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Abstract

Background and purpose: In this study, we examined the impact of Zn-bioMOF structures on the physical
and chemical characteristics as well as the in vitro biocompatibility of a matrix composed of semi-
interpenetrating polymeric networks (semi-IPN) made from collagen and L-tyrosine-based polyelectrolytes.
Experimental approach: We hydrothermally synthesized L-1, ZIF-8H Zn-bioMOFs, and the Zn-(L-His).
complex, utilizing L-histidine, a bioactive amino acid, as a ligand. These metal-organic compounds primarily
enhance the mechanical properties of the novel composite hydrogels through physical interactions such as
hydrogen bonds and dipolar interactions. They also accelerate the gelation process. Composites containing
Zn-bioMOFs exhibited greater biocompatibility than the collagen/polyelectrolyte matrix alone, as evidenced
by cytotoxicity assays conducted with porcine fibroblasts, human monocytes, and RAW 264.7 cells. Further-
more, the evaluated materials did not exhibit hemolysis. We investigated the influence of Zn-bioMOFs on
cell signaling by measuring the levels of crucial cytokines involved in the healing process, such as MCP-1,
TGF-B, IL-10, and TNF-a secreted by human monocytes. Key results: The composite with Zn(L-His)2
promoted the secretion of MCP-1, TGF-B, and IL-10, while a decrease in TNF-a secretion was observed with
the composite containing ZIF-8H. Zn-bioMOFs enhanced certain aspects of the biomedical and
physicochemical properties of the composite hydrogels. Conclusion: Although the overall performance of
the tested materials did not differ significantly, it is worth noting that the presence of Zn-bioMOFs in
biopolymeric hydrogels modulated the metabolic activity of cells important for healing and their cytokine
signaling, leading to improved biomedical performance.

©2024 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative Commons
Attribution license (http://creativecommons.org/licenses/by/4.0/).
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Introduction

Metal-organic frameworks (MOFs) are novel hybrid organic-inorganic supramolecular materials characte-
rized by well-structured networks formed by organic electron-donating linkers and metal cations. They repre-
sent an expanding group of versatile nanoporous substances with a wide range of applications, including but
not limited to separation technology, catalysis, drug delivery, electronics, optics, and sensing [1]. Among these,
MOFs based on zinc (Zn), iron (Fe), and zirconium (Zr) have received significant attention for their potential in
biomedical uses [2]. Zn-based MOFs are particularly noteworthy due to their nontoxic nature of Zn** ions,
antimicrobial properties, and established track record in dermatology as a healing and skin-moisturizing
agent [3]. Zn-MOFs hold promise as materials for various applications such as drug carriers, nanoencapsulation,
magnetic resonance imaging agents, nitric oxide storage and delivery, chemosensors, biosensors, and more [4].
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Zn-MOFs can be produced using diverse ligands, but it is important to prioritize their resistance to hydrolytic
degradation when considering their use in biomedical applications. In contrast to MOFs formed with carboxylic
ligands, those incorporating nitrogen-based ligands demonstrate improved stability [5]. Zeolitic imidazolate
frameworks (ZIFs) belong to a subset of MOFs characterized by the association of tetrahedral transition metal
ions with linkers derived from imidazolate compounds [6]. ZIF-8 and its biocompatible counterparts find utility
in various fields, including biosensors, the treatment of cancer and bacterial infections, wound healing, and
biocatalysts [6]. Additionally, it was acknowledged that ZIF-8 coatings can potentially serve as advantageous
materials for enhancing the surface properties of titanium implants [7].

Certain ligands that contain nitrogen, such as amino acids, peptides, nucleobases, vitamins, or active
pharmaceutical ingredients, are derived from natural sources and possess bioactive properties. MOFs formed
using these ligands constitute a specific subclass referred to as bioMOFs [8-9]. These bio-based ligands offer
enhanced biological compatibility compared to conventional MOFs, opening up numerous possibilities for a
broad range of biological uses [10]. Zn-bioMOFs have been successfully generated using nucleobases like
cytosine and guanine [11]. Amino acids are chiral ligands with a stronger affinity for metal ions with higher
valence states. However, the inherent chirality of amino acids limits their ability to form three-dimensional
networks [12]. Consequently, the occurrence of BioMOFs constructed solely from amino acids is quite rare.
Most BioMOFs are constructed by combining or modifying amino acids with other organic ligands [13].
Nevertheless, there have been reports of Zn-bioMOFs synthesized from glutamic acid [14], aspartic acid [15],
and serine [16]. The synthesis of MOFs using naturally occurring components such as amino acids may be
preferable to those derived from non-biological sources. This approach is particularly successful for Zn-MOFs
incorporating phenylalanine and tyrosine derivatives [17].

In recent investigations, we assessed how Zn(Atz)(Py) affects the biomedical performance of a hydrogel matrix
composed of collagen, guar gum, and polyurethane. Our findings showed that this Zn-MOF significantly boosted
the viability of human monocytes and porcine fibroblasts when cultured in contact with the composite hydrogel.
Additionally, Zn(Atz)(Py) played a role in modulating cellular signaling by stimulating the secretion of the cytokine
MCP-1 while maintaining the secretion of TNF-a and TGF-B within normal ranges. Furthermore, Zn(Atz)(Py)
exhibited enhanced capabilities in inhibiting bacterial growth and in facilitating drug release [18]. Additionally, our
research team reported enhanced biocompatibility of collagen-polysaccharide hydrogels by incorporating a Zn-
MOF containing L-tryptophan or L-phenylalanine ligands. The remarkable adhesion properties and cell adap-
tability to these hydrogels suggest their potential as effective materials in biomedical applications, including
wound dressing and tissue engineering [19]. Based on the information provided, the objective of this study was
to assess how effectively Zn-bioMOFs can influence the biological properties of hydrogel matrices comprised of
collagen-amino acid-based polyelectrolyte. In this investigation, we tested two MOFs utilizing the L-histidine ligand
and compared the outcomes with those of the Zn(L-His), complex. This comparison aimed to determine whether
the reticular structure of coordination polymers offers greater advantages for biomedical applications.

