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Abstract Amongst the modern problems of brain physiology, special attention is drawn to the transport
processes in the brain’s extracellular space, which are crucial for understanding metabolic exchange, waste
clearance, etc. At the same time, the complexity of direct registration of such processes in vivo forms a
demand for developing artificial phantoms with properties resembling the brain’s parenchyma as models
suited for testing different physical approaches to describing the respective spread of substances. Here
we describe a novel hydrogel material with composition and structure adjusted to this goal. The phantom
comprises a collagen network with the addition of lipids and catches water content close to that of the brain.
The results of electron microscopy and computer tomography studies as well as exploration of peculiarities
of the fluorescent marker spread argue that this compound material is prospective for its use for mimicking
the brain’s tissue.

1 Introduction

Recently, there is more and more substantiated under-
standing that brain’s physiology cannot be considered
only within the frames of a set of neuronal cell, and one
should necessarily take into account processes taking
place in the brain’s extracellular space (ESC), which is
even characterised as the “final frontier of neuroscience”
[1]. These micro-environments with extremely complex
structure filled by interstitial fluids surround all cells of
the central nervous system and maintain their activity,
assure clearance of the waste metabolites, etc. but is
still not comprehensively explored [2].
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In particular, one of the most disputable mod-
ern questions is the type of solute transport though
the parenchyma respectively to existence either of
directed flows (so-called “glymphatic hypothesis” first
proposed in the work [3]) or purely diffusive transport
(which, however, may have non-conventional features
not described by a single Gaussian distribution due to
complexity of the ESC, see e.g. [4, 5]). The overview
of the recent state-of-the-art on this controversial topic
can be found, e.g. in the reviews [6–9].

Note that the direct experimental characterisation of
the brain’s extracellular space (ECS), which is the main
route for metabolic transport in the brains, as well as
quantification the diffusion process in vivo is a com-
plicated task [10]. Moreover, the ECS may be affected
by a variety of cellular metabolic processes, physiologi-
cal conditions and neuronal activity [11, 12]. Therefore,
physical modelling of transport (primary, diffusional)
processes in such a tissue requires the development of
simplified phantoms resembling the composition and
complex structure of the brain’s parenchyma but simul-
taneously able to be controlled by an observer [13].
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The conventional reference material used for studies
of the diffusion processes in the brain is the agarose
gel [14–16]. It has typical diffusion coefficients close by
value to the brain’s one easily controlled by the simple
change of agarose’s concentration, allows easy register-
ing the diffusion process using fluorescent markers, has
microscopic poroelasticity at high concentrations, etc.
At the same time, this medium has certain drawbacks
as high meso- and macro-scopic uniformity, too fluid
consistency (i.e. mechanical mismatch to the brain),
impossibility to create pathways imitating, e.g. wider
peri-vascular space.

For this reason, there is a recent demand for more
realistic brain-tissue-like biomaterials [17]. Amongst
them, hydrogels, which are are three-dimensional cross-
linked insoluble hydrophilic polymer meshes able to
absorb large amounts of water or biological fluid in
interconnected microscopic pores looks as promising
media [13, 18–20]. Due to the possibility to control poly-
mers linking provides an opportunity to resemble the
extracellular matrix (ECM) and simultaneously repro-
duces mechanical viscoelastisity of the soft tissue, i.e.
to combine both micro- and macro-scopic properties of
the brain. Due to relative transparency, it is possible
to carry out noninvasive optical measurements within
the samples and, therefore, to test different models of
the diffusion process as influenced of the heterogeneity
of hydrogels at different scales, which can be controlled
during their fabrication.

Thus, the principal goal of the present work is in
the development of a variant of the novel material,
which should resemble complex structural properties
of the brain’s parenchyma and studying its struc-
tural and transport-supporting properties in compar-
ison with realistic biological data. Such a material
should combine gel-like elastic consistency, bind a sig-
nificant amount of water (thus, to be a hydrogel) and
have a complex network-like structure of its matrix for
reproducing peculiarities of the tissue most valuable for
studying transport properties related to the metabolic
spread in the brain’s parenchyma.

