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Abstract

The antimicrobial activity represents a cornerstone in the development of biomaterials: it is a leading
request in many areas, including biology, medicine, environment and industry. Over the years, different
polymeric scaffolds are proposed as solutions, based on the encapsulation of metal ions/particles,
antibacterial agents or antibiotics. However, the compliance with the biocompatibility criteria and the
concentration of the active principles to avoid under- and over-dosing are being debated. In this work,
we propose the synthesis of a versatile hydrogel using branched polyacrylic acid (carbomer 974P) and
aliphatic polyetherdiamine (elastamine®) through physico-chemical transition, able to show its ability
to counteract the bacterial growth and infections thanks to the polymers used, that are not subjected to
further chemical modifications. In particular, the antimicrobial activity is clearly demonstrated against
Staphyloccoccus aureus and Candida albicans, two well-known opportunistic pathogens. Moreover,
we discuss the hydrogel use as drug carrier to design a unique device able to combine the
antibacterial/antimicrobial properties to the controlled drug delivery, as a promising tool for a wide

range of biomedical applications.
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1. Introduction

In the last years researchers have strongly focused their efforts in the development of antibacterial and
antimicrobial materials. Although the study of antimicrobial field dates back about one hundred years,
the design of polymeric systems able to exhibit efficient inhibition of bacterial infections is a discussed
and thriving technology, that has become pivotal not only in biological fields, hospital and healthcare
environments, but also in laboratory, marine and some industrial applications[1-4]. The direct use of
antibiotic agents could be the approach to counteract many infections, but the main constraints are
related to the potential environmental toxicity, the bacterial resistance, the short-term antimicrobial
activity and the proteolytic instability and degradation[5, 6]. In addition, conventional antibiotics show
problems about the solubility and overdose concentration range[7-9]. Therefore, the design of a
biocompatible and efficient therapeutic delivery system, which can satisfy both the cytotoxicity issues
and the antimicrobial criteria, is in high demand. Moreover, in biomedical applications, the loading of
drugs or other active molecules over this kind of substrate represents a challenge to maximize the
performance of the therapeutic cargo without inflammations and secondary side-effects during the
medical treatment[6, 10, 11]. Scientific literature suggests different advanced antibacterial materials
combining metal ions, natural compounds and modified polymers[12-14]. Among them, hydrogels are
extensively studied as an alternative and promising tool due to their key properties. Defined as three-
dimensional (3D) scaffolds composed by the chemical or physical entanglement of natural and/or
synthetic polymer chains, hydrogels appear as suitable materials counteracting the microbial effects
thanks to their biostability, biocompatibility and biomimetic physico-chemical properties, including
swelling behavior[15, 16]. Different strategies have emerged to develop hydrogels for antimicrobial
applications: through the adsorption of antimicrobial agents[17, 18], the encapsulation of metal
particles or polycationic groups[19-22], the material modification with covalent linkers to graft

antibacterial peptides or synthetic compounds[23-25].



The use of metal nanoparticles, involving silver, gold, copper, zinc oxide, has to overcome two main
constraints: the first one related to a high spatial dispersion to avoid the agglomeration within the gel
scaffold, the second one about the compatibility and satisfying combination of an inorganic component
with an organic environment[12, 26]. Alternatively the chemical modification of antimicrobial agents
through covalent bonds, exploiting the peptides amino and carboxyl terminal groups[27, 28], offers
many advantages to achieve long-term antimicrobial activity, but with a special attention towards their
structural integrity[29, 30]. All these considerations could be skipped through the proposal of a
hydrogel able to show antimicrobial features thanks to the starting polymers used in the sol/gel
synthesis, without any further additions of antibacterial peptides, antibiotics or metal derivatives. In this
work, we propose the synthesis of antimicrobial hydrogels via physico-chemical transition using two
polymers: branched polyacrylic acid (carbomer 974P) and aliphatic polyetherdiamine (elastamine®).
The simple synthesis approach and the lack of compliance problems related to the biocompatibility and
antimicrobial molecule dosage dependency in the final applications qualify this hydrogel able to
conquer the vast issue of the traditional therapies and its promising application also in industrial fields.
Finally, we have tested this hydrogel as a controlled drug delivery system. In the first case-study, we
have considered the release kinetics of two drug-mimetics: fluorescein sodium salt (SF) and rhodamine
B (RhB) (commonly used as mimetic drugs[31]), entrapped by steric hindrance within the network
meshes. In the second case-study, we have investigated the effect of a cleavable linker between the
mimetic drug and the polymeric network using polyethylene glycol (PEG) modified ester to graft RhB:
the cleavability of the ester linker allows a more prolonged and sustained drug release over time. These
results show the promising use of the synthetized hydrogels not only in the antimicrobial field, but also
as a therapeutic tool for the delivery and controlled release of active agents in biomedical applications,
providing a potential solution to the design of a tool able to combine antibacterial/antimicrobial and

therapeutic care.