Experimental

Materials

L-tyrosine (L-Tyr), L-histidine (L-His), formaldehyde, sodium hydroxide, ethanol absolute, acetone, zinc
nitrate hexahydrate, 1,3,5-benzenetricarboxylic acid (H3BTC), 2-methylimidazole (2mim), ammonium hydro-
xide, rhodamine, sodium chloride, potassium chloride, dibasic sodium phosphate, monobasic potassium
phosphate, hexamethylene diisocyanate, glycerol ethoxylate (Mn = 1000 g mol™?), and 3-(4,5-dimethyl-2-thi-
azolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) were acquired from Sigma Aldrich Co. in their original
condition and employed them without further modifications.
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Polymer precursors

Collagen (with molecular weights of approximately 230 kDa for al and 110 kDa for a2) was obtained from
porcine dermal tissue through enzymatic hydrolysis using pepsin (at a concentration of 1000 ppm ina 0.01 M
HCl solution) while continuously stirring for 72 hours at room temperature [20]. The concentration of collagen
was set to 6 mg mL?, then stored at 4 °C until it was ready for use.

Water-based polyurethane used for collagen crosslinking was formed through the reaction of glycerol
ethoxylate with hexamethylene diisocyanate at 80 °C for 2 hours, with a molar ratio of 3:1 for NCO:OH. To
block the isocyanate end-groups of the prepolymer, a sodium metabisulfite solution (40 wt.%) was
introduced, and the mixture was stirred at 40 °C for 2 hours to ensure the reaction's completion [21].

The amino acid-based polyelectrolyte was produced through a polycondensation process involving L-
Tyr and an excess of formaldehyde (at a 1:2 mol/mol ratio). This reaction was catalyzed by NaOH (10 %
mol) in the presence of water as the solvent [22]. The reaction mixture was continuously stirred using a
magnetic stirrer at 60 °C for 24 hours. Subsequently, the resulting yellow product was purified through
ethanol and acetone treatment. RMN *H (400 MHz, D,0) 6 / ppm: 7.18-6.45 (brs, 2H, Ar-H), 4.74-4.38 (brs,
1H, CH,), 4.05-3.22 (brs, 2H, CH), 3.18-2.54 (brs, 1H, CH). FTIR (ATR, cm™): 3230 (vArO-H), 2930 (Vasym CH>),
2861 (Vsym CH; str), 1579 (Vasym COy7), 1479 (vC=C), 1395 (vsym CO2), 1223 (v C-0), 1021 (vC-0).

Synthesis of Zn-bioMOFs

The compound [Zna(btc)z(Hbtc)(L-His)2(H20)4]-1.5H20 (referred to as L-1) was prepared through a
hydrothermal synthesis method following the protocol described by He et al. [23]. A blend of Zn(NOs),x6H,0
(weighing 5.2682 g), H3BTC (3.2002 g), L-His (2.2905 g), and 50 mL of water underwent magnetic stirring at
room temperature for 30 minutes. Subsequently, this mixture was transferred into a Teflon-lined autoclave
with a pH of 4.4 and heated in an oven at 130 °C for 96 hours. After cooling, the resulting crystalline product
was separated by filtration, washed with water, and dried at 60 °C for 24 hours.

The synthesis of zeolitic imidazolate framework modified with L-His (ZIF-8H) followed the standard protocol
used for synthesizing ZIF-8. However, in this case, a partial substitution of the ligand 2mim with L-His was
introduced, as described in the provided reference [24]. To achieve this, 1.0204 g of L-His and 1.0526 g of 2mim
were dissolved in 30 mL of deionized water. The resulting mixture underwent magnetic stirring for 5 minutes,
following which 1.8469 g of Zn(NOs),x6H,0, previously dissolved in 30 mL of water, was introduced.
Subsequently, to attain a pH of 7.6, 1.1 mL of NH,OH (28 wt.%) was added. The solution was continuously stirred
for 24 hours, resulting in the formation of a colorless precipitate. The remaining unreacted components were
separated through centrifugation. Lastly, ZIF-8H was subjected to drying at 60 °C for 24 h.

To produce the Zn(L-His), complex, we began by dissolving 5.2682 g of Zn(NO3),x6H,0 in 25 mL of water.
Subsequently, 4.581 g of L-His was introduced, pre-dissolved in 25 mL of water. To attain a pH of 7.4, NH,OH
(28 wt.%) was used for pH adjustment [25]. The process was conducted at ambient room temperature while
employing magnetic stirring for 24 hours. The resulting colorless product underwent purification through
centrifugation. Subsequently, it was subjected to drying at 60 °C for 24 hours.

Zn-bioMOFs underwent characterization through several techniques, including Fourier transform infrared
spectroscopy (FTIR), wide-angle X-ray scattering (WAXS), and scanning electron microscopy (SEM). FTIR spectra
were collected using a Perkin-Elmer Frontier spectrophotometer with an ATR accessory. To assess crystallinity,
WAXS analysis was performed using an Anton Paar SAXS-Emc2 diffractometer equipped with a Cu Ka X-ray source
(A =15.4 nm). The morphology of the MOFs was observed via SEM, utilizing a JEOL JSM-6510LV/LGS microscope
operating at 15 kV. To prevent the buildup of electrostatic charge, samples were coated with graphite.
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Figures 1(a-b) illustrate the production process of Zn-bioMOFs incorporating the L-His ligand. In Figures
1c and 1d, we present the crystal structures of L-1 and ZIF-8, respectively.
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Figure 1. (a) Synthesis of L1; (b) Synthesis of ZIF-8H; (c) Crystal structure of L1; (d) Crystal structure of ZIF-8.

