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Abstract: The aim of this work was to prepare bimetallic chitosan microgels with high sphericity
and investigate the influences of metal-ion type and content on the size, morphology, swelling,
degradation and biological properties of microgels. Amino and hydroxyl groups of chitosan (deacety-
lation degree, DD, of 83.2% and 96.9%) served as ligands in the Cu?*~Zn?* /chitosan complexes with
various contents of cupric and zinc ions. The electrohydrodynamic atomization process was used to
produce highly spherical microgels with a narrow size distribution and with surface morphology
changing from wrinkled to smooth by increasing Cu?* ions’ quantity in bimetallic systems for both
used chitosans. The size of the bimetallic chitosan particles was estimated to be between 60 and
110 pum for both used chitosans, and FTIR spectroscopy indicated the formation of complexes through
physical interactions between the chitosans’ functional groups and metal ions. The swelling capacity
of bimetallic chitosan particles decreases as the DD and copper (II) ion content increase as a result
of stronger complexation with respect to zinc (II) ions. Bimetallic chitosan microgels showed good
stability during four weeks of enzymatic degradation, and bimetallic systems with smaller amounts
of Cu?* ions showed good cytocompatibility for both used chitosans.
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1. Introduction

Tissue regeneration in small defects could be assisted by implanted biomaterials
that mimic the properties of a tissue-specific extracellular matrix. Among the different
types of biomaterials, hydrogels can serve as a good platform for tissue regeneration
due to their large surface-to-volume ratio and high porosity. Furthermore, their high
water content allows a microenvironment that can mimic a tissue’s architecture to direct
cell organization [1]. Synthetic and natural polymers were used to prepare hydrogels
systems for specific applications with an emphasis on natural polymers regarding their
biocompatibility. Collagen, alginate, gelatin and chitosan-based hydrogels were extensively
investigated and developed as temporary cell supports or cell carriers for soft and hard
tissue regeneration [2]. A hydrogel’s three-dimensional network allows for the encapsu-
lation of biomolecules, leading to hydrogel’s functionalization for tissue engineering and
drug delivery applications. The ability to be physically crosslinked through weak bonds
makes hydrogels promising systems for the delivery of biomolecules by preserving their
structural integrity [3].

Recently, natural polymer-based hydrogels containing bioactive ions (such as Cu, Zn,
Ga, B, Mn and Fe ions) have provided alternatives to biomolecule-functionalized hydrogel
biomaterials. The usage of so-called therapeutic ions can induce specific biological func-
tions, such as osteogenesis, angiogenesis and antibacterial activity [4]. On the other hand,
the appropriate amount of metal ions could assist in chemotherapies [5]. For instance,
injectable alginate hydrogel functionalized by borax, as a source of borate ions, promoted
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muscle regeneration after injury [6]. Furthermore, the proposed hydrogel has indicated
potential as an ion-delivery system for specific stimulation of cell integrins. The physico-
chemical properties of alginate hydrogels can be improved by a simple mixing in of two
metal ions. The synergistic effect of divalent and multivalent ions (Fe3*, Cu?t, Ni%*, Mn2+,
Co?*) was observed by improved mechanical, swelling and self-healing properties of a
bimetallic alginate-based hydrogel [7]. Another study on Zn/Cu-gelatin hydrogels [8] fo-
cused on synchronous regeneration of gradient tissue injury. Aside from zinc and copper’s
role as gelatin crosslinkers, the hydrogels promoted tenogenesis and osteogenesis in vivo,
and possess good antibacterial ability.

The functionalization of chitosan-based hydrogels by divalent and multivalent metal
ions has been substantially investigated in the last decade. Chitosan is a natural poly-
cation consisted of N-acetyl D-glucosamine and D-glucosamine units and possesses a
structure similar to that of ECM components. Chitosan’s functional groups allow for
metal-ion complexation at specific concentrations of metal ions, resulting in hydrogels
with enhanced antibacterial properties or cytotoxic activity [9-11]. The biocompatibility of
copper-functionalized chitosan-based hydrogels can be modulated by using a lower copper-
ion concentration, while improving their antibacterial and antimicrobial properties [12,13].
On the other hand, chitosan-zinc complexes showed potential for wound healing through
improved cell viability, angiogenic behavior and antibacterial properties [14].

