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Abstract: Scattering of ophthalmic devices is a complex phenomenon involving both surface 
and bulk light-material interactions. In this work, light scattering of nanocellulose reinforced 
PVA hydrogels contact lenses for ophthalmic applications was investigated. Optical 
microscopy, fluorescence microscopy and atomic force microscopy (AFM) techniques were 
used for ultrastructure characterization. Further, 3D angle resolved light scattering 
measurements in the visible spectral range were performed using a BTDF (bidirectional 
transmittance distribution function) sensor to quantify the scattered light. Surface and bulk 
scattering properties were discerned using white light interferometry. Total scatter levels 
ranging from 3% to 40% were observed depending on the hydrogel composition. The most 
critical factor affecting the light scattering properties in nanocellulose-reinforced PVA 
hydrogels was related to the state of hydration of the hydrogels, which is critical to maintain 
visual acuity of ophthalmic devices. 
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1. Introduction

Thanks to their softness and biocompatibility, hydrogels are common ophthalmic materials 
that are used to treat various eye related conditions. Hydrogels are applied as soft contact 
lenses for vision correction purposes [1], intraocular lenses [2], scleral buckles [3], ocular 
wound healing adhesives [4], vitreous body replacements [5], drug delivery vehicles [6] and 
even as wearable diagnostic ocular devices with integrated photonic or electronic sensors [7]. 
In this article, hydrogel-based contact lenses will be the main focus of studies. 
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In order to be used on the eye, hydrogel-based contact lenses should possess a set of 
optical properties. Transparency and refractive index are two important optical parameters [8, 
9]. Additionally, UV-blocking properties of contact lenses are desirable to minimize the risk 
of cataract or pterygium [10]. Moreover, contact lens surface roughness is another important 
parameter affecting the optical properties of the lens [11]. Excessive surface roughness 
increases light scattering and thereby reduces visual acuity and, consequently, causes 
discomfort. Furthermore, surface roughness promotes contact lens spoilage, i.e. formation of 
deposits [12], as well as favors bacterial adhesion [13, 14]. Increased surface roughness may 
also cause inflammation as it promotes cell adhesion and release of pro-inflammatory 
cytokines, as previously described in intraocular lenses [15, 16]. 

While all engineered surfaces possess some degree of roughness, the net effect of surface 
roughness on optical properties is significantly affected by the presence of a water layer or, 
under physiological conditions, by the tear fluid film. The tear fluid film on the anterior side 
of the eye is the first refractive optical layer and plays a crucial role in maintaining the 
physiological function of the eye [17]. It is known from clinical practice that patients with dry 
eye disease (DED) suffer from visual malfunction manifested as blurred vision and glair as 
well as reduced contrast sensitivity [18, 19]. The blurred vision of DED patients is caused by 
an irregular tear film thickness, and the produced irregular surface roughness causes increased 
light scattering and, thus, visual aberrations [20]. Contrast sensitivity also decreases after tear 
film breakup and can cause problems in performing everyday and work-related activities, 
particularly in bright sunlight or at night [21]. Reduced visual acuity and contrast sensitivity 
have also been observed among contact lens wearers [22]. It was suggested that variations in 
visual performance using soft contact lenses is due to light scattering produced by the changes 
in the hydration levels of the lens or changes in the quality of the tear film [23, 24]. This 
mechanism is further supported by the notion that artificial tears can significantly improve 
vision both in dry eye patients not wearing contact lenses [17] and in prolonged contact lens 
wearers [25]. 

It infers from above that the surface roughness, wettability, and the state of lens hydration 
are critical for fulfilling its optical function. Therefore, it is important to design hydrogels 
with high water content without compromising the mechanical properties of the contact lens. 
The crux of the problem is that normally excessive water content implies poor mechanical 
properties, while reinforcement of the hydrogel with stiff additives negatively impacts the 
optical performance, e.g. transparency and light scattering. 

