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Abstract. The kinetics of collimated transmittance of the gastric mucosa
under the action of an aqueous 40%-glucose solution was experimentally
investigated. Based on the analysis of the transmittance kinetics, the value of
the effective diffusion coefficient of glucose in the gastric mucosa was
estimated and amounted to (1.59%0.96)x10¢ cm?/s. The permeability
coefficient of the mucosa for glucose, calculated using the first Fick diffusion
law, was estimated as (2.81+0.90)x10-> cm/s. It was shown that the
introduction of the glucose solution into the mucosa reduced the light
scattering coefficient by approximately 5-10%. The increase in the depth of
light penetration was from 5% to 15%, depending on the selected spectral
range. The results can be used to develop new methods of diagnosis and
treatment of stomach diseases. © 2019 Journal of Biomedical Photonics &
Engineering.
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1 Introduction

Currently, non-invasive optical methods for diagnostics
and therapy of various diseases are widely used in
medicine, due to their safety for the health of patients
and low cost [1-7]. At the same time, one of the main
problems in their application is related to the delivery of
probe radiation through the surface of biological tissue
to the required depth. The complexity of this problem
solving is associated with the limitations imposed by the
scattering ability of biological tissues, which is the
cause of the decrease in spatial resolution and depth of
probing in the visible and near-infrared (NIR) spectral
ranges [3]. It is well known that the optical radiation
scattering in tissues is mainly connected with the
mismatch of refractive indices of the tissue structural
components (e.g. collagen and elastin fibers) and the
interstitial fluid, as well as between cellular organelles

J of Biomedical Photonics & Eng 5(3)

030302-1

and cytoplasm [3]. As shown in numerous studies (see,
for example, Refs. [8—15]), the scattering properties of
biological tissues can be effectively controlled by action
of hyperosmotic immersion optical clearing agents
(OCAs), which cause diffusion of water from interstitial
space and partially replace the interstitial fluid. This
method is known in literature as a “tissue optical
clearing” technique. The introduction of an OCA with a
higher refractive index than an interstitial fluid into
tissue leads to matching the refractive indices of the
scatterers and the interstitial fluid, which significantly
reduces light scattering in the biological tissue. The
described method of the control of tissue optical
characteristics is important both for studying
fundamental laws of tissue metabolism and for
development of the optical and laser methods of
diagnostics, therapy and surgery.
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Among substances used as OCAs, a special place is
occupied by aqueous solutions of glucose of various
concentrations due to their biocompatibility and low
cost [8-20]. Most often, glucose solutions are used for
the optical clearing of connective tissues, such as skin
dermis, sclera, dura mater, etc. In addition, the optical
clearing of blood in the presence of glucose contributes
to development of methods for blood glucose
monitoring [11, 12, 20, 21].

At the same time, despite such numerous studies, the
optical clearing of gastrointestinal tract mucosa has
been studied not enough. It has been shown that the use
of OCAs, such as glycerol and dimethyl sulfoxide
(DMSO) solutions, contributes to effective optical
clearing of the stomach tissues in the NIR spectral
region [22-25]. At this the use of aqueous glucose
solutions is not sufficiently studied, although some
investigations have suggested differentiation of normal
and tumor tissues of the stomach, colon and esophagus
based on the difference in their permeability to aqueous
solutions of glucose [16, 26-28]. It should be noted that
despite a number of works aimed at measuring the
tissue permeability coefficients for aqueous glucose
solutions [16, 26-28], we could not find a single work
devoted to the measuring of the glucose diffusion
coefficient in the gastric mucosa.

It is obvious that the knowledge of the diffusion
coefficients of OCAs in biological tissues is necessary
for the development and optimization of tissue optical
clearing technique. Therefore, the purpose of this work
is to study the temporal dependence of collimated
transmittance of the gastric mucosa under the action of
the aqueous 40%-glucose solution and evaluate on this
basis the effectiveness of tissue optical clearing as well
as the glucose diffusion coefficient in the mucosa.

2 Materials and Methods

The study was performed with 10 samples of the human
gastric mucosa, from different patients obtained in the
course of planned operations or anatomical
investigations. The experimental studies were approved
by the Ethics Committee of V.I. Razumovsky Saratov
State Medical University. Immediately after autopsy,
tissue samples were placed in a 0.9% NaCl solution and
were kept in it until spectral measurements for 4-8 h at
~4°C. The area of the samples was approximately
1.5x1 cm? the average thickness measured with an
electronic micrometer varied from 0.36+0.10 to
0.70£0.20 mm.