Tissues are formed by heterogeneous building blocks generating a complex hierar-
chy, from microscopic to macroscopic levels. Microscale hydrogels, i.e., microgels, are
recognized as one of the methodologies that can create biomimetic engineered tissues [15].
Furthermore, additional surface functionalization with specific biomolecules could assist
in cell adhesion, agglomeration and integration within the surrounding tissue [16].

Recently, our group has proposed the production of chitosan—-metal ion spherical
microgels for biomedical applications [17,18], using copper or zinc ions as bioactive compo-
nents. Our previous results indicated facile preparation of spherical microgels using an
electrohydrodynamic atomization process (electrospraying), and the biocompatibility of
produced microgels was modulated by ion concentration. In this work, we propose the
production of chitosan-based microgels simultaneously functionalized by copper (II) and
zinc (II) ions, forming bimetallic-chitosan-complex microgels with a narrow size distribu-
tion and defined surface morphology. We also assessed the cytocompatibility of bimetallic
chitosan microgels by varying the contents of Cu and Zn ions.

2. Materials and Methods
2.1. Materials

Chitosan with a deacetylation degree of 83.2% and viscosity of 293 mPa s (Chitoscience
Chitosan 85/200; CHT83) and chitosan with a deacetylation degree of 96.9% and viscosity
of 324 mPa s (Chitoscience Chitosan 95/200; CHT97) were purchased from Heppe Medical
Chitosan GmbH (Halle (Saale), Germany). Acetic acid (99.8%) was purchased from Lach-
Ner (Neratovice, Czech Republic), and sodium hydroxide (NaOH) was purchased from
Honeywell (Seelze, Germany). Copper (II) acetate monohydrate (M, = 199.65 g mol 1)
and zinc (II) acetate dehydrate (My = 219.50 g mol~!), purchased from VWR Chemicals
BDH (Leuven, Belgium), were used as precursors for Cu?* and Zn?* ions, respectively.
Reagents used for washing of obtained chitosan-based microgels were 96% ethanol (Kefo,
Ljubljana, Slovenia) and acetone (T.T.T. doo, Sveta Nedelja, Croatia). Sodium chloride,
potassium chloride, sodium phosphate dibasic, and potassium phosphate monobasic were
used for the preparation of phosphate-buffered saline solution (PBS, pH 7.4) and purchased
from Gram-mol (Zagreb, Croatia). Lysozyme from chicken egg white (~70,000 U mg~!;
Sigma-Aldrich, St. Louis, MO, USA) and sodium azide (VWR Chemicals BDH, Leuven,
Belgium) were used in an enzyme-induced degradation of bimetallic chitosan microgels.
All reagents were of analytic grade.
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2.2. Preparation of Bimetallic-Chitosan-Complex Solutions

The Cu?*-Zn?%* / chitosan complex solutions with different contents of metal ions were
prepared by mixing a proper volume of 1 wt.% chitosan solution (in 0.5% v/v acetic acid)
and a Zn?*-ion solution for 10 min (stirring speed was 350 rpm). After that, stirring was
increased (700 rpm), followed by the addition of the Cu?*-ion solution. Mixing of the
Cu?*—Zn?* /chitosan solution was continued for 50 min, after which a clear chitosan-based
complex solution was obtained, with a final chitosan concentration of 0.88 wt.%. The
total amounts of Cu?* and Zn?* ions in the bimetallic-chitosan-complex solution were
added to respect the constant molar ratio (n(Cu?*) + n(Zn**)):n(NH,) of 0.0915:1. Then,
different molar ratios of copper/zinc ion-to-amino groups within the same complex solution
were applied: n(Cu?*):n(NH,) = 0.0183:1 with n(Zn?*):n(NH,) = 0.0732:1 for sample Cul-
Znd; n(Cu?*):n(NH,) = 0.0549:1 with n(Zn?*):n(NH,) = 0.0366:1 for sample Cu3-Zn2; and
n(Cu?*):n(NH,) = 0.0915:1 for sample Cu5. Chitosan without metal ions was used as a
control. Table 1 summarizes the Cu?* and Zn?* quantities needed for the preparation of
bimetallic-chitosan-complex solutions, and the corresponding samples’ labelling.

Table 1. The weight fractions (w) of Cu?* and Zn?* ions in bimetallic-chitosan-complex solutions.
DD represents the deacetylation degree of chitosan.