In this context, we have recently described how the dilemma between hydrogel softness 
and strength of contact lenses at high water content can be resolved, while maintaining the 
desirable optical transparency [26]. In particular, we developed highly transparent hydrogels 
composed of soft Poly(vinyl alcohol) (PVA) polymer matrix reinforced with relatively stiff 
cellulose nano crystals (CNC) / cellulose nanofibers (CNF). The produced hybrid hydrogels 
feature exceptionally high water content, i.e. 90-93 wt%, and exhibit hyperelastic mechanical 
properties similar to that of natural tissue, i.e. collagen [27]. Furthermore, these hybrid 
hydrogel lenses demonstrate a set of remarkable optical properties such as refractive index 
close to that of water, i.e. 1.33, high transparency in the visual range, i.e. > 95%, and mild 
UV-blocking properties, i.e. 40-50% [27]. Furthermore the material shows good 
cytocompatibility with corneal epithelial cells both in direct and indirect (leachables) cell tests 
[26]. 

In this paper, the light scattering properties of these hybrid PVA-nanocellulose hydrogels 
are analyzed. Angle resolved scattering measurements in the visible spectral range are 
performed to quantify the scattering distribution and scatter losses. Utilizing a specific scatter 
sensor enables scatter measurements to be performed within a few seconds and thus samples 
to be studied in different drying states. In combination with surface metrology data a 
differentiation in relation to bulk and surface effects is made. 
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2. Results and discussion

Reduced visual performance of the reinforced PVA hydrogels can be expected to be caused 
by light scattering from both the hydrogel surface and from the bulk material itself. In order 
to separate these effects and to assess the impact of surface scattering, surface roughness 
investigations are necessary. In that respect atomic force microscopy (AFM) and white light 
interferometry (WLI) are two of the most common techniques to study surface roughness of 
contact lenses [28]. Utilizing the morphology data can provide a distinction in roughness and 
bulk induced light scattering as presented in the following. 

2.1 Analysis of microscopy 

Three different microscopy techniques were used to investigate and understand the internal 
structure of hydrogels in their native wet state. In particular, the distribution of nanocellulose 
in the hydrogel matrix is a fundamental question of interest to understand the light scattering 
in hydrogels of different composition and thickness. Figures 1(a)-1(c) show the optical 
microscopy images of the hydrogels. The hydrogels present an open macro-porous 
honeycomb like structures with pore openings extending up to few tens of micrometers. The 
pore size was slightly different among hydrogels of different composition owing to nano-
structural interactions between the PVA matrix and nanocellulose moieties. The dark patches 
causing light occlusion in PVA-CNF hydrogel are probably due to CNF aggregates present in 
the lower planes than the plane of imaging. The formation of CNF aggregates is due its high 
viscosity related to high aspect ratio of CNF. 

Fig. 1. Optical light micrographs of (a) pure PVA, (b) PVA-CNC and (c) PVA-CNF hydrogels. 

Figures 2(a)–2(c) show the fluorescence microscopy images of hydrogels where 
nanocellulose components were labelled with fluorophore groups, i.e. DTAF 5-(4, 6- 
dichlorotriazinyl) amino fluorescei. While it is not expected that fluorescence imaging could 
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provide information about individual nanocellulose units due to low resolution of the 
technique, it still provided some clues about the distribution of nanocellulose inside the 
hydrogel. It can be seen that CNC are distributed much more homogeneously than CNF, 
which tend to form lumps. As expected, the control pure PVA hydrogel showed negligible 
fluorescence, and the tiny fluorescent spots may be attributed to residual double bond 
chemical structures in PVA. 

Fig. 2. Fluorescent micrographs of (a) pure PVA, (b) PVA-CNC and (c) PVA-CNF hydrogels. 

Figures 3(a)–3(c) show the AFM micrographs of the hydrogels in wet state, i.e. immersed 
in water. The surface topography of pure PVA sample exhibits a wavy pattern of moderate 
ruggedness. The surface topography of PVA-CNC sample appears rougher, as compared to 
pure PVA samples, and featured with sharp spikes. The distribution of these sharp spikes in 
Fig. 3(b) is comparable to the distribution of fluorescently labeled CNCs in Fig. 2(b). In 
PVA-CNF samples the surface topography is also rougher, compared to pure PVA sample, 
with clearly visible relatively sharp peaks. 
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Fig. 3. AFM topography images of (a) pure PVA, (b) PVA-CNC and (c) PVA-CNF hydrogels. 

