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The functionality of soft contact lenses depends strongly on the water content and their water-transport ability. This study was
conducted in order to examine the state of water in two sets of soft contact lenses: VSO38, pHEMAFilcon I 1, andVSO50, copolymer
of HEMA and VP Filcon II 1 (HEMA= 2-hydroxy-ethyl methacrylate; VP = vinyl pyrrolidone). Hydrogel lenses were studied using
near-infrared spectroscopy and the novel Aquaphotomics approach in order to determine the state of water in materials based on
their near-infrared spectra. Aquaphotomics approach investigates absorption at specific vibrational bands of water’s covalent and
hydrogen bonds which can provide information on how the water structure changes with the structural change of the polymer
network. Principal component analysis and specific star-chart “aquagram” were used to analyse water spectral pattern in hydrogel
materials. The findings show that material VSO38 has water predominantly organized in bound state, while material with higher
water content, VSO50, has more free and weakly hydrogen bonded water. Our findings define in detail exact water species existing
and interacting with the polymer network. The results show qualitative and quantitative possibilities of Aquaphotomics for better
modelling and understanding water behaviour in hydrogel materials.

1. Introduction

Chemical and physical properties of hydrogels have been the
object of extensive research over the past few decades. Hydro-
gels are commonly used for the manufacture of soft conven-
tional and disposable contact lenses, but they have numerous
other applications in biomedicine such as drug delivery sys-
tems, artificial implants, wound healing, and sensing applica-
tions.

Many of the properties of hydrogels are governed by the
interaction between the polymer and the water the polymer
absorbs or binds. Specifically, the functionality of soft contact
lenses on the human eye depends strongly on the water con-
tent and their ability of water-transport and oxygen transmis-
sibility characteristics [1, 2].

Currently, following techniques have been used in an
attempt to better understand hydration properties of soft

contact lenses: differential scanning calorimetry [3–6], differ-
ential thermal analysis [4], sorption/desorption experiments
[7, 8] nuclear magnetic resonance (NMR) [5, 9–11], and
Raman [12] and Fourier transform infrared spectroscopy [13,
14].

The properties of water in hydrogel contact lenses such
as the water content, free to bound water ratio, and the
extent of dehydration during wear are key determinants of
their successful application [2]. However, in spite of extensive
research, the state of water in hydrogels still remains poorly
understood [10].

The state of water in hydrogels has been described usually
in the terms of free and bound water, which is classified fur-
ther into nonfreezable and freezable part [2, 15].The existence
and quantification of these different water fractions in the
polymer have been determined through the use of differen-
tial scanning calorimetry (DSC), thermogravimetric analysis
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(TGA), nuclear magnetic resonance (NMR) spectroscopy,
infrared spectroscopy, and chromatography [2].

Generally, at least two different types of water can be
present in the hydrogel, which could be described as water
strongly interacting with the polymer and water which do
not interact at all with the polymer matrix. The bound water
exists as tightly and loosely bound, where tightly boundwater
is associated with water molecules forming hydrogen bonds
with the polar groups of polymer or interacting strongly with
ionic residues, and as a result it is nonfreezable under normal
conditions, whereas loosely bound water is more vaguely
defined, covers diverse classes of water species that remain
in liquid state below the normal freezing temperature, and
usually refers to water molecules in water-swollen polymer
systems which are only loosely associated with polar groups
through hydrogen bonding but have higher hydrogen bond-
ing energies than that of pure water. Free or bulk water refers
to the rest of water molecules, which have hydrogen bonding
characteristic of pure water, and is freezable [2].

Tranoudis and Efron outlined the most crucial difference
in these types of water from the aspect of application of
hydrogels as contact lenses materials: the water which does
not participate in transport is water strongly interacting with
the polymer [2], which means only loosely bound and free
water are available to transport hydrated solutes [2, 3]. Since
the cornea depends solely on the oxygen from atmosphere,
biocompatibility of contact lenses and their subsequent
application is directly linked to the possible permeation of
lens material by oxygen. A hydrogel which is not permeable
to water will not be permeable to oxygen either; therefore
hydrogel that contains exclusively tightly bound water will
not be clinically acceptable because it would not provide
adequate oxygen permeability [3, 16]. In conclusion, free
water fraction decides on transport properties of hydrogels
[2, 3, 16, 17], and it will affect both diffusion and dehydration
behaviour [6, 16].

