to 25˚C at 

which point samples were taken and measured. The heating procedure was repeated 

once more to assess the impact of repeated heating on the stability. Thus, the change in 

particle diameter was used to study the physical stability of the nanoparticles during the 

heating cycles.  
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Figure 3. Diagram of how the average hydrodynamic diameter of the nanoparticles are affected by two cycles of 

heating to 120˚C for 1 hour and cooling in a mixed solvent DMSO and deionized water solution (80:20 v/v %). Each 

bar represents the average of three measurements and each error bar the average sample standard deviation. 

Significant difference in average particle diameter of the nanoparticles in the unheated and between both cycles of 

heating was found. 

A significant decrease in particle diameter was observed after the first cycle of 

heating which most likely can be attributed to dehydration of water entrapped inside the 

nanoparticles [30,31]. Though a statistically significant decrease in particle diameter 

was observed for the nanoparticles before and after the second cycle of heating, no 

difference could be confirmed for the particles at 60˚C and at 25˚C during the first and 

second cycles. This seems to indicate that the particles do not swell, as a result of an 

increase in polymeric chain mobility, to a great degree between 25-60˚C. The change in 

particle diameter between the first and second cycle could be the result of the removal 

of any residual water in the nanoparticles but perhaps also from a small percent of the 

polymers degrading. Though as the nanoparticles remain rather stable throughout both 

heating cycles, with the largest decrease in particle diameter most probably resulting 

from dehydration, it can be confirmed that the particles would be able to withstand the 

process of being incorporated into the hydrogels. 
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3.2 Nanoparticle degradation in lysozyme solution 

The correlation between degree of enzymatic degradation of the nanoparticles and 

lysozyme concentration was evaluated by measuring the change in particle diameter of 

the nanoparticles in four solutions of increasing lysozyme concentration, the result of 

which can be seen in figure 4. 

 

Figure 4. The effect of increasing concentration lysozyme on the average hydrodynamic diameter of synthesized 

nanoparticles in 0.6 mg/ml saline solution at 20˚C. Each point represents the average of four measurements and each 

error bar the average sample standard deviation. No significant difference in measured average particle diameter was 

found for the nanoparticles in 2.7 mg/ml and 4 mg/ml lysozyme. 

The particle diameter was significantly reduced in the solutions containing lysozyme 

compared to the control sample without lysozyme. The majority of the hydrolysis takes 

place within the first hours of lysozyme addition to the samples, which seems to 

indicate that most of the chitosan located near the surface of the nanoparticles has been 

hydrolyzed. The particle diameter after 24 hours increases in the samples containing 2.7 

mg/ml and 4 mg/ml lysozyme but seems to remain constant in the sample with 1 mg/ml. 

This could indicate that the nanoparticles in the sample with 1 mg/ml lysozyme does not 

fully degrade at the given concentration over a 24-hour period and that the partly 

degraded particles remain stable in the solution. For the two samples containing higher 

amounts of lysozyme the increase in particle diameter that was observed after 24 hours 

could have been due to the partly degraded particles swelling over time, as a result of a 

larger fraction free ionized polyacrylic acid. . They could however also have resulted 

from the polyacrylic acid coordinating around the lysozyme as a result of electrostatic 

interactions. No statistically significant difference in particle diameter between the 

nanoparticles in the 2.7 mg/ml and 4 mg/ml at each time point was found, indicating 

that the 2.7 mg/ml lysozyme concentration, the same concentration which is present in 

tear fluid, would be enough to degrade the nanoparticles in the samples. It cannot be 

fully confirmed whether the interactions between the lysozyme, which carries a net 

positive charge, and the negatively charged polyacrylic acid leads to any change in the 
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activity of the enzyme. Only that the particles seem to disintegrate at that given 

concentration, irrespectively whether or not the activity of the enzyme is affected. It is 

however very likely that there may be some ionic interactions between the two, perhaps 

formed during the hydrolysis of the chitosan. This could explain the decrease in particle 

diameter that is observed, as it seems to point to that the fragmented chitosan does not 

stay interlinked with the polyacrylic acid, which would have caused particle diameter to 

remain at approximately 120 nm.  

The morphology of degraded nanoparticles as well as that of the undegraded 

nanoparticles was also investigated by SEM, figure 5-6. 

 

Figure 5. SEM image of a freeze-dried sample containing chitosan-poly(acrylic acid) nanoparticles in deionized 

water at pH 5.8 after approximately a 24-hour incubation at room temperature. 