2.2 Analysis of light scattering properties 

To evaluate the optical properties close to the real application conditions, measurements in 
the wet state are essential. However, a major obstacle is the fast drying of the samples after 
removal from the immersion liquid. Consequently, there is only a small time window of some 
seconds to estimate the light scattering properties of the hydrogels under real application 
conditions. It should be noted that rapid (within minutes) drying and shrinking of hydrogel-
based contact lenses is normal and was previously described in the literature (under 
physiological conditions the tear fluid film layer evaporation from the eye is prevented 
through blinking) [29]. 

The above-mentioned drastic change of the scattering properties as a function of the 
hydration state of the samples is illustrated in Fig. 4. The illustration in Fig. 4(a) shows the 
3D angle resolved scattering (ARS) measurements with the total scattering (TS) levels as well 
as the WLI topography images of the thin PVA-CNC sample at different time intervals after 
removal from the immersion liquid. For detailed analysis of the scattering the azimuthal 
averaging of data was performed to obtain the 1D ARS, also depicted in Fig. 4(b). A 
significant change of ARS is already observable after 10 min in air, especially at small 
scattering angles. The ARS data at angles >10° remains almost constant, indicating a 
pronounced surface effect. The WLI measurements confirm this statement. 
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Fig. 4. (a) 3D ARS and WLI measurements and (b) 1D ARS for thin PVA-CNC sample at 
different drying states. 

In the state immediately after removing the sample from the immersion liquid, the liquid 
in the bulk of the sample as well as the liquid film on the surface lead to a smoother index 
transition from the PVA surface to the water causing less light scattering (TS = 0.13). With 
increasing drying time the surface roughness revealed, which results in higher surface light 
scattering (TS = 0.4). Already after 10 min in air, the thin sample becomes rigid. 
Consequently no further change in surface roughness or scattering with increased drying time 
is observed until the sample loses its form and becomes strongly wrinkled, which complicates 
the measurement procedure. WLI analysis of thick samples showed negligible differences in 
surface roughness compared to the thin samples. 

Thus, in order to discern bulk and surface scattering properties of the hydrogels, quick 
measurements with the Bidirectional Transmittance Distribution Function (BTDF) sensor, 
performed directly after removing the hydrogel samples from water, were found to be 
essential. 

The results of these scattering measurements demonstrate significant variations between 
the ARS data of the different materials pure PVA, PVA-CNC and PVA-CNF. Regarding the 
thick samples (5 mm thickness) reduced light scattering was observed for pure PVA. The 
PVA samples with CNF evince the highest scattering level, which is about one order of 
magnitude higher in comparison to PVA-CNC and pure PVA (see Fig. 5). The presumable 
cause of this behavior is inhomogeneous distribution of CNF in the hydrogel as discussed 
above. 
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Fig. 5. 1D ARS data by azimuthal averaging of the 3D ARS data for pure PVA, PVA-CNC 
and PVA-CNF samples. 

These optical properties can be related to the bulk material as the roughness analysis of 
the wet and dry hydrogel surfaces showed negligible differences between the investigated 
material surfaces in the light scattering relevant spatial frequency range (see Fig. 6). 

However, analyzing the results of the scattering measurements for different thick samples 
allows a more detailed differentiation in relation to bulk and surface effects. The scattering 
data of the 0.3 mm thin samples compared to the scattering properties of the 5 mm thick 
samples are shown in Fig. 7. The TS levels calculated from the ARS data are also provided. 
The ARS levels as well as the scattering losses are obviously reduced for the thinner samples 
of 0.3 mm for PVA-CNC, PVA-CNF and for pure PVA. Assuming that the influence of 
surface scattering is similar for thin and thick samples, higher total scatter indicates a 
significant amount of bulk scattering caused by inhomogeneities in the thick hydrogels. 
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Fig. 6. (a) WLI images (698x523 µm2) of thick hydrogels in wet condition and after 20 min 
drying time (surface smoothing by liquid film in wet condition) and (b) power spectral density 
(PSD) functions after 20 min drying time. 