2. Materials and Methods

Materials

Hydrogel synthesis was performed using: carbomer 974P (MW = 1 MDa, Fagron, The Netherlands)
and elastamine® RE-2000 amine (MW = 2 kDa, Huntsman Corporation, Italy) as polyetherdiamine.
Polyethylene glycol (MW = 8 kDa) and all other chemicals involved in this work were purchased from
Merck (Merck KGaA, Darmstadt, Germany). The materials were used as received, without further
purification. Solvents were of analytical laboratory grade. Synthetized products containing fluorescein

sodium salt or rhodamine B were stored at 4 °C in dark, until their use.

Synthesis of physical hydrogels

The first step of the hydrogel design concerns the synthesis of the physical polymeric network.
Carbomer 974P (140 mg, 1.94 mmol of COOH) and elastamine (1200 mg, 1.2 mmol of NH2) were
independently dissolved in distilled water (respectively, 1.5 mL for carbomer and 8.5 mL for the
polyetherdiamine). The resulting solutions were separately loaded into two syringes and the latter
connected through a syringe mixing tube. Then, the polymeric solutions were mixed together for 2
minutes to obtain a homogeneous system. The physical mixture, representing the physical gel system,
was placed in steel cylinders (0.4 mL each and with the cylinder diameter of 1.1 cm) and frozen at -20°
C. Lastly, the molds were taken off and the final physical hydrogel configuration was obtained coming

back to room temperature (r.t.). Referring to their nature, these hydrogels will be referred as phys-HG.



Synthesis of chemical hydrogels via physico-chemical transition

Physical hydrogels were freeze-dried and then subjected to microwave irradiation (500 W) for 25 min
to induce the direct amidation of carbomer carboxyl groups with elastamine terminal -NH>, that gave
rise to the formation of covalent linkers in the 3D hydrogel network. In this way, the microwave-
assisted reaction allowed the transition from physical to chemical polymeric matrix. The resulting
physico-chemical hydrogels (hereafter labeled chem-HG) were cooled down to r.t. and then stored at 4°

C.

Characterization Techniques
FT-IR analysis

FT-IR spectra were recorded using a Thermo Nexus 6700 spectrometer coupled to a Thermo Nicolet
Continuum microscope equipped with a 15 x Reflachromat Cassegrain objective, at room temperature
in air in the 4000-500 cm™ wavenumber range with 64 accumulated scans and at a resolution of 4

cm™?, using the KBr pellet technique for all samples.
Rheology

Hydrogels rheological properties were evaluated using a Rheometrics DSR200 rheometer with a 25
mm plate-cone configuration at 30° C. Dynamic stress sweep (DSS) tests were performed in the range
5-300 Pa, at 1 Hz. The oscillatory responses (G, elastic modulus and G"”, loss/viscous modulus) were
determined at low values of strain over the frequency range 0.1-100 Hz. The pseudoplastic behavior
was also investigated. The behaviors of shear stress and viscosity as a function of shear rate were

examined and the linearity of the viscoelastic properties was verified.



Swelling behavior

Physico-chemical hydrogel swelling was studied in distilled water, buffer phosphate saline (PBS)
solution, at pH = 10 and at pH = 3. The first two conditions resemble a physiologic-like environment
with a focal point related to the potential influence of salts in the responsive swelling behavior; the
basic and acid environment mimic the conditions of inflammatory disorders. After the microwave-
assisted synthesis, the hydrogel samples were weighed (Wg) and poured into an excess of the
corresponding neutral, alkaline or acid aqueous solution to achieve the complete swelling at 37 °C
under a 5% CO, atmosphere. Gravimetrical measures were recorded to estimate the swelling kinetics:
the samples were removed from the aqueous solution at fixed time points (range 1 h - 300 h) and the
surfaces were wiped with moistened filter paper in order to remove the excess solution, then they were

weighed (W¢). The swelling ratio (Qm) was calculated according to the following equation:
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d
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W, represents the weight of the wet hydrogel as a function of time, and Wgy is the weight of the dry

sample.

