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Preparation and Properties of 3D Chitosan Microtubes
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The preparation of 3D chitosan microtubes from polymer solutions in citric and lactic acids by the wet and dry molding
methods is described. The mechanism of formation of the insoluble polymeric layer constructing the walls of these microtubes is
characterized.Themicrotubes obtained from chitosan solutions in citric acid are found to have a fragile porous inner layer. For those
obtained from chitosan solutions in lactic acid the morphology, elastic-deformation properties, physicomechanical properties, and
biocompatibility were assessed. These samples have smooth outer and inner surfaces with no visible defects and high values of
elongation at break. The strength of the microtubes obtained by the dry method is much higher than in the case of the wet one.
A high adhesion and high proliferative activity of the epithelial-like MA-104 cellular culture on the surface of our microtubular
substrates inmodel in vitro experiments were revealed. Prospects of using chitosanmicrotubes as vascular prostheses are suggested.

1. Introduction

Now, commercial vascular prostheses made of synthetic non-
biodegradable polymers, such as polytetrafluoroethylene and
polyethylene terephthalate [1, 2], ormade of biological tissues,
for example, animal xenopericard [3], are commonly used
to replace vascular defects. However, these prostheses are far
from ideal and have a number of disadvantages; in particular,
they do not biodegrade in a natural metabolic route and,
hence, cannot be used for short-term stay in the body. On
the contrary, the use of prostheses made of biodegradable
polymers would enable one to avoid re-remodeling of ves-
sels, which would be especially important in the case of
prostheses for children whose bodies undergo physiological
maturation. For example, prostheses made of biodegradable
polymers eventually grow their own connective tissue and
human endothelial and, concurrently, biodegrade by natural
metabolism and, consequently, are excreted from the body.
As a result, a new living organ, a vessel, is formed and
grows with the patient. When prostheses used are made
of nonbiodegradable polymers, no vessel growth with the
patient’s maturation occurs. Over time, therefore, such an
implant must be replaced by a larger vascular prosthesis,
which entails a new surgery. A successful surgery carried

out in the Russian Federation of implantation of a vascular
prosthesis made of a biodegradable material (obtained from
Euroderm GmbH) to a 12-year-old child with a congenital
heart disease is reported in [4]. Full biodegradation of the
polymer matrix of the prosthesis and the formation of a new
vessel are expected to occur in 9 months.

To expand the range of such implants, it is urgent to
search for new polymers and methods for making vascular
prostheses biodegradable in the body by natural metabolism
with the simultaneous restoration of the cellular composition
of the vascular wall in vivo.

Approaches are known to the preparation of vascular
tissue-engineered grafts by electrospinning as hollow cyli-
ndrical structuresmade of synthetic biodegradable polymers:
poly(𝜀-caprolactone) [5], elastic crosslinked urethane-doped
polyester [6], aligned poly(L-lactide-co-epsilon-caprola-
ctone) (75/25) [7] or poly(L-lactide-co-glycolide) [8], a blend
of polydioxanone and soluble elastin [9], compositions based
on poly(L-lactide-co-glycolide) and poly(𝜀-caprolactone)
[10, 11]. Hu et al. [12] reported the preparation of a kind of
blood vessel structure with a microtubular orientation to
mimic the natural structure, from solutions of poly(lactide-
co-glycolide) (70/30) in 1,4-dioxane by an improved
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heat-induced phase separation. A kind of microtubular orie-
ntation-structured blood vessel mimicking the natural stru-
cture was fabricated with poly(lactide-co-glycolide) (70/30)
(PLGA (70/30)) solutions in 1,4-dioxane by an improved
thermal-induced phase separation (TIPS) technique. The
vascular grafts developed are promising in repairing dama-
ged blood vessels, nerves, and so forth. The formation of
a living organ on a polymer matrix occurs due to the fact
that the body’s stem cells migrate into the zone of damage
where they actively divide to promote tissue repair. By the
time of the final formation of the organ, the matrix material
must be completely removed from the body. For example,
poly(𝜀-caprolactone) is known to be destructed in the body
during more than one year [5]. It is believed that this period
would be sufficient to create a comprehensive living blood
vessel.