 

Fig. 7. 3D ARS data and TS levels for pure PVA, PVA-CNC and PVA-CNF (upper row: thin 
samples of 0.3 mm; lower row: thick samples of 5 mm). 
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A detailed depiction was already shown in Fig. 5 using the 1D ARS data. The smallest 
difference in scattering between the thick and thin samples was observed for the PVA-CNC 
sample, even though the sample includes cellulose nanocrystals in its bulk as opposed to pure 
PVA. The increased scattering for pure PVA could be a result of larger pore size and thicker 
pore walls as visualized in the optical microscopy images (see Fig. 1). It should be noted that 
PVA-CNF sample provoked higher scattering levels in the bulk material in comparison to 
both pure PVA and PVA-CNC. Primarily this behavior is assumed to result from CNF 
aggregates in the bulk material as indicated in the microscopy data. 

Finally, as a quantitative statement, the bulk scattering coefficient α can be estimated from 
the measured data, as shown in Fig. 8. Since the roughness of the thin and the thick samples is 
almost identical, the roughness-induced contribution to the observed scattering is the same for 
both samples. The observation that the total scattering is increasing with sample thickness can 
thus be entirely attributed to bulk scattering caused by inhomogeneities in the materials, as 
discussed above. The total scattering can therefore be assumed to be directly proportional to 
sample thickness, even though more data points would have been better to prove this claim as 
showed in our previous work [30]. Roughness-induced surface scatter only leads to a constant 
offset of the data independent of the sample thickness. Following this argumentation, the bulk 
scattering coefficient is simply the slope of the curve. As can be seen from the graph, the 
highest bulk scattering coefficient, i.e. α = 0.85 cm−1, was observed for PVA-CNF sample. 
This is in agreement with the microscopy data revealing a rather inhomogeneous distribution 
of CNF aggregations within the material. 

In all, the results of the present study highlight the importance of intact water film layer 
on the surface of hydrogel samples to minimize light scattering similar to what is normally 
observed under the physiological conditions on the eye. 

 

Fig. 8. Estimation of bulk scattering coefficients for pure PVA, PVA-CNC and PVA-CNF 
samples. 

3. Conclusion 

The results of the present study suggest that nanocellulose reinforced PVA hydrogels for 
ophthalmic use possess low light scattering properties when fully wetted, especially in PVA-
CNC sample. The drying of the samples depletes the surface water film and increases the 
surface roughness, which inevitably increases the level of surface light scattering. In wet 
condition, however, bulk scattering is the main light scattering source. The bulk light 
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scattering was more pronounced in the thick samples as expected. Especially high was the 
scattering in PVA-CNF hydrogel, which is believed to arise due to CNF aggregation and 
inhomogenous distribution. PVA-CNC hydrogels present promising candidates for further 
development of high water content biocompatible ocular devices. 

4. Materials and methods 

4.1 Materials 

Microcrystalline cellulose -Avicel PH 101 (MCC), 2,2,6,6-tetramethylpiperidine-1oxyl 
radical (TEMPO), 4-Acetamido-TEMPO, NaBr, NaClO, NaClO2, CH3COONa·3H2O, NaOH, 
poly(vinyl alcohol) with MwAVG 146,000-186,000 and degree of saponification 99.9%, 
(PVA), dimethyl sulfoxide (DMSO), HCl, 5-(4, 6- dichlorotriazinyl) aminofluorescein 
(DTAF) were purchased from Sigma Aldrich. All the chemicals used were of reagent grade or 
better. Deionized water was used for all experiments. 

4.2 TEMPO mediated oxidation of cellulose 

To produce cellulose nanocrystals (CNC), MCC was oxidized according to a previously 
published method [31]. In short, 5 g MCC was dispersed in 400 ml of deionized water and 90 
mg of TEMPO and 1 g of NaBr solubilized in 100 ml deionized water were added to it. The 
mixture was kept under magnetic stirring at 500 RPM. To the mixture, 10 ml of 10% wt 
NaClO with pH of 11 adjusted with 1M HCl was added at intervals of 30 min for 3.5 hours 
(70 ml in total). The reaction system was maintained at pH 10.5 by adding 1 M NaOH 
through the entire period of reaction. The reaction was quenched after 3.5 hours by adding 10 
ml of ethanol. Oxidized MCC was washed 3 times with deionized water by centrifugation and 
then dialyzed for 3 days. Cellulose was then collected by centrifuging and was dispersed in 
deionized water by ultrasonication (Vibracell 700 W, 20 KHz, USA) for 5 min to obtain a 
transparent gel. 

