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Abstract: To date, few publications describe CEC’s properties and possible applications—thus,
further evaluation of these properties is a point of interest. The present in vitro model study aimed
to evaluate a carboxyethylchitosan (CEC) gel with a degree of substitution of 1, cross-linked with
glutaraldehyde at a polymer:aldehyde molar ratio of 10:1, as a potential carrier for delivering
bacteriophages to various pH-fixed media (acidic, alkaline), and including gastrointestinal tract (GIT)
variable medium. A quantitative analysis of bacteriophages released from the gel was performed
using photon correlation spectrophotometry, and phage activity after emission into medium was
evaluated using the spot test. The results showed that the CEC gel’s maximum swelling ratios
were at a nearly neutral alkaline pH. Increasing temperature enhances the swelling ratio of the
gel independent from pH, up to 1127% at 37 ◦C and alkaline pH. The UV and photon correlation
spectrophotometry showed equal gel release kinetics in both fixed media with acidic (pH = 2.2) and
alkaline (pH = 7.4) pH environments at 37 ◦C, with the maximum release within two hours. However,
phage lytic activity in the spot test during this simulation was absent. At the same time, we obtained
an opaque phage lytic activity in the alkaline pH-fixed medium for at least three hours. Phages
released from the tested CEC gel in different pHs suggest that this gel could be used for applications
that require fast release at the treatment site both in acidic and alkaline pH. Such treatment sites could
be a wound or even soil with mild acidic or alkaline pH. However, such CEC gel is not suitable as
a delivery system to the GIT because of possible transported acid-sensitive agent (such as phages)
release and destruction already in the stomach.

Keywords: carboxyethylchitosan; gel; photon correlation spectrophotometry; bacteriophages; acidic;
alkaline; medium; gastrointestinal tract

1. Introduction

Significant progress in the organic chemistry of the last decade, along with emerging
demand from various industries and medicine, has led to a large number of gels from
materials of both natural and synthetic origin. Such materials, as well as their combinations,
open up great prospects for their application in a wide range of tasks—from agriculture to
biology and medicine [1–5].

Growing interest in phage therapy over the past decade has encountered a number of
barriers, among which are applied tasks related to the delivery of phages to the treatment
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site. Phage delivery to wound surfaces or to the intestine requires protection from aggres-
sive environmental factors to maintain the maximum possible phage titer and their lytic
activity. Such protection is required to preserve phages’ therapeutic effect, as the optimal
pH range for the functioning of phages lies within 6.0–8.0.

In the case of biomedical application, hydrogels from raw materials of natural origin
are often more preferable, which is reflected in the numerous works on the creation of
various implants, carriers for drug delivery, and scaffolds for tissue engineering [2,6–8].
One of these natural polymers is chitosan, known for its biocompatibility, lack of toxicity,
sorption ability, and biodegradability due to the presence of amino, hydroxyl, and ether
functional groups [2,9].

Among different chitosan derivatives, one could have a particular biomedical interest—
carboxyethylchitosan (CEC). As a carboxyl derivative, CEC has a number of additional
useful characteristics [10]: solubility in water in a wide pH range [11], better biodegradabil-
ity [12], excellent antioxidant characteristics, significant antimutagenic activity [13], and
better gelling ability [14] than chitosan. At the same time, few publications [15–18] describe
CEC’s properties and possible applications—thus, further evaluation of these properties is
a point of interest.

The presence of carboxyalkyl groups in the chitosan molecule enhances polymer
affinity to the cell substrates [19,20]. In our previous study [21], CEC demonstrated one
of the best cytotoxicity results in the human fibroblast cell culture and did not cause cell
death. Based on these results, we decided to characterize CEC’s structure and swelling
performance, along with its phage delivery properties, for its use as a potential carrier
for delivering phages in an in vitro gastrointestinal tract (GIT) pH environment model
simulation of a laboratory animal (mouse), in two pH-fixed medium (alkaline or acidic)
variants, and as a candidate gel for biomedical application. Another aim was to focus on the
quantitative results of the phage particles released using photon correlation spectroscopy,
as a method for the count of high-precision small particles, and of a phage lytic activity
evaluation using the spot test.

2. Results
2.1. Spectral and Morphological Characteristics of CEC Gel

CEC was synthesized using polymer transformations in the gel state of chitosan in the
addition reaction to acrylic acid [22]. CEC synthesis was confirmed with elemental analysis,
FT-IR spectroscopy (Figure S1), and potentiometric titration. A selective addition of the
amine groups with degrees of modification 1.0 was confirmed with 1H NMR spectroscopy.
The spectrogram in Figure 1 shows signals of the hydrogen atoms in the main polymer
chain (2.07 (CH3), 3.07 (H-2 GlcNH2), 3.44–4.10 (H-2,3,4,5,6), 4.63 (H-1 GlcNHAc), 4.92 (H-1
GlcNH2) ppm) and new carboxyethyl groups (3.35 (NHCH2CH2), 3.33 (H-2 GlcNHCH2)
ppm). Signals at 4.92, 5.06, and 5.25 ppm correspond to the H-1 atom of glucosamine
units containing primary, secondary, and tertiary amine, respectively, which confirms the
N-functionalization of the chitosan.

CEC gelation was performed with glutaraldehyde as a cross-linker [22]. Results of
the FT-IR spectra (Figure 2) of the product demonstrate that aside from absorption bands
characteristic for the CEC molecule at 3243 (O−H, N−H), 2872 (C−H), 1709 (COOH),
1568, 1394 (COO−), and 1060, 1032 (C−O, C−C) cm−1, a new very weak band emerged at
1641 cm−1 that is characteristic for valence vibrations of the C=N imine bond, which was
produced during CEC primary amine groups and glutaraldehyde interaction.

