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1 Introduction

The lens of the eye does not contain blood vessels; the
only filter for the transit of water, nutrients, and
products of vital activity is the membrane in which it is
housed — the lens capsule. The lens capsule is a thin
structureless transparent membrane which completely
covers the lens. A part of the capsule that lines the
anterior surface of the eye lens is called the anterior lens
capsule. From the inside, the anterior capsule is covered
with a single-layered epithelium. The devoid of
epithelium posterior capsule is almost twice thinner than
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the anterior. The lens capsule is a matrix of molecules
consisting mainly of type IV collagen and laminin
networks, which are bound together by nidogen and
perlecan [1]. It represents one of the varieties of
basement membranes, and is the thickest
human basement membrane [2].

Since the viability of the lens is provided by the
capsule, interest in the problem of determining the
permeability of a given membrane to various substances
appeared very long ago. One of the first works on
determination of the relative permeability of the lens
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capsule to water and various sugars date back to 1930
[3,4].

In [5] the hydrodynamic permeability of the bovine
lens capsule to water and the osmotic permeability to
glucose were studied. For the investigation of
permeability the authors wused a device, which
represented a U-shaped tube formed by a reservoir
(¥=700cm’) and a thin capillary (d=0.1 mm)
between which a sample (capsule) was fixed. The
volumetric flow was determined from the magnitude of
the height of liquid in the capillary. The need for the
fixation of the capsule between two reservoirs (similar
constructions were also used in [6-7]), increases the
sensitivity of such method to integrity and requires a
sufficiently large size of the lens capsule samples. It
should be also noted that permeability measurements
were carried out under hydrostatic pressure.

In [8-10] the fundamental properties of integral
membrane proteins forming pores in membranes of
cells —aquaporin’s, were studied, their role in the
transport of substances through the capsule was
investigated. The hydropermeability coefficients of
anterior epithelium cells and vesicles of cell membranes
of the animal lens fibers were measured.

In[11] the anterior lens capsule of the human eye
was examined as a potential replacement for the Bruch
membrane for the treatment of age-related macular
degeneration. One of the most important properties of
the Bruch membrane is the ensuring of a flow of
nutrients and products of vital activity between the
retinal pigment epithelium and the choriocapillaries. In
this connection, the authors measured the lens capsule
permeability by studying the diffusion of FITC-dextran
molecules (fluorescein isothiocyanate-dextran) with
different molecular masses. Diffusion of dextran
molecules was performed in a blind-well chamber and
the concentration of diffused molecules was measured
by recording the fluorescence intensity of the solution.

The studies of the lens capsule permeability, as well
as the development of new methods for its
measurement, are still relevant. In[12] a method for
studying the lens capsule permeability based on the
restoration of fluorescence after photobleaching was
demonstrated. In [13] the possibility of preventing the
occurrence of secondary cataracts by introducing drugs
into an artificial intraocular lens was investigated. In
this connection, the permeability coefficients of the lens
capsule to antiproliferative drugs were measured. The
measurements were carried out by the fluorescence
detection method, molecular weight cutoff was also
measured.

The data on the lens capsule permeability are also of
interest for modern ophthalmic surgery, also due to the
fact that minimally invasive laser technologies for
cataract surgery gain ground. The most commonly used
minimally invasive method of cataract surgery is
ultrasonic ~ phacoemulsification. Recently, the
technology of femtosecond laser-assisted ultrasound
phacoemulsification has been actively introduced into
surgical practice. In this case femtosecond laser devices
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are used for opening the anterior lens capsule
(capsulorhexis) and pre-softening dense cataract
lens [14], but for complete lens fragmentation the
additional ultrasonic machine is required. Now, white,
brown and black cataracts [15], as well as complications
with weak ciliary zonulas [16], are limitations for the
application of femtosecond laser-assisted ultrasound
phacoemulsification. In ophthalmological clinics in
Russia and abroad, along with ultrasonic and
femtosecond phacoemulsification, the method of laser
cataract extraction (LCE) [17] based on the use of
Nd:YAG laser radiation with the wavelength of
1444 nm is widely used. The LCE method is based on
the destruction of cataract lenses due to the complex
effect of laser radiation and laser-induced acoustic
waves. The main advantage of this method is the ability
to destruct cataract lenses of any density degree without
negative influence on surrounding issues. The lens
destruction process is characterized by high
productivity - time of complete destruction is of 2-3
minutes [16].