The spectra of collimated transmittance of the
gastric mucosa were measured using a multichannel
USB4000-Vis-NIR spectrometer (Ocean Optics, USA)
in the spectral range of 400-1000 nm. The tissue sample
was fixed on a plastic plate (size 3.5x1.5 cm?) with a
rectangular hole in the center (size 8x8 mm?) and placed
in a 5 mL glass cuvette with glucose solution. The
cuvette was placed between two QP400-1-VIS-NIR
optical fibers (Ocean Optics, USA) with 400 um core
diameter. To provide the beam collimation, the
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collimators 74-ACR (Ocean Optics, USA) were fixed at
the ends of the fibers, using standard SMA-905
connectors. Halogen lamp HL-2000 (Ocean Optics,
USA) was used as a light source. The spectra of
collimated transmittance were recorded every 1-2 min
for 30 min after placing the mucosa sample into glucose
solution. The measurement error did not exceed 5% of
the measured value in the wavelength range above
500 nm and 10% in the shorter wavelength region of the
spectrum. The measurement error (the standard
deviation) included collimation error, instrumental
error, light source fluctuations, etc., and tissue optical
properties variability. For assessment of the error, the
collimated transmittance spectrum of the thickest tissue
sample (with thickness of 0.70£0.20 mm) was measured
in empty cuvette, without optical clearing agent, ten
times. At that the tissue sample was taken out and put
into cuvette again to take into account the variability of
the tissue optical properties in different part of the
sample. After that the mean and the standard deviation
were calculated for each wavelength. All measurements
were carried out at room temperature ~20°C.
Commercially available aqueous 40%-glucose
solution for injection (Dalchempharm, Russia) was used
as an OCA. The pH of this solution was measured using
pH-meter (Hanna, Germany) as 3.5. The refractive
index of the solution was measured with a
multiwavelength refractometer Abbe DR-M2/1550
(ATAGO, Japan) at 12 wavelengths in the spectral
range of 480-1550 nm with precision of 0.0002 and the
measurement results are presented in Table 1.
Interpolation was performed using the Sellmeier
dispersion formula [29], presented in the form:

= ®

b“Q o4 4 )
*2 *2 2 *2 2 2
A7 AT=A, A=A,

n is the refractive index of an aqueous solution of

where P(l) =a,+ all*z +

glucose; A" =A/A, is the relative wavelength,

Ao= 589 nm; Ayy=229.202 nm; A;z= 5432.937 nm; A is
the wavelength in nm. The interpolation coefficients (ay,
ay, a, az, as) are shown in Table 2.

In the study of the interaction between the glucose
solution and samples of the mucosa, it was assumed that
only the refractive index of the interstitial fluid is
changed due to glucose diffusion into the sample and
osmotic outflow of water from the tissue. In this case,
the refractive indices of the scatterers and the interstitial
fluid were matched, which led to a decrease in the
scattering coefficient of the tissue. The study of the
kinetics of this process allows for estimation of the
diffusion coefficient as a measure of the mean exchange
flow rate of glucose molecules into the tissue [30]. This
means that for the treatments of mucosa with 40%-
glucose solution, in particular, glucose diffuses into the
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Table 1 The refractive indices of the aqueous 40%-glucose solution, measured at different wavelengths

A,nm 480 486 546 589 644 656

680 800 930 1100 1300 1550

n 1.3957 1.3959 1.3925 1.391 1.3891 1.3886

1.3877 13846 1.3813 1.378 1.3748 1.371

Table 2 The interpolation coefficients of the spectral dependence of the refractive index of the aqueous 40%-glucose

solution

ao ai az

as ay

0.27094 -1.0746x10-3

5.34504x10-3

991.71185 5.5939x105

tissues during all the treatment due to equilibrium
between the water in the immersing solution and the
water inside the tissue. The water flow is insignificant
and the coefficients of permeability and diffusion are
determined only by the slower diffusion of glucose
molecules [28].