The purpose of present research is to introduce a new,
noninvasive, easy-to-use, cost-effective, and rapid method
for characterization of soft contact lenses. We here propose
the application of near-infrared (NIR) spectroscopy and
Aquaphotomics [18] as a novel tool to examine the state of
water in hydrogel materials.

Usually, in spectroscopy, water has been considered an
obstacle to analytical process of other molecules in aque-
ous systems [18, 19]. However, Aquaphotomics has recently
emerged as framework to examine the behaviour of water
in various aqueous systems through analysis of their NIR
spectra.

Aquaphotomics approach is based on near-infrared spec-
troscopy and multivariate analysis and it determines inter-
actions between water and other components present in
various aqueous systems. It has become an effective method
for qualitative and quantitative parameters measurements,
and its potential lies in accurate description of specific
water species characteristic for each material, compound, or
solute interacting with water. In Aquaphotomics concept, the
spectrum of water serves asmolecularmirror of all molecules
present in the aqueous system, because the vibrations of
water molecules change as a result of vibrations of other

molecules interacting with it, and by tracking changes in
water molecular vibrations, indirectly information on these
other molecules can be extracted as well. The water-light
interaction presented in the form of NIR spectra can be used
as an enormous source of both physical information and
chemical information.

Previous studies have shown that in the range of the first
overtone of OH stretching band a number of characteristic
prominent water bands can be observed which are related to
specific functions [18]. These water bands, called WAMACs
[18], originate from the different water molecular confor-
mations such as free water molecular species, water dimers,
trimers, tetramers, or pentamers. Aquaphotomics approach
was so far applied for various detection, qualitative descrip-
tions, quantification, dynamic monitoring, and diagnostic
purposes [18, 20–26].

However, there is no available publication, yet, which
presents the applicability of Aquaphotomics in characteriza-
tion of hydration properties of hydrogel materials.

Therefore, the objective of this research was to perform a
near-infrared spectroscopic characterization usingAquapho-
tomics approach of the following two classes of hydrogel
materials with different nominal water contents (n.w.c.):
VSO38, pHEMA Filcon I 1 (n.w.c. 38%), and VSO50, copoly-
mer of HEMA and VP Filcon II 1 (n.w.c. 48%) [HEMA = 2-
hydroxy-ethyl methacrylate; VP = vinyl pyrrolidone].

The high water content of hydrogel contact lenses makes
them ideal to study from Aquaphotomics perspective. It is
anticipated that the application of this method could provide
insights into water molecular arrangement and lead to more
complete understanding of the state of water in hydrogel
contact lenses.

2. Materials and Methods

2.1. Lenses. All hydrogel contact lens samples were stored
in sealed glass vials and equilibrated in phosphate buffered
saline (PBS) for at least 24 h at room temperature (24 ± 1∘C).
PBS is a standard solution used for hydration of commercial
contact lenses because it successfully mimics composition
and properties of tears.

The usedmaterials belong to one of a series of poly-Hema
formulations made by a company, Vista Optics, England.The
properties of soft contact lenses materials are given in Table 1.

All lenses were manufactured (lathe-cut) by the same
contact lens manufacturer (Optix DOO, Belgrade, Serbia)
and had following parameters: BC, 8,60mm, DIA, 14,20mm,
and Sph, +1,00D. Six lenses from each of these two materials
were used in the experiments.

2.2. Experimental Procedure. Acquisition of near-infrared
spectra was done in transmittance mode using minispec-
trometer Hamamatsu (TG, Cooled NIR-IC9913GC, Hama-
matsu, Japan) in the region of 900 nm to 1700 nm with the
maximum resolution of 7 nm at integration time of 700𝜇s.
Transmission fixture TXF-4 (Stellarnet, US) and specially
designed holder for contact lenses (Figure 1) were used to
ensure fixed central position of lenses during measurements
and to prevent environmental influences.
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Table 1: Soft contact lens materials used in this research (specifics provided by Vista Optics, England).