Sample Cul-Zn4 Cu3-Zn2 Cu5
w(Cu?*), % 0.62 1.84 3.03

bD83 w(Zn?*), % 251 1.27 -
w(Cu?*), % 0.64 1.90 3.12

bD97 w(Zn%*), % 2.58 1.31 -

2.3. Production of Bimetallic Chitosan Microgels

In this work, the electrohydrodynamic atomization process (scheme shown in Figure 1)
was used for the preparation of bimetallic chitosan (Cu?*~Zn?* /CHT) microgels. The re-
quired high voltage was determined by the formation of stable Taylor cone-jet mode at
22.5 kV for the given conditions in the process chamber (temperature of 24.1 £+ 0.2 °C
and relative humidity of 67 & 5%). Parameters that were constant in all electrospraying
processes were a 23-gauge needle, a bimetallic chitosan solution flow rate of 5mL h~!, and
the distance from needle-tip-to-collector of 10 cm. An NaOH solution (5 wt.%) was used as
a gelation medium and collector of the formed microgels. The process procedure was fol-
lowed as described in detail in our previous paper [18]. The obtained Cu?*~Zn?* /chitosan
microgels were extensively washed with distilled water, 96% ethanol and acetone, and
dried at room conditions. The same procedure was followed for the preparation of chitosan
microgels (CHT83 and CHT97), which were used as controls.

Cu?-Zn?/CHT
solution

Figure 1. Schematic illustration of electrospraying setup. Created with Biorender.com.
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2.4. Characterization Methods

The structural changes of chitosan were identified by FTIR spectroscopy using a Bruker
Vertex 70 (Bruker Optics, Ettlingen, Germany) spectrometer equipped with a diamond
crystal as an internal reflection element. Spectra were acquired in the wavenumber range
from 4000 to 400 cm~! with a resolution of 4 cm~! and 32 scans at 20 °C.

To estimate the diameters of bimetallic chitosan microgels in the dry and wet states,
all pictures gathered by light microscopes Olympus IX3 microscope (Olympus, Hamburg,
Germany) with CellSens software for dry bimetallic chitosan microgels, and a BA200
binocular microscope (Motic Instruments, Barcelona, Spain) with Motic Images Plus 2.0
software for bimetallic chitosan microgels obtained after immersion, were processed by
Image]J 1.53e software. The diameter was estimated while assuming microgel sphericity
of 1.

The swelling behavior of dry microgels was estimated as the volume ratio of microgels
obtained after immersion in buffer solution and dry microgels, Vwet/Vary (um3/um3).

The morphology of dry bimetallic chitosan microgels was investigated by scanning
electron microscopy (SEM; Tescan Vega III Easyprobe, Brno-Kohoutovice, Czech Republic)
with an electron beam energy of 10 keV. Before imaging, samples were sputter-coated with
gold and palladium for 90 s.

2.5. Enzymatic Degradation

Enzymatic degradation of bimetallic chitosan microgels was investigated in phosphate-
buffered saline solution (pH 7.4) supplemented with lysozyme (0.5 mg mL~!; LZ/PBS) and
sodium azide (0.2 mg mL ') at 37.5 4 0.5 °C in an orbital shaker (50 rpm). Samples were
weighed out to ~1 mg, and in vitro degradation was performed in 1.5 mL of medium for
four weeks. Approx. 70% of fresh degradation medium was replaced every third day. After
4 weeks of incubation, degraded bimetallic chitosan microgels were investigated by light
microscope to estimate the swelling capacity. Then, collected microgels were washed three
times with distilled water, 96% ethanol and acetone, and left to dry at room conditions. The
morphology of dry microgels obtained after degradation was investigated by SEM.

2.6. Cell Cytotoxicity Assay

The indirect MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) as-
say was used as an indicator of cytotoxicity of prepared Cu?*~Zn?* /chitosan complexes
against human embryonic kidney 293 cells (HEK293). The samples’ supernatant at a con-
centration of 0.5 mg mL~! was used for cell feeding. Before assay, samples were sterilized
by UV light for 30 min. The measurements were performed in triplicate.