Synthesis of composite hydrogels.

Dispersions containing Zn-MOFs (0.1 wt.%) in aqueous collagen solutions (6 mg mL™) were prepared in
advance. Hydrogels were then formed using 24-well culture plates as molds. In each well, 1 mL of either
collagen solution or MOF dispersion was combined with 15 pL of polyurethane crosslinker (at a concentration
of 15 wt.%). This process was carried out while maintaining a temperature of 4-5 °C, typically on an ice bath.
Subsequently, an appropriate volume of polyelectrolyte solution (2 wt.%) was added to each formulation.
After thorough mixing, the pH was adjusted to 7 by adding 200 pL of phosphate buffer solution (PBS-10X).
Finally, the crosslinking process was conducted at 37 °C for 24 hours. The quantities used for preparing the
composite hydrogels are presented in Table 1, and Figure 2 displays a schematic representation of their

chemical structure.

Table 1. Labels and compositions for composite hydrogels.

Key Composing material Amount, ug
Collagen Polyurethane Polyelectrolyte
H1 None 6 0.9 0.6
H2 L-1 (60) 6 0.9 0.6
H3 ZIF-8H (60) 6 0.9 0.6
H4 Zn(L-His)2 (60) 6 0.9 0.6

The water absorption capacity was assessed through a gravimetric method. The cross-linking of semi-IPNs
was examined using the ninhydrin reaction [26]. The physicochemical properties of the composite hydrogels
were analyzed using FTIR, WAXS, SEM, and oscillatory rheometry. The storage modulus (G') of the hydrogels
was determined via low-amplitude oscillatory rheometry utilizing an Anton-Paar Physica MCR 301
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rheometer. The experiments were conducted at 37 °C using a plate-plate geometry with a diameter of
40 mm. Measurements were executed with a 10 % strain to observe the viscoelastic properties in the
dynamic behavior of the hydrogels.

The kinetics of gel formation in the composite matrix were investigated using turbidimetric analysis.
Samples measuring 200 L from the polymerizable mixtures were placed in a 96-well microplate, and their
absorbance at 550 nm was measured at 37 °C every 30 seconds for a total duration of 90 minutes using the
ThermoScientific Multiskan Sky spectrophotometer. Kinetic parameters such as nucleation time (ti,g) (the
phase with low absorbance values), average gelation time (t12) (the time at which half of the maximum
absorbance value is achieved), and gelation rate (S) (the slope of the linear region of the curve) were
determined from the collected data.
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Figure 2. Schematic representation of the chemical structure of composite hydrogels with semi-IPN matrixes.

Evaluation of the biocompatibility in vitro

Cell cultures

To prepare the monocyte culture, a human blood sample underwent centrifugation at 4000 rpm for
30 minutes. Following this, the supernatant (plasma) was removed, and the cells settled at the interface of
the solid-liquid phase were collected. These cells were then placed in a conical tube and washed with PBS 1X,
after which they were centrifuged for 10 minutes, and the supernatant was discarded. Subsequently, the
collected cells were transferred to a Falcon tube, and RPMI (Roswell Park Memorial Institute) culture medium
was added at a ratio of 10.44 g L of solution along with 20 pL of penicillin-streptomycin antibiotic. The cells
were incubated at 37 °C and quantified using a Neubauer chamber to achieve cell cultures with a density of
30,000 cells per mL.

To establish the fibroblast culture, cells were extracted from a section of porcine skin obtained from a
recently slaughtered animal provided by the municipal slaughterhouse. The porcine skin and subcutaneous
fat, totaling 15 g, were carefully collected. Subsequently, three washing steps were carried out using 25 mL
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of sterile PBS 1X for 10 minutes each, facilitated by gentle vortex stirring. Following the washes, the tissue
was retrieved and finely rinsed in 100 mL of sterile PBS 1X. A portion of 45 mL from this mixture was
transferred to a Falcon tube. To initiate the proteolytic degradation of the extracellular matrix, 5 mL of trypsin
1X, 500 pL of collagenase solution (14 units), and 10 pL of penicillin-streptomycin antibiotic were added. The
mixture was stirred for 1 hour at 37 °C. Subsequently, the medium was rinsed again and then centrifuged for
5 minutes to collect the cell pellet. Finally, to prepare the culture medium, the harvested cells were blended
with 1.044 g of DMEM culture medium (Dulbecco's Modified Eagle's Medium), along with 10 pL of antibiotics,
and adjusted to a final volume of 50 mL using sterile PBS 1X. The cells were incubated at 37 °C and quantified
using a Neubauer chamber to achieve cell cultures with a density of 30,000 cells per mL.

RAW 264.7 cells (ATCC TIB-71) were cultivated in DMEM containing 10 vol.% fetal bovine serum (FBS) and
1 vol.% antibiotics (penicillin-streptomycin). The cells were incubated at 37 °C in an environment with 5 % CO,.

Cell viability

The MTT assay was employed to assess the metabolic activity of human monocytes, porcine dermis
fibroblasts, and RAW 264.7 cells when they were in contact with the composite hydrogels. PBS-1X served as
the positive control. Cell viability below 60 % was regarded as indicative of cytotoxicity. Samples containing
RAW cells were cultured at 37 °Cin a 5 % CO, atmosphere, while human monocytes and fibroblasts were
cultured under normal air conditions.