Material VSO38 VSO50
British approved name pHEMA Filcon I 1 Copolymer of HEMA and VP Filcon II 1
Water content 38.1%± 2 48%± 2
Average measured Dk (fatt) 9 15
Expansion ratio radial 1.163 ± 0.04 1.270 ± 0.04
Expansion ratio diametric 1.2041 ± 0.04 1.270 ± 0.04
Refractive index wet 1.4351 ± 0.001 1.420 ± 0.001
Refractive index dry 1.5178 ± 0.003 1.524±−0.003

Contact lensContact lens 
coverlid

Contact lens 
holder

fixture stand

Transmission 

Transmission 

fixture stand

Figure 1: Experimental setup for transmittancemeasurement of soft
contact lenses.

Before spectral measurement each lens sample was taken
out of its vial and blotted quickly with lint free tissue to
remove excessive surface liquid. Experiment was repeated
three times, with 24 h difference in between.The temperature
in laboratory was 24 ± 1∘C.

Five consecutive spectral replicas were acquired for each
lens per experiment, giving in total from three experiments
180 spectra (3 experimental days × 12 lenses × 5 consecutive
replicas). A reference spectrum was recorded before each
sample (empty sample holder).

Only the region of the first overtone of water (1300 nm–
1600 nm) was used in further analysis.

2.3. Data Analysis. Multivariate analysis of absorbance spec-
tra (log𝑇−1) was carried out by Pirouette ver. 4.0 (Infomet-
rics, USA) software program.

2.3.1. Spectral Pretreatment. Spectral pretreatment was per-
formed by using Savitzky-Golay smoothing filter [27] using

2nd-order polynomial and 25 points to remove instrumental
noise. Mean centering and standard normal variate pretreat-
ment (SNV) [28–30] were applied to dataset before analysis
for elimination of scatter effect and suppressing spectral
variability due to path length variations in soft contact lenses.

2.3.2. Principal Component Analysis (PCA). Principal com-
ponent analysis is one of the most commonly used multivari-
ate analysis techniques for revealing internal structure of the
data in a way that best explains the variance in the data. Prin-
cipal components are orthogonal to each other and define a
pattern space which explains all the variation in the data [28].

Uncovered principal components (PCs) are presented
by scores on 2D scatter plots in a Euclidean plane which
allows immediate visualization of where the samples are
placed in the PC space and makes the detection of sample
groupings or trends easier. Scores plot is discussed together
with the corresponding loadings plot. The loadings represent
the weight of each of the original variables in determining
the direction of each of the PCs or, which is the same as PCs,
are defined as themaximum variance directions, which of the
original variables vary themost for the samples with different
score values on each of the components [31].

The PCA analysis was performed on pretreated spectral
data and validation was performed by leave-three-out cross
validation.

2.3.3. Aquagrams. The absorbance values at specific water
matrix coordinates (WAMACs) define the water spectral
pattern (WASP) [18]. The visualization of WASP can be done
by star chart called aquagram [32].

Aquagrams were calculated in order to show the differ-
ences of the absorbance values at thewatermatrix coordinates
for the classes of two different hydrogel materials. The
aquagram displays averaged normalized absorbance values
for different sample classes at selectedwater bands on the axes
originating from the center of the graph.

Normalized absorbance was calculated using the follow-
ing equation:

𝐴
𝜆
 =
𝐴
𝜆
− 𝜇
𝜆

𝜎
𝜆

, (1)

where 𝐴
𝜆
, 𝜇
𝜆
, and 𝜎

𝜆
are absorbances, mean, and standard

deviation of all pretreated spectra, respectively, at a given
wavelength.

Aquagrams were prepared in Microsoft Office Excel 2013
(Microsoft C., Redmond, WA, USA).
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Figure 2: Raw spectra of contact lenses in the region of 1300–
1600 nm. Spectra of VSO38 contact lenses are presented with blue
lines, while those of VSO50 are presented with green lines.

3. Results and Discussion

In this study, we applied NIR spectral analysis and Aquapho-
tomics to enquire about differences between two types of con-
tact lenses made of hydrogel materials, VSO38, pHEMA Fil-
con I 1, and VSO50, copolymer of HEMA and VP Filcon II 1.