The appearance of the tested gel in dry form and after swelling (macroscopic im-
ages and scanning electron microscopy (SEM)) is shown in Figure 3. A dry gel sample
at ×150 magnification on SEM images has a developed surface with multiple large cav-
ities (Figure 3A,B). The swollen gel has an almost smooth surface over its entire area
(Figure 3C,D), which is due to an increase in the size of the chitosan matrix and is associ-
ated with the size increase and stretching of the surface.
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CEC gel shows pH- and temperature-dependent swelling performance, with maxi-
mum swelling ratios achieved at neutral and alkaline pH values (Figure 4). An increase in
temperature leads to a rise in the swelling ratio for most pHs. The swelling ratio increase
started from pH = 3.0 and was maintained up to normal pH values, and even for alkaline
pH where the swelling performance was 1033%. However, the maximum swelling of gel
was 1212% in alkaline pH at 22 ◦C.
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The observed dependence of an increase in the degree of swelling with an increase in
pH (Figure 4) is entirely due to the amino acid nature of CEC. In an acidic environment,
CEC molecules are in protonated form [11]. With increasing pH, the degree of dissociation
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of carboxyl groups increases, which leads to an increase in the number of more polar
carboxylate groups. In addition, the degree of hydration, i.e., the number of water molecules
per mole of CEC molecules, increases with an increase in pH, which is reflected in the
change in the degree of swelling.

2.2. Release Rate of CEC Gel under Various pHs

The release rate for the gel, loaded with bacteriophages and dye, incubated with
acidic pH-fixed medium (equal to 2.2) or alkaline pH-fixed medium (7.4) at 37 ◦C, showed
maximum release capability in the acidic pH followed with a gradient decrease in the
medium until the fourth hour.

We revealed decreasing ODUs of dye for 1.5 times in alkaline pH medium from 0.196
[0.194; 0.198] to 0.128 [0.123; 0.130] ODUs and for 1.9 times in the acidic pH from 0.243
[0.237; 0.249] to 0.135 [0.123; 0.136] ODUs from 30 min up to the third hour (p = 0.500 in
both cases, with Bonferroni correction for multiple comparisons) (Figure 5).
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Figure 5. Dye release kinetics of the CEC gel for different pH media at 37 ◦C. Note: data presented as
median values.

A similar decrease in ODUs of dye recorded for the release rate of the CEC gel incu-
bated with a variable pH switched from acidic pH 2.2 to alkaline pH 7.4 at 37 ◦C. The ODUs
of dye during release from the gel to the medium almost halved, from 0.226 [0.179; 0.276]
to 0.100 [0.093; 0.106] ODUs (p = 0.001) (Figure 5).

This suggests that under such conditions the dye release from the gel in the acidic
medium occurs quickly. By the time the gel is transferred to the alkaline medium in 30 min,
the dye has already been released.

Most of the bacteriophages released from CEC gel assayed by photon correlation
spectrophotometry in variable pH as in the GIT had a particle size of about 80–100 nm
(Figure 6A). The maximum intensity of the light scattering by particles was recorded on the
second hour (Figure 6B). This indirectly demonstrates that the maximum concentration of
phages in alkaline pH was reached after two hours. Changes in the rate of phage release
after two hours (291,566.6 [282,817.19; 303,594.40] cps (counts per second)) were statistically
1.4 times higher compared with those after one (213,148.4 [209,954.09; 219,607.48] cps) and
three (217,797.7 [215,545.83; 222,730.42] cps) hours (p < 0.00001, Friedman test).



Gels 2023, 9, 756 6 of 16
Gels 2023, 9, x FOR PEER REVIEW 7 of 16 
 

 

 

Figure 6. Results of the photon correlation spectrophotometry of phages released from CEC gel in 

an in vitro pH environment GIT simulation. (A) Particle size of phages diluted 10, 20, and 40 times. 

(B) Count of undiluted phages released from CEC gel at the first, second, and third hours assayed 

by light-scattering intensity. Note: cps—counts per second. 

2.3. Lytic Activity of Bacteriophages Released from CEC Gel 

Simulation of the in vitro phages releasing from CEC gel passing through the pHs of 

the GIT followed by microbiological tests, performed in triplicate, did not show lytic ac-

tivity against S. aureus in the first hour and later (Figure 7A–D). The opaque lysis of bac-

terial lawn with S. aureus in the spot test that we had found at 30 min of the gel exposure 

A

B

Figure 6. Results of the photon correlation spectrophotometry of phages released from CEC gel in
an in vitro pH environment GIT simulation. (A) Particle size of phages diluted 10, 20, and 40 times.
(B) Count of undiluted phages released from CEC gel at the first, second, and third hours assayed by
light-scattering intensity. Note: cps—counts per second.



Gels 2023, 9, 756 7 of 16

The detected phage size corresponds to our calibration measurements: 82% of all
detectable particles in stock solution of bacteriophages had a size of 84 nm (Figure 6A).
This is the average size of bacteriophages described in the literature [23]. Results also show
that the maximum particles count recorded with photon correlation spectrophotometry
was detected at the second hour, while the highest ODU values by UV spectrometry, as a
dye release indicator, were highest at the first hour (Figure 5). We assume that the diffuse
release of the dye from the gel is faster than the release of phages due to the acidic nature
of the dye used that decreases the sorption for CEC while the phage stock solution is near
pH neutral values. Another factor could be the higher diffusion coefficient of dye in which
molecules should be smaller than phages.

2.3. Lytic Activity of Bacteriophages Released from CEC Gel

Simulation of the in vitro phages releasing from CEC gel passing through the pHs of
the GIT followed by microbiological tests, performed in triplicate, did not show lytic activity
against S. aureus in the first hour and later (Figure 7A–D). The opaque lysis of bacterial
lawn with S. aureus in the spot test that we had found at 30 min of the gel exposure in acid
had acidic but not phage genesis against, as bacteriophages and bacteria are sensitive to an
aggressive acidic pH environment and are destroyed at pH = 2.2 (Figure 7A–D). In addition,
this was a reason not to test phages with the acidic pH-fixed medium in our study.

