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Abstract: The work is devoted to the clarification of the preservation of humic acid biomolecules encapsulated in
biopolymer gelatin-alginate hydrogels during conventional sterilization with ethylene oxide (EO). According to SEM and
EDS data, immediately after fabrication dried biopolymer hydrogels have smooth surface, layered structure and relatively
uniform distribution of elements inherent in biopolymers C, O, N, and Na across all samples. According to the
microbiological experiments, all of them contain a small number of fungi, but the contamination of Hana 2.5 and Hana 5
hydrogels with E. coli is high due to the encapsulated Hana biomolecules. The morphology of the biopolymer hydrogels
was partially damaged but not completely destroyed after E. coli contamination and ethylene oxide sterilization according
to SIST EN 550:2000. Moreover, microbiological tests for the detection of E. coli after ethylene oxide sterilization
revealed the persistence of these bacteria due to the encapsulation with Gal, Nana 2.5 and Hana 5 hydrogels.
Microbiological tests have shown sufficient resistance of the microbiota encapsulated inside gelatin-alginate biopolymer
hydrogels to EO sterilization. In addition, it has been experimentally confirmed that the gelatin-alginate hydrogels
modified with humic acids that we developed mainly retain their morphology and chemical composition during this
sterilization.
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1. INTRODUCTION

due to its ability to protect encapsulated objects from

harsh physiological conditions and increase their

Hydrogel materials are widely used for
encapsulation of biological molecules in controlled drug

therapeutic efficacy and biocompatibility. Among them,

delivery to protect them from degradation and/or
immune recognition [1-3]. According to [4-6], hydrogel
encapsulation is a promising method for drug delivery
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non-toxic and highly bio-friendly biopolymer hydrogels
may be particularly useful for creating systems that will
deliver desired therapeutic agents in a controlled
manner by encapsulating bioactive drugs that will be
released from these systems [7,8]. Biosafe biopolymer
hydrogels based on natural polymers such as chitosan,
alginate, gelatin are well compatible with tissues,
create a moist healing microenvironment and minimize
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the local inflammatory response, which reduces pain
and accelerates regeneration [9,10]. They work as
platforms for the controlled release of bioactive agents
(antiseptics, anti-inflammatory compounds, growth
factors, cells), maintaining therapeutic concentrations
locally and reducing the risk of systemic toxicity [11].
For example, dietary supplementation of humic acids
(Hana) for medicinal and health-promoting purposes is
deeply rooted in cultural traditions as it has profound
effects on the healthy colonic microbiome [12]. In our
recent works [13,14] Hana was used as a modifier of
thermosensitive, hemostatic and wound healing
gelatin-alginate biopolymer hydrogels. When using
composite biomaterials, including for hemostasis and
wound healing, terminal sterilization is a crucial step
[15-18]. The problem is that, according to [15-17],
sterilization of biopolymer hydrogels is challenging due
to the sensitivity of this type of materials to common
sterilizing agents such as gamma radiation and heat. In
addition, each biopolymer system requires individual
testing to select the suitable and effective sterilization
method, which will keep the basic properties
unchanged [15,16]. When sterilizing hydrogels to
release the active compound/drug, the ability of the
hydrogels and the drugs/molecules contained therein to
withstand sterilization processes is of primary
importance [15]. When it comes to preserving the
biomolecules encapsulated in these hydrogels, it is
important to know how sterilization affects their
morphology and properties. At the same time,
according to data [15,16,18], the influence of
sterilization methods on the internal properties of
systems based on biopolymer hydrogels has not been
sufficiently studied and further research and careful
selection of a suitable sterilization method are
necessary.

Sterilization with ethylene oxide (EO) gas is an
effective method for sterilizing a wide range of
materials including plastics, rubber, textiles and
electronics without causing damage from heat or
moisture [19,20]. Validation of EO sterilization
processes, which includes physical and microbiological
performance qualification, is described in detail in the
European Standard (EN) SIST EN 550:2000
Sterilization of health care products - Validation and
routine control of ethylene oxide sterilization. Recently,
great success has emerged in hydrogels modified with
humic acids (HA), which demonstrate improved
antibacterial potency, increased stability, and the ability
to regulate thermoresponsive behavior and fluidity
polished exudate. Any hydrogel used for clinical

stagnation may undergo sterilization, and this very
stage often causes degradation of the polymer
structure, change in mechanical properties and
destruction functionality of the material [13,14]. EO
sterilization is one of the most extensive methods for
temperature-sensitive germs and is used for
sterilization of over 20 billion medical devices in the
world [18]. For hydrogels, EO is a potentially delicate
method, which may cause excessive toxicity, as well as
chemical modification of polymers, including partial
destruction or additional cross-linking. However, there
is no information in the modern literature on the use of
EO sterilization for biopolymer hydrogels, especially for
humic acid-modified gelatin-alginate hydrogels [21].
Thus, this work is devoted to studying the effect of
ethylene oxide sterilization according to the conditions
of the SIST EN 550:2000 standard on
micromorphology,  elemental = composition, and
assessment of the presence and levels of
microorganisms in the initial hydrogels, as well as after
contamination using a microbiological McFarland test
and after EO sterilization.