2 Hydrogel material

2.1 Premises

It is known [21] that the brain’s chemical content con-
sists of approximately (in per cents of the tissue mass)
84/70% of water in the grey/white matter and, in
the rest dry compounds 8/8% of proteins, 5/17% of
lipids, and 1/2% mineral substances. Thus, the model
brain’s phantom should contain a network-like struc-
ture mimicking the matrix of the tissue, water-soluble
and -insoluble proteins and a lipid component. An addi-
tion, the formed gel-like substance should bind a suffi-
cient amount of water. The collagen-based hydrogel is
a promising candidate for this goal. Moreover, collagen
extracted from fish skin is more suitable for brain mod-
els than, for example, collagen from bovine shin splits

because of the unique fibrillar structure of the fish’s
skin matrix. The latter includes the shorter length of
the protein fibrils and lower molecular weight, as well
as the unique amino acid composition.

2.2 Fabrication

As a source for producing collagen-based matrix, the
skin of scaleless fish, North African sharp-toothed cat-
fish Clarias gariepinus. The absence of scales in this
species allows a considerable simplification of the pre-
liminary preparation of raw materials, which was fac-
tually reduced to mechanical cleaning of the skin with
a suspension of sodium bicarbonate. Pre-washed and
degreased raw material was ground manually or with
a laboratory knife mill SM-3 and then subjected to
bleaching with an alkaline solution of hydrogen perox-
ide.

The pre-treated peroxide-shell skin mainly contains
collagen with a small admixture of hyaluronic acid.
To loosen the collagen fibrils, the discoloured collagen-
containing material was treated with citric acid. The
resulting mass was treated with 27 kHz ultrasound for
5 min and then cooled. This treatment was repeated
several times and the mass was homogenised. After this
process, the macromolecules of the polymers were par-
tially degraded that resulted in a presence of a certain
amount of water-soluble proteins.

To simulate lipids included into the content of the
neuroglial layers of myelin covering the neuronal net-
work, lecithin with high phosphatidylcholine content
was added to the working solution slowly with inten-
sive stirring.

A composition with a mass concentration of collagen
of 2% was used as a working gel. To stabilise it, the
standard material for cross-linking collagen structures,
a concentrated glutaraldehyde solution, was added in
an amount of 10% of the collagen mass.

As a result, the gel contains collagen imitating
a structurally supporting, water-insoluble component,
water-soluble proteins formed as a result of ultrasonic
destruction of collagen, as well as phospholipids and
traces of carbohydrates, which, in general, corresponds
to the approximate chemical composition of the brain.

3 Structural properties

3.1 Scanning electron microscopy (dry sample)

As the first step for characterising the structure of the
synthesised hydrogel, we carried out an analysis of its
collagen matrix with the scanning electron microscope
Quanta FEG 650. Figure 1 illustrates the obtained
images of the dried hydrogel’s surface, which allows
exploration of the collagen network morphology. One
can see that it demonstrates a multiscale porosity vary-
ing from tenth μm to tenth nm. This feature already
resembles the range of spatial scales of the brain’s ESC
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Fig. 1 The structure of the collagen matrix in the dried obtained with SEM at different levels of resolution

[2], and, therefore, when these pores will be filled with
water or physiological solution-like fluid, one can expect
the the transport of molecular markers or nanoparticles
will follow the same pattern of diffusion in inhomoge-
neous medium with traps and barriers [22].

It worth noting also similarities between the dried
phantom shown in Fig. 1 and native pig brain tissue
and the matrigel formed after decellularisation both
consisting of a network of fibres forming the qualita-
tively similar image as can be found in the work [23].