Scanning electron microscope (SEM) analysis

Environmental SEM analysis was performed on gold sputtered samples at 10 kV with Evo 50 EP
Instrumentation (Zeiss, Jena, Germany). To preserve the morphology of the physico-chemical hydrogel
under complete swelling, freeze-drying (for 24 h) was applied to remove all the liquid phase by
sublimation. Due to the low operating values of temperature and pressure, the polymer chains were
expected to retain the same conformation they had in wet conditions. Evaluations of the superficial and

internal morphology of the investigated chem-HG samples (triplicate) were carried out.



UV/vis spectroscopy

The drug release studies were conducted through the evaluation of SF and RhB absorbance. It was
measured by Tecan® Microplate Reader with UV/vis spectroscopy applying the Lambert—Beer

method.

Antimicrobial analysis

Hydrogels were placed in a 24-well-plate and sterilized under UV light for 30 minutes. The reference
strain Staphylococcus aureus ATCC 6538 and Candida albicans SC5314 were used for in vitro assays.
Before each test, microbial strains were thaw from glycerol stock stored at -80°C by seeding them on
fresh Trypticase soy agar (TSA, for S. aureus) or Saboraud Dextrose agar (SAB, for C. albicans) and
culturing them for 24 hours at 37°C. A single colony was harvested in phosphate buffer saline (PBS) to
obtain a 0.5 McFarland suspension (corresponding to about 108 CFU/mL for S. aureus and 10°
CFU/mL for C. albicans). Serial dilutions were then performed in Trypticase soy broth (TSB, for S.
aureus) or RPMI 1640 medium (for C. albicans) until the desired concentration (10%-10° CFU/mL,
respectively). Two ml of the suspension were added drop-by-drop to hydrogels, allowing gradual
absorption. Positive growth controls, consisting of S. aureus ATCC 6538 and C. albicans SC5314
cultured without hydrogels, were run in parallel. After 24 hours incubation at 37°C, both supernatant
and hydrogels were collected in 50-mL tubes containing 18 mL of PBS and vigorously mixed to
harvest microbial cells for CFU counting. Plates were incubated at 37°C and colonies were counted

after 24h of growth.



Drug loading within hydrogels

The drug mimetic loading was performed by adding SF or RhB in the phys-HG synthesis step. SF is a
sodium salt like several drugs already listed and in water it is dissociated into fluorescein anion and
sodium cation[32], whereas RhB is a neutral molecule at pH = 7.4 and slightly positive at acidic pH[33,
34]. In details, regarding SF studies, the traceable molecule (10 mg) was dissolved into the elastamine
solution (1.5 mL) to obtain a SF concentration of 6.67 mg/mL; consequently, the resulting mixture was
mixed with carbomer solution (8.5 mL) using the syringe mixing tube technique. Then, the gelling
system was poured into steel cylinders (0.4 mL), frozen and lyophilized as discussed in the previous
sections, and finally treated with microwave irradiation to obtain the final chem-HG containing SF. The
final concentration of the drug mimetic was recorded 1 mg/mL. The same approach was developed to
synthetize hydrogels encapsulating RhB: in this case, the RhB concentration in elastamine solution was
1 mg/mL due to the water solubility constraints[35-37], and the final concentration in the chem-HG

was calculated equal to 0.15 mg/mL.

Synthesis of hydrogels with drug modified ester

The study of the antimicrobial hydrogels as tunable drug delivery systems characterized by a cleavable
RhB linkage was planned using a chemoselective functionalized PEG with ester bond grafting RhB,
synthetized in our previous work[38]. Following a procedure similar to the one discussed in the SF and
RhB loading by steric hindrance, PEG modified ester-RhB (32 mg) and elastamine (960 mg) were
dissolved in distilled water (1.2 mL) and then mixed with the carbomer aqueous solution (112 mg in

6.8 mL of distilled water) using the two syringes and the mixing connection-tube.