At the same time, we observed an opaque lytic activity in the alkaline pH (7.4) fixed
medium during three hours of exposure of undiluted phages, which may indicate a phage
emission from the CEC gel (Figure 7E–H). Phage activity in identical pH = 7.4 was confirmed
also in the control (Figure 7I). It should be mentioned that dilution by 2 and 4 times in
alkaline pH (7.4) fixed medium preserves the opaque lytic activity of phages, but higher
dilutions of phages reduce the lytic activity instead. The dilution of phages when released
from the CEC gel at the second hour was more than 10 times, so the lytic effect was
weakly expressed. Therefore, releasing phages from CEC gel and their dilution in medium
negatively affects the titer required for their lytic activity.

An additional in vitro test performed to confirm phage viability in their typical pH
usage conditions showed that phages being released from the gel almost completely elimi-
nated the bacterial test strain in the bacterial suspension—only a few colonies were visible
after subsequent 100 µL aliquot seeding to the Petri dishes with blood agar medium to
detect possible bacterial test strain growth (Figure 7J). On the contrary, the phageless control
(CEC gel loaded with phosphate-buffered saline only) had numerous colonies on all plate
sections (Figure 7K), because CEC gel has no antibacterial properties itself. Thus, the tested
CEC gel demonstrates an absence of phages protection during in vitro simulation of the
phage-loaded gel passage through the acidic pH of the GIT but may be suitable in other
biomedical applications with different pH conditions.
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Figure 7. Lytic activity of phages (undiluted) released from CEC gel in alkaline (7.4) and variable
pH simulated GIT. (A–D) Lytic activity of phages released from CEC gel in 30 min, 1 h, 2 h, and 3 h
exposure by variable pH that simulated the GIT, respectively (performed in triplicate); (E–H) Lytic
activity of phages released from CEC gel in 30 min, 1 h, 2 h, and 3 h of exposure in alkaline (pH 7.4)
fixed medium, respectively (performed in triplicate); (I) Lytic activity of phages in stock solution
(control); (J) Bacterial growth test with CEC gel loaded with phages and released in a 0.85% sodium
chloride solution with suspension of S. aureus test strain (plate divided into four sections: undiluted
suspension and diluted by 10, 100, and 1000 times); (K) Bacterial growth test with CEC gel loaded
with phosphate-buffered saline (phageless) and released in a 0.85% sodium chloride solution with
suspension of S. aureus test strain (undiluted bacterial test strain on the left and 1000 times dilution
on the right section of the plate).
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3. Discussion

To date, various transport carriers for phages delivery to the treatment site have been
developed and presented in the available literature; in particular, carriers based on alginate,
polyethylene glycol, chitosan nanoparticles, liposomes, and a number of other carriers have
been described [24–26]. One of the primary tasks for any phage carrier is an analysis of the
bacteriophages release, as their classic titration takes a certain time, which can be critical for
the mass screening of candidate carriers. At the same time, the candidate selection process
is complicated by the fact that it is necessary to take into account that carrier properties
could be altered by the sterilization process [27], and sometimes in a negative way.

The experimental setup we created for the physical separation of the gel sample and
the agent being released from it into the model environment by diffusion (in this case,
bacteriophages) in the original version was planned as filter-equipped. The filtration was
to be performed through commercially available cell filters with a pore diameter of 70 µm
for the physical division of the container on two compartments. The first compartment
was where the gel samples were placed, and the second one was where the transported
agent should be released to prevent the possible entry of tested carrier microfragments
into the buffer medium and subsequent plate reading errors during UV spectrophotometry
measurements.

Nevertheless, we have noted that the tested gel sample does not undergo fragmen-
tation and does not form suspensions of colloidal particles in the buffer medium when
being exposed to buffer media with different pH values; thus, UV spectrophotometry mea-
surements remain unaffected. This makes it possible to discard from the polymer cell filter
usage for the container compartment division in such an experimental setup to filter out
possible carrier degradation microproducts. In turn, such simplification makes it possible
to reduce the required amount of the buffer medium where agent release from the carrier
occurs. However, we believe that for each new tested gel sample (with a different chemical
composition) this parameter will need to be evaluated each time to prevent possible UV
spectrophotometry measurement errors.

The relevant experimental setups found in the literature for in vitro GIT simulation of
the impact of an acidic environment of the stomach and enzymes on chitosan nanoparticles,
preloaded with bacteriophages [26] or heparin [28], had their own specifics. The first
model [26] was built as a single container with the requirement of the aliquoted buffer
medium volume to be replenished with the same new equal buffer medium volume, with
simultaneous usage of one of the two variants for simulating the environment of the
stomach (with and without pepsin as an enzyme component of the model). The second
model [28] was the prototype of the first one, equipped with an extended enzyme set,
pepsin for an acidic environment and pancreatin for an alkaline environment, although it
was not characterized in detail by its authors.

However, in our own model, we did not replenish the medium during the experiment
because, in our opinion, the replenishing of the aliquoted medium volume after each aliquot
sampling will affect the light-scattering results. This could happen when performing both
UV and photon correlation spectrophotometry, thereby the results could be distorted.

Our results of the tested CEC gel release kinetics analysis have demonstrated a very
fast dye release rate during the first two hours of incubation in fixed medium with alkaline
or acidic pH. In the case of modeling the pH environment of the murine GIT, the protonation
of chitosan amino groups with a change in the model environment from acidic to alkaline
probably occurs very quickly in our experimental setup. Such conditions could induce
chitosan degradation and trigger the rapid release of the dye (but phages could be damaged
in this way due to contact with acid) into the buffer medium. However, in the case of
using a fixed medium pH buffer, the release time interval was longer, with the relatively
stable ODU release values according to the results of UV spectrophotometry during the
first two hours of the experiment.

That such a rapid release from the carrier could be a result of the lytic activity of
phages, being released from the carrier, was not confirmed by the bacteriological method
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in the spot test. Indeed, the phage titer during in vitro GIT simulation was insufficient to
demonstrate lytic activity against the target S. aureus test strain because most of the phages
were destroyed by acid. Despite the released phage particles demonstrating a detectable
titer of numerous light-scattering particles with a size of about 100 nm by the photon
correlation spectrophotometry, it should be noted that most of those particles could be
acid-inactivated phages, which have no lytic activity.