Cellulose nanofibrils (CNF) were prepared from never-dried spruce sulfite pulp using 4-
Acetamido-TEMPO as previously described [27]. The pulp (10 g) was suspended in 0.1 M 
acetate buffer (1000 ml, pH 4.8) and stirrer using an overhead stirrer at 150 RPM until fully 
dispersed. Thereafter, 4-Acetamido-TEMPO (1 mmol) and sodium chlorite (0.1 mol) were 
added until dissolution. A buffered (pH 4.5); 30 ml of a 2 M NaClO solution (10.0 mmol) was 
added to the reaction flask in three steps, 10 ml each/2 hours. The reaction flask was 
maintained under nitrogen atmosphere over a period of 48 hours at 60 °C with continuous 
stirring. The oxidation product was thoroughly washed, and the pulp fibers were mechanically 
dispersed in deionized water at 1% wt using high-shear homogenization. The final dispersion 
had a solid content of 0.6% wt. 

4.3 Preparation of hydrogel 

To produce the hydrogels, 3 g of PVA was added to a mixed solvent system of DMSO and 
deionized water so as to obtain a concentration of 10% (w/w). The composition of solvent 
was varied by changing the mass ratios of DMSO and water to obtain DMSO:water 80:20, 
70:30 and 60:40 mixtures. PVA solutions were obtained by heating the mixture at 100 °C 
under stirring in an oil bath for about 2 hours. For the preparation of a composite hydrogel, 
nanocellulose (1% wt of PVA) was added to the PVA solution and further mixed for an hour 
at 100 °C. The homogenous and transparent solutions obtained by this method were cast in to 
respective molds of different sizes and shapes and allowed to gel at −20 °C for 24 hours. The 
thickness is controlled by the size of the molds. The formed gels were collected from the 
molds, and the DMSO was exchanged with deionized water by dialyzing the gels in excess 
water for at least 48 hours. The obtained products after washing were stored in deionized 
water for further testing. Utilizing this procedure 0.3 mm, 5 mm and 12.5 mm thick disc 
shaped samples of pure PVA, PVA-CNC and PVA-CNF were made. 
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4.4 Optical microscopy 

An Olympus AX70 microscope was used to acquire images of the hydrogels. For microscopy 
12.5 mm thick disc shaped samples were used. The microscope was mounted with a CCD 
camera, and DeltaPix software program was used to take the pictures. IF 550 green contrast 
color filter was used for better visualization. 

4.5 Fluorescence microscopy 

CNC and CNF were labelled with DTAF according to a previously reported procedure [32]. 
Both CNC (500 mg) and CNF (500 mg) were reacted with DTAF (7.5 mg) under alkaline 
conditions (0.2M NaOH) for 24 h, in the dark with magnetic stirring. The mass ratio of both 
CNC and CNF to DTAF were kept constant (500 mg CNC/CNF: 7.5 mg DTAF), the volume 
of the reactions depends on initial concentration of the nanocellulose suspension. Solid NaOH 
and DTAF were added to CNC/CNF suspension. Volume of the reaction was adjusted 
appropriately to obtain a 1 wt% suspension of CNC/CNF. To remove the unreacted DTAF 
and NaOH, samples were washed with deionized water by centrifuging 6 times. Washed 
samples were dialyzed for 72 h under dark conditions by changing water every 24 h. Dialyzed 
samples were centrifuged to remove excess water and later sonicated for 5 minutes to 
homogenize the samples. 

Fluorescent images of nanocellulose distributed in hydrogel lenses were obtained using 
Nikon eclipse TE2000-U microscope equipped with a camera. Fluorescence was measured 
using excitation wavelength of 494 nm and emission wavelength of 512 nm. 

4.6 Atomic force microscopy 

A Bruker BioScope Catalyst instrument with a Bruker PFQNM-LC-A-CAL probe was used 
to obtain the images in a field of 50x50 µm2. The probe is 17 µm tall, has a 65 nm tip radius 
and a spring constant of 0.1 N/m which makes it suitable for measuring soft materials. All the 
samples were mounted in a petri dish then submerged in Milli-Q water prior during the 
measurement. The images were acquired in peak-force tapping mode, post processing of the 
images and surface roughness calculations were done in Bruker’s NanoScope Analysis v 1.6 
software. 