The morphology of the nanoparticles in deionized water without NaCl can be 

observed as granules forming large porous networks upon freeze-drying, figure 5. The 

formation of the aggregated structures is probably due to the sample preparation 

procedure. Each granule has a diameter of approximately 200-500 nm, i.e. about 2-4 

times larger than that of the average diameter of the nanoparticles in solution assessed 

by DLS. This can be attributed to the changes in morphology that might have arisen 

during the freeze-drying process.  

Flaky sheets were formed when the nanoparticles were incubated in 2.7 mg/ml 

lysozyme for 24 hours, figure 6. 
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Figure 6. SEM image of a freeze-dried sample containing chitosan-poly(acrylic acid) nanoparticles in 2.7 mg/ml 

lysozyme solution at a pH of  ~5.8 after approximately a 24-hour incubation at room temperature. 

The absence of any granular formations or spheres in the sample confirms the 

results in figure 4, that the lysozyme indeed has hydrolyzed the chitosan and 

disintegrated the nanoparticles. It is unclear, however, if the formation of these sheets 

comes from any interactions between polyacrylic acid and lysozyme and/or the 

fragmented chitosan. It should also be noted that these sheets are most likely formed 

during the freeze-drying process and are not present as such in the original solution. 

The effect that lysozyme had on the zeta potential of the nanoparticles in figure 4 

was also investigated during a 24-hour period. A fluctuating zeta potential was observed 

for all four solutions as can be seen in figure 7. 
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Figure 7. The zeta potential of synthesized nanoparticles in (A) 0.6 mg/ml saline solution, (B) 1 mg/ml lysozyme 0.6 

mg/ml saline solution, (C) 2.7 mg/ml lysozyme 0.6 mg/ml saline solution and (D) 4 mg/ml lysozyme 0.6 saline 

solution during a 24hour period at 20˚C. Each point represents the average of three measurements and each error bar 

the average sample standard deviation.  

The lower zeta potential that was measured at t=0 in (A) compared to the figure 1 

can be attributed to the variability, i.e. leading to a large standard deviation, in the 

measured potential which has a large effect on the calculated average. For (B-D) these 

fluctuations could most likely be a result of the lysozyme attacking the chitosan chains 

at the surface of the particles, which might impart a temporary increase in surface 

charge from the enzyme. As there is an evident decrease in the particle diameter once 

the lysozyme has been added, figure 4, it does not seem as though the hydrolyzed 

chitosan subunits remain bound to the particles after the hydrolysis. It can, therefore, be 

assumed that they do not affect the zeta potential to a great degree. The result in figure 4 

also supports the notion that the measured zeta potential is that of the degraded 

nanoparticles and not lysozyme alone, as the measured particle diameter changes 

depending on lysozyme concentration. However a contributing factor to the fluctuating 

zeta potential might come from any exposed polyacrylic acid groups at the surface 

which could have led to some of the enzyme adsorbing by electrostatic interactions. 

This might likely be the reason for the increase in zeta potential for (B-D) after a 24-

hour period. However since the solutions contain both free lysozyme, chitosan, 

polyacrylic acid and any complex between the three the measured potential could be 

affected by such complexes being formed over time.  

The fluctuations in zeta potential that is observed in the saline solution without 

lysozyme could be attributed to electrostatic interactions between the particles and the 

inorganic ions. The chloride and sodium ions could influence the zeta potential of the 

particles over time by affecting the charge ratio between the chitosan and polyacrylic 

acid [32].  
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3.3 Nanoparticle loaded hydrogel lenses and release experiment  

FITC-labeled nanoparticle loaded hydrogels were prepared by either mixing the 

nanoparticle suspension in a PVA solution or by mixing the suspension with CNC 

suspension prior to the addition. The CNC suspension was prepared previously by 

TEMPO-oxidation of microcrystalline cellulose, producing negatively charged 

nanocellulose whiskers [16]. Upon addition of the nanoparticle suspension to the CNC 

suspension an immediate in-situ gelation occurred, as depicted in figure 8. As 

previously discussed the nanoparticles carry a net positive charge and it is likely that the 

ionic interaction between the nanoparticles and cellulose whiskers resulted in the 

gelation. The initial wispy gel formation, which can be seen, could be an indication that 

the nanoparticles coordinate in a more ordered manner along the nanowhiskers leading 

to a veil like appearance. 

 
Figure 8. Physical shape of the ionic gelation that occurred between the nanoparticles and cellulose nanocrystals after 

3 days of incubation at room temeprature.  

The same phenomenon as in figure 8 was observed when FITC-labeled 

nanoparticles were added to the CNC suspension. The lower zeta potential and greater 

nanoparticle diameter, table 1, of the labeled nanoparticles did not have a great effect on 

the gel formation. Which seems to indicate that in-situ gelation can occur between 

nanoparticles of near neutral charge and negatively charged nanowhiskers. 