Proliferation of RAW 264.7 cells

RAW 264.7 cells stained with rhodamine B, cultured near semi-IPN hydrogels for 48 hours at 37 °Cina 5
% CO, atmosphere, were examined using a VELAB VE-146YT fluorescence microscope equipped with a 40x
objective. Excitation of the samples was achieved using a green LASER at a wavelength of 532 nm.

Hemolysis assay

Hemocompatibility of the hydrogels was assessed through a hemolysis assay, which involved measuring the
release of hemoglobin following the disruption of erythrocyte cell membranes. In this procedure, erythroncyte
samples that had been previously purified in Alsever's solution (112 pL) were combined with 150 uL of the
leachate extracted from the composite hydrogels and 1728 uL of Alsever's solution. For control purposes,
Alsever's solution and deionized water were employed as the negative control (0% hemolysis) and positive
control (100% hemolysis), respectively. These mixtures were then incubated at 37°C with orbital stirring
(250 rpm) for 30 minutes. Following incubation, the samples were subjected to centrifugation at 3000 rpm, and
aliquots were collected from the supernatant. The absorbance of these samples was measured at 415 nm using
a ThermoScientific Multiskan Sky spectrophotometer.

Evaluation of the cell signaling by enzyme-linked immunosorbent assay (ELISA)

The levels of certain key cytokines associated with the wound healing process, hamely monocyte
chemoattractant protein 1 (MCP-1), transforming growth factor-p (TGF-B), interleukin 10 (IL-10), and tumor
necrosis factor-a (TNF-a), were quantified using ELISA. These assays were conducted on human monocyte
cultures, utilizing kits obtained from Invitrogen and following the supplier's instructions.

Results and discussion

Characterization of MOFs

Zn-MOFs underwent characterization using FTIR, WAXS, and SEM. Figure 3a displays the FTIR spectra of
the L-His ligand and their coordination polymers. L-1 was synthesized by self-assembling HsBTC and L-His
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ligands with the Zn?* ion. The band at 1608 cm™ was attributed to the vC=C vibration originating from the
aromatic ring of BTC, while the bands at 3099 and 3040 cm™ were associated with the =C-H stretching of the
aromatic ring. Additionally, the bands at 1712 and 1672 cm™ were assigned to the free and coordinated
carboxylic acid groups, respectively. The band at 3133 cm™ was attributed to the free -OH groups from non-
coordinated carboxylic acid groups. Some bands related to L-His were observed at 1493 and 1410 cm?,
corresponding to the stretching vibration of the imidazole ring. Furthermore, the band at 2927 cm™ was
assigned to the asymmetric stretching vibration of the methylene group in the amino acid. Finally, the band
at 3449 cm™ was linked to the stretching vibration of the free amino groups in L-histidine.
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Figure 3. (a) FTIR spectra of Zn-bioMOFs; (b) XRD patterns of Zn-bioMOFs.

The FTIR spectrum of ZIF-8H exhibited a broad band originating from the stretching vibration of the
imidazole ring, located at 1417 cm™. At 1560 cm?, there was a band attributed to the carbonyl stretching of L-
His, and this band shifted to a lower frequency due to the coordination involving oxygen atoms. Similarly, in the
spectrum of the Zn(L-His), complex, the stretching vibration band of the imidazole ring appeared at 1406 cm™?,
and the coordinated carbonyl band was observed at 1580 cm™. In all three coordination products, there was an
absorption band at 690 cm™, which originated from the stretching of the Zn-O bond. Absorption bands related
to the Zn-N bond were not detected, as they typically appear at lower frequencies. It is worth mentioning that
when L1 incorporates aromatic ligands, the intensity of signals observed is comparatively reduced compared to
other Zn complexes that feature L-histidine and imidazole as ligands. This suggests that L1 consists of planes
closely packed through coordination interactions, which in turn restricts the vibration of the linkages.

The XRD patterns confirmed the crystalline nature of coordination polymers L-1 and ZIF-8H, which is evident
from strong diffraction peaks. In the case of L-1, the main peaks were detected at 10.9, 15.1, 16.8, and 18.0°,
whereas the most prominent peaks for ZIF-8H were observed at 24.7, 26.3, and 27.1°. In contrast, the structure
of the complex Zn(L-His), appeared entirely amorphous, characterized by a broad halo pattern without any
discernible diffraction peak (the pattern is not shown). As previously mentioned, the challenge of constructing
MOFs exclusively from amino acids stems from the inherent chirality of these molecules. The high rotation of
the chiral carbons in the amino acids as L-His generates disordered coordinated structures, preventing the
generation of structures with molecular packing, and not appreciating the generation of crystalline cells.
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However, the Zn-bioMOFs L-1 and ZIF-8H, when including rigid ligands, generate metal-organic cloisters with a
characteristic packing order; in the case of L-1, which has aromatic ligands, it generates laminar plates with
defined crystallinity, and for ZIF-8H metal-organic tetrahedral networks are generated with a well-organized
orientation and molecular arrangement. Examining the intensities of the XRD signals in the
Zn-bioMOFs, it is important to highlight that ZIF-8 exhibits stronger signals compared to L-1. This observation
validates a higher likelihood of molecular accommodation within ZIF-8, aligning with the vibrational charac-
teristics observed in FTIR.

The SEM technique was employed to examine the morphology of Zn-MOFs. As depicted in Figure 4(a-b),
images of L-1 display particles characterized by an irregular shape and a wide size distribution. In contrast, the
morphology of ZIF-8H comprises particles with a dendritic growth pattern. Lastly, Zn(L-His)2 is composed of
quasi-spherical particles that form multiple agglomerates. As substantiated by XRD analysis, L-1 tends to
produce flat structures with well-defined crystallinity. In contrast, ZIF-8H tends to form agglomerates displaying
a tetrahedral geometry with a high degree of crystallinity.