Then, the resulting homogeneous mixture was partitioned in 0.4 mL in each steel cylinder, freeze-dryed
and subjected to the electromagnetic stimulation by microwave (25 min) to give rise to the final amide-
based hydrogel scaffold. These hydrogels are named chem-HG-ester-RhB, with regard to the presence

of the cleavable linker between the mimetic drug and the polymeric network.

In vitro drug release

Chem-HG entrapping SF and RhB and chem-HG-ester-RhB were individually submerged in 2 mL of
water-based solution (physiologic pH) and stored at 37° C, under a 5% CO, atmosphere. At defined
time points, for each sample, a volume of 100 uL was collected and poured into a 96-wells plate; each
withdrawal was made in triplicate, removing overall 300 pL. The aliquots were used in UV/vis
measurements and they were substituted in the release media with 300 pL of distilled water in order to
keep the volume invariable and preserve the diffusion regime. The SF and RhB released amounts were
respectively measured via spectrophotometer at A=485 nm and A=570 nm and quantified referring to
the standard calibration curve of the two drug mimetics. The percentage of the released molecule was
defined as the ratio of the released absolute amount in the aqueous media to the sum of the total
amounts of the released and unreleased SF or RhB. Three samples per type were used in this

experimental procedure and the results were averaged.

Statistical analysis

The experimental data related to swelling behavior and drug release were analyzed using Analysis of
Variance (ANOVA). Statistical significance was set to p value <0.05. The results are presented as mean

value + standard deviation.
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3. Results and discussion

The role of the physico-chemical transition

The proposed hydrogel synthesis protocol takes advantages of the chemical structure of the raw
polymeric materials to define the optimal configuration of a 3D stable and biocompatible scaffold. The
intermediate physical hydrogel represents a key point for the adequate spatial orientation, mobility and
distribution of the polyacrylic acid and elastamine chains. In addition, it provides the condition to form
stable covalent cross-linking in solid phase, without the use of any solvent. Carbomer is a branched
polyacrylic acid characterized by side-chain carboxyl groups that cause the formation of a gel-like
solution, according to the increased viscosity, when the polymer is dissolved in water. The resulting
high viscous consistency is correlated to the carbomer ability to absorb and retain water; the polymer
chains are involved in the interactions with the water self-ionization that provides hydroxide and
hydronium ions: -COOH are deprotonated and the formation of carboxylate anions occurs. Carbomer
also shows anti-inflammatory properties and high biocompatibility in therapeutic application and tissue
engineering[15, 39, 40]. Used elastamine is a water soluble polyetherdiamine formed by propylene
oxide and ethylene oxide, with terminal-chain primary amine groups; it is able to increase the
hydrophilicity and the flexibility of the final material. In water, elastamine can be protonated, resulting
in -NHz* terminal groups. When the polymer aqueous solutions are mixed with each other, the presence
of anions and cations promotes ionic interactions, with a further viscosity increase and the formation of
a physical gel system. The electrostatic bonds are the cause of the 3D carbomer-elastamine
entanglement but, due to their nature, they can be easily disrupted when the hydrogel is submerged in
water or PBS solution, because the added ions interfere with the physical gel cross-linking and the

structure simply dissolves.
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For these reasons, the freeze-drying approach allows preserving the hydrogel structure and the
subsequent microwave irradiation ensures the formation of covalent bonds, only exploiting the
carboxyl and amine moiety, that represent strong interconnections of the polymeric meshes. The
transition from physical to chemical regime occurs in solid-state without the introduction of any
solvent, polymer chain functionalization or specific/critical experimental conditions and is the keystone
for the design of biocompatible antimicrobial scaffolds without introducing tailored antibacterial
molecules (the use of which would require additional synthesis steps, cost or care). A schematic
representation of the discussed strategy and the putative structures of the physical and chemical (with

amidic bonds) hydrogels are illustrated in Figure 1.
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Figure 1. Scheme of hydrogel synthesis exploiting the physico-chemical transition. In red are highlighted the
electrostatic interactions between the ionic groups of carbomer and elastamine to give rise to phys-HG and the

amidic bonds to form the crosslinked scaffold of chem-HG.
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The use of polyetherdiamines is detected in biomedical applications due to its in vitro and in vivo
biocompatibility. For example, Javan and coworkers[41] introduced a jeffamine chemical
functionalization in hyaluronic acid-based hydrogels to formulate a prolonged and sustained drug
release and reduce the number of hydrogel injections: in vivo studies showed the efficiency of this
material thanks to the improved biocompatibility and no signal of cell viability reduction. Similar
biocompatibility aims were achieved in other works: the jeffamine was used as monomer to preserve
some physico-mechanical properties, blood compatibility and cargo release[42-45], as co-polymer with
acrylamides derivatives to design 3D scaffolds able to modulate the lower critical solution temperature
(LCST) and internalize cells[46] or as cross-linker to satisfy the no-cytotoxicity criteria[47]. However,
the evaluation of the polymer antimicrobial features and the design of a 3D scaffold able to preserve

them is not widely investigated.