An important stage of minimally invasive cataract
surgery, including LEC, is anterior capsulorhexis —
opening of the anterior cataract lens capsule. The more
precisely capsulorhexis is performed, the more reliable
is the fixation of the artificial intraocular lens (IOL),
which is installed in the capsular bag at the final stage
of the operation as a replacement for the removed
cataract lens. Currently, capsulorhexis during LEC is
performed either manually, or with the help of complex
and expensive femtosecond laser systems. Such laser
systems provide a cut of the capsule with the shape of
an ideal circle with a given diameter, the edge of the
capsule is characterized by greater strength than in the
case of manual capsulorhexis [18]. In recent times, the
use of a microsecond Yb,Er:Glass laser radiation with a
wavelength of 1.54 um has been discussed [19] for
efficient fragmentation of the cataract lens and for
performing anterior capsulorhexis [20]. On the other
hand, for performing a capsulorhexis it is also possible
to use the radiation of lasers on crystalline media
activated by erbium ions; the use of Er:YAG laser
radiation for lens fragmentation was investigated in
[21-23].The radiation of Er:YAG laser with a
wavelength of 2.94 um is very effectively absorbed by
water [24,25]; as a result, the penetration depth of this
radiation into water-saturated tissues, to which the lens
capsule can be attributed, is close to 1 um. It is obvious
that in the process of laser capsulorhexis, during the
action of the radiation pulse, the capsule is dehydrated,
and in a pause between laser pulses it is saturated with
water again. In this regard, in order to select the energy
and time parameters of laser radiation for efficient and
safe impact on the cataract lens capsule it is important to
know how quickly the part of the capsule dehydrated
under the action of laser radiation can be saturated with
water. The hydropermeability of cataract lens capsules
is poorly understood.

Thus, the study of hydropermeability of human
cataract lens capsules with the use of effective, non-

30 Sep 2017 © JBPE



A.V. Belikov et al.: In vitro spectroscopic investigation of human cataract lens capsule...

contact techniques, including optical techniques, is
important and relevant for the development of modern
methods of minimally invasive laser cataract surgery.
From this point of view, a method for measuring the
diffusion properties of biological tissues described in
[26-31] is interesting, which is effectively used to study
the optical clearing of biological tissues under the action
of immersion agents. The method is based on obtaining
data on the characteristic times and coefficients of
diffusion as well as on the permeability of membranes
for osmotically active liquids from data on the dynamics
of collimated transmission of optical radiation by
samples of biological tissues under the influence of
these liquids.

In the present study, the dynamics of collimated
transmission of optical radiation in the wavelength
range 1100-2000 nm for cataract lens capsules in vitro
during their dehydration in air was studied for the first
time. The analysis of the optical density dynamics made
it possible to determine the coefficient of
hydropermeability and the characteristic time of
dehydration of the human cataract lens capsule.

2 Materials and methods

The samples of human lens capsules were obtained by
performing manual capsulorhexis during LEC, after
extraction they were stored in saline (0.9% aqueous
sodium chloride solution) at a temperature of 4-6 °C. In
total, five capsules of medium-density human cataract
lenses were examined. To measure the thickness of lens
capsules the samples were placed between the
coverslips; the measurements were carried out with a
micrometer "S_Mike PRO" ("Sylvac", Switzerland).

The determination of the hydropermeability
coefficient (dehydration rate) and the characteristic time
of dehydration of the cataract lens capsule was carried
out on the basis of studying the dynamics of optical
signal attenuation associated with the absorption of
radiation by the liquid during the dehydration of the
capsule in air. This study was carried out in the same
way as described in [26-31], where the diffusion of
various osmotically active liquids in biological tissues
was investigated.

The lens capsule sample was placed onto a glass
slide. After that the liquid (saline solution) remaining on
the capsule surface was removed mechanically by the
lateral surface of injection needle which was moved
along the capsule surface. This action was implemented
with the minimum possible pressure from the needle
side to the capsule sample.

Then a sample of the capsule on the glass slide was
placed in the measuring channel of the experimental
setup (Fig. 1). The experimental setup included a
radiation source (1) — ahalogen lamp "HL 2000"
("Ocean Optics", USA), light guides "QP600-2-VIS-
NIR" ("Ocean Optics", USA) (2, 5), one of which
delivered radiation to the sample (4), the other —
collected the radiation transmitted through the sample, a
diaphragm (3) with a diameter of 1 mm, a

J of Biomedical Photonics & Eng 3(3)

030303-4

doi: 10.18287/JBPE17.03.030303

spectrometer (6) "NIR Quest" ("Ocean Optics", USA)
and a computer (7).

|L
2
]

=\

7

Fig. 1 Scheme of experimental setup for collimated
transmission measurement: 1 — halogen lamp "HL
2000" ("Ocean Optics", USA); 2,5 — light guides
"QP600-2-VIS-NIR" ("Ocean Optics", USA) with
collimators "74-ACR" ("Ocean Optics", USA) at the
ends; 3 — diaphragm; 4 — sample on the glass slide;
6 — spectrometer "NIR Quest" ("Ocean Optics", USA),
7 — computer.