At the same time, we observed opaque phage lytic activity in the alkaline pH-fixed
medium, which may indicate a phage emission with near effective (lytic) titer from the
carrier in a slightly alkaline or normal pH environment. Based on these results, one could
suggest that an effective (i.e., therapeutic) phage titer with the tested CEC gel could be
obtained in the alkaline pH environment with around normal pH values. In addition, such
a titer could be maintained for at least three hours, in the case of the high and sufficient
initial stock phage titer before gel swelling. Phage activity in almost the same pH conditions
was also confirmed in the control (pH = 7.2 for the Mueller–Hinton agar; the same agar
was used for the alkaline pH aliquots), which proves our suggestion. However, it should
be taken into account that phage viability mostly relies on the optimal pH conditions of
the phage strain itself. This was also proven in our additional in vitro experiment with the
same phage strain and batch, which confirmed phage viability in the optimal pH (near
neutral) usage conditions and demonstrated effective bacterial test strain elimination after
phage release from the CEC gel.

Thus, the tested CEC gel could be used in the future as a carrier system for applications
that require the fast release of the transported agent, both in acidic and alkaline fixed pH
environments, i.e., wound healing or even acidic pH soils due to mild acidic pH conditions
than in our study. However, it is not suitable for usage as a carrier for GIT delivery because
of possible massive transported agent (such as phages) release and destruction already in
the stomach with its aggressive acidic environment.

At the same time, this experiment showed the possibility of bacteriophages release
detection from the gel carrier using photon correlation spectrophotometry. We did not
encapsulate bacteriophages in a gel carrier but loaded the carrier by the natural swelling of
the chitosan matrix when the gel sample was immersed in a phage stock solution. Thus,
only the phages could be present, detected as numerous particles released from the carrier
in the buffer medium.

The following factors are the limitations of our experiment: The first is the absence of
an enzyme in the in vitro GIT simulation buffer media, as the addition of such an agent
as pepsin would increase the rate of chitosan degradation and at the same time could
accelerate the release rate. However, despite the fact that the pepsin presence in the model
medium could affect the concentration of bacteriophages during the experiment, there
is evidence [29] that chitosan carrier usage could effectively protect bacteriophages in an
acidic pH environment, including possible pepsin action. Therefore, the next step in such
an in vitro GIT simulation experimental setup could be the addition of pepsin and enzyme
components into acidic and alkaline buffer media for further tested gel evaluation.

The second limitation is the phage strain used for the experiment because of vul-
nerability to the aggressive acidic pH conditions (pH = 2.2). However, the same strain
has demonstrated effective bacterial lysis in fixed-pH medium (near-neutral values) and
probably could demonstrate effective bacterial lysis in a mild acidic pH range (5.5 and
above), which was not tested in our experiment.

4. Conclusions

The CEC gel being tested showed nearly equal gel release kinetics in both acidic
and alkaline pH environments, with the maximum release within two hours followed by
smooth kinetics decrease after that.

There was no phage lytic activity in the spot test during the in vitro GIT environment
simulation due to phages that were destroyed being massively and rapidly released in the
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strong acidic pH environment, despite the detected phage particles of 80–100 nm released
within two hours in the buffer medium, with the maximum in the second hour.

Such release kinetics in different pH environment variants suggest that this carrier
could be used in the future for applications that require the fast release of the transported
agent at the treatment site, both in acidic and alkaline fixed pH environments. For example,
it could be used in wound healing or even acidic pH soils due to their mild acidic pH
conditions than in our study. However, it is not suitable for usage as a carrier for GIT
delivery because of possible massive transported acid-sensitive agent (such as phages)
release and destruction already in the stomach with its aggressive acidic environment.

5. Materials and Methods

As a test sample, we used a CEC gel with the degree of substitution of 1, cross-
linked with glutaraldehyde at a polymer:aldehyde molar ratio of 10:1, synthesized using
a previously developed method [22]. The composition and structure of the synthesized
gel were confirmed by elemental analysis using “CHN PE 2400” (Perkin Elmer, Waltham,
MA, USA) and FT-IR spectroscopy using a “Spectrum Two” spectrometer (Perkin Elmer,
Waltham, MA, USA).

Before the experiment the gel was sterilized according to the previously selected
method, electron beam sterilization with an absorbed dose of 25 kGy [27], and the experi-
ment was carried out using sterile samples only.

5.1. Swelling Analysis of CEC Gel

The swelling properties were measured using the gravimetric method, with the pH in
the range of 2.2–8.0 (with 1.0 increment between pH values) and two temperature modes,
at room temperature and at 37 ◦C, to simulate live system thermal conditions. A swelling
ratio (SR) and equilibrium swelling ratio (ESR) were calculated by the following formulas:

SR (%) = (mt − m0)/m0 × 100% (1)

ESR (%) = (m∞ − m0)/m0 × 100% (2)

where m0 is the mass of dry gel, mt is the mass of swollen gel at time t, and m∞ is the mass
of the gel at equilibrium swelling.

In brief, to measure SR and ESR, a completely dry CEC gel of known mass (m0) was
immersed for a definite time period in appropriate buffer solution and after time t, the
sample was taken out of the solution and quickly wiped with filter paper and weighed (mt
and m∞). Only ESR values are presented in the study results.

5.2. Scanning Electron Microscopy

Scanning electron microscopy of dry and swollen samples was performed with a
TM-1000 microscope (Hitachi, Japan, Tokyo) after metallization of the samples with a gold
layer 20 nm thick using a JFC-1600 (JEOL, Japan, Tokyo) at a pressure of no more than 8 Pa
for 40 s.

5.3. Design of Experimental Setup

There was a pH equal to 2.2 for the stomach pH environment simulation. There were
two pH values, equal to 7.0 and 7.4, for the intestine pH simulation, assuming the intestine
pH range of normal to slightly alkaline [30]. The corresponding pH buffer solutions were
prepared based on the recipe according to Mcilvaine T.C. [31].

