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ABSTRACT

1. Introduction

Hydrogels are three-dimensional networks swollen in water comprised of polymers that have the ability to
absorb it, thanks to the polarity of their functional groups, some of the polar groups of these compounds are:
-CONH;, -OH, -COOH, SO3zH, among others. Hydrogels are a versatile platform for drug delivery due to
their ability to encapsulate and protect drugs, providing a both controlled and sustained release of the
encapsulated drugs, depending on the properties of the hydrogel ™1, In general, the mechanical properties of
the hydrogel must be regulated to support the load of the encapsulated drug, thus preventing the swollen 3D
matrix from breaking; it is also important to regulate the swelling and degradation behaviors of the matrix so
that the drug has a release favorable profile. In this sense, research focused on the development of hydrogels

that meet these requirements is a recent boom area.

Hydrogels derived from biopolymers such as collagen show excellent therapeutic performance due to their
high biocompatibility and because the degradation products of these matrices are not toxic to the host
organism. However, it is necessary to regulate the mechanical properties and the swelling/degradation
behaviors for these matrices to be used as drug delivery systems. In this sense, crosslinking of collagen with

polyurethane represents an alternative to regulate these properties %1,

The reactive isocyanate groups of the polyurethane react with the primary amino groups of collagen to
generate crosslinking urea bonds; the generation of these bonds allows to regulate the mechanical properties
and the swelling/degradation profiles of the hydrogels obtained; besides allowing the encapsulation of
therapeutic molecules such as dexamethasone, observing controlled release profiles of such drug ©®.

Recently, the incorporation of inorganic particles with the capacity to adsorb bioactive molecules within the
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hydrogels based on biopolymers, represents a strategy to ensure a controlled release of the therapeutic,
improving the biomedical performance of the hydrogel . In this sense, the metal-organic frameworks
(MOFs), which are coordination polymers based on metal ions and organic ligands, attract attention for this
application due to their high surface area and adsorptive capacity. MOFs have continued to be used for
encapsulation and controlled release of various molecules of therapeutic interest ™**8. With this in mind, the
generation of composite hydrogels that include MOF with encapsulated drugs represents a potential

alternative for the design of materials with improved biomedical application.

Ampicillin is a broad-spectrum beta-lactam antibiotic; the development of hydrogels that have the ability to
release this antibiotic would represent an alternative to generate hydrogels with potential application in the
healing of chronic wounds. With this in mind, in the present work it is contemplated to adsorb this antibiotic
in the MOF MIL-53, (derived from the hydrothermal synthesis of Al (111) ions with terephatyl acid); and the
subsequent generation of composite hydrogels (polyurethane crosslinked collagen matrices with
encapsulated MOF/ampicillin). The study evaluates the effect of varying the chemical structure of the
polyurethane crosslinker, (based on polyethylene glycol (1000 g mol™) with hexamethylenediisocyanate (P
(HDI)) or isophorone diisocyanate P (IPDI)), on the encapsulation capacity of MOF/ampicillin and the
release of the antibiotic. The encapsulation capacity of MOF/ampicillin inside the collagen-polyurethane
was evaluated by FTIR and the release of ampicillin was monitored by UV -vis spectrophotometry.

2. Experimental Methodology
2.1 Synthesis of hydrogels based on collagen-polyurethane coupled with MOF/ampicillin

Type | collagen from bovine tendon was extracted as previously reported ). Crosslinkers based on aqueous
polyurethane dispersions were synthesized using polyethylene glycol (PEG) (1000 g/mol),
hexamethylenediisiocinate (P(HDI)) or isophoronadiisocyanate (P(IPDI)), as reported in the literature 1.
For the synthesis of MIL53, aluminum nitrate nonahydrate (AI(NO3)3;*9H,0) are mixed with terephthalic
acid (HOOC-C¢H,-COOH, BDC) in a 1:2 molar ratio, respectively, in 50 mL of water distilled until
complete dissolution. The above mixture is placed in a 100 mL capacity hydrothermal synthesis reactor,
which is placed in an oven at 200°C for 3 days. The reactor is then allowed to cool to room temperature, the
white precipitate is filtered under vacuum and washed with distilled water to neutral pH. The solid is dried at
80 ° C for 24 h. Ampicillin adsorption on MI1I-53 was carried out by adding 500 ug of antibiotic in a 50%
ethanol solution and over 1 mg of MOF; the mixture was left to stand for 1 h and was subsequently filtered

to recover MOF/ampicillin.