In experiment collimated transmission spectra of
each sample of lens capsule on a glass slide
Tgtass+sampie (A, t) and also spectrum of glass slide
Touss(A)  were measured in  spectral range
11002000 nm. The measurements of Tgassrsampre (A, £)
were carried out for the first 3 minutes in 0.5 minute
increments, then on 4™, 6™ and 10™ minute, at room
temperature and 20% relative humidity.

The transmission spectra of lens capsule samples
Tsampie (A, t) were obtained by correcting the spectra
Tgtass+sampie (A, t) taking into account the absorption of
the glass slide and normalization to a transmission value
at 1100 nm (Tyampie (A = 1100 nm, #)):

Tglasﬁsample (l’ t) (1)
A=1100 nm, )’

T (A1) =

glass ( )T;'[axs+sample (

The wavelength of 1100 nm was chosen as the
reference one under the assumption that the scattering
coefficients for a transparent capsule are small and close
to each other for the investigated spectral range, and the
absorption of water at a given wavelength is negligible
(Fig. 2).

A baseline drift of the measuring device causes the
need for such a normalization during the experiment.
The baseline drift may be connected with the time
variation of the refractive index of the sample (due to
dehydration) when the glass slide with the sample is not
perpendicular to the light beam. The baseline drift may
be also associated with incompletely aligned sphericity
of the sample when placed onto the glass slide, which
leads to shift of the beam relative to the optical axis.
The normalized collimated transmission spectra were
averaged over five samples, after that the spectral
dependences of the average optical density were
obtained from the average transmission spectra:
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Fig. 2 Transmission spectra T(A) of water layers of
thickness /& equal to thickness of investigated lens
capsule samples.

The time variation in the optical density of lens
capsules at the wavelength of 1950 nm, which align
with the local absorption peak of water contained in the
lens capsule, is associated with the dehydration of the
capsule. Dehydration, in turn, is associated with the
diffusion of water from the sample into the external
volume. In this connection, the dynamics of the
dehydration degree change can be described using the
equation for diffusion through the permeable
membrane. For estimation of dehydration degree under
the action of air, the following equation can be
used [30]:

C(t)_ M(t)—Mm B ¢
c, ‘M(r=o)—Mm‘e"p(‘7} ©

where M is the mass of the biotissue sample, M, is the
residual mass of the sample (i.e., completely
dehydrated), C is the concentration of the diffusing
substance, Cy is the concentration of the substance in the
closed volume at the initial time, tp is the time constant
characterizing the dehydration rate and ¢ is the
dehydration time.

The parameter M,,; includes the mass of collagen,
elastin and other components of the tissue after
complete dehydration, bound water and possible
residual free water. The difference between the initial
and residual mass of the sample (M (¢t = 0) — M,,,)
indicates the amount of water which left the tissue due
to dehydration.

Eq. (3) is similar in shape to the diffusion equation,
which describes the flow of substance from a small
volume with a nonzero concentration to a tank of zero
concentration [31]:
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C(t):CO exp(—%st} (€))

where C, is the concentration of substance in a closed
volume at the initial time, P is the permeability
coefficient, S is the area of the membrane and V is the
closed volume.

The permeability coefficient P of membrane in the
case of one-sided diffusion is related to the
characteristic diffusion time 1, of water in the capsule
by the expression:

P=—, 5)

where % is the membrane thickness.

Since the optical density of the lens capsule at the
wavelength of 1950 nm is directly proportional to the
concentration of water contained in it, taking the sample
thickness unchanged during the measurements, the
dynamics of the sample optical density change D(¢)
during its dehydration by analogy with equation (3) can
be described by the following expression

p(1)=(p(s =0)—Dm)exp[—i]+Dm, )
D
where ¢ is the dehydration time, tp is the time constant
characterizing the dehydration rate, D, is the residual
optical density associated with the absorption of
radiation by a dry matter and possible residual water.

Thus, the average for the samples studied
characteristic dehydration time of human cataract lens
capsules (the characteristic water diffusion time tp in
the capsule) can be obtained by approximating the
experimentally obtained points of the time dependence
of the optical density of the samples at the wavelength
of 1950 nm.

In our study, the approximation of the experimental
data was carried out by using non-linear fitting with
final value fixation in the package "OriginPro 8.5.1"
(OriginLab Corp., USA). The following standard
exponential function was used

y(x)=Adexp(Bx)+C. ™

The program generated the values of approximation
coefficients and corresponding values of standard
deviation.