To reduce thrombus and to shorten the degradation
period of the prosthetic polymer matrix to form a small-dia-
meter living blood vessel, a two-phase tubular scaffold made
of poly(diol citrate), a new-class biodegradable polyester
elastomer, is proposed to be used [13].

3D blood vessel analogs are also fabricated using hetero-
polysaccharides, namely, alginate, gellan gum, K-carra-
geenan, and hyaluronan [14, 15]. One of perspective polymers
to create biodegradable prostheses is chitosan (CH) [16–
18]. This aminopolysaccharide is biocompatible with human
tissues, is nontoxic, is nonallergenic, and promotes tissue
regeneration. In the process of preparing chitosan, its anti-
genicity is almost completely lost. As the melting point of
chitosan is significantly higher than its thermal decomposi-
tion temperature, all materials, in particular microtubes, are
prepared from its solutions.

The literature describes several formation methods and
properties of chitosan microtubes (hollow cylindrical struc-
tures) obtained by electrospinning [19], multistage electro-
forming with other polymers used [20], molding in special
molds [21, 22], application of chitosan onto a preprepared
polymer woven base [23], or a combination of several differ-
ent approaches, for example, electroforming and wire mold-
ing, followed by treatment in a precipitation bath [24]. All
these methods are multistage and complicated. To enhance
the stability, strength, and other properties, the microtubes
obtained are further subjected to various treatments, in
particular, keeping in ethyl alcohol [20], cooled toluene [23],
aqueous ammonia and caustic soda [24], and so forth. A
mixture of trifluoroacetic acid and methylene chloride is
also used for the preparation of chitosan solutions [19, 24],
which certainly would adversely affect the biocompatibility
and other biochemical properties of the final material.

Earlier, we demonstrated the possibility of obtaining
microtubes from water-acidic chitosan solutions in a rel-
atively simple manner of wet spinning to a precipitation
bath [25, 26]. The present work describes the formation and
properties of chitosanmicrotubes obtained from a solution of
this aminopolysaccharide in organic acids of pharmacopeial
destination by both wet and dry molding methods. To form
a water-insoluble polymer layer constituting the wall of our
microtubes, the reaction of conversion of protonated polysalt
to polybase was used.

2. Material and Methods

2.1. The Reagents Used . Chitosan with a molecular weight of
700 kDa and a deacetylation degree of 80mol.% was received
from Bioprogress Ltd. (Russian Federation). Pharmacopeic
acids, namely, citric acid 𝐶CA = 5% and lactic acid 𝐶LA =
1.5%, were used as organic solvents. Chitosan solutions with
𝐶CH = 2.5–5.0 wt.% were prepared by dissolving a sample of
air-dried powder of the polymer in the presence of the cor-
responding acid on a magnetic stirrer at room temperature
during 5–7 h. The resulting solution was left to remove air
bubbles for 24 h and used to form microtubes by both wet
and drymethods. To transfer chitosan in amicrotube from its
salt form to the water-insoluble polybasic one, a 5%NaOH or
50%N(C

2
H
4
OH)
3
solution was used. To prepare solutions of

the acids, alkalis, and triethanolamine, bidistilled water was
taken. Xenopericardial biomaterial was gotten from bovine
pericardium, the manufacturer Cardioplant Ltd. (Russian
Federation).

2.2. Technique to Obtain of Microtubules. Figure 1 presents a
diagram of microtube preparation from chitosan solutions in
citric and lactic acids by the wet and dry molding methods.
The microtube formation process was performed as follows.
A glass rod with a circular cross-section (the diameter was
5mm) was vertically immersed into a chitosan solution and
kept for 1min for its surface to be coated with a uniform
layer of the forming solution. When using the wet method,
the rod with the deposited layer of the forming polymer
solution in an organic acid was kept in a NaOH solution
for 12 h. During this time, the reaction of conversion of the
protonated chitosan polysalt into polybase proceeded and a
water-insoluble polymer layer was thus formed to construct
the microtube’s wall as a hollow cylinder. In the dry method,
the rod with the chitosan solution layer was immersed into
a N(C

2
H
4
OH)
3
solution for 1min, removed, and dried in

an oven at 45–50∘C until complete solvent evaporation (4–
5 h). Then it was immersed in an aqueous NaOH solution
for 20min for the polysalt-polybase reaction to form the
microtube’s walls. Samples of the microtubes obtained by
both wet and dry methods were removed from the rod,
washed with distilled water until neutral, and stored in the
swollen state in distilled water.