 
Table 1. The average hydrodynamic diameter and zeta potential of FITC-labeled nanoparticles in 0,6 mg/ml saline 

solution. The average diameter, zeta potential and sample standard deviations were calculated from three 

measurements. 

pH Average dH (nm) Zeta potential (mV) 

6.13 243±69 +4.3±4.9 

 

The hydrogel synthesized by addition of labeled nanoparticle suspension to a 

PVA solution resulted in clear yellow-tinged solution, while the hydrogel synthesized 

from the gelled nanoparticle and CNC suspension on the contrary resulted in a lumpy 

yellow solution. Upon casting and freeze-thawing of the hydrogels the resulting NP-

PVA lenses turned clear and transparent while the NP-CNC-PVA lenses had an non-
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homogeneously spotted appearance as can be seen in figure 11. Because of the high 

viscosity of the NP-CNC gel, the distribution of the nanoparticles in the lenses was 

highly varied leading to both larger and smaller gelled aggregates being clearly visible 

by the naked eye.    

 
Figure 9. FITC-labeled chitosan-poly(acrylic acid) nanoparticles in Left image: polyvinyl alcohol hydrogel lenses 

and, Right image: polyvinyl alcohol and nanocellulose hydrogel lenses. 

In order to confirm the presence of the labeled nanoparticles within the NP-PVA 

hydrogel lenses and also better visualize the particle distribution in both lens types 

fluorescence imaging was employed, figure 10.   

 
Figure 10. Undialyzed (A)-(B) polyvinyl alcohol hydrogel lenses and (C)-(D) polyvinyl alcohol and nanocellulose 

lenses containing FITC-labeled chitosan-poly(acrylic acid) nanoparticles.  
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Smaller nanoparticle cluster between 200-400 µm across can be observed to be 

present in the NP-PVA lenses, figure 10 (A-B). This seems to indicate that the 

nanoparticles aggregate somewhat once they have been incorporated into the hydrogel. 

The clusters also seem to be homogenously distributed within the lens, as can be seen 

by the presence of focused as well as more diffuse looking aggregates present. The 

clusters in the NP-CNC PVA lens, figure 10 (C-D), on the other hand can be seen to be 

much less homogenous in size. The aggregates vary in size from more than 1 mm across 

down to a few µm. The less focused edges of the aggregates also seem to indicate that 

they continue further into the lens compared to figure 15 (A-B), which gives some more 

insight into their size.  

The fluorescence intensity of 0.6 mg/ml saline solutions and 2.7 mg/ml lysozyme 

saline solutions containing NP-PVA and NP-CNC-PVA lenses were measured over a 

28-hour period in order to model the release behavior of the lenses, figure 11. 

 

Figure 11. Release of FITC-labeled chitosan fragments/labeled nanoparticles from PVA lenses and PVA-CNC lenses 

that have been incubated in 2.7 mg/ml lysozyme 0.6 mg/ml saline solution and saline solution without lysozyme for 

28 hours at room temperature. Each point represents the average of five measurements and each error bar the average 

sample standard deviation. 

Negligible amounts of FITC-labeled nanoparticles/chitosan fragments were 

released during the first two hours in all solutions. An increased fluorescence intensity 

of the PVA lens in lysozyme was observed between 5-10 hours. The fluorescence in the 

saline solution containing the NP-PVA lens also showed an increase in the intensity 

during the same time period, suggesting that the particles are leaching out of the lens as 

a result of the hydrogel swelling. The slow diffusion mediated transport of the 

nanoparticles during the first 10 hours, as noted, can be attributed to the slow 

equilibration of the gel from the influx of electrolyte and water into the network. The 

slower release which is observed for the lens in lysozyme compared to the lens in saline 

solution, is remarkable. The delayed release appears to be due to the enzyme adsorbing 

to the surface of the lens and acting as a diffusion barrier, as it will be discussed below.    
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For the PVA-CNC lenses the fluorescence intensity over the inspected time 

interval shows little difference in two solutions. The intensity fluctuates around the base 

value, which suggests that the gelation effectively prevents leaching of nanoparticles 

from the lens.  

The fluorescence imaging of the PVA and PVA-CNC lenses after a 30-hour 

incubation is shown in figure 12. 