2. MATERIALS AND METHODS

Similarly to what was described in [22,23], in this
work we used food gelatin (GN) and sodium alginate
(SA) to prepare the gelatin-alginate base of all
hydrogels. For their modification, Hana humic acids
were obtained by extraction from lignite with a solution
of tetrasodium pyrophosphate NaysP,O; and further
extraction with 1 wt.% NaOH followed by precipitation
with HCI. The Hana extraction method consisted of the
stages described in detail in [24].

The preparation of hydrogels was carried out in
accordance with the procedure described in [28,29].
The appropriate amount of gelatin was placed in
distilled water, preheated to 90 + 2°C, and stirred in a
water bath during 30 minutes using a VEVOR 85-2
magnetic stirrer until a pure GN sol was obtained. Then
dry sodium alginate SA was added to the GN sol and
stirred with a VEVOR 85-2 magnetic stirrer with a
heating plate until a homogeneous gelatin-alginate sol,
called Gal, was obtained. Before adding to the Gal sol,
the Hana humic acids were partially dissolved in an
aqueous alkaline solution of 1 wt. % NaOH. Table 1
shows the percentage ratio of the components without
indicating the water content in the studied
sols/hydrogels.

Then, similarly to that described in [27,28], 1.8 g of
each sol/hydrogel was naturally dried in a special mold
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Table 1: Biopolymer Hydrogels Studied in this Work
Hydrogel Composition, Wt. (SD)
Hydrogel symbol
GN SA Hana
Gal 14 6.4 -
Hana2.5 14 6.4 25
Hana5 14 6.4 5

for 48 h, obtaining dry hydrogel washers with a
diameter of ~1.5 cm and a height of ~0.1 cm. These
washers were cut into pieces and used in experiments
to determine the initial sterility of hydrogels and in
experiments to sterilize hydrogels with ethylene oxide.
The samples were first weighed before the experiment,
then placed in 10 ml of aqueous phosphate-buffered
saline (PBS) (pH 7.2) containing sodium chloride,
potassium chloride, potassium dihydrogen phosphate,
and disodium hydrogen phosphate, and gently shaken
in a Falcon 50 ml tubes for 2 h, 135 RPM, using
Benchmark scientific  mixer under the room
temperature. The weights of the hydrogels before and
after washing in PBS are shown in Table 2 [29].

To assess the initial sterility of the hydrogel
samples, the Plate Count Method was employed in
accordance with the USP 43-NF 38 standards of with
the microbiological examination of nonsterile products.

Samples were subjected to serial decimal dilutions
ranging from 107" to 10~0J and analyzed using the pour
plate technique. For each dilution, 1 mL was aseptically
transferred and plated under the agar. The agar plates
were incubated at 37 °C for 18—24 hours under aerobic
conditions. Two types of culture media were utilized for
microbial enumeration: Tryptic Soy Agar (TSA) and
Sabouraud Dextrose Agar (SDA) (1). The control group
(Ctr1) consisted of sterile phosphate-buffered saline
(PBS) and just agar as a negative control (Ctr).

The volume of colony-forming units (CFU) in 1 ml
was calculated as follows:

CFU

==

ml

NUMB.COLON.-DIL.FACT.)
VOL.PLAT.(IN ML.)

(1)
The colony-forming unit (CFU) counts obtained from
the microbial analysis are presented in Table 3.

Table 2: Weight of Hydrogels Before and After Washing in PBS

Hydrogel weight, g
Hydrogel nitial After washing in PBS and drying Before sterilization process | N Sterile Petri dish before
overnight in an incubator at 30°C P EO sterilization
Gal 0.21£0.01 0.19+0.01 0.09+0.01 0.072+0.001
Hana2.5 0.23+0.01 0.21+0.01 0.10£0.01 0.074+0.001
Hanab 0.12+0.01 0.09+0.01 0.10£0.01 0.085+0.001