2.3. Physicochemical Methods. The morphology of sample
chitosan microtubes was evaluated both visually and on
a MIRA\\LMU SEM (Tescan, Czech Republic) with the
following parameters: color, transparency, and the uniformity
of the inner and outer surfaces. The wall thickness (d,
mm) of microtubes was measured with an electronic digital
outsidemicrometer CT 200–521 (China) with a scale division
of 10 𝜇m. Measurements were carried out several times at
different sites of every microtube and then the average thick-
ness was calculated. Elastoplastic properties were determined
on a tensile testing machine of uniaxial tension TiraTest
28005 (Germany) with a load cell of 50N. Microtubes
were cut along, unfolded, and fixed in the terminals of the
tensile testing machine as plates. Every sample was tested
at least 5 times. The breaking force and elongation at break
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Figure 1: A scheme of making microtubes from chitosan solutions in lactic and citric acids by the wet and dry molding methods.

were calculated according to standard procedures. The data
obtained were plotted as stress-strain curves 𝜎 = 𝑓(𝜀).
The tensile stress (𝜎, MPa) was calculated from the cross-
sectional area of the original sample. The elongation at break
(𝜀, %) was calculated using the original length of the sample
microtube.

2.4. Biochemical Methods. To assess the biocompatibility of
our microtubes, the MA-104 culture of epithelial-like cells
(a rhesus monkey’s embryonic kidney) was used. Cells were
cultivated under sterile conditions: in a laboratory specially
equipped with a complex of “clean” laminates (second class
protection, NuAire, USA). Amicrotube sample was sterilized
in a 70% ethanol solution for 20min, placed into sterile
Petri dishes (FalconBD), and filled with the DMEM culture
medium (Biolot, RF) supplemented with 10% fetal bovine
serum (HyClone,UK) and an antibiotic-antimycoticmixture,
and a suspension of the cell culture was introduced at a
concentration of 1⋅104 cells/cm3. Culturing was performed
in a SanyoMCO-18M CO

2
incubator (Sanyo, Japan) in a

5% CO
2
atmosphere at 37∘C. The culture medium was

replaced on changing the medium indicator color. Cells were
cultivated during 7 days. The adhesion and proliferation of
the cell culture on our microtubes were evaluated daily on an
inverted IIB-Pmicroscope (Russian Federation). Because the
polymeric substrates under study had the shape of a hollow
cylinder with a nonplanar surface, the approach described in
[27, 28] was used to evaluate the cultured cell morphology.
To this purpose, the samples with the cell culture grown on
their surface were washed with PBS phosphate buffer (Biolot,

Russian Federation), covered with a 5% formalin solution,
and dried at 23±2∘C for 24 h. A layer of gold was deposited on
the obtained sample 5 nm thick on a device K450X Carbon
Coater (Deutschland). SEM photos were obtained on a
MIRA\\LMU scanning electron microscope (Tescan, Czech
Republic) at operating with a 30 kV accelerating voltage,
300 pA carrying a current. Observation of adhesion and cell
proliferation was carried out and obtained with an inverted
“Biolam P” microscope (Russian Federation) with a digital
CCDcameraDMS300≪Scopotek≫ (China): 10x lens, 3Mpx
resolution.