Material characterization

Amidic bonds are demonstrative of the intermolecular association between carbomer and elastamine
chains and the formation of a chemical network. Especially in the amidation reactions, the use of
microwave irradiation is defined as a comfortable technique compared to the common way of
synthesis[48, 49]. The main benefits of microwave-assisted polymer synthesis are the reduced reaction
time, the absence of organic solvents, the limitation of side reactions and the removal of unreacted
species. In this work, the direct irradiation of polyacrylic acid and amine groups was efficient enough
to obtain the desired product in a high yield after a short reaction time. The chemical characterization
of the hydrogel was performed through FT-IR analysis. Moreover, the FT-IR spectroscopy could also
provide information about the amide formation, noting the evolution of the corresponding absorption

band. In this way, it was possible to draw the conversion-time chart at different time points.
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Figure 2 shows the FT-IR spectra of phys-HG (A) and chem-HG at fixed time points (B=5 min, C=15
min, D=25 min). In all spectra the polymers characteristic bands are detectable: with regards to
carbomer, the wavenumbers range 3650-3300 cm™* shows the stretching vibration of —OH residual
groups, at 2950 cm* the C—H chain stretching is recorded, whereas the C=0 stretching band is
detectable around 1655 cm™. The —CH, narrow peak is visible at 1435-1300 cm™* and the signal at
1256 cm* is associated to the C—O vibrations[50, 51]. The elastamine polyether backbone (C-O-C) is
well visible around 1100 cm™ (symmetric and asymmetric stretching[52]) and the C-H stretch is around
2870 cm™, whereas the amine end groups are recognizable as weak signal at 3225 cm™. The other
signals in the wavenumber range 1500-500 cm™ are generally related to combination of vibrations,

bending, scissoring and deformation of -CH; and -CH3 moieties[53].
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Figure 2. FT-IR spectra of hydrogel during the microwave-assisted physico-chemical transition, at different time
points: phys-HG (A), 5 min of microwave irradiation (B), 15 min of microwave irradiation (C) and 25 min of

microwave irradiation (D) corresponding to final chem-HG; (E) plot of amide bond formation over time.
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The amide bond (*) is clearly detectable at 1713 cm™: in particular, chem-HG FT-IR spectra show the
signal increase at different time points, confirming the reaction between carboxyl and amine groups.
According to this trend, amide formation could be evaluated over time as percentage of covalent bond
within the hydrogel scaffold[54]. The appearance of the peak at 1713 cm™, which does not exist in the
samples before microwave irradiation, was used to evaluate the conversion. The peak at 1100 cm™ was
chosen as an internal standard because representative of an invariant and well-defined group
(elastamine polyether chains) and all spectra were signal-normalized to this reference. Absorbances
were correlated to the IR peak intensity and the conversion of the reactive groups to amide was
determined by the Lambert—Beer law [55, 56] from the normalized changes of absorbance at 1713 cm™

(Aam) scaled to the elastamine area at 1100 cm™ (Arf), as reported in Eq. 2 (Supporting Information):

Qy, =222 100 )

ref

where with a9 the amount of formed bond was indicated. It was experimentally evaluated that not all
the elastamine was involved in the reaction, but only the 72.5% (Supporting Information): as a
consequence, the obtained amide bond percentage was calculated and reported in the plot according to
this consideration. The performed investigation showed that our hydrogels were characterized by
covalent bonds, but the presence of residual elastamine amine groups (that is the limiting reagent)
indicated continuing electrostatic interactions between -COOH and -NH.. For this reason, we classified
the final network as physico-chemical hydrogel and we previously discussed the physical to chemical
transition step. The amide formation trend (Figure 2, pointed out in yellow) highlights a progressive
microwave-assisted reaction, with a slow increase in the range 5-20 min (from 28% to 35.5%) and the