Table 3: Data on Initial Contamination of Biopolymer Hydrogels

Colony-forming units results, CFU/mL (SD)
Hydrogel and concentration Medium
First plate Second plate Third plate
Gal (10) 1+0.1 1+0.1 1+0.1
Gal (10-") 0 0 0
Hana 2.5 (10) TSA 478+0.1 474101 49810.1
Hana 2.5 (10-") (E. coli) 40£0.1 4420.1 48+0.1
Hana 5 (10) 2+0.1 2+0.1 3%0.1
Hana 5 (10-") 0 0 0
Gal (10) 620.1 14+0.1 11£0.1
SDA
Hana 2.5 (10) . 2+0.1 3%0.1 4+0.1
(fungi)
Hana 5 (10) 30+0.1 27+0.1 33+0.1
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Figure 1: Photographs of cut-in-piece biopolymer hydrogel washers in sterile Petri dishes before the experiment (a), to which 10

ml of PBS buffer was added (b) and placed in Falcon tubes (c).

Figure 1a shows photographs of the samples used
in the pre-sterilization process, in the form of cut-in-
piece biopolymer hydrogel washers weighed into a
sterile Petri dish before the experiment, the weights of
which are presented in Table 2. Then they were placed

in Falcon tubes as shown in Figure 1b and 1c and then
10 ml of PBS buffer was added to each and shaken
gently at 135 rpm for 2 hours on a Benchmark scientific
mixer. Before sterilization with ethylene oxide
according to the conditions of the SIST EN 550:2000

C=T2at%
O=18at%
N=9 at %
Na<l1 at %
S<1 at %

- Crsf Y (f)

Il N=11 at %

Hana 5
Na<1 at %

S<1 at %

Figure 2: SEM images, EDS spectra and EDS map of dried biopolymer hydrogels immediately after fabrication (hydrogels

coated with a 10 nm thick Au80Pd20 film).
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standard, E. coli bacteria were added to the non-sterile
samples as a contaminating agent (McFarland test =
1.0 (3*100J)). To test the effect of ethylene oxide
sterilization according to the SIST EN 550:2000
standard on the presence and levels of E. coli in
hydrogels after contamination using the McFarland
microbiological test after ethylene oxide sterilization,
the hydrogels were placed in sterile bags and
incubated for 1 week in TSA medium with PBS in
sterile Petri dishes. The control sample (Ctr) contained
TSA or SDA in PBS medium without biopolymer
hydrogel.

Prior to ethylene oxide sterilization, conducted in
accordance with the SIST EN 550:2000 standard,
Escherichia coli (E. coli) was intentionally introduced
into non-sterile hydrogel samples to simulate microbial
contamination. The bacterial suspension was prepared
to a turbidity equivalent to McFarland standard 1.0,
corresponding to approximately 3 x 1000 CFU/mL.

To evaluate the efficacy of ethylene oxide
sterilization on the elimination of E. coli from the
contaminated hydrogels, samples were subjected to
the standardized sterilization process [12].

The morphology and chemical composition of the
dry hydrogel samples immediately after preparation
and after sterilization with ethylene oxide were
investigated by scanning electron microscopy (SEM)
and energy-dispersive X-ray spectrometry (EDS) using
a Zeiss ULTRA Plus SEM (ZEISS, Jena, Germany)

Gal

scanning electron microscope equipped with an
OXFORD X-Max 20 EDS detector (Oxford Instruments,
Abingdon, UK). Considering the dielectric properties of
biopolymer hydrogels, before their analysis using SEM
and EDS, 10 nm thick Au80Pd20 alloy films were
deposited on the surface of the hydrogels using the
radio frequency magnetron sputtering method. EDS
maps of hydrogels with a resolution of 500 x 500 pixels
were superpositions of the signal obtained from the
electron backscatter detector, colored white, and the
characteristic colors of the elements C, O, N, Na, etc.

The obtained data were presented as average
values and standard deviations. Data normality was
assessed for statistical analysis using Tukey's multiple
comparison post hoc test using ANOVA with sample
size (n) and standard deviation (SD).

3. RESULTS AND DISCUSSION

Figure 2a, 2b, 2¢ shows the morphological
characterization of dried biopolymer hydrogels
immediately after fabrication using scanning electron
microscopy, which their smooth surface and layered
structure. The cracks seen in Figure 2¢ are the result of
the hydrogel compression during its drying. The
elemental composition of the dried hydrogels Gal and
Hanab5 shown in the EDS spectra in Figure 2d and (f),
respectively, contain elements inherent in biopolymers:
carbon and oxygen from GN, SA and Hana, nitrogen
from GN and Hana, and sodium from SA and Hana.