The process of glucose transport in the gastric
mucosa was described in the framework of the free
diffusion model. The following assumptions were made
regarding the transfer process: 1) only concentration
diffusion takes place, i.e. the exchange flux of glucose
into biological tissue and water from the tissue at this
point is proportional to the gradient of glucose
concentration at this point; 2) the diffusion coefficient is
constant at all points inside the sample of biological
tissue. The solution of the diffusion equation, described
in detail in Ref. [30], made it possible to estimate the
average concentration of glucose solution inside the
sample at each time point.

In the first approximation, solution of the second
Fick diffusion law equation has the form [30]:

C(t):Co(l—exp(—éjJ, @)

where C(f) is the volume-averaged concentration of

OCA inside the sample; C, is the concentration of

glucose in the immersion solution; ¢ is the time, sec;
2

T= is the characteristic diffusion time, sec; / is the

”2
thickness of the sample of mucosa, cm; D is the
diffusion coefficient, cm?/s.

As it was shown earlier [17, 28, 31-34], the
dependence of the collimated transmittance 7, of a
tissue sample placed in an immersion liquid, over time,
for each wavelength, can be represented as:

Tc(z)zmzl—exp(—éj. 3)

CO

Measurement of the characteristic diffusion time 7
was carried out using the least squares method:
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where ¢ is the moment of measurement of each value T,
y=1-T / A; A is the maximum value of the collimated

transmittance, N is the total number of experimental
points obtained by registering the kinetics of collimated
transmittance at a fixed wavelength. Accordingly, the
diffusion coefficient D was determined from the
relationship:

12

D= .
T

(4

After determining of the value of D from the analysis of
the collimated transmittance kinetics, measured at each
individual wavelength, the obtained values were
averaged over all wavelengths of the measured spectral
range.

Knowledge of the value of D allowed us to
determine the permeability coefficient (P) of the
biological tissue under study for a diffusing substance,
associated with the value of the diffusion coefficient by
the expression [35]:

D
P==. (5)

The optical clearing efficiency (OCE) is one of the
most important parameters, allowing to evaluate the
effectiveness of the use of those or other clearing agents
and to compare them with each other. Quantitatively,
the efficiency of optical clearing is determined by the
expression [17, 31, 36-38]:

t=0)-— min
OCE = ,ul(—u, (6)

where ,ut:—ln(TC )/l is the attenuation coefficient,

1/cm; ,utmi" is the minimal value of the attenuation
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coefficient measured during the optical clearing process,
1/cm. In the framework of this work, the OCE values
were determined for each wavelength in each of the
three selected spectral ranges (500-600 nm,
600-700 nm and 700-900 nm), and then the obtained
values were averaged.

Another important characteristic for correct
determination of the radiation dose in the course of
photochemical and photodynamic therapy of various
diseases, as well as the dosimetry of optical radiation at
laser surgery of a stomach ulcer is the depth of light
penetration. In diffusion approximation, the assessment
of the depth of light penetration into biological tissue

is performed using the expression:

1/4 /3# ,u +,u [1]. This expression is true when

“pencil” beam is incident on the surface of the
scattering medium, and the diffuse radiant fluence
mainly is created by diffusely scattered photons. We
have previously shown [39] that the maximum effect is
observed in the spectral region of 700-900 nm, where
the depth of light penetration approximately
corresponds to the total thickness of the gastric
mucosa/submucosa and muscle layer and amounts more
than 3 mm, which indicates a sufficiently large amount
of radiation penetrating into the abdominal cavity. In the
spectral range above 900 nm with increasing
wavelength, the depth of light penetration significantly
decreases to 0.6 mm in the region of the water
absorption band with a maximum on 1940 nm. Analysis
of the penetration depth of ballistic photons used for
imaging in OCT or confocal microscopy can be
performed on the basis of the expression [40]:

=1/u,. 7

The values 6, were determined for each wavelength

in each of the three selected spectral ranges
(500-600 nm, 600-700 nm, and 700900 nm), and then
the resulting values were averaged. The change in the
depth of penetration of ballistic photons was estimated
using the expression:

A5 = 5c‘“ax—5c(t:0).

T e i=0) ®

Here 6™ is the maximal value of the light penetration

depth measured during the optical clearing process,
1/cm.