3. Results

The morphology of the outer and inner surfaces of our
molded microtube is shown in Figure 2. A microtube
obtained from a chitosan solution in citric acid by the
wet process is opaque and has a brittle porous inner layer
(Figures 2(a) and 2(c)). The microtube samples obtained
from a chitosan solution in lactic acid by either wet or dry
method have smooth inner and outer surfaces, with no visible
defects (Figures 2(c)–2(f)). These significant differences in
the morphology of the samples obtained from chitosan solu-
tions in different acids may be due to some physicochemical
properties of these carboxylic acids (citric and lactic acids
being tribasic and monobasic, resp.), probably affecting the
kinetics of the chemical polysalt-polybase reaction and phase
separation.

Due to the excessive porosity of the inner layer of
microtubes obtained from chitosan solutions in citric acid,
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Figure 2: Photos of the external ((a), (c), (e)) and internal ((b), (d), (f)) surfaces of microtubes made from the chitosan solution with 𝐶CH =
5.0 wt.% in citric acid ((a), (b)) and with 𝐶CH = 3.0wt.% in lactic acid ((c)–(f)) by the wet ((a)–(d)) and dry methods ((e), (f)).

microtube samples obtained from chitosan solutions in lactic
acid were chosen for further tests.

As mechanical properties are very important to predict
the behavior of a material in a biological medium, the
elastic-plastic properties of our microtubes formed from

chitosan solutions in lactic acid by the wet and dry methods
were evaluated (Table 1, Figure 3).

The biocompatibility of chitosanmicrotubes was assessed
on the example of the culture MA-104 of epithelial-like cells
in model experiments in vitro (Figure 4).
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Table 1: Physicomechanical properties of microtube samples prepared from chitosan solutions in 1.5% lactic acid.

Chitosan concentration
(𝐶chit), wt. %

Way of formation Microtube wall thickness
(𝑑), mm

Relative elongation
(𝜀), %

Elongation at break
(𝜎), MPa

2.5

Wet

0.50 ± 0.06 27.0 ± 4.20 0.10 ± 0.03

2.75 0.41 ± 0.02 30.0 ± 3.50 0.22 ± 0.04

3.0 0.52 ± 0.04 34.0 ± 2.15 0.70 ± 0.15

3.25 0.40 ± 0.02 45.0 ± 2.50 0.30 ± 0.01

3.5 0.54 ± 0.04 23.0 ± 5.15 0.25 ± 0.04

2.75

Dry

0.29 ± 0.02 8.0 ± 0.5 8.0 ± 0.8

3.0 0.20 ± 0.01 21 ± 1.2 12.0 ± 0.3

3.25 0.35 ± 0.05 27 ± 1.2 5.5 ± 0.3

3.5 0.24 ± 0.01 38.5 ± 0.3 4.2 ± 0.1
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Figure 3: Stress-strain curves for chitosan microtube samples (1–
3) and xenopericard samples (4). The microtube samples obtained
from chitosan solutions with𝐶chit = 3.0 (1, 2) and 3.5 wt.% (3) by the
wet (1) and dry methods (2, 3).

4. Discussion

During the formation of the chitosanmicrotube’s walls by the
wet process, the protonated polysalt-polybase reaction and
phase separation processes occurred simultaneously: first, on
the border of two liquid phases and then on the solid-liquid
interphase. When forming the walls of microtubes by the
dry method, the polysalt-polybase conversion proceeded in
a solid (condensed) polymer phase. The mechanism of wall
formation of microtubes during both dry and wet molding
methods is as follows (Figure 5).

In the initial water-acidic solution, due to the side NH
2

group protonation, chitosan is polysaltic (∼ −NH
3

+). In an
alkaline medium, the saltic groups are converted into amine
ones to form a polybase (∼−NH

2
), and the solubility of the

polymer is lost (↓). A scheme of these transformations is as
follows:

∼−NH
2
+HAn →∼ −NH

3

+
+ An−,

∼−NH
3

+
+OH− →∼ −NH

2
(↓) +H

2
O

(1)

In the wet molding method, when a glass rod (its cross-
sectional view is shown in Figure 5 as a black circle) coated
with a chitosan solution layer is immersed into an alkaline
solution, the protonated−NH