HEK?293 cells were cultured in Dulbecco’s modified Eagle’s medium with 4500 mg L~
glucose (DMEM-high glucose; Capricorn Scientific) supplemented with 10% fetal bovine
serum (FBS; Sigma-Aldrich, Burlington, MA, USA) and 1% penicillin/streptomycin (Sigma-
Aldrich, Burlington, MA, USA). After reaching 80% confluence, cells were seeded into a
96-well plate (Sarsted) at a concentration of 5 x 10* cells /200 uL of the medium and allowed
to adhere overnight in a humidified incubator with 5% CO; at 37 °C. Then, the medium
was replaced by the samples’ supernatant, and cells were incubated for 72 h. Following
the incubation period, the supernatants were removed, and cells were treated with 40 pL.
per well of MTT solubilized in cell medium at a concentration of 0.5 mg mL~!. After
3.5 h of incubation, 170 pL dimethyl sulfoxide (DMSO, Sigma-Aldrich, Burlington, MA,
USA) was added to each well to dissolve the formazan crystals (15 min). The absorbance
was measured at 560 nm using the microplate reader (Glomax-Multi, Promega). The cell
viability was calculated as a percentage of untreated cells (negative control).

2.7. Statistical Analysis

The results are presented as mean values corrected by standard deviation. Data
comparisons were carried out using the two-way analysis of variance (ANOVA) followed
by Tukey post hoc test. A significant difference between groups is marked with an asterisk.



Polymers 2023, 15, 1480

50f 15

3. Results and Discussion
3.1. Structural Characterization

The functionalization of chitosan with mono- and multivalent metal ions can be ac-
complished via simple complexation chemistry, where amino, amide and hydroxyl groups
act as ligands in metal coordination. Such physical interactions can be sufficient to form
strong physical crosslinks that significantly improve polymer’s mechanical properties [19].
The FTIR spectroscopy was used to evaluate the structure of dry bimetallic chitosan micro-
gels prepared with different Cu?* and Zn?* content (Figure 2). The electrospraying of the
chitosan solution without metal ions yielded precipitates of undefined sizes and shapes
that were only used for structural characterization.
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Figure 2. FTIR spectra of bimetallic chitosan dry microgels prepared with different contents of Cu®*

and Zn?* ions.
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FTIR absorption bands characteristic for chitosan are summarized in Table S1, and
the absorption bands with significant shifts in wavenumber are indicated in Figure 2.
The addition of metal ions caused structural changes of chitosan, which are indicated by
the band shifts to lower wavenumbers (except for the vibrations of the C-H bond). Dry
microgels prepared from both chitosans (DD83 and DD97) showed significant changes for
the same bond vibrations: an absorption band in the region of 3360-3292 cm ! attributed to
-NH, and —OH stretching vibrations [20]; a band at 2904 cm ™! for chitosan DD83 and one
at 2917 cm ! for chitosan DD97 attributed to stretching of C-H bond in ~CH, group [12]; a
band at ~1650 cm~! assigned to C=0 of the amide group; bands at ~1420 and ~1320 cm !
attributed to bond vibrations of amide III [21]; and a region of 1059-1028 cm ! attributed
to stretching vibrations of the C-O bond of the glucosamine unit [14].

Chitosan DD97 systems showed a decrease in intensity of the C-O bond as the Cu?*
content increased, which could indicate more interactions between oxygen and copper [14].
Furthermore, a pronounced decrease in peak intensity at ~1590 cm ™! of DD97 bimetallic
microgels was observed with higher Cu content. This absorption band is attributed to
vibrations of the N-H bond in the primary amine, which indicates more involvement
of -NH> in metal coordination. The observed changes in the FTIR spectra of bimetallic
chitosan systems are in agreement with previous studies performed on monometallic-
chitosan complexes formed by copper (II), zinc (II) and iron (II) ions [10,14,22,23]. Those
studies indicated that free hydroxyl and amino groups are involved in metal coordination,
forming structures that can be described by two models, the “pendant” and “bridge”
models [24]. Several types of [CuNH,(OH),;X] (X = H,O or -OH (chitosan)) complexes
with “pendant” configuration were proposed [25], where copper is coordinated by the
amino group, hydroxide ions and water molecules, depending on the pH of the aqueous
solution. In addition, the “bridge” model is described by the tetrahedral coordination with
amino groups of the same or different chitosan macromolecules.