The hardware experimental setup (Figure 8) was based on the usage of plate shaker-
incubator ImmunoChem-2200 (High Technology, North Attleboro, MA, USA) to maintain a
liquid flow around the gel sample and the required temperature (37 ◦C). All gel samples
were placed into separate small plastic containers with a volume of 5 mL, made from
custom cut 50 mL polypropylene tube (falcon type) with a 70 µm cell porous filter (TPP,
Switzerland, Trasadingen) installed to physically separate the container into two sections,
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lower and upper, to prevent gel fragment migration to the lower section and thus to avoid
spectrometry artifacts.
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Before the experiment, all prepared 5 mL containers were filled with one of three
selected pH buffer solutions for the entire available internal volume, including the filter,
and after that a phage-loaded gel was placed in the upper part of the container.

To detect the release from the gels using UV spectrometry, dye was added to the
medium (acridone acetic acid in the form of a commercially available preparation of
meglumine acridone acetate in 125 mg/mL ampoules, Polisan, St. Petersburg, Russia). We
used this dye to visualize the release from the gel. Optical density of the acridone acetic
acid was from 340 to 450 nm and the maximum absorption of that was 390 nm [32].

Gels were loaded with bacteriophages and dye (meglumine acridone acetate) using
the next method: the solution, containing 0.5 mL solution of staphylococcal phage (sterile
purified filtrate of phagolysates of Staphylococcus spp. with a titer at least 105 PFU/mL, batch
H265, production date May 2021, Microgen, Moscow, Russia) and 5.0 µL of meglumine
acridone acetate, was incubated with a gel carrier during two hours at room temperature.
This solution concentration was titrated to achieve the spectrophotometer lower detection
threshold of optical density values for this dye. After loading the gels with a solution
containing bacteriophages and dye, the gel samples were washed once in a 1× phosphate-
buffered saline solution and placed in the 5 mL containers (described above), filled with an
appropriate pH buffer.

The gel samples were then divided into two study groups to evaluate the gel release
properties in different pHs:

The first group (n = 6) included gel for the assay of the release rate of the bacterio-
phages and dye acridone acetic acid, under two fixed medium pHs (alkaline pH 7.4 or
acidic pH 2.2) at 37 ◦C with constant stirring for 4 h. Every 60 min, aliquots of 200 µL
sample of medium from all containers were dropped into black 96-well plates with a
translucent bottom for optical density analysis on a TriStar LB 941 spectrophotometer
(Berthold Technologies, Germany) at 355 nm.

The second group (n = 6) included gel for the assay of the release rate of the bacterio-
phages and dye acridone acetic acid under pH that simulated the murine gastrointestinal
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tract (GIT), as the laboratory animal. The time intervals for the pH environment simula-
tion was chosen as 30 min for acidic pH (2.2) medium and then switching to four hours
for alkaline pH (7.4) medium, both at 37 ◦C. Every 15 min, aliquots of 200 µL sample of
medium from all containers were dropped into 96-well plates for optical density analysis
on a TriStar LB 941 spectrophotometer (Berthold Technologies, Germany, Bad Wildbad) at
355 nm.

To evaluate the lytic activity of phages released from the gels and quantify their ab-
solute number, the experiment was carried out under sterile conditions. The experimental
setup described above (a shaker-incubator and containers with buffer solutions) was placed
in a “Mars 1200” (Scanlaf, Vassingerod, Denmark) laminar flow and all manipulations were
carried out within a laminar flow.

For this experiment, only the phage solution was loaded into gel samples for 2 h at
room temperature. The absolute phage quantity was evaluated using a photon correlation
spectrometer “Photocor Compact-Z” (“Photocor”, Moscow, Russia) after calibration of
the device. The setting of this experiment with the gel was carried out according to the
algorithm described in the paragraph about study groups above. To determine the releasing
number of phage particles, every 60 min 200 µL aliquots of medium from all containers
were transferred into sterile glass tubes for spectrometry.

5.4. Lytic Activity of the Bacteriophages

The lytic activity of the bacteriophages released from the gel was evaluated by the
microbiological method (spot test for bacterial lawn lysis) on Petri dishes using Muller–
Hinton agar. For this, a suspension of S. aureus test strain (ATCC 29213) dissolved in 0.85%
sodium chloride with a density of 0.5 c.f.u. turbidity standard according to McFarland.
Next, bacteria were added onto the selective medium in the Petri dishes to cultivate a
bacterial lawn. Then, all aliquots from bacteriophages were dropped into Petri dishes
with bacterial lawn in sterile conditions. The obtained lysis zones following overnight
incubation at 37 ◦C were categorized as proposed by [33]: confluent lysis, semi-confluent
lysis, opaque lysis, separate plaques, and no activity.

Two groups of test samples were prepared for this experiment:
Group 1: The bacteriophages count not absorbed by the gel during gel swelling was

evaluated by taking 100 µL aliquots from the stock solution in which the gels reached
equilibrium swelling during absorption. Next, these aliquots were added to Petri dishes to
determine the bacteriophage lytic activity of the solution that was not absorbed into the gel.

Group 2: To determine the lytic activity of bacteriophages during the in vitro simula-
tion of the GIT according to the algorithm described in the paragraph about study groups
above. Both the gels themselves and the aliquots of the alkaline medium were taken from
the containers in a volume of 1 mL. Then, aliquots were placed into the Petri dishes with
bacterial lawn. Then the Petri dishes were incubated at 37 ◦C for 24 h, after which the
phage lytic activity was assessed by the evaluation of bacterial lawn lysis zones.

For these tests two additional groups were used as controls:
Group 3: An undiluted 100 µL stock solution of staphylococcal bacteriophages (sterile

purified filtrate of phagolysates of Staphylococcus spp. with a titer of at least 105 PFU/mL,
batch H265, production date May 2021, Microgen, Moscow, Russia).