 

 
Figure 12. Dialyzed (A) polyvinyl alcohol lens that has been stored in 2.7 mg/ml lysozyme saline solution (0.6 

mg/ml NaCl), (B) polyvinyl alcohol lens that has been stored in 0.6 mg/ml saline solution (C) polyvinyl alcohol and 

nanocellulose lens that has been stored in 2.7 mg/ml lysozyme saline solution (0.6 mg/ml NaCl), (D) polyvinyl 

alcohol and nanocellulose lens that has been stored in 0.6 mg/ml saline solution. All lenses were synthesized with 

FITC-labeled chitosan-poly(acrylic acid) nanoparticles and images were taken after lenses had been incubated in the 

solutions for 30 hours at room temperature. 

As it can be seen in figure 12 (A-B), no nanoparticle clusters were observed in the 

PVA lenses that were incubated in the both the saline solution and the lysozyme 

solution at the given detection limit. For the PVA-CNC lens in lysozyme, figure 12 (C), 

a more diffuse cloud was observed compared to the lens that had been incubated in the 

saline solution (D). This seems to support the previous notion that the ionic interlinking 

of the nanoparticles and CNC in the in-situ gelling prevents the nanoparticles from 

diffusing through the hydrogel as it swells. The lower fluorescent intensity in (C) also 

indicates that the lysozyme seems to be able to disrupt these interactions to some degree 

perhaps by binding to the CNC, which could enable the enzyme to hydrolyze the 

chitosan on the nanoparticles located towards the surface of the lens.  
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As it was discussed above, some lysozyme adsorbs onto the lens. The latter could 

lead to a decrease in nanoparticles leaching from the NP-PVA lenses as the enzyme 

could act as a diffusion barrier. SEM images of the NP-PVA lenses that had been 

incubated in saline and lysozyme solutions support this conclusion, see figure 13.  

 
Figure 13. The surfaces of FITC-nanoparticle integrated PVA lenses that have been stored in (A) 2.7 mg/ml 

lysozyme 0.6 mg/ml saline solution and (B) 0.6 mg/ml saline solution for approximately 30 hours. 

As it can be seen in figure 13 (A), large, unevenly distributed structures appeared 

on the surface of the PVA lens. This is most likely lysozyme. Previously, Teichroeb et 

al. found aggregate clusters of lysozyme adsorbed onto the surface of polyHEMA- and 

silicone-based hydrogel lenses [35]. No aggregates were present on the lens that was 

incubated in a solution without lysozyme, see figure 13 (B). The lines as groves on the 

surface were most likely imprinted from the molds that the lenses were cast in and 

perhaps also show some of the pores of the PVA-network. It is, however, unclear if the 

activity of the enzyme is affected after adsorption on the lens.   

3.4 Other observations 

Large rod structures were found to be interspersed in the sample of the freeze-dried 

nanoparticles in 0.6 mg/ml saline solution, figure 14, that was previously discussed in 

connection with figure 5. 
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Figure 14. SEM image of a freeze-dried sample containing chitosan-poly(acrylic acid) nanoparticles in deionized 

water at pH 5.8 after approximately a 24 hour incubation at room temperature. 

The rods were found to have a smooth surface and likely constructed from the same 

granular nanoparticle aggregates as seen in figure 5. Qian et al. were able to form 

somewhat similar structures by freeze-drying solutions of <0,1 wt % chitosan in diluted 

aqueous acetic acid at -100˚C [36]. As the freeze-dried sample was prepared from a 

dilute 1:50 v/v % solution of nanoparticle suspension in deionized water, the observed 

rods could have been shaped in a similar fashion. Smaller aggregates of nanoparticles, 

formed during the incubation, could have concentrated between the developing ice 

crystals when the samples was rapidly frozen at -100˚C, thus forming the rods [36,37]. 

Fragments were also found to be interspersed in the sample, most probably resulting 

from the structural instability of the rods which caused them to break and fragment 

during the drying process. Areas of the sample which contained higher concentrations 

of nanoparticles most probably resulted in unstructured aggregates which upon drying 

formed the lumps of porous granules as seen in figure 5 [36].  

Similar rods were also present in the sample containing nanoparticles in a 2.7 

mg/ml lysozyme solution, figure 6. Though infrequent, it does seem to indicate that at 

least some of the hydrolyzed chitosan in the sample are able to form these structures. 

The molecular weight as well as concentration of chitosan chain fragments in the 

sample could be one reason as to why these rods were scarce in the sample as, as 

previously discussed, areas which contained higher concentrations of chitosan did not 

seem to result in the formation of the rods. 

Rods as those observed in figure 6 were also found when the nanoparticles were 

freeze-dried in a 2.7 mg/ml lysozyme 0.6 mg/ml saline solution; figure 15.  
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Figure 15. SEM image of a freeze-dried sample containing chitosan-poly(acrylic acid) nanoparticles in 2.7 mg/ml 

lysozyme 0.6 mg/ml saline solution at a pH of ~ 5.8 after approximately a 24 hour incubation at room temperature. 