The composite hydrogels were synthesized using the plate microemulsion method, for this: 1 ml of a
standardized collagen solution (6 mg/mL) was crosslinked using a 15 weight % (wt.%) ratio of crosslinking
agent P (HDI) or P (IPDI), as the case may be. The crosslinking reaction was carried outat pH 7.0 at 4 ° C for
2h. Subsequently, once the viscosity of the systems increased, 1 mg of MIL-53 containing 500 pg de

ampicillin adsorbed was added and vortexed until correct dispersion. The formation of the composite
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hydrogels loaded with ampicillin was carried out at 37 ° C for 18 h. In Table 1, the compositions and

designations of the composite hydrogels prepared in this work are presented.

Table 1. Formulation of the composite hydrogels under study

Bovine Type | Type of MOF
collagen (6 crosslinker used in | MIL-53/ | Ampicillin/ug Hydrogel designation
mg/mL)/mL 15 wt.% ratio mg
1 P(HDI) 1 | - C-P(HDI)-MIL53
1 P(IPDI) i C-P(IPDI)-MIL53
1 P(HDI) 1 500 C-P(HDI)-MIL53/A
1 P(IPDI) 1 500 C-P(IPDI)-MIL53/A

2.2 Characterization of composite hydrogels

To assay the chemical structure of composite hydrogels and the MOF/ampicillin encapsulation, ATR-FTIR
spectra with a Frontier, Perkin Elmer system, were recorded on fresh hydrogel composites at 16 cm™ of
resolution in a range from 3600 to 650 cm*, using an average of 16 scans.

2.3 Evaluation of ampicillin release

For drug release, a composite hydrogel of each formulation was taken and placed in a 50 ml Falcon tube,
adding 10 mL of 1X phosphate buffer solution (PBS), and then were taken 3 mL aliquots in a time of 2 and
5 hours, respectively, at 37°C. Ampicillin quantification was performed using a calibration curve of known
concentration standards. Detection readings were made at 410 nm employing a Lambda 35 Perkin-Elmer
(UV-VIS) spectrophotometer.

2.4 Data analysis

The mean and standard deviation (SD) are presented for each data set. Data sets were compared using
analysis of variance (ANOVA). The difference of the means was checked with a Fisher Minimum

Significant Difference test and was considered statistically significant at level p < 0.05.

3. Results and Discussion

The study of the encapsulation capacity of molecules with therapeutic interest in collagen-polyurethane
hydrogels, determines the interaction of the chemical structure of the encapsulated component with the
chemical structures of the polymeric networks that make up the hydrogel. In this sense, for the drug
ampicillin (500 ug / hydrogel) in hydrogels based on collagen-polyurethane, it was evaluated by FTIR. The

FTIR spectra of the studied systems are shown in figure 1:
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Figure 1. Evaluation of the encapsulation capacity of MOF MIL-53 with adsorbed ampicillin on

collagen-polyurethane hydrogels by FTIR

The chemical structure of the starting hydrogel was considered as a study variable in order to know its
influence on the encapsulation capacity and subsequent release of the drug; for this, two different hydrogels
were made by modifying the crosslinker based on polyurethane: P (IPDI) rigid polymeric structure with
aliphatic rings present in its skeleton, and P(HDI) aliphatic linear flexible polymeric structure; the MOF that
was used for the two systems was MIL-53 derived from the hydrothermal synthesis of terephthalic acid and
Al (I11) ions.

The encapsulation and/or loading of amoxicillin in composite matrices can be elucidated by observing the
intensities of the bands among 3600-3000 cm™ corresponding to the -NH and OH bonds of the polymeric
components used such as collagen as base matrix and the crosslinking polyurethane; systems that include
amoxicillin show a decrease in this band indicating the presence of short-range intermolecular interactions
such as hydrogen bridges between these matrix polymer bonds and the N-H, NH-C=0 and OH groups
present in the chemical structure of the antibiotic.

On the other hand, also a decrement in the intensities of the vibrations associated with the amide | and Il
modes of collagen at 1640 and 1550 cm™, respectively, is appreciated when the drug is encapsulated in the
matrix (C-P(HDI)-MIL53/A and C-P(IPDI)-MIL53/A spectra), again indicating the presence of short-range
interaction with the amide functional group of collagen. The band around 920 cm™ in all the studied
hydrogels is associated to the Al-O bond present in the incorporated MIL-53 structure; where it is important
to note that in C-P(HDI)-MIL53 a decrease in the intensity of this signal is observed with respect to the
C-P(IPDI)-MIL53; indicating that the aliphatic linear polymeric matrix experiences higher adsorption
interactions with the MOF MIL-53; related to the freedom of movement that exists in the polymeric system;
this is not so evident in the P(IPDI)-MIL53 hydrogel since the stiffness of the aliphatic rings in the
crosslinker polymer skeleton limits the adsorption interactions with MOF. Finally, systems that include
amoxicillin C-P(HDI)-MIL53/ and C-P(IPDI)-MIL53/A show a small band at 855 cm™ related to Al-N
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interactions, showing that the metal-organic structure has the ability to adsorb the coupled drug and also to

interact with the -NH groups of the polymers that make up matrix.