achievement of the final polymer interconnections at 25 min (72.5%).
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This behavior could be explained considering the hydrogel structure and the microwave mean free
path: at first, the reaction occurred at the phys-HG surface, then the irradiation was able to achieve the
functional groups inside the meshes and gave rise to covalent linkages in the inner core. In addition, the
samples were subjected to the electromagnetic stimulation for further periods of time but, as showed,
already at 30 min the reaction did not move forward (71.2%), indicating the achievement of an amide

formation plateau; with longer times, the hydrogel underwent thermos-oxidative degradation and

collapsed.

Hydrogel physical properties

Rheological studies were carried out to characterize the elastic/viscous hydrogel behavior. In particular,
a comparison between the rheology of phys-HG and chem-HG was conducted in order to investigate
the potential effect of the microwave irradiation and the physico-chemical transition in the network.

The obtained data are showed in Figure 3.
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Figure 3. Rheological behavior of phys-HG (G ® black, G O black, tan(5) ® blue) and chem-HG (G” @ red,
G O red, tan(3) ® blue) samples. (A) G" and G™” trends in frequency range 0.1-10 Hz; (B) crossover point in

phys-HG; (C) crossover point in chem-HG.
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The storage modulus G* was found to be approximately one order of magnitude higher than the
corresponding loss modulus G both in phys-HG and in chem-HG samples, with a frequency-
dependent behavior at low frequencies: physical gels were characterized by G'= 1490 Pa and G"'= 372
Pa at 10 rad/s and by G'= 780 Pa and G"'= 145 Pa at 0.1 rad/s, whereas the amide-based samples
recorded a variation of G* from 5160 Pa to 4380 Pa and G™* from 545 Pa to 680 Pa, in the same
frequency sweep. The marked phys-HG storage modulus trend is detectable in colloidal gels and it is
indicative of the physical nature and interconnections[57, 58]; instead, G” in chem-HG exhibits
frequency dependence only at low frequency values, below 0.5 rad/s, which may be indicative of a
reduction of the physical macromolecular interchain interactions and of the viscoelastic response of the
system, matching the typical characteristic signature of a solid-like gel. The different order of
magnitude observed for G* and G™ is also indicative of an elastic rather than viscous material.
Moreover, the corresponding G” and G** values in chem-HG are higher than in phys-HG, pointing out
the elastic property and the improved stiffness due to the amide cross-linking. Through DSS test, the
crossover strain can be evaluated as the value at which the contribution of the material damping tan(5)
is predominant with respect to G". At low values of strain, the G” trends of phys-HG (Figure 3B) and
chem-HG (Figure 3C) indicate a network of packed polymeric chains and the correlation with tan(d)
confirmed for both hydrogels liquid-like behaviors rather than a solid-like nature. Moreover, the
intersection of G” and G™" occurs at lower values in chem-HG than in phys-HG (at shear stress t=131
Pa and t=345 Pa) indicating more stiffness in the chemical network according to the presence of both
amide and electrostatic cross-linking that probably create preferential break-lines compared to the
physical gel under the same strain[59]. One hydrogel distinctive feature is the ability to retain high

amount of water.
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The hydrogel swelling occurs due to the polymer chain stretching during the exposure to agqueous
solvents, counterbalanced by an elastic force acting in the opposite direction generated by increasing
the elongation of the system. Chem-HG swelling behavior was investigated in distilled water and in

PBS solution and the results are reported in Figure 4A.
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Figure 4. (A) Swelling behavior of hydrogels in distilled water (e, black) and in PBS solution (m, blue). (B)
Swelling trend of hydrogels at different pH values: 3 (acid), 7.4 (physiologic) and 10 (alkaline). The swelling

data are recorded to 48 h.

The same study was not feasible for phys-HG because in aqueous environment the physical bonds
between carboxyl and amine groups became weaker due to the auto-dissociation of water or the
addition of salts (PBS) that interfered and dissolved the gel in less than 30 min (data not shown). The
experimental results suggest that chem-HG exhibited fast swelling kinetics and their swelling
equilibrium was reached within 4 h. Moreover different swelling ratios were recorded in water (about

900%) and in PBS solution (375%).