All bimetallic systems were prepared at a constant molar ratio of metal ions-to-amino
groups while varying the Cu?* to Zn?* ratio (see Table 1). Interestingly, the increase
in the portion of Cu?* ions, while decreasing that of 7Zn2* jons, resulted in band shifts
to lower wavenumbers, especially for bands attributed to hydroxyl and amino groups.
Copper and zinc possess high affinity to primary amines, thereby forming Cu and Zn
complexes. Copper has a stronger complexation capacity than zinc. Previously [9], we
prepared monometallic chitosan complexes, and Cu—chitosan complexes had more stable
structure at a lower concentration than Zn—chitosan-complex hydrogels. In the present
study, similar behavior was observed on bimetallic chitosan microgels when more copper
ions were added. It can be assumed that greater band shifts were the result of a stronger
physical crosslink between chitosan and Cu?* ions. The different coordination of Zn and
Cu ions could be a reason for the different conformational changes of chitosan. While
Cu ions have tetrahedral coordination, Zn ions have several coordination possibilities
with glucosamine units and water molecules that could generate tetra-, penta- or hexa-
coordination bonds [26], influencing the strength of Zn-chitosan interactions.

3.2. Size Distribution of Dry Microgels

Recently, the use of microparticles (microgels) as building blocks for bottom-up tis-
sue engineering strategies, 3D cellular disease models and reinforcement components in
bioinks has extended microparticles” applications in drug delivery and tissue engineer-
ing [27,28]. The design and engineering of microparticles are predominant in modulating
biochemical-physical and architectural features that can induce a specific cellular response.
Chitosan-metal complexes have shown potential as biologically active materials; how-
ever, those materials have been mainly prepared as films (coatings) or scaffolds with
improved antibacterial and biological properties. Few studies have focused on preparing
chitosan—-metal complexes in the form of micro- or nanoparticles [22,29,30].

The size distribution of dry bimetallic chitosan microgels was estimated by light
microscopy (Figure 3). Systems prepared from chitosan DD83 showed a narrow particle
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size distribution. The smallest size was observed for dry Cu5 microgels: an average size
of 60-70 um. The largest size was that of the Cu3-Zn2 microgels, which had an average
size of 85-100 um. Dry bimetallic chitosan microgels obtained from chitosan DD97 were
larger in size in Cu5 (average size of 90-100 um) and Cu3-Zn2 samples (average size of
100-110 pm) and had a narrow distribution. The Cul-Zn4 system was characterized by
a wider size distribution and an average size of 60-80 um, similarly to Cul-Zn4 DD83.
Bimetallic-chitosan-complex solutions were prepared with the same metal ion-to-amino
ratio, chitosan concentration and a similar molecular weight (declared by the manufacturer).
A higher DD of chitosan required a slightly higher content of metal ions (chitosan DD97;
see Table 1), which could have slightly changed the viscosity of complex solutions, and
in the end, the size of the electrosprayed particles. It is important to note that due to
the similar polymer solution viscosities, the same voltage was applied for all systems
during the electrospraying process. Our previous work [18] has shown that monometallic-
chitosan systems based on the chitosan with lower DD had somewhat higher viscosity
than systems prepared with chitosan with higher DD. As a consequence, a stable Taylor
cone-jet mode, which is necessary for the production of uniform size particles, was formed
at different applied voltages. It can be assumed that voltage applied in this work was
more favorable for the production of smaller particles with a narrower size distribution for
DD83, consequently resulting in slightly bigger particles for DD97 systems. Nonetheless,
the sizes of the produced bimetallic chitosan dry microgels were between 60 and 110 pm,
independent of the chitosan deacetylation degree.

(A)
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Figure 3. Particle size distribution and optical micrographs of dry bimetallic chitosan microgels
produced from chitosan with (A) a deacetylation degree of 83% and (B) a deacetylation degree of
97%. The scale bar is 100 um.

Size and geometry are among the important physicochemical properties that must
be in specific ranges for a microscale matrix to support anchorage-dependent cell expan-
sion. Different particle sizes and shapes have been studied for this purpose, and several
commercialized systems are characterized by a spherical shape and sizes between 90
and 400 um [27]. Here, the functionalization of proposed chitosan-based microgels with
Cu?* and Zn?* ions can produce spherical systems of such size and with a narrow size
distribution by changing the metal-ion type and concentration.
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3.3. Morphology of Dry Microgels

Other than a material’s surface chemistry and stiffness, which are key features for
microcarrier design, surface topography can induce a specific cell response depending on
the micro- and nanosized geometrical features.