3.2 Computed tomography (wet sample)

The water-contained sample of the hydrogel was exam-
ined using a Canon AQUILION ONE 320 CT scan-
ner. Due to the non-standard nature of the object, the
optimum scanning settings were selected in the manual
mode. The best visualisation of the object was obtained
with the following parameters: the tube peak voltage
(KVP: kilovolt in peak) 135 kVp, X-Ray Tube Current
20 mA, and Exposure 7 mAs. Also taking into account
that the minimum detector size is 0.5 mm, we used a

dimensionless Spiral Pitch Factor of 0.638 and recon-
structed slices with a thickness of 0.25 mm. The convo-
lution Kernel FC49 was used for the image processing.
This kernel was selected from those available in the base
of Canon AQUILION ONE 320. For optimal viewing,
the window with the parameters of window level (WL)
and window width (WW) WL = 128, WW = 256 (both
in Hounsfield units) was selected.

Figure 2 illustrates the 3D structural features
revealed via the postprocessing of the obtained images
in the “Brain” mode (Fig. 2A–D) and in the “Heart”
mode (Fig. 2E–H) from the base of Canon AQUILION
ONE 320 predefined settings. The first set of images
highlights the collagen contents as brighter regions on
the dark background of the water content. One can
clearly see the network-like structure almost uniformly
spread over the whole sample, which looks similar to a
granular picture seen in CT images of the real brain [24,
25]. Thus, the images, which we obtained for the synthe-
sised hydrogel argued in favour of its structure, which
comprises the collagen barriers (and traps, when colla-
gen surrounds the water drop) between water routes,
where the diffusion of substances can easily occur. In
other word, it is a clear example of a phantom for
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Fig. 2 The processed computed tomography images of the hydrogel turned at different angles: A–D in the mode high-
lighting the collagen matrix; E–H in the mode highlighting the lipid content

the biomimetic compartmentalised medium [26], which
attracts an active attention in the modern theory of
complex diffusion processes.

The second set of images (Fig. 2E–H) highlights the
distribution of lipids in the bulk of the hydrogel. In
addition to fine-dispersed fraction on the surface of the
collagen cells, one can see also the presence of localised
larger lipid drops, which are distributed anisotropically.
One will see in the next section devoted to the analy-
sis of the fluorescent marker spread some peculiarities,
which can be associated with this distribution.

4 Transport properties: recordings
and analysis

The records of the marker’s spread in the hydrogel were
carried out as follows: the solution contained fluores-
cence marker was injected into the gels’ bulk by the
vertically inserted needle, which was extracted after.
Thus, a thin vertical channel filled by the fluorescent
solution was formed, and the further process goes in
radial direction from this line, i.e. it can be considered
as quasi-two-dimensional one and going in a passive,
i.e. diffusive, mode.

An aqueous solution of 9-Oxo-9,10-dihydroacridine-
2-sulfonic acid was used as a fluorescent marker exited
by the uniform ultraviolet illumination at the line λ =
366 nm. Figure 3 demonstrates the reflective blue glow
of the spread marker. These sets of photos explore the
gel’s cross sections made after study of the transport,

and one can see that its is already possible to the pro-
cesses of vertical redistribution and considered an effec-
tive 2D picture from above.

Video recordings were by the camera of IPhone 7
with an additional lens during 17 min after the nee-
dle’s removal. The recorded video was split into sep-
arate frames using standard tools of MATLAB, and
the blue channel intensity was extracted as as corre-
sponding to the density distribution of the fluorescent
marker, see Fig. 4 exemplifying the spread for several
time moments.

It should be pointed out that during the step of injec-
tion, some part of the solution was spread under the
excess pressure that formed a non-point initial distri-
bution, see e.g. the image Fig. 4A, which was taken after
1 min after the needle’s extraction. Visually explor-
ing Fig. 4, one can see that the initial spot is irregu-
lar. It has a slightly ellipsoidal shape and, additionally,
there is a protuberance formed, probably, by the fast
percolation though some channel in the gel structure
simplified by the presence of lipid inclusions visible in
Fig. 2E–H. The comparison of Figs. 2E and 4A supports
this conclusion because of the protuberance directed
towards the highly concentrated lipid-originated region.
Note that such kind of anisotropy is already known
in the brain tissue, affecting diffusion of substances in
the extracellular space as detected by the photobleach-
ing experiments with fluorescent dyes [27], Integrative
optical imaging (IOI) method with fluorophore-labelled
molecules [28], and by the dynamic MRI mapping of
contrast agent concentrations [29].