Building from the previous hypothesis these rods were most likely constructed from 

the hydrolyzed chitosan fragments. Many ribbon like fibers were also found which 

could have occurred as a consequence of the sodium chloride being present in the 

sample. During the incubation period the sodium chloride would have prevented the 

aggregation of the chitosan to some degree causing the formation of the ribbons instead 

of the rods. Intermolecular π-π-interactions between the carbonyl groups of the 

acetylated glucosamine subunits in chitosan, during the incubation period, could be a 

possible explanation for the structural formation of these ribbons [36].   

4. Conclusions 

In this study two contact lens formulations based on chitosan-poly(acrylic acid) 

nanoparticle loaded PVA lenses and in-situ gelled nanoparticle-CNC loaded PVA 

lenses have been developed as a promising platforms for controlled ophthalmic drug 

delivery. The polymeric nanoparticles were demonstrated to disintegrate in the presence 

of 2.7 mg/ml lysozyme, which by hydrolysis is able to cleave the chitosan chains in the 

nanoparticles. A quicker release was achieved with NP-PVA lenses, in the presence of 

lysozyme, compared to the NP-CNC-PVA lenses, which might have been attributed to 

the particles leaching from the swelling PVA-network during the incubation period. The 

in-situ gelation between the nanoparticles and cellulose nanocrystals were found to 

prevent the leaching by interlocking the particles to the CNC, causing the gel to become 

immobilized in the PVA-network. This resulted in the enzymatic degradation being the 
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main way in which the particles could escape from the lens. As the study was done by 

measuring the intensity of fluorescently labeled nanoparticles in the lenses or in a 

solution, further studies using drug molecules would be needed to validate the drug 

delivery platform. This could be done by incorporating a drug that is, at least, partly 

ionized during the nanoparticle synthesis. The ionic interactions between the drug 

molecules and the chitosan/acrylic acid along with the entrapment of some of the drug 

in the polymeric chains during the nanoparticle formation, could increase the drug 

loading capacity. Release experiments would also be needed to be performed in 

simulated tear fluid at 37˚C for at least 24 hours. Improvements in controlling the size 

and distribution of the NP-CNC gel in the hydrogels would be necessary in order to 

achieve greater optical properties of the lenses. Strategies for this could involve adding 

the nanoparticle and CNC suspension separately to the PVA solution. Which perhaps 

would result in a more even distribution of the CNC/NP prior to gelation occurring. The 

homogeneity would probably also be improved by homogenizing the PVA solution with 

NP-CNC gel before casting the lenses.  
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7. Appendix 

Data for figure 1. 

The particle diameter, polydispersity index (PDI) and zeta potential was measured by 

DLS from three samples, with three replicates per sample at 25˚C. Each solution 

contained 1:50 v/v nanoparticle suspension dissolved in 0.6 mg/ml saline solution. 

  
Average dH 

(nm) PDI Zeta potential (mv) 

1.33:1 AA:CS 133 0.268 +27.3 

  131 0.263 +28.9 

  130 0.262 +30.3 

  129 0.253 +26.8 

  127 0.247 +30.0 

  128 0.257 +28.4 

  133 0.285 +29.2 

  133 0.275 +29.3 

  131 0.267 +30.5 

1:1.33 AA:CS 128 0.257 +22.5 

  138 0.28 +25.9 

  141 0.291 +25.0 

  133 0.282 +19.5 

  136 0.273 +21.6 

  135 0.273 +24.7 

  131 0.252 +20.5 

  125 0.245 +23.1 

  124 0.253 +24.4 

1:1 AA:CS 110 0.331 +13.6 

  112 0.353 +10.3 

  122 0.387 +13.1 

  113 0.321 +14.5 

  125 0.3 +13.3 

  116 0.349 +12.4 

  115 0.331 +4.8 

  117 0.343 -0.60 

  120 0.291 -0.52 

 

Data for figure 2. 

The particle diameter, polydispersity index (PDI) and zeta potential was measured by 

DLS from three samples, with three replicates per sample at 25˚C. Each solution 

contained 1:50 v/v nanoparticle suspension dissolved in buffer/alkaline/acidic 

media/saline solution. All solutions, besides the isotonic solution, contained a NaCl 

concentration of 0.6 mg/ml. 
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  pH 

Average dH 

(nm) PDI 

Zeta pot. 