3 Results and Discussion

Figs. 1 and 2 present the typical spectral and temporal
dependences of the collimated transmittance of the
sample of gastric mucosa affected by the studied
glucose solution. Fig. 1 shows that at the initial moment
the sample of mucosa is not transparent to optical
radiation. In the process of replacing water molecules in
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the interstitial fluid with glucose molecules, we have
observed the increase in optical transmittance, i.e., the
mucosa transparency, which is due to the matching of
refractive indices of the interstitial fluid and the tissue
scatterers. As a result, the scattering has been reduced
and the collimated transmittance has been increased.
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Fig. 1 Typical collimated transmittance spectra of
gastric mucosa influenced by aqueous 40%-glucose
solution measured in different time intervals.

—*—500 nm
——600 nm

Y 0.0104 700 nm
c
T
b=
£ 0.008-
w
oy
©
5

0.006 -
©
]
3
©
£ 0004+
©
(S)

0.0024

T T T T T T T
0 5 0 15 20 25 30
Time, min

Fig. 2 Typical collimated transmittance kinetics of the
gastric mucosa influenced by aqueous 40%-glucose
solution measured for different wavelengths.

From Fig. 2, it follows that the maximum clearing
effect of the gastric mucosa under the action of the
glucose solution is observed in the first 10 min after
beginning the experiment, with the greatest effect being
achieved in the NIR spectral range, where the
collimated transmittance increases by about 2-2.5 fold.

The analysis of the kinetics of collimated
transmittance of the gastric mucosa samples with the
above presented algorithm was used for estimation of
the relative diffusion coefficient of 40%-glucose
solution in the tissue; and the value amounted to
(1.5940.96)x10° cm?/s. The corresponding value of
permeability coefficient was estimated as
(2.8120.90)x10” cm/s. The obtained values agree quite
well with the data measured in the works [16, 26-28]
and presented in Table 3. From the table, it follows that
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Table 3 The permeability coefficients (P), diffusion coefficients (D) and characteristic diffusion time (7) of aqueous

solutions of glucose in mucosa of digestive tract organs

Concentration

i 2
Tissue of glucose P,cm/s D, cm2/s 1,8
Mice stomach
0, +i -6 +i -7 % + kok
(1~ 330 1) 20% (9.4+0.4)x10-6[16] (3.1£0.1)x10 817.6+26.4
Normal human colon
0, + -6 4+ -7 % + EX3

(1 391 ) 30% (3.3740.23)x106 [26]  (1.318+0.090)x10 1928.04132.1
Human normal esophagus 0

4+ 5 4 7% 46T **
(1= 500 o) 40% (1.7440.04)x105 [27]  (8.740.2)x10 291.3%6.7
Healthy colorectal mucosa 20% (7.782+0.024)x10-5 ***  (3.891+0.012)x10:6 ****  65.1+0.2 [28]
(1= 500 um)
Healthy colorectal mucosa o

+ -5 skkk + -6 HKkkk +
(1~ 500 1om) 25% (7.31£0.34)x10 (3.65520.169)x10 69.4+3.2 [28]
Healthy colorectal mucosa o

+ -5 skkk + -6 Fkkk +
(1= 500 s 30% (6.27+0.47)x10 (3.13520.236)x10 81.146.1 [28]
Healthy colorectal mucosa o

+ -5 skkk + -6 kkkk +
(1= 500 s 35% (3.66+0.16)x10 (1.83+0.08)x10 138.4£5.9 [28]
Healthy colorectal mucosa 40% (1.693+0.027)x10-5*%  (8.467+0.133)x107***  299.2+4.7 [28]
(1= 500 um)
Healthy colorectal mucosa 45% (2.396+0.069)x10-5*  (1.198+0.035)x10:6 ****  211.546.1 [28]
(1= 500 um)
Healthy colorectal mucosa o

-+ -5 kkk + -6 kkkk +
(1= 500 s 50% (4.858+0.061)x10 (2.43+0.03)x10 104.3+1.3 [28]
. 191.4040.34
-5 -6

Human gastric mucosa 40% (2.81+0.90)x10 (1.59£0.96)x10 [This work]

(1= 530+240 wm)

[This work]

[This work] 219.2+159.0 **

* the diffusion coefficient calculation was performed using the expression D= pi.
** the characteristic diffusion time calculation was performed using the expression

= ;;D for sample thickness 500 pm.