The influence of metal ions on surface morphology was observed on SEM micrographs
of dry microgels (Figure 4). Gradual surface changes were observed on DD83 systems, from
wrinkled morphology for Cul-Zn DD83 to a smooth surface for Cu5 DD83. Previously,
we have shown that copper (II) ions significantly influence the morphology of chitosan
microparticles [18]. The evaluation of the size of as-prepared and dry microspheres indi-
cated that the physical crosslinking through Cu?* is responsible for surface changes. Wet
chitosan microspheres prepared at a lower Cu?* concentration had a larger size, and in dry
state, they had a size similar to that of dry microspheres with higher c(Cu*). We assumed
that changes in surface morphology were the results of different amounts of Cu—chitosan
crosslinks. In the present study, bimetallic chitosan microgels showed similar morphologies
with higher Cu and lower Zn content. If Cu®* ions can form stronger crosslinking in
comparison to zinc ions, we can conclude that surface changes are governed by the metal
that has more affinity towards chitosan functional groups.

DD = 83% DD = 97%

Cu1-Zn4

Cu3-Zn2

Cu5

Figure 4. SEM micrographs of dry bimetallic chitosan microgels prepared from chitosan with different
deacetylation degrees. The scale bars are 100 and 20 um.

For DD97 bimetallic complexes, a smoother surface was observed, even for the Cu3-
Zn2 DD97 dry microgel, which was similar to the topography of Cu5 DD83. It can be
assumed that changes in surface topography are dictated by the content of Cu?* ions. The
microparticles produced at w(Cu?*) below 1.90% are characterized by a rough surface with
wrinkles of a few microns, and increasing the copper (II) ion quantity above 3.12% led
to a non-homogeneous surface with undefined regions, as observed for dry Cu5 DD97
dry microgel.

Micrometric topography is related to cellular adhesion, morphology and migration,
and nanometric topography can stimulate cell proliferation, differentiation and align-
ment [31]. Here, we propose the use of a simple complexation chemistry between divalent
metal ions and chitosan as a promising tool for engineering micro-sized systems with
specific surface morphology.
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3.4. Swelling Property and Enzymatic Degradation

Swelling and biodegradation properties define the usefulness of chitosan-based ma-
terials in drug delivery and tissue engineering applications. The swelling behavior of
bimetallic chitosan systems in phosphate-buffered saline solution (PBS), with and without
lysozyme activity (LZ/PBS), was evaluated by analyzing the swollen particles (Figure 5)
and wet-to-dry volume ratio (Figure 6).
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Figure 5. Microgel size distribution and optical micrographs of bimetallic chitosan microgels of
chitosan with different deacetylation degrees (83 and 97%) obtained in phosphate-buffered saline
solution (PBS, pH 7.4) after 24 h and after 4 weeks of incubation in lysozyme/PBS at 37 °C. The scale
bar is 100 um.
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Figure 6. Volume ratio of bimetallic chitosan systems after immersion in phosphate-buffered saline so-
lution (PBS, pH 7.4) or lysozyme/PBS solution, Vet, with respect to dry microgels, Vdry' (Insufficient
amount of Cul-Zn4 DD97 sample at 4 weeks in PBS for analysis).

The obtained microgels were transparent, spherical and blue at higher w(Cu?*). The
size distribution was kept narrow (with exception for Cul-Zn4 DD97) with larger size
of microgels obtained after 24 h in PBS. A similar trend was observed on microgels after
4 weeks of degradation, which were characterized by a smaller size than those after
24 h in PBS.