Group 4: Stock solution of bacteriophages serially diluted 2, 4, 8, and 10 times with Dul-
becco’s phosphate-buffered saline (with the selection of 100 µL aliquots for each Petri dish).

The phage viability was tested in a separate experiment. To do this, gel samples
were placed in an undiluted stock solution of staphylococcal bacteriophages (the same
phage stock batch H265 as described above) in which the gels reached equilibrium swelling
during absorption. After that phage-loaded gels were washed with phosphate-buffered
saline (PBS) and moved to test tubes with four variants of suspension of the S. aureus
test strain (ATCC 29213) dissolved in 0.85% sodium chloride with a density of 0.5 c.f.u.
turbidity standard according to McFarland. These variants were an undiluted suspension
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and diluted 10, 100, and 1000 times (performed in triplicate); all were incubated during
three hours at 37 ◦C to allow phage emission in the tube’s liquid medium.

Then, gel samples were evacuated from the test tubes and test tube incubation contin-
ued in the same conditions up to 24 h, followed by 100 µL aliquots sampling of the liquid
medium to evaluate phage viability. All aliquots were placed into the Petri dishes with
blood agar medium to detect the possible growth of the S. aureus test strain and incubated
in the “Incucell 707” (BMT, Brno-Zábrdovice, Czech Republic) for 24 h at 35 ◦C, followed by
bacterial growth visual evaluation. As a control, PBS-loaded (without phages) gel samples
were used, treated. and evaluated in the same way.

5.5. Statistics

Statistical analysis was performed using IBM SPSS Statistics software (version 25.0)
and R software (version 4.1.2). Given the small sample size of observations, nonparametric
descriptive statistics were used to describe the parameters collected during the study. For
interval variables, the median (Me), the first and third quartiles (Q1; Q3), and the minimum
and maximum were calculated. The results of the descriptive statistics of the interval
variables are presented as Me [Q1; Q3]. Comparison of groups by interval variables was
performed using the Wilcoxon–Mann–Whitney unpaired rank nonparametric test; for
intragroup analysis, the Wilcoxon paired rank method or Friedman’s rank method was
used. Differences were considered statistically significant at a significance level less than
the designated alpha value, calculated taking into account the Bonferroni correction for
multiple comparisons (for those cases where three pairs of comparisons were used, the
calculated value of alpha = 0.05/3 = 0.0166; in those cases where seven pairs of comparisons
were used, the calculated value of alpha = 0.05/7 = 0.0071). In the text of the manuscript,
the significance levels are indicated either as absolute values or (in the case of exponential
values) as p < 0.0001.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/gels9090756/s1, Figure S1: FT-IR spectrum of N-(2-carboxyethyl)chitosan.

Author Contributions: Conceptualization—E.L., A.S., A.P. and A.K.; methodology—E.L., A.K., E.B.,
A.P., A.S., M.Z. and S.K.; software—A.S. and M.Z.; validation—A.S., A.K. and E.L.; formal analysis—A.K.,
A.S. and E.B.; investigation—A.K., A.S., A.P., E.Z., M.Z., E.B., E.L., E.A. and V.B.; resources—E.L., A.K.,
V.T., A.P. and E.Z.; data curation—A.S., A.K. and E.L.; writing—original draft preparation—A.K., A.P.
and A.S.; writing—review and editing—A.S. and E.L.; visualization—A.S., A.K. and A.P.; supervision—
E.L. and A.S.; project administration—E.L. and A.S.; funding acquisition—E.L. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was supported by the “Priority-2030” program in Novosibirsk State Technical
University (project no. SP-3 Zh-5).

Institutional Review Board Statement: The presented study contains no results obtained using
laboratory animals or humans as study objects.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wu, X.; Sun, H.; Qin, Z.; Che, P.; Yi, X.; Yu, Q.; Zhang, H.; Sun, X.; Yao, F.; Li, J. Fully Physically Crosslinked Pectin-Based Hydrogel

with High Stretchability and Toughness for Biomedical Application. Int. J. Biol. Macromol. 2020, 149, 707–716. [CrossRef]
[PubMed]

2. Chopra, S.; Mahdi, S.; Kaur, J.; Iqbal, Z.; Talegaonkar, S.; Ahmad, F.J. Advances and Potential Applications of Chitosan Derivatives
as Mucoadhesive Biomaterials in Modern Drug Delivery. J. Pharm. Pharmacol. 2010, 58, 1021–1032. [CrossRef] [PubMed]

3. Maksimova, Y.G.; Maksimov, A.Y.; Demakov, V.A.; Budnikov, V.I. The Influence of Polyacrylamide Gels on Soil Microflora. Bull.
Perm Univ. Biol. 2010, 45–49. Available online: https://www.elibrary.ru/item.asp?id=17024548&ysclid=lhittpnxv129807961
(accessed on 2 August 2023).

https://www.mdpi.com/article/10.3390/gels9090756/s1
https://www.mdpi.com/article/10.3390/gels9090756/s1
https://doi.org/10.1016/j.ijbiomac.2020.01.297
https://www.ncbi.nlm.nih.gov/pubmed/32014477
https://doi.org/10.1211/jpp.58.8.0002
https://www.ncbi.nlm.nih.gov/pubmed/16872548
https://www.elibrary.ru/item.asp?id=17024548&ysclid=lhittpnxv129807961


Gels 2023, 9, 756 15 of 16

4. Voskoboynikova, T.G.; Okolelova, A.A.; Manov, R.O. Increase of Radish Germination Using Hydrogel in Various Types of Soils.
Belgorod State Univ. Sci. Bull. Nat. Sci. 2015, 206, 37–42. Available online: https://bsuedu.ru/upload/iblock/86e/N9(206)31_%D0
%95%D0%9D.pdf (accessed on 2 August 2023).