Figure 4. SEM Image of (a) and (b) L-1; (c) ZIF-8H and (d) Zn(L-His)a.

Finally, the Zn(L-His)2 complex generates rugged surface features due to electrostatic interactions among
particles, resulting in an amorphous surface texture. The chemical composition and structural characteristics
of each Zn-organic complex will play a crucial role in shaping the structural and biological properties of the
composite hydrogels formed alongside collagen and the L-Tyr-based polyelectrolyte. These outcomes will be
elaborated upon and discussed in subsequent sections. The organization of Zn?* ions into flat, tetrahedral, or
amorphous structures will have a significant impact on their biofunctionality, particularly in their ability to
modulate the metabolism of vital cells involved in the wound-healing process. Additionally, these
physicochemical interactions will directly influence cell signaling, which is essential for the production of
cytokines that regulate the healing process.
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Characterization of composite hydrogels

Table 2 shows some physicochemical characteristics of composite hydrogels. They showed a high swelling
capacity (>3000 %) and thus, they are considered super-absorbent materials. This could be due to the semi-
interpenetration with the polyelectrolyte, which is a highly hydrophilic polymer with -OH, -COO-, and NH,
pendant groups, able to form hydrogen bonds retaining water molecules in the reticulated structure of the
hydrogel. Significant outcomes result from the comparison of the swelling properties between H1 and H4.
This comparison reveals that the Zn(L-His), complex, which is amorphous and fully dispersed within the
collagen-tyrosine polyelectrolyte matrix, has an enhanced capacity for water absorption. This heightened
water capture ability is attributed to its ability to form hydrogen bonds more freely with the metal-organic
structure. Furthermore, the presence of ZIF-8H and L-1 crystalline structures within the semi-IPN polymer
matrix also contributes to increased swelling, although to a lesser extent than H4. This is because water
uptake is constrained within the clusters exhibiting a crystalline structure, characterized as lamellar and
tetrahedral for L-1 and ZIF-8H, respectively.

Composite hydrogels showed low reticulation. We observed that the addition of Zn-MOFs decreased the
chemical crosslinking of the collagen-polyelectrolyte-polyurethane matrix. In the H4 system, there is a
correlation between swelling and the crosslinking ratio, with higher swelling observed when the crosslinking is
at its lowest. This phenomenon can be attributed to the presence of hydrophilic groups found in histidine's
imidazole rings and in the aromatic rings of BTC. These groups hinder the crosslinking of the polar segments
within the biopolymer chains. In the L4 system, there are stronger repulsive interactions that don't contribute
positively to polymer cross-linking. In contrast, in H2 and H3, the reduction in crosslinking isn't as significant
when compared to L1. This can be explained by the fact that crystallinity is more prominent in ZIF-8H and L-1,
leading to a balance between hydrophobic and hydrophilic interactions that facilitate both physical and
chemical crosslinking of the polymer.

Table 2. Physicochemical characteristics of composite hydrogels.

Hydrogel Swelling degree, % Crosslinking degree, % tiag / Min t1/2 /min) S/ min?
H1 30094279 4812 7.940.1 9.940.1 0.0431+0.01
H2 3263146 34+1 10.010.1 12.040.1 0.0927+0.01
H3 32034258 3442 9.940.1 11.940.1 0.1266+0.01
H4 33094342 8.910.6 10.110.1 11.840.1 0.0870+0.01

Figure 5a shows results from the physicochemical characterization of hydrogels. The FTIR spectra of H1
and the composites H2-H4 showed the typical bands of Amide | (vC=0) and Amide Il (6N-H) in 1630 and
1544 cm™ due to the polypeptide backbone of collagen. The band at 1742 cm™ was attributed to the vC=0
vibration of the urea groups formed during the reticulation with the polyurethane. The intensity of this band
increased in the spectrum of H2, showing that ZIF-8H increases the physical reticulation of the collagen
matrix. The presence of the polyelectrolyte in the semi-IPN matrix was confirmed by the band of the ArO-H
stretching observed at 3303 cm™. A broad absorption band appeared in the spectrum of composites in
1092 cm™ due to the addition of Zn-MOFs. This is evidence of the physical reticulation produced by MOF
particles through secondary bonds. The increment in the signal intensity linked to the C-O bond at
approximately 1250 cm™ in the surfaces containing ZnMOFs can be attributed to a reduction in the semi-
interpenetration process of collagen chains and L-Tyr-based polyelectrolyte. This reduction occurs because
the repulsion effects caused by the non-polar regions within the metal-organic structures do not contribute
favorably to the physicochemical crosslinking of the hydrogel composites. As a result, larger interpolymeric
spaces are created, which tend to trap water molecules and, consequently, enhance the swelling properties.
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MOFs are well known for their catalytic activity. Figure 5b shows the kinetic profiles of the reticulation
reaction obtained by turbidimetry and Table 2 shows the kinetic parameters for each composite. Results
showed that the evaluated Zn-bioMOFs increase the duration of the nucleation step (tng) but increase the
reticulation rate (S) involving the reaction between primary amino and isocyanate groups to yield the semi-IPN
networks. From the sigmoidal curves, it was observed that semi-IPN hydrogels are completely formed after 50
min (plateau stage). The increase in nucleation time is connected to a delay in the semi-interpenetration process
of the polymers. During this delay, hydrophobic interactions with polar groups hinder the acceleration of
collagen nanofibril arrangement, resulting in the formation of larger diameter fibers being postponed. Once
this initial barrier to fibrillar nucleation is overcome, the MOF's chemical structure becomes directly linked to
the rate at which larger fibers are generated through the collagen fibrillogenesis process. The ZIF-8H MOF
expedites this process. This acceleration can be attributed to the tetrahedral arrangements characteristic of the
ZIF-8H MOF, which promote swift entanglement of fibrils. This suggests a catalytic role for ZIF-8H MOF in the
collagen fibrillogenesis process, as collagen crosslinks with polyurethane and semi-interpenetrated polyele-
ctrolytes. Additionally, it is noteworthy to highlight that the ZnMOF with the most pronounced crystalline
structure demonstrates the most efficient catalytic activity during the collagen fibrillogenesis process. This
hydrogel composite formulation holds potential for applications in healing patches designed for situations
where there is a need for accelerated collagen fibrillogenesis within wound beds.
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Figure 5. (a) FTIR spectra of composite hydrogels; (b) Kinetic profiles for the crosslinking reaction obtained by
turbidimetry; (c) XRD patterns obtained by WAXS; (d) Plots of oscillatory rheometry.