(mV) 

NaOH  11.15 214 0.192 -23.0 

   217 0.198 -23.3 

   217 0.195 -24.5 

   242 0.266 -19.7 

   234 0.239 -19.2 

   237 0.251 -19.7 

   239 0.251 -22.4 

   233 0.243 -24.5 

    242 0.303 -25.1 

0.1 M acetic acid 

buffer 4.51 111 0.273 +24.0 

   108 0.252 +25.1 

   113 0.283 +23.9 

   98 0.322 +22.7 

   102 0.320 +24.0 

   99 0.345 +22.6 

   87 0.228 +23.7 

   89 0.255 +24.1 

    108 0.204 +17.6 

Buffer (pH 7.00) 6.96 158 0.179 +2.8 

   157 0.166 +3.1 

   155 0.172 +3.2 

   170 0.129 +1.9 

   168 0.091 +2.0 

   170 0.121 +2.1 

   169 0.123 +2.2 

   167 0.084 +2.0 

    165 0.109 +2.2 

Water  5.77 110 0.331 +13.6 

   112 0.353 +10.3 

   122 0.387 +13.1 

   113 0.321 +14.5 

   125 0.300 +13.3 

   116 0.349 +12.4 

   115 0.331 +4.8 

   117 0.343 -0.60 

    120 0.291 -0.51 

Saline 9mg/ml 5.67 115 0.224 +6.1 

   115 0.208 +6.5 

   114 0.233 +7.1 

   114 0.222 +6.0 

   113 0.215 +8.2 

   114 0.202 +6.5 

   115 0.232 +12.9 



27 
 

   120 0.260 +5.2 

    114 0.240 +4.0 

 

 

Data for figure 3. 

The particle diameter was measured by DLS from three samples, with three replicates 

per sample at 60˚C and 25˚C. Each solution contained DMSO, deionized water and 

nanoparticle suspension (80:20 v/v DMSO to aqueous solution) and was heated to 

120˚C for one hour prior to being measured. 

Measured average particle diameter (nm)   

After 1st heating cycle After 2nd heating cycle Unheated 

60˚C 25˚C 60˚C 25˚C 25˚C 

204 195 200 186 357 

188 194 181 186 356 

188 189 178 187 351 

214 196 202 185 306 

192 194 188 186 314 

187 192 182 187 309 

211 190 199 185 294 

193 190 185 185 295 

186 188 181 183 286 

 

One-way ANOVA result from the data depicted in figure 3. 

µ0=Two heating cycles does not affect the average particle diameter of the nanoparticles     

Anova: Single 

Factor       

       

SUMMARY       

Groups Count Sum Average Variance   

1st cycle, 60˚C 9 1762.7 195.9 116.4   

1st cycle, 25˚C 9 1728.5 192.1 9.0   

2nd cycle, 60˚C 9 1696.5 188.5 85.3   

2nd cycle, 25˚C 9 1669.5 185.5 1.7   

       

       

ANOVA       

Source of variation SS df MS F P-value F crit 

Between groups 540.9 3 180.3 3.4 0.030 2.9 

Within groups 1698.0 32 53.1    

       

Total 2238.9 35         
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µ0=There is no difference in average particle diameter of the nanoparticles at 

60˚C and 25˚C after the first cycle.     
 

Anova: Single 

Factor       

       

SUMMARY       

Groups Count Sum Average Variance   

1st cycle. 60˚C 9 1762.7 195.9 116.4   

1st cycle, 25˚C 9 1728.5 192.1 9.0   

       

       

ANOVA       

Source of variation SS df MS F P-value F crit 

Between groups 65.0 1 65.0 1.0 0.32 4.5 

Within groups 1002.7 16 62.7    

       

Total 1067.6 17         

       
µ0=There is no difference in average particle diameter of the nanoparticles at 60˚C and 

25˚C after the second cycle.     

Anova: Single 

Factor       

       

SUMMARY       

Groups Count Sum Average Variance   

2nd cycle, 60˚C 9 1696.5 188.5 85.3   

2nd cycle, 25˚C 9 1669.5 185.5 1.7   

       

       

ANOVA       

Source of variation SS df MS F P-value F crit 

Between groups 40.5 1 40.5 0.93 0.35 4.5 

Within groups 695.4 16 43.5    

       

Total 735.9 17         

 

 

Data for figure 4 and 7. 

The particle diameter was measured by DLS from four samples and zeta potential by 

electrophoretic mobility from three samples, with three replicates per sample at 25˚C. 

Each solution contained 1:50 v/v nanoparticle suspension dissolved in 0.6 mg/ml saline 

solution with a certain amount of lysozyme added after 1 hour of measurement. Each 

value in the table below depicts the average particle diameter/zeta potential of four 
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respective three measured samples together with the calculated sample standard 

deviation. 