Swelling capacity was estimated by the wet-to-dry volume ratio of microgels after
particle immersion in buffer solutions (Figure 6). For chitosan DD83 microgels in PBS, the
volume ratio between 3.6 and 4.0 was estimated, indicating good water absorption. On
the contrary, chitosan DD97 microgels showed a lower absorption capacity with volume
ratio values ranging from 2.0 to 2.5. The swelling ability of bimetallic chitosan microgels
might give an insight into strength of the metal-chitosan crosslink. This effect was more
evident for chitosan DD97 microgels, for which a slightly higher Cu?* amount was added
to respect the same metal-ion-to-amino molar ratio. Cu5 systems showed a lower volume
ratio compared to Cul-Zn4 samples, i.e., decreases of ~7.5% and ~17% for DD83 and DD97,
respectively. We assume that more physical crosslinking between Cu?* ions and chitosans’
functional groups might be responsible for lower absorption ability. A recent study [7]
on mono- and bimetallic alginate hydrogels showed that the swelling property can be
modulated by physical crosslinking using metal ions. The authors reported that Cu?* and
Fe3* ions showed strong bonding interactions with alginate, forming tough and densely
crosslinked monometallic hydrogels with a poor swelling property. This behavior was also
maintained even in bimetallic hydrogels, where the second metal forms a weaker bond
with the polymer matrix.

To clarify the notable difference in absorption ability between DD83 and DD97 bimetal-
lic microgels, we evaluated the swelling capacities of chitosan samples without metal addi-
tion. Since electrospraying of chitosan solution without metal ions generated undefined
precipitates, swelling was evaluated gravimetrically on solvent-casted films. After 24 h
in PBS, chitosan DD97 film showed a lower water absorption capacity (2.79) with respect
to the chitosan DD83 film (3.83). Lower swelling ability of chitosan with higher DD has
already been reported in the literature [32], where more intermolecular bonds formed by
more amino groups prevented water from entering into the polymer matrix.

After 4 weeks of incubation in PBS and enzymatic medium (LZ/PBS), all bimetallic
chitosan systems showed lower water absorption compared to 24 h of PBS immersion.
Chitosan-based materials are hydrolyzed by enzymes lysozyme and chitinase, and this
degradation depends on several parameters. The parameters that mainly control the
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degradation rate are the molecular weight and degree of deacetylation (molar percent-
age of glucosamine monomeric units) [33]. The viscosity, as an indication of molecular
weight, was similar for chitosan DD83 and DD97, which means that the major impact on
bimetallic microgels” degradability would have the number of enzyme target sites, i.e.,
acetyl-glucosamine units [34]. Additionally, longer incubations in phosphate buffer showed
certain weight loss of chitosan-based materials performed by chitosan dissolution [35].

Usually, enzymatic degradation of chitosan-based materials causes an increase in the
material’s porosity, and consequently an increase in swelling capacity [36]. In this study, we
performed accelerated enzymatic degradation at an extremely high lysozyme concentration,
which should disintegrate the microgels, increase the porosity and consequently increase
the water absorption. However, this was not observed for dry microgels after 4 weeks of
enzymatic degradation—i.e., degraded samples were non-porous and spherical (Figure 7).
A possible reason for decreased volume ratio could be a reduction in the size of microgels.
Ren and coworkers [36] found that a decrease in the swelling ratio of compressed chitosan
matrices is related to changes in sample dimension during enzymatic degradation. They
proposed bulk erosion divided into two stages, were both swelling and degradation existed
at the beginning of degradation. After reaching the maximum of swelling, the degradation
process continues, leading to weight loss caused by thinning the sample. Furthermore,
studies on enzymatic degradation of chitosan-based nanoparticles concluded that particle
size reduction is a measure of in vitro degradation [37,38]. During 4 weeks of incubation, we
noticed a reduction in the sample mass, ending with insufficient quantity for the evaluation
of the size of dry degraded microgels. However, after 4 weeks of incubation in PBS and
LZ/PBS, microgels showed lower swelling, which can indicate a smaller particle size. This
was more evident for bimetallic microgels with DD83 incubated with lysozyme, as they
had a decrease in volume ratio of up to 25% compared to swelling in PBS after 1 day. On the
other hand, microgels prepared from chitosan DD97 showed a decrease in volume ratio of
up to 16% with respect to the volume ratio after 1 day of PBS immersion. This observation
could indicate a lower particle size reduction at a higher DD, as was previously shown in
chitosan-based nanoparticles [37].