5. Ravi Kumar, M.N.V. A Review of Chitin and Chitosan Applications. React. Funct. Polym. 2000, 46, 1–27. [CrossRef]
6. Vasilyev, A.V.; Kuznetsova, V.S.; Bukharova, T.B.; Zagoskin, Y.D.; Leonov, G.E.; Grigoriev, T.E.; Chvalun, S.N.; Goldshtein, D.V.;

Kulakov, A.A. Chitosan Hydrogels Biocompatibility Improvement with the Perspective of Use as a Base for Osteoplastic Materials
in Dentistry. Stomatologiya 2019, 98, 12. [CrossRef]

7. Catoira, M.C.; Fusaro, L.; Di Francesco, D.; Ramella, M.; Boccafoschi, F. Overview of Natural Hydrogels for Regenerative Medicine
Applications. J. Mater. Sci. Mater. Med. 2019, 30, 115. [CrossRef]

8. Narayanaswamy, R.; Torchilin, V.P. Hydrogels and Their Applications in Targeted Drug Delivery. Molecules 2019, 24, 603.
[CrossRef]

9. Apryatina, K.V. Polymer Compositions Based on Chitosan for Medical and Biological Purposes. Candidate of Science Thesis,
Novgorod. 2018. Available online: https://diss.unn.ru/files/2018/839/autoref-839.pdf (accessed on 2 August 2023).

10. Mourya, V.K.; Inamdara, N.; Ashutosh Tiwari, N. Carboxymethyl Chitosan and Its Applications. Adv. Mater. Lett. 2010, 1, 11–33.
[CrossRef]

11. Skorik, Y.A.; Gomes, C.A.R.; Vasconcelos, M.T.S.D.; Yatluk, Y.G. N-(2-Carboxyethyl)Chitosans: Regioselective Synthesis, Charac-
terisation and Protolytic Equilibria. Carbohydr. Res. 2003, 338, 271–276. [CrossRef]

12. Sashiwa, H.; Yamamori, N.; Ichinose, Y.; Sunamoto, J.; Aiba, S. Michael Reaction of Chitosan with Various Acryl Reagents in
Water. Biomacromolecules 2003, 4, 1250–1254. [CrossRef]

13. Kogan, G.; Skorik, Y.; Itanova, I.; Krikova, L.; Urakova, Z.; Gomes, C.; Yatluk, Y.; Krajovi, J. Antioxidant and Antimutagenic
Activity of -(2-Carboxyethyl)Chitosan. Toxicol. Appl. Pharmacol. 2004, 201, 303–310. [CrossRef]

14. Bratskaya, S.; Skatova, A.; Privar, Y.; Boroda, A.; Kantemirova, E.; Maiorova, M.; Pestov, A. Stimuli-Responsive Dual Cross-Linked
N-Carboxyethylchitosan Hydrogels with Tunable Dissolution Rate. Gels 2021, 7, 188. [CrossRef] [PubMed]

15. Wei, Z.; Zhao, J.; Chen, Y.M.; Zhang, P.; Zhang, Q. Self-Healing Polysaccharide-Based Hydrogels as Injectable Carriers for Neural
Stem Cells. Sci. Rep. 2016, 6, 37841. [CrossRef]

16. Mou, D.; Yu, Q.; Zhang, J.; Zhou, J.; Li, X.; Zhuang, W.; Yang, X. Intra-Articular Injection of Chitosan-Based Supramolecular
Hydrogel for Osteoarthritis Treatment. Tissue Eng. Regen. Med. 2021, 18, 113–125. [CrossRef] [PubMed]

17. Li, Z.W.; Zhang, L.Y.; Zeng, Q.X. PH-Sensitivity of N-Carboxyethyl Chitosan Hydrogel and Drug Controlled Release In Vitro.
Mater. Sci. Forum 2007, 561–565, 1455–1458. [CrossRef]

18. Yang, S.; Dong, Q.; Yang, H.; Liu, X.; Gu, S.; Zhou, Y.; Xu, W. N-Carboxyethyl Chitosan Fibers Prepared as Potential Use in Tissue
Engineering. Int. J. Biol. Macromol. 2016, 82, 1018–1022. [CrossRef]

19. Boroda, A.; Privar, Y.; Maiorova, M.; Skatova, A.; Bratskaya, S. Sponge-like Scaffolds for Colorectal Cancer 3D Models: Substrate-
Driven Difference in Micro-Tumors Morphology. Biomimetics 2022, 7, 56. [CrossRef] [PubMed]

20. Boroda, A.; Privar, Y.; Maiorova, M.; Beleneva, I.; Eliseikina, M.; Skatova, A.; Marinin, D.; Bratskaya, S. Chitosan versus
Carboxymethyl Chitosan Cryogels: Bacterial Colonization, Human Embryonic Kidney 293T Cell Culturing and Co-Culturing.
Int. J. Mol. Sci. 2022, 23, 12276. [CrossRef] [PubMed]

21. Zemlyakova, E.O.; Samokhin, A.G.; Korel, A.V.; Kuznetsov, V.A.; Tkachenko, V.O.; Nesterov, D.V.; Filatova, S.B.; Pakhomov, I.A.;
Pavlov, V.V.; Larionov, P.M.; et al. Preparation and Cytotoxicity Evaluation of Hydrogels Based on Poly(Trimethylene Carbonate)
and Carboxyalkyl Chitosans for Regenerative Medicine Applications. Mater. Today Proc. 2020, 25, 470–473. [CrossRef]

22. Pestov, A.V.; Zhuravlev, N.A.; Yatluk, Y.G. Synthesis in a Gel as a New Procedure for Preparing Carboxyethyl Chitosan. Russ. J.
Appl. Chem. 2007, 80, 1154–1159. [CrossRef]

23. Estrella, L.A.; Quinones, J.; Henry, M.; Hannah, R.M.; Pope, R.K.; Hamilton, T.; Teneza-mora, N.; Hall, E.; Biswajit, B. Character-
ization of Novel Staphylococcus aureus Lytic Phage and Defining Their Combinatorial Virulence Using the OmniLog® System.
Bacteriophage 2016, 6, e1219440. [CrossRef] [PubMed]