 0 mg/ml 1 mg/ml 2.7 mg/ml 4 mg/ml t (h) 

Average dH (nm) 121±6 118±3 119±3 121±7 0 

120±8 117±2 117±3 116±4 1 

122±10 74±11 31±3 26±8 2 

119±5 68±10 31±7 28±20 3 

115±4 63±4 34±16 35±14 4 

122±9 67±7 32±13 27±11 5 

116±4 61±21 55±29 56±30 24 

Zeta potential 

(mV) 

+2.7±8.1 -0.97±8.5 -3.9±2.8 +1.3±8.1 0 

+1.9±12.6 -0.49±8.0 +4.0±6.6 +7.2±8.7 1 

+21.4±2.2 +12.3±8.5 +15.9±2.8 +15.6±6.2 2 

+9.3±12.5 +8.3±5.6 +8.6±9.8 +11.1±8.1 3 

+6.6±11.2 +8.1±6.3 +5.4±6.7 +10.5±9.3 4 

+4.3±10.2 +13.0±4.3 +10.1±6.8 +12.9±4.4 5 

+9.00±5.8 +11.5±1.0 +12.3±1.7 +13.4±1.6 24 

 

One-way ANOVA results from the results depicted in figure 4 comparing the average 

diameters of the nanoparticles in 2.7 mg/ml and 4 mg/ml lysozyme solution.  

t=0 

Anova: Single Factor 

SUMMARY 

Groups Count Sum Average Variance 

2.7 mg/ml 12 1424.8 118.7 10.9 

4 mg/ml 12 1455.1 121.3 49.5 

ANOVA 

Source of 

variation 

SS df MS F P-value F crit 

Between 

Groups 

38.3 1 38.3 1.3 0.27 4.3 

Within 

Groups 

664.7 22 30.2    

Total 702.9 23     

 

t=1 hour 

Anova: Single Factor 

SUMMARY 

Groups Count Sum Average Variance 

2.7 mg/ml 12 1400.5 116.7 9.4 

4 mg/ml 12 1394.6 116.2 16.0 

ANOVA 

Source of 

variation 

SS df MS F P-value F crit 

Between 

Groups 

1. 1 1.5 0.11 0.74 4.3 
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Within 

Groups 

279.1 22 12.7    

Total 280.6 23     

 

t=2 hours 

Anova: Single Factor 

SUMMARY 

Groups Count Sum Average Variance 

2.7 mg/ml 12 335.8 28.0 12.9 

4 mg/ml 12 312.4 26.0 69.7 

ANOVA 

Source of 

variation 

SS df MS F P-value F crit 

Between 

Groups 

22.7 1 22.7 0.55 0.47 4.3 

Within 

Groups 

908.0 22 41.3    

Total 930.8 23     

 

t=3 hours 

Anova: Single Factor 

SUMMARY 

Groups Count Sum Average Variance 

2.7 mg/ml 12 369.5 30.8 54.5 

4 mg/ml 12 341.3 28.4 454.8 

ANOVA 

Source of 

variation 

SS df MS F P-value F crit 

Between 

Groups 

33.2 1 33.2 0.13 0.72 4.3 

Within 

Groups 

5601.9 22 254.6    

Total 5635.0 23     

 

t=4 hours 

Anova: Single Factor 

SUMMARY 

Groups Count Sum Average Variance 

2.7 mg/ml 12 407.6 34.0 281.5 

4 mg/ml 12 415.1 34.6 223.8 

ANOVA 

Source of 

variation 

SS df MS F P-value F crit 

Between 

Groups 

2.3 1 2.3 0.0092 0.92 4.3 

Within 

Groups 

5558.4 22 252.7    

Total 5560.8 23     
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t=5 hours 

Anova: Single Factor 

SUMMARY 

Groups Count Sum Average Variance 

2.7 mg/ml 12 387.7 32.3 170.5 

4 mg/ml 12 325.0 27.1 138.3 

ANOVA 

Source of 

variation 

SS df MS F P-value F crit 

Between 

Groups 

163.6 1 163.6 1.1 0.31 4.3 

Within 

Groups 

3395.9 22 154.4    

Total 3359.5 23     

 

t=24 hours 

Anova: Single Factor 

SUMMARY 

Groups Count Sum Average Variance 

2.7 mg/ml 12 664.1 55.3 930.7 

4 mg/ml 12 672.0 56.0 990.2 

ANOVA 

Source of 

variation 

SS df MS F P-value F crit 

Between 

Groups 

2.5 1 2.5 0.0026 0.96 4.3 

Within 

Groups 

21130.1 22 960.5    

Total 21132.7 23     

 

 

Data for figure 13. 