Using specially designed experimental setup NIRS was
then used noninvasively to record spectra of contact lenses.
All lenses’ spectra were acquired at room temperature over
the course of three days, in hydrated state, after equilibration
for 24 h at least in PBS solution tomimic physiological condi-
tions.

Aquaphotomics approach utilizes usually only the region
of the first overtone of water ranging from 1300 nm to
1600 nm.We concentrated our study on thiswater absorbance
region where more details are unraveled for water species
assignment [18].

The raw absorbance log(1/𝑇) spectra of the contact
lenses are plotted in Figure 2. The strong absorption near
1450 nm is assigned to the combination of antisymmetric
and symmetric stretching modes of water, and this region is
generally referred to as the first overtone of the OH stretch
[33, 34]. Thus, all lenses’ spectra are dominated by the water
absorption.

The differences in the spectra of the lenses are caused by
both physical and chemical properties of water in polymer. In
the raw spectra (Figure 2) significant scatter effect is evident
(baseline offset) which can be caused by the path length
changes due to the uncontrollable physical variations such as
variation in thickness of the lens due to the different swelling
rate or due to the sample morphology (surface rough-
ness/shape). Such variations are unrelated to the chemical
response, but it should be noted that, due to the impact of
the physical properties on the spectral response, the NIRS
can be used to measure changes in such attributes as well.

Standard normal variate transformation is then used on
spectral dataset to correct the influence of scatter and the
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Figure 3: Absorbance spectra of hydrated contact lenses in the
wavelength region of 1300–1600 nm after mean centering and
standard normal variate transformation. Spectra of VSO38 contact
lenses are presented with blue lines, while those of VSO50 are
presented with green lines.
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Figure 4: Principal component analysis of hydrogel contact lenses.
Spectral data presented on scores plot of PC1 factor and PC2 factor
show the classification power of this technique.The plot shows good
separation between the classes of VSO38 contact lenses (blue scores)
and VSO58 contact lenses (green scores).

spectra of contact lenses in the region of first overtone (1300–
1600 nm) after mean centering and standard normal variate
transformation are shown in Figure 3.

To present numerical explanation of the difference
between the hydrogelmaterialsVSO38pHEMAFilcon I 1 and
VSO50 copolymer of HEMA and VP Filcon II 1, spectra of
lenses were analysed using principal component analysis.The
first two principal components describedmore than 98.6% of
the variation.

The results of PCA analysis presented in Figures 4 and 5
show scores and corresponding loadings plot.

Here it can be seen from the scores plot that principal
component analysis of the NIR spectral data classified all
samples of the same contact lenses into two distinct groups:
all VSO38 scores lenses are located in the negative part of
PC1 factor, while spectral scores of VSO50 lenses are in the
positive part.
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Figure 5: Principal component (PC) loadings plotted as a function
of wavelength. This plot shows the importance of certain wave-
lengths in the respective spectral pattern of each PC. First two
PC factors described 98,6% of the variations in the dataset with
PC1 factor (blue line) describing 94,3% and PC2 factor (red line)
describing 4.3%.

The scores plot illustrates that PC1, which explains 94.3%
of total variance and is related to water, distinguishes the
two hydrogel materials. This loading vector presents water
spectral changes related to the state of water in the lenses and
it is highly dependent on properties of materials.

For PC1, no characteristic peaks were observed, it shows
steady decline with the longer wavelengths, and crosses zero
point at approximately 1500 nm. The spectral pattern of PC1
loading has negative scores for VSO38 pHEMA Filcon 1
contact lenses, which corresponds to higher absorbances in
the wavelength range between 1491 nm and 1510 nm.

These wavelengths are introduced as strongly hydrogen
bonded water [35, 36]. The positive scores of VSO50 copoly-
mer of HEMA and VP Filcon II 1 in the spectral pattern of
PC1 suggest more free water.

These findings are consistent with the existing data on
low and medium water content soft contact lenses; that is,
increasing water content will result in an increase in only free
water content [2]. These results will be more discussed later.