Thus, to investigate the temporal evolution of the
marker’s distribution, we considered not only the full
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Fig. 3 Photos of the hydrogel after taken after the fluorescent marker’s (a bright blue spot) spread: its cross sections by
planes through the centre of injection demonstrate that the vertical distribution is homogeneous, and one can analyse the
radial spread only

Fig. 4 Scaled fluorescence intensity of marker’s spread
record for the time moments 1 min (A), 6 min (B), 11 min
(C), and 16 min (D) after the beginning of video recording.
The dashed lines bound to the angular region with the rel-
atively rotational uniform part of the distribution analysed
especially

spot of dispersed marker concentration but also sepa-
rately the part, which is relatively angle-invariant. Its
boundaries are denoted by the dashed lines in Fig. 4.
The computational procedure was organised as follows.
The 400 × 400 matrix (with the scale 0.037 mm/px)
of recorded intensities was re-plotted from Cartesian to
polar coordinates with the centre aligned with the loca-
tion, where the marker was initially introduced. The
images were re-scaled into a rectangular matrix, from
which the part 125× 530 pixels respectively to the pair
of radial and angular coordinates was considered; here
the scale factor for the radial coordinates is equal to
0.013 mm/px, and the angular range covers the full cir-
cle [0, 2π).

The radial dependencies of the fluorescence inten-
sity, which mimics the concentration distribution, were
found via the angle averaging for two cases: (a) inside
of the angle denoted in Fig. 4 by the white dashed line

and for the full angle. The corresponding dependencies
normed to unity in the point of maximum are shown in
Fig. 5A and B, respectively.

Note that that the normal diffusion from a point
source in a uniform medium with the effective diffu-
sion coefficient D satisfies in the Gaussian distribution
for the concentration

P (r, t) ∝ e− r2
4Dt . (1)

When the distribution is normalised to the unity at
the maximum, which is in the point r = 0, the log-
arithm of Eq. (1) is a linear function respectively to
the radial distance squared. Figure 5A demonstrates
namely such a behaviour, which is especially seen at
short time moments. After a while, the central part
(small r) weakly changed its slope since it is saturated
with the fluorescent marker but the tails of distribution
are also linear. This indicates normal (Brownian (Fick-
ian)) character of diffusion within angle region, where
the recorded distribution does not have visual peculiar-
ities, see Fig. 4.

On the contrary, the black line in Fig. 5B is linear
not as a function of r2 but as a function of r within
a significant interval of radial coordinate (see the grey
straight line providing visual guidance). This depen-
dence implies the Laplace distribution

P (r, t) ∝ e
− r

4〈D〉t1/2 , (2)

where 〈D〉 is an effective diffusivity of the so-called
Brownian-yet-not-Gaussian (BnG) diffusion model.

However, the tail of the experimental distribution
looks parabolic. Moreover, the beginning of such curve
shifts closer to the origin of coordinates with time that
indicates asymptotic development of the standard diffu-
sive spread. Note that such a behaviour is typical for the
BnG diffusion. The essence of this process consists of an
absence of a unique diffusion coefficient but rather a dis-
tribution p(D) for mixture of different local diffusivities
within the concept of superstatistics pioneered by Beck
and Cohen [30], see also the review [31]. The result-
ing registered concentration distribution is a result of
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Fig. 5 The logarithms of the average radial distributions of the fluorescence intensity normed to unity at the maximum
for sequential time moments: A as a function of the radial distance squared within the angular interval highlighted in Fig. 4
and B as a radial distance after averaging over the full angles; here the grey straight line is added to visual guidance

averaging

P (r, t) =

∞∫

0

p(D)
e− r2

4Dt

(4πDt)N/2
dD, (3)

where N is the dimension of space; in the case of unifor-
mity of the instant vertical spread as visible in Fig. 3;
our situation is effectively two-dimensional, N = 2.

Since curves in Fig. 5B are obtained after averaging
over the full range [0, 2π), where one can clearly see in
Fig. 4 different degree of the marker’s percolation, i.e.
the applied averaging already averages over the regions
with different transport properties.