24. Kim, H.Y.; Chang, R.Y.K.; Morales, S.; Chan, H.-K. Bacteriophage-Delivering Hydrogels: Current Progress in Combating Antibiotic
Resistant Bacterial Infection. Antibiotics 2021, 10, 130. [CrossRef] [PubMed]

25. Loh, B.; Gondil, V.S.; Manohar, P.; Khan, F.M.; Yang, H.; Leptihn, S. Encapsulation and Delivery of Therapeutic Phages. Appl.
Environ. Microbiol. 2021, 87, e01979-20. [CrossRef] [PubMed]

26. Rahimzadeh, G.; Saeedi, M.; Moosazadeh, M.; Hashemi, S.M.H.; Babaei, A.; Rezai, M.S.; Kamel, K.; Asare-Addo, K.; Nokhodchi,
A. Encapsulation of Bacteriophage Cocktail into Chitosan for the Treatment of Bacterial Diarrhea. Sci. Rep. 2021, 11, 15603.
[CrossRef]

27. Samokhin, A.G.; Tkachenko, V.O.; Kuznetsov, V.A.; Zemlyakova, E.O.; Nesterov, D.V.; Larionov, P.M.; Pestov, A.V. Selection of an
Optimal Method for Sterilization of the Medical Grade Biodegradable Polymers. AIP Conf. Proc. 2019, 2063, 030017. [CrossRef]

28. Chen, M.-C.; Wong, H.-S.; Lin, K.-J.; Chen, H.-L.; Wey, S.-P.; Sonaje, K.; Lin, Y.-H.; Chu, C.-Y.; Sung, H.-W. The Characteristics,
Biodistribution and Bioavailability of a Chitosan-Based Nanoparticulate System for the Oral Delivery of Heparin. Biomaterials
2009, 30, 6629–6637. [CrossRef]

29. Kaikabo, A.A.; Sabo Mohammed, A.; Abas, F. Chitosan Nanoparticles as Carriers for the Delivery of ΦKAZ14 Bacteriophage for
Oral Biological Control of Colibacillosis in Chickens. Molecules 2016, 21, 256. [CrossRef]

https://bsuedu.ru/upload/iblock/86e/N9(206)31_%D0%95%D0%9D.pdf
https://bsuedu.ru/upload/iblock/86e/N9(206)31_%D0%95%D0%9D.pdf
https://doi.org/10.1016/S1381-5148(00)00038-9
https://doi.org/10.17116/stomat20199806212
https://doi.org/10.1007/s10856-019-6318-7
https://doi.org/10.3390/molecules24030603
https://diss.unn.ru/files/2018/839/autoref-839.pdf
https://doi.org/10.5185/amlett.2010.3108
https://doi.org/10.1016/S0008-6215(02)00432-9
https://doi.org/10.1021/bm030022o
https://doi.org/10.1016/j.taap.2004.05.009
https://doi.org/10.3390/gels7040188
https://www.ncbi.nlm.nih.gov/pubmed/34842662
https://doi.org/10.1038/srep37841
https://doi.org/10.1007/s13770-020-00322-z
https://www.ncbi.nlm.nih.gov/pubmed/33511556
https://doi.org/10.4028/www.scientific.net/MSF.561-565.1455
https://doi.org/10.1016/j.ijbiomac.2015.10.078
https://doi.org/10.3390/biomimetics7020056
https://www.ncbi.nlm.nih.gov/pubmed/35645183
https://doi.org/10.3390/ijms232012276
https://www.ncbi.nlm.nih.gov/pubmed/36293131
https://doi.org/10.1016/j.matpr.2019.12.182
https://doi.org/10.1134/S1070427207070282
https://doi.org/10.1080/21597081.2016.1219440
https://www.ncbi.nlm.nih.gov/pubmed/27738555
https://doi.org/10.3390/antibiotics10020130
https://www.ncbi.nlm.nih.gov/pubmed/33572929
https://doi.org/10.1128/AEM.01979-20
https://www.ncbi.nlm.nih.gov/pubmed/33310718
https://doi.org/10.1038/s41598-021-95132-1
https://doi.org/10.1063/1.5087325
https://doi.org/10.1016/j.biomaterials.2009.08.030
https://doi.org/10.3390/molecules21030256


Gels 2023, 9, 756 16 of 16

30. Pokrovsky, V.M.; Korotko, G.F. Human Physiology, 2nd ed.; Meditsina: Moscow, Russia, 2003; ISBN 5-225-04729-7. Available
online: https://search.rsl.ru/en/record/01001845929 (accessed on 2 August 2023).

31. McIlvaine, T.C. A buffer solution for colorimetric comparison. J. Biol. Chem. 1921, 49, 183–186. [CrossRef]
32. Starostenko, A.A.; Zaikin, P.A.; Troitskij, A.V.; Bystrova, T.N. Method of Producing Oxidised Dextran, Suitable for Its Visualization

in Blood Serum. Patent RU 2690380C1, 3 June 2019. Available online: https://patents.google.com/patent/RU2690380C1/en
(accessed on 2 August 2023).

33. Akremi, I.; Merabishvili, M.; Jlidi, M.; Haj Brahim, A.; Ben Ali, M.; Karoui, A.; Lavigne, R.; Wagemans, J.; Pirnay, J.-P.; Ben Ali, M.
Isolation and Characterization of Lytic Pseudomonas Aeruginosa Bacteriophages Isolated from Sewage Samples from Tunisia.
Viruses 2022, 14, 2339. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://search.rsl.ru/en/record/01001845929
https://doi.org/10.1016/S0021-9258(18)86000-8
https://patents.google.com/patent/RU2690380C1/en
https://doi.org/10.3390/v14112339

	Introduction 
	Results 
	Spectral and Morphological Characteristics of CEC Gel 
	Release Rate of CEC Gel under Various pHs 
	Lytic Activity of Bacteriophages Released from CEC Gel 

	Discussion 
	Conclusions 
	Materials and Methods 
	Swelling Analysis of CEC Gel 
	Scanning Electron Microscopy 
	Design of Experimental Setup 
	Lytic Activity of the Bacteriophages 
	Statistics 

	References