The effect of these intermolecular interactions related to encapsulation in the matrix in the hydrogel state is
decisive for the release capacity of the encapsulated drug [***#. The crosslinked matrix with P(HDI) shows
greater effect to regulate the encapsulation of ampicillin in a uniform way, because there are no aliphatic
regions related to steric impediments that tend to agglomerate ampicillin, as in the case of the material that
includes P(IPDI). Also, it is interesting to highlight that a high presence of these intermolecular interactions
with the encapsulated components could be associated with the drug release capacity by modifying the pH,
temperature or ionic strength, factors associated with the alteration of said intermolecular interactions

stimulating the release of the drug * *¢*8],

In this way, the work contemplated the monitoring of the mass of ampicillin released in the systems under
study by UV-Vis spectrophotometry, for which an ampicillin calibration curve was performed. The
calibration equation was used to evaluate the amount of ampicillin released in systems incubated at 37°C for
a time of 2 and 5 hours. The calibration equation determined for the study is:

Absorbance 410 nm) = (5X10'5) Hg Ampicillin + 0.0015, with a linear correlation factor of 0.9204.

Figure 2 reveals the percentage of ampicillin released (considering an initial mass of 500 ug), the results
indicate that 63 £ 6 % and 81 + 8 % of ampicillin released for C-P(IPDI)-MIL53/A and C-P(HDI)-MIL53/A,
respectively, at 2 hours; and 72 + 5 % and 86 + 6 % for C-P(IPDI)-MIL53/A and C-P(HDI)-MIL53/A,
respectively at 5 hours of incubation. Statistically significant differences were found when comparing the
ampicillin release values of C-P(HDI)-MIL53/A with respect to C-P(IPDI)-MIL53/A, at both incubation
times evaluated.
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Figure 2. Results of ampicillin release from collagen-polyurethane and MIL-53 metal-organic frameworks

based hydrogels
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The results indicate that the C-P(HDI)-MIL53 matrix shows increased release capacity of the encapsulated
ampicillin. The release of ampicillin within these matrices is carried out by a swelling-diffusion process °,
where the matrix in a first stage is swollen and the water adsorbed by the hydrogels alters the encapsulation
balances of the drug, to later release it to the outside by a secondary process of diffusion. Therefore, matrices
that have a high swelling capacity can promote rapid diffusion of encapsulated bioactive molecules. In the
research group it has been reported that collagen matrices crosslinked by P(HDI)-based polyurethanes tend
to have higher swelling capacity than those derived from P(IPDI), thus promoting swelling and diffusion of
the encapsulated drug. The water molecules that enter the matrix tend to destabilize the intermolecular

interactions that keep the drug encapsulated, thus stimulating the release by swelling.

The chemical structure of the polyurethane crosslinker is decisive in the release capacity of the ampicillin
coupled in the MOF MIL-53; the rigid cyclic regions present in the C-P(IPDI)-MIL53 prevents both the
water molecules from entering the matrix; limiting the release capacity, however these regions also have a
direct interaction with the chemical structure of the antibiotic that keeps it more strongly encapsulated
providing a less release than in the C-P(HDI)-MIL53 hydrogel that does not have aliphatic cyclic regions.
From a chemical point of view, it is interesting to control the release of the antibiotic due to the compaosition
of the chemical structure of the hydrogel. This strategy can be exploited for biomedical applications where
systems that retain the antibiotic are required to avoid contamination of systems with encapsulated cells, or
for a sustained release that prevents the formation of infections when the hydrogel is used as a wound
dressing for tissue healing for specific time.

4. Conclusion

The development of hydrogels that have the encapsulation capacity of drugs with therapeutic interest and
subsequent release capacity of these, is a promising research topic to develop hydrogels with improved
biomedical application. In this work, it studied the encapsulation and release capacity of ampicillin in
hydrogels based on collagen-polyurethane and MIL-53. The chemical structure of polyurethane was
modified to evaluate its effect on the study variables. Hydrogels based on C-P(HDI)-MIL53 show higher
intermolecular interactions with encapsulated ampicillin, observed by the variation in the intensities of the
FTIR signals related to the -NH, -OH, amide | and Il bonds that make up the systems; in addition this type of
hydrogel also exhibits a higher release of ampicillin. The rigid aliphatic structures present in the C-P (IPDI)
-MIL53 hydrogel limit the release of the drug, however they ensure the drug favorable encapsulation. These
hydrogels can be studied as 3D culture systems or materials for wound healing, thus avoiding the formation

of bacterial infections.
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