On the scores plot from Figure 4, another trend can be
observed. Along direction of PC2 it is evident that all lenses
have higher scores for consecutive replicas in the experiment.
This suggests that PC2 loading vector presents water spectral
changes caused by the influence of irradiation. Even though
the irradiation time was very short (700ms per one replica),
the lenses show fast dehydration during measurements. The
main features of PC2 loading are positive absorbance at
1410 nm and negative absorbance at 1496 nm. According to
Segtnan et al. the twomajor spectral changes of water around
1412 nm and 1491 nm are a function of temperature [35]
and, in this study, irradiation. These changes occur in phase
with each other in opposite directions, where the two states
represent weaker and stronger hydrogen bonding at 1412 nm
and 1491 nm, respectively, and these two species are perfectly
correlated; that is, the concentration of one species increases
at the expense of the other, when the temperature is changed.
Due to the low resolution of the instrument (7 nm), in our
experiment, this spectral feature occurs at 1410 nm.

In order to compare how dehydration process occurs
in different materials during measurements, the standard
deviation was calculated for the presented PC2 scores of each
class of samples. The results showed slightly higher standard
deviation for VSO50 material (SD = 0.025) compared to
VSO38 material (SD = 0.021), indicating probably faster
changes in the water state of VSO50 material, which could be
due to higher content of unbound water that can more easily
be extracted or escape as vapour, but more temperature and
time controlled studies would be needed to assert this.

To investigate detailed characteristics of water orga-
nization in the contact lenses, the obtained NIR spec-
tra were subjected to analysis of the absorbance pattern
at specific water bands, named water matrix coordinates
(WAMACs). Tsenkova has defined 12 characteristic water
wavelength ranges which cover various conformations of
water molecules and are very useful to present water spec-
tral pattern [18]. The ranges of WAMACs were defined as
follows: C1 (1336–1348 nm: ]3, H

2
O asymmetric stretching

vibration), C2 (1360–1366 nm: water solvation shell, OH-
(H
2
O)
1,2,4

), C3 (1370–1376 nm: ]1 + ]3, symmetrical stretch-
ing fundamental vibration and H

2
O asymmetric stretching

vibration), C4 (1380–1388 nm: water solvation shell, OH-
(H
2
O)
1,4

and superoxide, O
2
-(H
2
O)
4
), C5 (1398–1418 nm: S0,

free water and free OH-), C6 (1421–1430 nm: H-OH bend and
O ⋅ ⋅ ⋅O), C7 (1432–1444 nm: S1), C8 (1448–1454 nm: water
solvation shell, OH-(H

2
O)
4,5
), C9 (1458–1468 nm: S2), C10

(1472–1482 nm: S3), C11 (1482–1495 nm: S4), and C12 (1506–
1516 nm: ]1, ]2, symmetrical stretching fundamental vibra-
tion, and doubly degenerate bending fundamental), where S𝑖
describes number of hydrogen-bonded molecules [18, 26].

Figure 6 shows the aquagrams of the hydrogel contact
lenses representing the average of the pretreated spectra of
the individual lenses across all replicas and experiments,
at selected 12 characteristic water wavelengths from the
WAMACs regions.

The aquagram of VSO38 contact lenses differs mainly
in absorbances at longer wavelengths at C10, 1474 nm, C11,
1488 nm, and C12, 1510 nm, suggesting differences in the
water structures like S3 and S4 (water molecules with three
and four hydrogen bonds, resp.) and strongly bonded water.
The aquagram of VSO50 contact lenses shows mainly higher
absorbances at shorter wavelengths whichmeans these lenses
contain more free water molecules, more free OH, and more
weakly hydrogen bondedwater involved in ion hydration and
water solvation structures [18, 36].

In the context of existing literature on the state of water
in low and medium water content hydrogel lenses, our new
results provided with near-infrared spectroscopy and Aqua-
photomics confirm that the materials vary in the states of
bound and free water, where in material with higher water
content more free water exists in addition to tightly bound
water, which already occupies the available sites in the
polymer.