3

+ groups begin to interact with
OH− ions at the interface between the two liquid phases
(in Figure 5(a) the interface is marked in dashed lines).
Some part of the macromolecular chitosan chains or their
fragments pass from the saltic form to the polybasic one,
thereby forming an initial polymer layer insoluble in both
water-acidic and water-basic media (shown in Figure 5(b) as
a circular ring of a width ℎ

1
). This layer is a semipermeable

membrane, that is, permeable for H
2
O molecules, Na+,

OH− ions and impermeable to chitosan macromolecules.
This leads to the fact that a concentration gradient arises
at the boundary between the semipermeable membrane
and the chitosan solution, whereby OH− ions still remain
to diffuse into the chitosan solution and to react with its
−NH
3

+ groups to form another layer of the semipermeable
membrane (Figure 5(c), an annular ring of a width ℎ

2
). Then

the diffusion processes of OH− ions and their interaction
with −NH

3

+ groups continue until complete exhaustion of
the saltic groups (Figure 5(d), an annular ring of width ℎ

3
). As

a result of these processes, thewall of themicrotube is formed.
The resulting microtube sample can be easily removed from
its glass rod. Similar kinetics of phase separation during the
polysalt-polybase processes was observedwhen preparing 3D
chitosan rods [29].

In the case of the dry method, the polysalt-polybase
conversion reaction proceeds inside the bulk polymer and
is caused solely by the diffusion of low-molecular ions
(OH−, Na+) into the condensed layer of the polymer due
to the concentration gradient at the ∼−NH

3

+
| NaOH

interface, directed to leveling the chemical potential of the
low-molecular-weight component in the system.

According to [30], complexes are formed in chitosan
solutions in monocarboxylic acids by intermolecular cross-
linking between the polymer macromolecules and the acid
molecules as ion-ion-hydrogen contacts: an ionic bond
between a protonated amino group of the polysaccharide
and the oxygen in the hydroxyl group of a dissociated acid
molecule and an H-bond between the carbonyl oxygen of the
acid and the –OH group at C

6
in the poly-𝐷-glucosamine.
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Figure 4: MA-104 cell culture after 4 days of cultivating ((a), (b)), light microscopy (×100 scale); SEM images of a formalin-fixed cellular
epitheliocyte culture after 7 days of cultivation ((c), (d)) on the microtube surface obtained from the chitosan solution with the concentration
3.0 wt.% in a 1.5% aqueous solution of lactic acid by the wet ((a), (c)) and dry ((b), (d)) methods.

The size of such complexes in chitosan solution in tribasic
citric acid is, perhaps, substantially larger as compared with
chitosan solutions in monobasic lactic acid. Phase separation
occurring while chitosan citrate with bulky citrate ions is
converted to the polybasic form results in a more porous
structure of the microtubes wall in comparison with similar
processes in the case of chitosan lactate with substantially
smaller lactate ions.

For the chitosan microtubes obtained by the wet process,
stress-strain curves typical for viscoplastic materials are
observed. As an example, the 𝜎 = 𝑓(𝜀) dependence for
the microtube sample obtained from the chitosan solution
with 𝐶CH = 3.0 wt.% is presented (Figure 3, curve 1). The
stress-strain curves have two fragments, namely, an elastic-
deformation fragment, whose value does not exceed ∼2–
2.5% and a fragment of plastic deformation which pro-
ceeds uniformly with no subsequent strain hardening and
finishes with rupture of the sample onto two parts at
one of the places of its fixing in the tensile machine’s
clips.

All microtube samples made by the wet method are
characterized by low values of their tensile strength 𝜎 = 0.1–
0.7MPa but a rather high elongation at break 𝜀 = 21–45%
(Table 1). 𝜎 and 𝜀 have their lowest values in the microtubes
obtained from chitosan solutions with𝐶CH = 2.5 and 3.5 wt.%
and the highest ones in the sample obtained from the
chitosan solution with 𝐶CH = 3.0 wt.%. Therefore, within the
concentration range of the forming chitosan solutions, the
𝜎 = 𝑓(𝐶) and 𝜀 = 𝑓(𝐶) dependences are extreme.