The fluorescent intensity from four solutions depicted in the table below was measured 

by fluorescence spectroscopy. Four samples were taken from each solution at a certain 

time point and measured in black Corning® 96 well plates at room temperature. Each 

value in the table below depicts the average fluorescent intensity of four measurements 

together with the calculated sample standard deviation. 

 NP-PVA (lys.) NP-PVA 

(H2O) 

NP-CNC-

PVA (lys.) 

NP-CNC-

PVA (H2O) 

t (h) 

Fluorescent 

intensity 

76±7 97±15 76±7 62±15 0 

64±13 81±11 76±4 82±8 0.08 

81±6 80±8 46±5 52±3 1 

79±3 102±9 71±2 61±4 2 

127±7 83±7 49±2 53±17 5 

215±16 142±21 64±7 80±40 10 
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298±6 658±10 57±1 47±2 24 

337±27 596±39 59±2 55±3 28 

 

One-way ANOVA results from the results depicted in figure 13 for the CNC-PVA lenses in 

water and lysozyme (+0.6 mg/ml NaCl). 

t=0  

Anova: Single Factor 

SUMMARY 

Groups Count Sum Average Variance 

H2O 5 308.0  61.6 225.3 

Lys. 5 379.0 75.8 46.7 

ANOVA 

Source of 

variation 

SS df MS F P-value F crit 

Between 

Groups 

504.1 1 504.1 3.7 0.090 5.3 

Within 

Groups 

1088 8 136.0    

Total 1592.1 9     

 

t=0.08 hour 

Anova: Single Factor 

SUMMARY 

Groups Count Sum Average Variance 

Lys. 5 378 75.6 18.8 

H2O 5 410 82 61 

ANOVA 

Source of 

variation 

SS df MS F P-value F crit 

Between 

Groups 

102.4 1 102.4 2.6 0.15 5.3 

Within 

Groups 

319.2 8 39.9    

Total 421.6 9     

 

t=1 hour 

Anova: Single Factor 

SUMMARY 

Groups Count Sum Average Variance 

Lys. 5 230.0 46.0 24.0 

H2O 5 260.0 52.0 9.0 

ANOVA 

Source of 

variation 

SS df MS F P-value F crit 

Between 

Groups 

90.0 1 90.0 5.5 0.048 5.3 

Within 

Groups 

132.0 8 16.5    
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Total 222.0 9     

 

t=2 hours 

Anova: Single Factor 

SUMMARY 

Groups Count Sum Average Variance 

H2O 5 307.0 61.4 14.8 

Lys. 5 353.0 70.6 3.3 

ANOVA 

Source of 

variation 

SS df MS F P-value F crit 

Between 

Groups 

211.6 1 211.6 23.4 0.0013 5.3 

Within 

Groups 

72.4 8 9.1    

Total 284.0 9     

 

t=5 hours 

Anova: Single Factor 

SUMMARY 

Groups Count Sum Average Variance 

Lys. 5 246.0 49.2 4.2 

H2O 5 267.0 53.4 297.3 

ANOVA 

Source of 

variation 

SS df MS F P-value F crit 

Between 

Groups 

44.1 1 44.1 0.29 0.60 5.3 

Within 

Groups 

1206.0 8 150.8    

Total 1250.1 9     

 

t=10 hours 

Anova: Single Factor 

SUMMARY 

Groups Count Sum Average Variance 

Lys. 5 319.0 63.8 51.2 

H2O 5 398.0 79.6 1593.3 

ANOVA 

Source of 

variation 

SS df MS F P-value F crit 

Between 

Groups 

624.1 1 624.1 0.76 0.41 5.3 

Within 

Groups 

6578.0 8 822.3    

Total 7202.1 9     
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t=24 hours 

Anova: Single Factor 

SUMMARY 

Groups Count Sum Average Variance 

Lys. 5 286.0 57.2 1.7 

H2O 5 235.0 47.0 5.0 

ANOVA 

Source of 

variation 

SS df MS F P-value F crit 

Between 

Groups 

260.1 1 260.1 77.6 2.2E-05 5.3 

Within 

Groups 

26.8 8 3.4    

Total 286.9 9     

 

t=28 hours 

Anova: Single Factor 

SUMMARY 

Groups Count Sum Average Variance 

Lys. 5 293.0 58.6 3.8 

H2O 5 273.0 54.6 7.3 

ANOVA 

Source of 

variation 

SS df MS F P-value F crit 

Between 

Groups 

40.0 1 40.0 7.2 0.028 5.3 

Within 

Groups 

44.4 8 5.6    

Total 84.4 9     

 

 