DD = 83% DD = 97%

Cu3-Zn2 Cu1-Zn4

Cu5

Figure 7. SEM micrographs of dry bimetallic chitosan microgels after 4 weeks of lysozyme degrada-
tion. The scale bars are 100 and 20 pm. Red arrows indicate microspheres’ disintegration.
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The surface morphology was maintained even after 4 weeks of lysozyme activity.
However, bimetallic chitosan DD83 particles proved to be less stable, leading to particle
disintegration with visible precipitates of non-defined shape (red arrows). Additionally,
we observed less quantity after 4 weeks of enzymatic degradation for chitosan DD83 sys-
tems in comparison to chitosan DD97 systems. On the contrary, chitosan DD97 systems
appeared more stable, again with maintained sphericity but without significant disintegra-
tion. The degradation via hydrolysis involves the reaction of weak bonds in polymer with
water, and the degradation rate depends upon the polymer matrix’s permeability to wa-
ter [39]. Chitosan with higher DD is more resistant to lysozyme degradation due to strong
intermolecular interactions that decrease water permeation and the degradation rate.

3.5. Cell Cytotoxicity Assay

Copper and zinc ions have proved their potential as antibacterial, angiogenic and
osteogenic components of biomedical materials. In addition to antibacterial properties,
copper is one of the most important metals for the human body, since it is involved in
several physiological functions, from increasing the expression levels of pro-angiogenic
and growth factors (VEGF or FGF-2) to regulating bone metabolism and turnover [40,41].
Zinc is an essential trace element which is needed for immune system functioning and bone
development and plays a vital role in the wound healing process [13,14,41]. Despite positive
effects on different cellular processes, the allowed concentration of copper is limited by
the oxidative pathways of Cu?* ions responsible for copper’s cytotoxicity. Hence, the cell
cytotoxicity assay was performed to evaluate the toxicity of prepared bimetallic chitosan
complex systems (Figure 8).

DD = 83% DD =97%
*%k
Cu1-Zn4 Cu3-Zn2 Cu5 Cu1-Zn4 Cu3-Zn2 Cu5

Figure 8. Cell viability of HEK293 cells cultured with material’s supernatant for 24, 48 and 72 h at
37 °C. Significant difference between groups: * p < 0.05, ** p < 0.01, ** p < 0.001, *** p < 0.0001.

After the first 24 h of incubation, cells showed good viability for all bimetallic com-
plexes. Moreover, cell proliferation could be observed for bimetallic complexes containing
more zinc (I) ions. The incubation during 72 h indicated a negative effect of copper on
cell viability, especially for DD83 Cu5, where cell viability was decreased to ~50%. On the
contrary, the DD97 Cu5 system showed ~76% cell viability after 24 h, without a significant
difference between incubation times. The cytotoxic effect of DD83 Cub5 after 72 h could
be associated with pronounced Cu?* ion release in cell culture medium due to less free
amino groups involved in metal chelation. Furthermore, systems with higher content of
Zn?* ions maintained good cell viability after 72 h, and even induced cell proliferation with
respect to the systems where only copper ions were added. We can conclude that the main
influence on cell viability was the concentration of Cu?* ions in the proposed bimetallic
chitosan complexes.

4. Conclusions

The physicochemical properties of chitosan-based microgels can be improved through
the formation of physical interactions between chitosan’s amino and hydroxyl groups and
therapeutic metal ions. In this work, bimetallic chitosan microgels were prepared by an
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electrohydrodynamic atomization process. FTIR spectra of the samples showed shifts in
amino and hydroxyl group bands to the lower wavenumbers, indicating the formation
of Cu and Zn complexes. Higher band shifts for complexes with more w(Cu?*) ions
could indicate stronger physical crosslinks between chitosan and Cu?* ions. Furthermore,
dry microgels showed a narrow size distribution (with sizes ranging from 60 to 110 pum)
and high sphericity, with surface morphology changing from wrinkled to smoother. The
swelling capacity of dry bimetallic microgels decreased with increases in w(Cu?") and
deacetylation degree, likely due to more physical crosslinking between Cu?* ions and
chitosans’ functional groups. Additionally, all bimetallic chitosan microgels showed lower
water absorption after four weeks of incubation in enzymatic medium (LZ/PBS) and PBS,
which could indicate particle size reduction. The cytocompatibility of bimetallic chitosan
complexes can be modulated by the content of copper (II) ions. These results demonstrate
the potential of bimetallic chitosan microgels as microsized matrices for tissue engineering
applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym15061480/s1, Table S1: FTIR absorption bands characteristic
for chitosan in different bimetallic-chitosan dry microgels.
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