The resulting state of water in VSO38 pHEMA Filcon
1 material is due to the hydroxyl groups (-CH

2
CH
2
OH)

of pHEMA. At this location hydrogen bonding with water
molecules occurs, causing them to be drawn into the polymer
matrix [37]. According to Lee et al. most of water in pHEMA



6 International Journal of Polymer Science

−2
−1.5
−1

−0.5
0

0.5
1

1.5
2
(V3)

(water shell)

(V1 + V3)

(water shell)

(free OH)

(S0, free water)
(H5O2)

(S1)

(S2)

(S3)

(S4)

(V1, V2)

VSO38.1

VSO38.2

VSO38.3

VSO38.4

VSO38.5

VSO38.6
VSO50.7

VSO50.8

VSO50.9

VSO50.10

VSO50.11

VSO50.12

1517nm

1488nm

1474nm

1460nm

1446nm
1439nm

1410nm

1396nm

1382nm

1375nm

1360nm
1346nm

Figure 6: Aquagrams of the contact lenses calculated at selected
wavelengths. The averaged spectra of lenses across all experiments
show differences in water spectral pattern for different hydrogel
materials (VSO38 contact lenses, VSO38.1 to VSO38.6, and VSO50
contact lenses, VSO50.7 to VSO50.12).

gels with low water content exists as bound water [38],
which is in agreement with our results. Vinyl pyrrolidone
is one of the monomers commonly used to increase water
content in soft contact lensesmaterials based on pHEMA, but
increasing water content increases only free water fraction
[2]. In VSO50, copolymer of HEMA and VP Filcon II 1, the
higher water content is achieved due to the presence of amide
moiety (pyrrolidone group -NCOCH

2
-), which is very polar

and twomolecules of water can become hydrogen-bonded to
it [37]. However, amide group does not bind water as strongly
as hydroxyl group and that is why VSO50 contact lenses
contain more loosely bound and free water when compared
to VSO38.

When considering the physiological response to contact
lenses, the water content is the most important property
defining their clinical behaviour. As we already mentioned
the solubility of compounds, mostly important oxygen, is
a function of the content of free water in a hydrogel. The
larger amount of loosely bound and free water seen in the
aquagrams of VSO50 as compared to VSO38 suggests more
water available for oxygen transport.However, the differences
observed in dehydration rate (PC2 scores, Figure 2) indicate
faster changes in VSO50 material, again probably due to
the less strong binding of water molecules to amide group.
These results are in agreement with the findings of faster
translational motions in hydrogels with higher water content
[11] and higher evaporation rates may be seen as a problem
for lens stability and comfort [37, 39].

Since such state of water is useful from one point of view
and from another point of view it can lead to interaction with
various solutes in tears leading to depositions of proteins and

lipids on the contact lens surface, it is difficult to predict exact
behaviour of both types of material in general based solely on
the state of water. It is rather a complex interaction of various
factors and additional clinical work will be undertaken to
explore this matter further.

Our most important findings are that the differences in
water states and water/polymer interaction in hydrogels can
be analysed using near-infrared spectroscopy and Aquapho-
tomics. Our contribution defines in more detail exact water
species existing and interacting with the polymer network,
which Aquaphotomics approach provides. The limitation of
this study is that the measurements are done on hydrogels
swollen in PBS solution, which can contribute to the higher
levels of tightly boundwater as it was shown forHEMA lenses
swollen in aqueous sodium chloride solution compared to
swelling in distilled water [38]. However, to mimic the phys-
iological conditions better, we have chosen to use PBS. The
other limitation is the instrument accuracy, because it pro-
vides real-time, fast acquisition at the expense of resolution.
And finally this study is limited to only two hydrogel
materials.

Further accumulation of experimental data on water
behaviour in hydrogels will provide valuable insights into
detailed picture of water organization and, furthermore, into
the hydrogel structures providing optimal functionality of
hydrogel contact lens materials.

4. Conclusions

In this study, we showed that NIR spectroscopy and Aqua-
photomics approach could be used successfully for finding
the differences in water state of contact lenses made of
different hydrogel materials based on their NIR spectra. The
main findings are defined dominant water species in hydrogel
lenses of low and medium water content.

We presented here new approach for studies of hydration
properties of hydrogel based contact lenses where near-
infrared spectra allowmonitoring of water species interacting
with polymer matrix.

This approach can be used as a common platform for
comparison of hydrogel materials in general in a nondestruc-
tive, real-time, and cost-effectivemanner. In addition it could
also be used for dynamic studies of hydrogels during swelling
and dehydration, as well as in quantitative parameters meas-
urements.
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