3 Results and discussion

Averaged over all samples spectra of optical density at
different times are shown in Fig. 3a. Figure 3b shows
the experimentally obtained values of optical density of
the lens capsules at the wavelength of 1950 nm at
different times and the results of the approximation of
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these values by the function (7). It is seen that in the
first 3 minutes the optical density at the wavelength of
1950 nm drops fast, then a segment of slower bleaching
is observed.

0.12 4
—— O min
0104 |0 min
—— 1 min
—— 1.5 min
0.08 1 2 min
——2.5min
—— 3 min
= 0.06 —2 m%n
= —— 6 min
_Q —— 10 min
0.04
0.02 1
N\
0.00 — T T T T [ " T T T T T T T *t T T 1
1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
A, nm
a
0.12
O Experimental data
Exponential fit 1
0.104 \ —-—-Exponential fit 2
!
0.08 \
_ ©
= \
£ 0.06 S
2 AO
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Q  0.04+ 5
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0.02 4 O\ S
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b

Fig. 3 Lens capsule optical density spectra D (A)
obtained according Eq. (2) in different time points (a);
dependence of lens capsule optical density D;-1950 nm (£)
at the wavelength of 1950 nm on dehydration time (b).

The accuracy of the result can be affected by the fact
that the thickness of the sample as decreases during the
dehydration (drying). The point D (¢ = 0) can introduce
an error in the result of approximation due to a
inconstancy of the time interval between the moment of
setting the glass slide with the sample into the
measuring channel and the moment of the beginning of
transmission spectrum measurement. In this connection,
in Fig.3b two versions of the experimental points
approximation are presented, taking into account the
point D (t=0) ("Exponential fit1") and with its
exception ("Exponential fit 2").

As a result of the "Exponential fit 2" approximation
the mean over samples studied value of characteristic
time of dehydration (diffusion of water from the
sample) of the anterior cataract lens capsule was
obtained: tp =77 £ 10s. By using "Exponential fit 1",
this value was 95+ 12s. In our opinion, the result
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obtained with "Exponential fit 2" with the exception of
the point D (¢ = 0) is more adequate.

The indicated error in the result is an error of
approximation. At an average of five capsule
thicknesses of # =14.8 + 5.7 um and a dehydration time
of ©p =77 + 10 s, the average value of the permeability
coefficient P calculated according to Eq.(5) is
P=0.19+0.10 pm/s.

In our experiment, the capsules were not cleared
from the anterior lens epithelial cells, so the latter had
an effect on the permeability. It should be noted that the
obtained value of the permeability coefficient of
cataract lens capsule is two orders of magnitude less
than the values of permeability coefficients of anterior
lens epithelial cells, presented in [8, 10]. In[3] a
significant decrease in the permeability of the lens
capsule in the case of cataract was noted, so the
observed difference in results can be explained by the
fact that in our case capsules separated from the human
cataract lenses were examined. It is also worth noting
the fact that in our case the dehydration of the capsule
took place in the air, while in [8,10] the shrinking of
cells caused by the change of saline osmolality from
240 mM to 480 mM was analyzed.

A comparison of the obtained results with the data
on the lens capsule permeability coefficients obtained in
[3-7] presents difficulties, because in these studies the
measurements were carried out in the presence of
hydrostatic pressure.

If we assume that the width of the dehydrated tissue
zone near the boundary of laser-produced
microperforation in capsule is comparable to the
penetration depth of laser radiation, then for lasers on
crystalline media activated by erbium ions (for example,
Er:YAG laser), it amounts to about 1 um. Taking into
account the hydropermeability coefficient measured in
this paper, this zone will restore the initial water
content, and hence the initial absorption coefficient,
only on average 5s after laser exposure. Thus, for
effective capsulorhexis by means of erbium laser
radiation this feature should be taken into account when
choosing a technology for scanning a laser beam over
the surface of the capsule.

4 Conclusion

The paper describes a method for measuring the
hydropermeability of the lens capsule and the
characteristic time of its dehydration in air using optical
spectroscopy. For capsules separated from the cataract
lenses of the human eye the average over studied
samples value of hydropermeability coefficient was
0.19+0.10 um/s. The average characteristic time of
dehydration was 77 + 10 s. The method can be used for
express studies of lens capsule samples in order to
obtain information about their physical condition. The
results obtained with the help of this method are useful
when tuning laser sources for capsulorhexis in
laboratory for choosing optimal radiation parameters.
The data on lens capsule hydropermeability indicate a
possibility of cataract development; therefore, the
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