Figure 5c presents the scattering pattern of H1, showing an amorphous halo with a scattering peak at
20=21.2°, showing that the polymer matrix has very low crystallinity. The scattering patterns of H2 and H3
show the aforementioned halo and a peak 21.2°. However, the patterns of H2 show two additional strong and

sharp peaks at 26 = 27.3 and 31.4°, which were previously observed in the scattering pattern of L-1. Similarly,
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the scattering pattern of H3 shows a peak at 31.4°, which was observed in the pattern of ZIF-8H. The pattern of
H4 did not show any additional peak due to the amorphous nature of Zn(L-His),. The incorporation of L-1 into
the collagen-polyelectrolyte matrix leads to the formation of zones with elevated crystallinity. This outcome
arises from L-1's composition, which includes lamellar features that give rise to rigid areas with a high degree
of molecular organization. Conversely, with ZIF-8H, its tetrahedral structures intertwine with collagen fibers,
resulting in regions characterized by lower molecular order. The smaller size and significant chirality of the Zn(L-
His), metal-organic structure are factors associated with the creation of entirely amorphous composites when
combined with collagen, polyurethane, and polyelectrolyte. The influence of surface crystallinity will play a
crucial role in evaluating the possible medical applications of these composites, as both their mechanical
properties and biological interactions are contingent upon this surface attribute.

The effects of the physical reticulation induced by MOFs are noticeable in the mechanical stability of
composite hydrogels and they compensate for the low chemical reticulation. Figure 5d shows the variation
of the storage modulus as a function of the frequency. At a frequency of 1 Hz, the value of G’ was 17+0.1,
37+0.1, 40.6+0.1, and 32.5+0.1 Pa for H1, H2, H3, and H4, respectively. This enhancement in mechanical
performance aligns with the inherent structural characteristics of the ZnMOFs. Specifically, the ZIF-8H
structure significantly bolsters the storage modulus due to its tetrahedral nature, which results in the creation
of amorphous surfaces within the hydrogel capable of withstanding greater deformation forces. This finding
also suggests a correlation between the catalytic process involved in collagen fibrillogenesis, the formation
of larger fibers, and improved mechanical resistance. The increased mechanical strength of hydrogels,
particularly in the context of biomedical applications like wound dressings, warrants consideration for long-
term usage. This consideration helps prevent phenomena such as cell-induced contraction and is particularly
relevant for drug encapsulation, where substances like antibiotics, anti-inflammatories, and analgesics can
positively influence the healing process.

Figure 6 shows the SEM images acquired for H1 and the composites H2-H4. For H1, a typical fibrillar
morphology of collagen semi-IPN matrixes was observed; this microstructure exhibits intertwined fibers
characterized by a standard interconnected porosity. Also, this microstructure was observed in the images
of H2-H4. But, in these images, we observed some dispersed particles corresponding to Zn-MOFs.
Furthermore, we observed some polymer agglomerates resulting from the physical reticulation produced by
the MOF-polymer interaction. Regarding H3, it can observe the deposition of more pronounced and thicker
fibers compared to the other microstructures. This observation aligns with the findings from the mechanical
and turbidimetric analysis. In the case of H4, there is a greater presence of hemispherical aggregates, and
this can be attributed to the high dispersion of the Zn(L-His), complex within the collagen-polyelectrolyte
matrix. This high dispersion does not result in substantial crosslinking, allowing increased capacity to capture
water molecules through hydrogen bonding.

The chemical homogeneity of composites was studied by EDX, and the composition maps are shown in
Figure 7. They revealed a homogeneous distribution of Zn in the polymer matrix and a good dispersion of Zn-
bioMOFs in the semi-IPN matrixes, contributing to obtaining reproducible properties in the cell scaffolds. In
this context, these surfaces characterized by a consistent chemical composition possess distinctive surface
characteristics. The abundant presence of zinc ions within the distributed MOFs can be harnessed for the
regulation of cellular metabolism, modulation of cell signaling, enhancement of antibacterial properties, and
promotion of catalytic effects in the secretion of crucial cytokines relevant to the healing process.
Additionally, the adsorption capacity of these ZnMOFs can be leveraged for binding molecules of interest in
the healing process, enabling precise and controlled drug dosing as previously reported.
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Figure 6. SEM image of (a) H1; (b) H2. (c) H3 and (d) H4.
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Figure 7. Zn composition maps acquired by EDX of (a) H2; (b) H3 and (c) H4.