A completely different behavior of the 𝜎 = 𝑓(𝜀) curve
is observed for the chitosan microtubes obtained by the dry
process. Besides elastic deformation, these samples are char-
acterized by their ability to show forced-elastic-deformation
characteristic of viscoelastic materials (Figure 3, curves 2
and 3). Like the microtubes made by the wet process, the
elastic-deformation of these samples is small (∼2.5–3%).
However, the value of 𝜎 corresponding to the limit of
proportionality (elastic deformation) is much higher in these
samples and ranges within 6–12MPa. Moreover, compared
with themicrotubesmade by the wetmethod, themicrotubes
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Figure 5: A schematic representation of the process of formation of a water-insoluble chitosan layer constituting the microtube’s walls (a
cross-section). See text for explanation.

obtained by the drymethod deform under tensile tension less
uniformly to form a neck due to the flow effect.This behavior
of the 𝜎 = 𝑓(𝜀) dependence is expressed most clearly for the
microtube obtained from the solution with 𝐶CH = 3.0 wt.%
(Figure 3, curve 2).

The drymethod, as compared with the wet one, promotes
the appearance of significantly stronger samples (Table 1).
The sample obtained from the chitosan solution with 𝐶CH =
3.0 wt.% has the highest strength. In comparison with the
sample obtained from the chitosan solution of the same con-
centration but by the wet method, the value of 𝜎 increases by
more than 17 times. In the whole, the strength of microtubes
produced according to the dry method is by 16–36 times
higher than this value for microtubes obtained by the wet
method. The concentration dependence 𝜎 = 𝑓(𝐶) of the
tensile strength, like that for the wet-process microtubes, has
a pronounced extremal character.

The microtubes obtained by the dry method, like those
obtained by the wet method, are elastic. Within the used
concentration range of the chitosan spinning solution, as𝐶CH
increases, 𝜀 rises from 8% up to 38.5%.

All microtubes prepared by both molding processes are
characterized by the almost uniform distribution of the wall
thickness along the sample’s length (Table 1). No clear corre-
lation between the forming chitosan solution concentration
and 𝑑 has been established.

Naturally, the thickness of the layer of the chitosan
forming solution applied to the glass rod at the first stage
of microtube formation was almost the same in all our
experiments. However, the wall thickness of the wet-obtained
finished microtubes is twice higher than that of those
obtained by the dry method. These data show a more dense
structure of the microtube walls molded by the dry method.

One can assume that the higher strength and smaller wall
thickness of the microtubes made by the dry method are due
to the presence of the stage of drying of the chitosan solution
applied onto the glass rod at 45–50∘C for 4-5 h (Figure 1).
It appears that the polymeric structure is compacted at this
stage, which continues during its subsequent treatment with
a NaOH solution.

It should be noted that the elastic-deformation and
strength characteristics of the microtube samples obtained
from chitosan solutions of lactic acid by the dry method
are not inferior to those of samples of xenopericardial
biomaterials conventionally used in reconstructive surgery of
the heart and blood vessels (Figure 3, curve 4) and samples of
native blood vessels (𝜎 = 1.4–11.1MPa [31]).

Figure 4 shows the morphology of the cells cultured for
1 week on the microtube surface. Our experimental results
show a high adhesion and a high proliferative activity of
epithelial cells on the surface of the microtube substrates
(Figures 4(a) and 4(b)).

5. Conclusions

Approaches to making chitosan microtubes by both wet
and dry molding processes were developed. The designed
methods are easy to perform and environmentally friendly.
Our microtubes have no seams and represent an integral
structure as a hollow cylinder. The mechanical properties
of our microtubes made by the dry process correspond to
those for xenopericardia, that is, the biomaterial success-
fully used in cardiac surgery for several decades. In vitro
experiments show the high biocompatibility of our samples
with epithelial-like cells. The obtained results allow us to
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consider our chitosan microtubes as promising analogues of
biodegradable vascular prostheses.
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