4.7 White light interferometry and roughness analysis 

In addition to the optical microscopy investigations of the different hydrogels, a quantitative 
characterization of the surface structures of the hydrogels was performed by White Light 
Interferometry measurements (WLI, NewView7300/ZygoLOT) using 10x and 50x objectives. 
This results in a range of lateral surface spatial frequencies from 0.002 µm−1 to 2.3 µm−1, 
which covers the spatial frequency range relevant for light scattering at visible wavelengths. 
Using the WLI topographic surface data (h(x,y)) two-dimensional isotropic power spectral 
density (PSD) functions of every sample were calculated for roughness analysis as described 
in our previous work [33]. The rms-roughness σ, defined as the standard deviation of the 
surface heights, can be determined by integrating these PSD function over the relevant spatial 
frequency range: 

 
fmax

fmin

2 2π PSD(f)fdf .σ =   (1) 

In contrast to simple roughness measurements, this PSD based procedure allows us to 
combine different measurements and to retrieve roughness values representative for the entire 
spatial frequency range relevant for visible light scattering. Moreover, the scattering 
distribution or Angle Resolved Scattering (ARS) is directly proportional to the surface PSD. 
For a single surface, which is clean and optically smooth, the Rayleigh-Rice theory predicts 
[34, 35]: 
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( ) ( )sARS Q PSD f .θ = ⋅  (2)

The optical factor Q contains information such as the conditions of illumination and 
observation as well as material properties. Within this equation, the spatial frequencies and 
the scattering angles are related by the grating equation: 

( )sf sin / .λ= θ  (3)

For visible light applications, assuming λmin = 380 nm and λmax = 780 nm and scattering 
angles between 0.1° and 90°, the relevant spatial frequencies for normal incidence 
consequently ranges between 0.002 µm−1 and 2.6 µm−1. 

4.8 Light scattering 

Angle resolved light scattering measurements were performed to investigate the optical 
properties of the hydrogel materials. Usually, highly sensitive goniometric scatterometers are 
used, which are based on scanning a detector about the illuminated sample [36]. In this study, 
a BTDF (Bidirectional Transmittance Distribution Function) Sensor [37], recently developed 
at Fraunhofer IOF, was used. In contrast to conventional scatterometers, the BTDF sensor 
enables scatter measurements within a few seconds and thus allows samples to be measured 
before drying out. In the setup (Fig. 9), a tunable supercontinuum source was used at a 
wavelength λ of 532 nm to illuminate the clamped hydrogel samples at an angle of incidence 
of θi = 0°. The wavelength was chosen because it lies in the most relevant part of the 
spectrum visible to the human eye. A CMOS detector matrix and a high dynamic range 
(HDR) procedure were used to measure the scattered light in the transmission hemisphere in a 
cone angle of 14° around the specular beam. 

Fig. 9. Setup for light scattering measurements of hydrogel samples using the BTDF sensor. 

As the instrument enables rapid 3D scattering measurements, i.e. within a few seconds, 
0.3 mm and 5 mm disc shaped samples of pure PVA, PVA-CNC and PVA-CNF were 
investigated at different stages of drying after removal from the immersion liquid (water) 
including almost fully wet conditions. 

The 3D scattering distributions were quantified in terms of the ARS, defined as the power 
ΔPs of the light scattered into the solid angle ΔΩs, normalized to ΔΩs and the incident light 
power Pi [34, 35]: 
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( ) ( )( ) ( )s s s s iARS P / Pθ = Δ θ ΔΩ  (4)

where θs is the scattering angle with respect to the surface normal. ARS is identical to the 
cosine corrected bidirectional transmittance distribution function, where BTDF = 
ARS/cos(θs). Additionally, total forwardscatter (TSf) data were retrieved by integration of the 
ARS to compare the light scattering properties of the PVA samples. Total forwardscattering 
(TSf) is defined as the total scattered power Ps in the transmission direction normalized to the 
incident power Pi [34, 35]. In the text, total forwardscatter (TSf) is referred to simply TS. 
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