*** the permeability coefficient calculation was performed using the expression (5).

**%* the diffusion coefficient calculation was performed using the expression p =

literature data for glucose diffusion coefficients in the
digestive tract mucosa are in the range from
(1.31840.090)x107 cm?s [26] to (3.891£0.012)x10°
cm?/s [28]. Thus, the value obtained in this paper for
glucose diffusion coefficient is in the range of values
obtained by other researchers. The differences could be
originated from different concentration of glucose
solution used in the measurements, because, as it was
shown in Refs. [28, 32-34], measured values
significantly depend on glucose concentration, and also
on pH. Similarly, the permeability coefficient measured
in this paper is also in the range of published data

2

T

transmission spectroscopy (like the authors of the
presented work), but the results were presented in the
form of characteristic diffusion times of glucose. To
compare our data and data obtained by other
researchers, we recalculated the values of permeability
coefficients or characteristic diffusion times that they
obtained, into the values of diffusion coefficients. The
results are presented in Table 3.

Table 4 The efficiency of optical clearing (OCE),
calculated using Eq. (6) and the depth of penetration of
collimated radiation, calculated using Egs. (7) and (8)

-6 -5
(3.374£0.23)x10” cm/s [26] and (7.782+0.024)x10 Spectral range
cm/s [28]. 500-600 nm 600-700 nm__| 700-900 nm
Unfortunately, a direct comparison of the obtained
. OCE (500.042.5)x10-4| (810.0£3.6)x10 | (1310+4)x10-
values of the mass transport parameters (coefficients of
diffusion and permeability) is rather difficult, due to the 5, (t=0),um 83.0+0.8 86.940.9 91.241.8
use of different measurement and experimental data —
. . 1
processing methods, as well as different structural and - . . .
morphological features of the studied tissues. So, for (r=20min), 87.41.6 94.5%1.9 104.8+4.4
example, the authors of [16, 26, 27] used optical pm
coherence tomography signal slope analysis (OCTSS) AS 0.053+0.019 0.088+0.021 0.149+0.046
[13] for measuring the permeability coefficient of the ‘
mucosa. The authors of Ref. [28] performed the
measurement of glucose diffusion rate using
J of Biomedical Photonics & Eng 5(3) 030302-5 30 Sep 2019 © J-BPE
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The results of measurements of the efficiency of
optical clearing and the change in the depth of
collimated radiation penetration in the three spectral
ranges are presented in Table 4. It is clearly seen that an
aqueous solution of glucose significantly reduces light
scattering in the gastric mucosa, thereby increases the
penetration depth of probe radiation, which is crucial for
planning and conducting diagnostic or therapeutic
procedures, including laser surgery of a stomach ulcer.

To comparison the OCE of the investigated 40%-
glucose solution with other optical clearing agents (such
as glycerol and DMSO solutions) we calculated relative
increasing of stomach tissue transmittance as
Tt =30 min) ~ T =0min) 1600, [25] in the

T (¢t = Omin)

spectral range 800-1000 nm. In our experiments we
obtained the AT ~26.3+0.14% . In the work [22] it
was found that light transmittance was increased by
approximately 23% at 30 min after 80%-glycerol
solution, while 15% and 11% were obtained after the
treatment of the tissue with 50%-glycerol and 50%-
DMSO, respectively. It should be noted that the use of
mixure of 50%-glycerol solution with 30%-DMSO
solution for optical clearing increases the transmittance
up to approximately 29% at 30 min after the application
[25]. Thus, we can see that OCE of 40%-glucose
solution is comparable with OCE of glycerol and
DMSO solutions used for stomach tissue optical
clearing.

AT =
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3 Conclusion

The paper presents results of measurement of the
diffusion coefficient of glucose in the gastric mucosa
in vitro. The measured value of the relative diffusion
coefficient is (1.59+0.96)x10% cm?/s, which allows
estimating the value of the mucosal permeability
coefficient for glucose molecules as (2.8140.90)x107
cny/s. It is shown that the administration of an aqueous
solution of glucose into the mucosa provides a decrease
in the light scattering coefficient by approximately
5-10%. The increase in the light penetration depth is
from 5% to 15%, depending on the selected spectral
range.

The results obtained has allowed us to evaluate the
effectiveness of using the aqueous 40%-glucose solution
as an optical clearing agent for controlling the optical
characteristics of the gastric mucosa, and they can be
used to develop new methods for diagnostics and
treatment of stomach diseases.
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