Respectively, the transition between the effective
Laplacian distribution, Eq. (2), to the effective Gaus-
sian distribution, Eq. (2), may originate either from
relaxation of the local diffusivities with time (the “dif-
fusing diffusivity” model proposed by Chubynsky and
Slater [32] and substantiated from the superstatistical
point of view in the work [33]) or from homogenization
of a static irregular structure when the marker spreads
over an area with radius much more exceeding correla-
tion lengths of local inhumanities (the “quenching dis-
order model” explored in the work [34]).

Note finally that such non-conventional picture of dif-
fusion is similar to the cases registered in some studies
of transport processes in the brain’s extracellular space
via the Magnetic Resonance Imaging [4, 29], where
experimental distributions in the brain’s tissue clearly
deviate from the Gaussian distribution. In particular,
Fig. 6 gives examples of the distributions of the MRI
contrast agents in living rodent brain. One can see not
only visual similarity of the diffusive spot in the inset
of Fig. 6 and, say, Fig. 4B but also the evidence of
a functional form of the Laplace distribution (2) when
the data obtained in the work [4] are re-plotted in semi-
logarithmic scale. Thus, the proposed hydrogel medium
already mimics the realistic brain’s parenchyma.

Fig. 6 An example of the distribution of Gadovist (also
known under its chemical name gadobutrol) in rat’s brain
plotted basing on the digitised data from [4] (The referenced
work was published under the Creative Commons Attribu-
tion License); the dashed lines are shown for the visual guid-
ance highlighting linearity in semi-logarithmic co-ordinates.
The inset shows the MultiHance contrast agent spatial dis-
tribution under the same conditions and the time moment

5 Conclusion

In our work, we presented an experimental model of
the brain parenchyma in which we investigated parti-
cle transport in an initial approximation. By synthe-
ses of the “experimental parenchyma,” we took into
account the gel-like porous consistency as well as the
presence of properties for binding sufficient amounts of
water. Considering the marker spread allowed us not
only estimate the effective diffusion coefficient of the
synthesised substance but also analyse possible pecu-
liarities of the transport process similar to those, which
are detected in the real brain tissue. In particular, we
argued that the complex structure of hydrogel can lead
to the emergence of the “Brownian-yet-not-Gaussian”

123



Eur. Phys. J. Spec. Top. (2023) 232:475–483 481

Table 1 Summary of similarity of the developed hydrogel phantom to the biological brain tissue

Brain Hydrogel

The brain’s extracellular matrix: glycosaminoglycans (e.g.
hyaluronan), proteoglycans (e.g. neurocan, brevican, versican
and aggrecan), glycoproteins (e.g. tenascin-R), and low levels
of fibrous proteins (e.g. collagens I, III, IV, V, VI,
fibronectin, and vitronectin) [35]

The basic components: collagens I, III, hyaluronic acid
(nonsulfated glycosaminoglycan) with small amount of
phospholipids (lecitin) and short proteins

Water content: 80 − 85% [36] Water content: up to 91%

ECM consists of 10–20% of the total volume [37] Collagen network (wet) consists of about 10-15 % of the
total volume

Gadobutrol’s apparent diffusion coefficient ranging as

D ≈ (150 − 170) (¯m)2/s in the human brain’s grey matter

[38]

The diffusivity of acridon-2-sulfonsaure is determined as

about D = 127 μ(m)2/s [39]

diffusion, which is of recent interest in the biophysical
problems.

Based on our study, we summarised the properties
of the brain parenchyma and the material imitating it
(see Table 1). It should be noted that in terms of water
composition, the experimental model is very close to the
characteristics of the brain. The same conclusion can be
made in relation to diffusion estimation and to the col-
lagen network, which imitates the extracellular matrix
of the brain parenchyma. There are significant differ-
ences in the composition comparison, especially since
the bio-organic composition of the brain parenchyma is
organised into a layered hierarchical network [11], but
modification of our experimental model may be a good
prospect for new studies.
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