(8) Hanas (h)

Figure 3: Total and elemental EDS maps of dried biopolymer hydrogels immediately after fabrication (hydrogels coated with a

10 nm thick Au80Pd20 film).
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The overall EDS map in Figure 2e and the overall and
elemental maps in Figure 3 show a relatively uniform
distribution of C, O, N, and Na across all samples of
dried biopolymer hydrogels immediately after
fabrication.

The photographs in Figure 4 and the data in Table 3
show that immediately after fabrication, the biopolymer
hydrogels contain a small amount of fungi. At the same
time, the contamination of Hana2.5 and Hana5
hydrogels with E. coli is high due to the encapsulated
Hana biomolecules.

SEM images of dried biopolymer hydrogels after
ethylene oxide sterilization according in Figure 5 show
that the morphology of the biopolymer hydrogels was
partially damaged but not completely destroyed.
Etching spots can be seen in Figure 6b, 6d, 6e, 6f, as
well as additional cracks on the surface of all hydrogels
after their sterilization with ethylene oxide. The above is
confirmed by the total and elemental EDS maps in
Figure 6. The EDS spectra of the dried biopolymer
hydrogels Gal and Hana5 after sterilization with
ethylene oxide in Figure 6b and 6h, respectively, are
similar to the spectra for these samples immediately
after fabrication.

Figure 4: Photographs demonstrating the detection of microorganisms in Tryptone Soy Agar medium (a), (c¢), (e) and fungi in
Sabouraud Dextrose Agar medium (b), (d) in solutions obtained from biopolymer hydrogels.
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500 nm

Figure 5: SEM images of dried biopolymer hydrogels after contamination E. coli and ethylene oxide sterilization according to the
SIST EN 550:2000 (hydrogels coated with a 10 nm thick Au80Pd20 film).

50 pm 30 IIETJ.

50 pm

5 um

5 jpm 5 pm

S um

Figure 6: Total and elemental EDS maps and EDS spectra of dried biopolymer hydrogels after contamination with E. coli and
sterilization with ethylene oxide (hydrogels coated with a 10 nm thick Au80Pd20 film).
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Figure 7: Photographs demonstrating the detection of E. coli in Tryptone Soy Agar medium, in PBS solution without biopolymer
hydrogel, and in solutions obtained from biopolymer hydrogels Hana 2.5, Hana 5 and Gal.

Table 4: Data on Biopolymer Hydrogels Contaminated with E. coli and Sterilizated with EO

Hydrogel and concentration Medium Colony-forming units results, CFU/mL (SD)
First plate Second plate Third plate Average
Gal (10) TSA 5+0.5 16+0.5 12+0.5 10+0.5
Hana 2.5 (10) *E. coli 9710.5 82+0.5 105£0.5 100£0.5
Hana 5 (10) >2000+£0.5 >2000+£0.5 >2000+£0.5 >2000+£0.5
The photographs in Figure 7 and the corresponding encapsulation with Gal, Nana2.5, and Hana5

data in Table 4 on the detection of E. coli after ethylene

hydrogels. Thus,

microbiological

tests

showed

oxide sterilization of specially contaminated biopolymer
hydrogels using the McFarland microbiological test
revealed the persistence of these bacteria due to

sufficient resistance of microbiota encapsulated inside
gelatin-alginate  biopolymer  hydrogels to EO
sterilization.
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CONCLUSIONS

Herein, the preservation of humic acid biomolecules
encapsulated in biopolymer gelatin-alginate hydrogels
during conventional sterilization with ethylene oxide
was determined by studying their microbiological
contamination, = micromorphology and  chemical
composition. According to SEM and EDS data,
immediately after fabrication dried biopolymer
hydrogels have smooth surface, layered structure and
relatively uniform distribution of elements inherent in
biopolymers C, O, N, and Na across all samples.
According to the microbiological experiments, all of
them contain a small number of fungi, but the
contamination of Hana 2.5 and Hana 5 hydrogels with
E. coli is high due to the encapsulated Hana
biomolecules. The morphology of the biopolymer
hydrogels was partially damaged but not completely
destroyed after E. coli contamination and ethylene
oxide sterilization according to SIST EN 550:2000.
Moreover, microbiological tests for the detection of E.
coli after ethylene oxide sterilization revealed the
persistence of these bacteria due to the encapsulation
with Gal, Nana 2.5 and Hana 5 hydrogels. Thus, the
study demonstrated sufficient resistance of the
microbiota encapsulated inside the gelatin-alginate
biopolymer hydrogels to EO sterilization. In addition, it
has been experimentally confirmed that the gelatin-
alginate hydrogels we developed, modified with humic
acids, predominantly retain their morphology and
chemical composition during this sterilization.
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