Evaluation of the biocompatibility in vitro

Zn?** occurs in several fundamental metalloenzymes, which participate in the constitution and degradation
of proteins, lipids, and nucleic acids, in the stabilization of protein structures, in control and regulation
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processes, and in the transfer of genetic information [27]. Zn salts are widely used as food supplements, and
Zn deficiency is associated with impaired skin conditions. The influence of this element on skin functionality
has been proven in clinical investigations [28]. Deters reported that Zn(L-His), and ZnSQO, increase the
proliferation in vitro of keratinocytes. However, Zn(L-His), showed a more potent action with better
tolerability and lower induction of differentiation [28]. From the above, it is expected that Zn-bioMOFs will
benefit the biomedical performance of collagen-polyelectrolyte hydrogels.

The biocompatibility of H1 and the composites H2-H4 was evaluated by measuring the cell viability by the
MTT assay using porcine fibroblasts, human monocytes, and RAW cells; these cells have primary functions
during the healing process. Monocytes are responsible for activating signaling cascades for building and
construction, macrophages are responsible for stimulating cells to build new collagen and blood vessels as
well as protecting against infections, and fibroblasts are cells specialized in tissue reconstruction and
remodeling. In this assay, 60 % of cell viability is considered the lowest permissible value to consider the
material non-cytotoxic [29]. MTT reacts with the mitochondrial dehydrogenase enzymes of living cells and it
is reduced to formazan. Therefore, this experiment allowed the detection of cellular stress in the hydrogels
without considering the dead cells [30].

The viability of porcine fibroblasts cultured in contact with the hydrogels H1-H4 is shown in Figure 8a. The
viability of fibroblasts cultured in contact with the hydrogel H1 was 7517 %. Higher values of viability were
observed culturing with the composites H2-H4. However, after 48 h of culturing, the viability of these cells
decreased. The viability obtained with H1 and H4 was 63.8+6%. ZnMOFs tend to enhance the metabolic activity
of fibroblasts in their respiratory function after a 24-hour culture period. To establish significance, a comparison
is made between the values obtained for H1 and H4. This effect can be attributed to the Zn(L-His)2 complex,
which, due to its smaller molecular size relative to L-1 and ZIF-8H, exhibits a more pronounced interaction with
the biocomplex. This interaction positively impacts cellular metabolism. After 48 hours, the viability of
fibroblasts within the composites containing ZnMOFs decreases, but it is important to note that this decrease
is not indicative of cytotoxicity. Rather, it is associated with the adaptation of fibroblasts to the specific chemical
composition dictated by each ZnMOF, resulting in a cessation of their accelerated metabolic activity.

The experiments performed with human monocytes and RAW cells showed similar results after 24 h of
culture. Hydrogels H1-H4 were not cytotoxic and the composites H2-H4 showed higher cell viability than the
matrix H1, showing that Zn-bioMOFs stimulate the cell metabolism of the cell lines evaluated in this study. In
general, better results were observed with the composite H4, showing that the complex Zn(L-His), has better
biological activity than MOFs L-1 or ZIF-8H. Currently, it is accepted that the biological activity of MOFs is due
to the hydrolytic degradation of the coordination network, releasing metal ions and ligands, which are
assimilated by cells. Due to structural complexity, MOFs are hydrolyzed slower than simple complexes such
as Zn(L-His),. Thus, the last one showed better performance at 24 h of culture.

After 48 h, the viability of human monocytes and RAW cells decreased. However, the values were higher
than 60 %, showing the biocompatibility of these composites. At this time of culture, composites containing
MOFs showed better performance than the composite H4 containing Zn(L-His),. These results show that
MOFs act as a controlled drug release system, dosing the hydrolysis products. Considering that the wound
healing process requires a long time, MOFs could be better materials to prepare hydrogel wound dresses.
These findings underscore the significance of surface and structural attributes in ZnMOFs for activating the
metabolism of cells crucial to the healing process. In general, the Zn(L-His), complex stands out due to its
amorphous surface and tendency to form agglomerates without precise molecular packing. This charac-
teristic promotes short-term cellular interactions, leading to the stimulation of cell metabolism.
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Results from the hemolysis assay are shown in Figure 8d. According to the criteria established by the
ASTM-F756, all the evaluated materials are not cytotoxic (<2 % no hemolytic, 2-4 % slightly hemolytic, >4 %
hemolytic). Further, we observed that L-1 and Zn(L-His), decrease the hemolytic character close to 0 %,
showing the beneficial effects of these materials. The modest hemolytic potential observed in H3 is linked to
the presence of thicker fibers and a higher storage modulus, factors that could potentially damage
erythrocyte membranes. However, it is important to note that this level of hemolysis is not critical when
considering applications involving contact with human blood.
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Figure 8. Viability of (a) porcine fibroblasts; (b) human monocytes and (c) RAW 264.7 cells;
(d) Results for the hemolysis assay.

The biocompatibility of hydrogels H1-H4 was confirmed by the cell proliferation assay. Figure 9 shows the
fluorescence microscopy images of RAW cells stained with rhodamine B, which were cultured in contact with
the degradation products of hydrogels. The images revealed large cell populations, being denser for H4.
These findings align with the observations made using the MTT assay, suggesting that cells exposed to the
degradation products of these collagen-polyurethane-polyelectrolyte-ZnMOFs composites do not exhibit
cytotoxic effects that hinder cell growth and reproduction. The substantial bioavailability of the Zn(ll) ion
within the semi-IPN matrices is linked to this impressive biological performance, ensuring these composites
function effectively in wound healing applications.

Cytokines are a diverse group of small proteins or glycoproteins that play a crucial role in cell signaling
and communication within the immune system and other tissues in the body. They act as molecular mes-
sengers, transmitting information between cells to regulate various biological processes.

The function of cytokines includes regulating the immune response, inflammation, cell growth and dif-
ferentiation, tissue repair, wound healing, and homeostasis. Figure 10 shows the results of the release from
human monocytes of cytokines involved in the wound healing process: MCP-1, TGF-, IL-10, and TNF-a.
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Figure 9. Proliferation assay carried out with RAW cells cultured in contact with composite hydrogels:
(a) H1; (b) H2; (c) H3 and (d) H4.

MCP-1 is a potent monocyte attractant [31]. It has a vital role in the process of inflammation, where it
attracts or enhances the expression of other inflammatory factors/cells [32]. Thus, it is very important to
modulate the secretion of this cytokine during the wound-healing process. The concentration of MCP-1 for
the control sample was 1006+100 pg mL™. For H1 and H4 the concentration was higher, while it decreased
for H2 and H3. Thus, MOFs L-1 and ZIF-8H do not have a positive effect on the modulation of this cytokine.
Conversely, it is preferable to select the complex Zn(L-His), or not add any MOF to the polymer matrix. The
heightened crystallinity of the semi-IPN matrix due to the interactions induced by ZIF-8H and L-1 in the
polymer chains is correlated with a reduction in cell signaling responses in monocytes that lead to the
secretion of MCP-1. This, in turn, would lead to a state of lower inflammation.

TGF-B increases the healing rate and the repaired tissue's breaking strength. It also enhances angiogenesis
and consequent blood flow to dermal wounds. TGF-B reverses the negative effects of glucocorticoids on
wound healing and thus may be useful in the treatment of chronic ulcers or wounds in patients whose normal
responses have been impaired by therapy with steroids, radiation, or other drugs [33]. For the control sample
(PBS-1X), the concentration of this cytokine was 1046+10 pg mL. For H1, H2, and H3 significant differences
were not observed. Only H4 stimulated the secretion of TGF- by human monocytes. The amorphous surface
seen in H4, induced by the hydrophilic/hydrophobic interactions facilitated by Zn(L-His)2 within the collagen-
polyelectrolyte chains, enables interaction with immune system cells, this, combined with its low level of
crosslinking and high degree of swelling, plays a role in stimulating the secretion of TGF-p.
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The concentration of IL-10 measured by ELISA was 2950430 pg mL? in the control sample. A slight increase
of IL-10 was observed with the hydrogel H1 and their composites H2-H4. The overexpression of IL-10 decreases
the inflammatory response to injury, creating an environment conducive to regenerative adult wound healing,
avoiding abnormal collagen deposition, and promoting the restoration of normal dermal architecture [34]. In
this context, the composite featuring lamellar surfaces distributed within the fibrillar matrix has been observed
to trigger the secretion of IL-10 in human monocytes. This signaling pattern is closely tied to the interactions
that monocytes undergo within hydrophobic regions abundant in ZnMOF-containing aromatic rings.

Finally, the concentration of TNF-a found in the control was 9.4+0.9 pg mL™. For H4 and H3, an increase
and a decrease were observed concerning the control, respectively. For H1 and H2, significant differences
were not observed. The inflammatory phase in wound healing is considered the preparatory process for the
formation of new tissue. In this sense, TNF-a may have a beneficial role in wound healing, but it may have
negative effects when overexpressed. Because an excess of TNF-a can inhibit the production of 3-
hydroxyproline and, thus, the production of collagen [35]. The H3 material leads to a reduction in the
secretion of this inflammatory cytokine. This effect is attributed to the strong fibrillar entanglement
facilitated by the tetrahedral structures of ZIF-8H within the semi-IPN collagen-polyelectrolyte matrix, which
promotes the inhibition of signaling pathways associated with TNF-a in monocytes. These findings illustrate
that the unique surface properties of each composite, determined by the ZnMOF, enable the regulation of
critical signaling pathways in the healing process. In this regard, H4 appears to stimulate the rapid formation
of new tissue, while H3 helps control inflammation.

= o n
Control —_— e Control
H4 — H4
ol @
§° H3 — gﬂ H3
'g_ >
T w2 % B + H2
H1 — e H1
0 200 400 600 800 1000 1200 1400 0 500 1000 1500 2000
Concentration, pg mL? Concentration, pg mL?
n Control H E m Control —
H4 H H4 ——
T
T mw H ‘é" H3 H
E el
g E
T H2 HH H2 ——
H1 H g H1 ——
0 500 1000 1500 2000 2500 3000 3500 0 5 10 15 20 25
Concentration, pg mL? Concentration, pg mL*
Figure 10. Cytokines evaluated by ELISA: (a) MCP-1; (b) TGF-B; (c) IL-10 and (d) TNF-a.
Conclusions

The physicochemical characterization and the evaluation in vitro of the biocompatibility of the semi-IPN
hydrogel (H1) and their composites (H2-H4) revealed an enhancement of the biomedical performance of the
hydrogel matrix by adding Zn-MOFs. However, each MOF improves only some individual aspects of the
performance. Zinc metal-organic structures (ZnMOFs) exhibit the ability to generate semi-crystalline com-
posites when utilizing binders based on aromatic groups and amorphous composites when employing amino
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acids like L-histidine. These composites possess a fibrillar microstructure characterized by interconnected
porosity, along with clusters containing ZnMOFs that influence their mechanical properties, swelling behavior,
and crosslinking. The smaller the Zn compound coordinated with organic binders (Zn(L-His),), the more effective
it seems to be in activating the metabolism of critical cells involved in the healing process. Furthermore, the
increased mechanical strength does not seem to compromise the hemocompatibility of the collagen-
polyelectrolyte matrix. When considering degradation products, composites containing ZnMOFs do not seem
to disrupt cell growth and proliferation in macrophages. In this context, H4 appears to promote rapid tissue
regeneration, while H3 demonstrates the ability to regulate inflammation. Consequently, these innovative
composite hydrogels hold promising potential for application in wound healing patches.
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