18



The changed behavior in PBS could be considered related to the increased ionic strength and so ionic
interactions between the salts and the polymeric chains: PBS dissociation is able to generate
interactions with the oxygen and carboxyl moieties creating physical bindings that move closer the
polymeric chains and result in a mesh reduction. This effect was not observed in samples immersed in
distilled water: the amount of entrapped water was higher and limited only by the chains elongation and
the cross-linking points. In summary, in both cases hydrogel swelling behavior was expressed,
preserving the peculiar feature of the polymeric network and the presence of saline solution could
affect the behavior due to the physico-chemical nature of the system. Considering the potential
application in conditions dissimilar from the neutral ones, the swelling studies were also performed in
acid and alkaline environments; pH=3 is representative of gastric conditions, whereas alkaline pH is
indicative of pancreatic environment and fluid (pH=8.8)[60, 61]. Moreover, the study of hydrogels in
low and high pH represents an approach to produce materials potentially useful for chronic wounds[62,
63], for the re-alkalization of carbonated materials[64], for antitumoral administrations or to counteract
undesired pH changes[60]. In this work, the swelling evaluation was conducted at pH 3 and 10
(Supporting Information) and compared the hydrogels state once they reached the equilibrium to the
physiologic pH 7.4. Figure 4B illustrates the hydrogel swelling after 48 h: at acid pH the recorded
value was 445%, whereas in alkaline system was around 600%. Both conditions exhibited lower
swelling than in samples treated with distilled water and this could be explained considering the ions at
stake. The polyacrylic acid pKaj is reported to be 4.7[65]. When the pH was less than pKa of PAA, the
H* ionic strength was high and able to suppress the ionization of the carboxylic acid groups; as result,

carbomer neutral chains were rather flexible due to their compact conformation[66].
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The principal acid pH effect is related to the formation of hydrogen bindings (van der Waals forces) in
the elastamine polyethoxylate moiety that reduces the mean free space among the elastamine and
carbomer chains; as a result, a reduction of hydrogel meshes occurs and the swelling appeared reduced
than in water. At pH=10, the same effect of net mesh sizes constraint is due to the Na* (alkaline
conditions are performed using NaOH 1 M) interactions with carbomer carboxylate ions. In all
experimental procedures, hydrogel scaffolds were able to preserve their structural integrity over the
investigated time. The morphology of the chem-HG was also investigated through SEM analysis, as

reported in Figure 5.

Figure 5. SEM imagines of chem-HG hydrogels after freeze-drying at amplification 100x (A) and 250x (B)

The results revealed that dried samples possess a highly entangled structure, with small and big pores
in the diameter range 70-270 um, that seem to define a sponge-like state. In addition, most of the pores

are interconnected. This demonstrates their microscopic porous structure with a complex 3D

construction.
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Antimicrobial results

For this study, we used S. aureus and C. albicans as representative of biofilm-producing organisms and
opportunistic pathogens. Both microorganisms were grown adsorbed on hydrogels. The in vitro assay
revealed the chem-HG to be the most effective in microbial inhibition. Indeed, after 24 h incubation
(Figure 6), we observed a dramatic inhibition of S. aureus growth (>99% reduction in CFUs count,
p=0.0159) and a significant reduction (about 30%, p=0.015) for C. albicans, compared with controls

(growth in absence of hydrogels).
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Figure 6. Microbial growth-inhibition activity of chem-HG hydrogel. Colony-forming units of (A) S. aureus; or
(B) C. albicans, after 24 h incubation in either TSB or RPMI media, respectively. Black bars represent growth
controls (without hydrogel); grey bars show microorganisms grew in the presence of chem-HG hydrogel. Values
represent the mean of two independent experiments for each strain. Pairwise lines denote statistical significance;

*p <0.05; **p < 0.01.

Drug release

Once demonstrated the antimicrobial property of the synthetized hydrogels, their application as drug
carriers was studied. The aim is the approval of the fundamental controlled drug delivery principles and

offering the potential combination of therapeutic curative and sterile effects in only one scaffold.
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The developed method is based on the evaluation of mimetic drugs release considering the steric
hindrance or using a cleavable ester linker that temporarily graft the molecule to the hydrogel. Release
studies were performed at 37°C, at physiologic pH that mimic the classic in vitro and in vivo
environment. As previously assessed, SF was chosen to represent the behavior of drugs in salt form,
able to dissociate in anions and cations in aqueous system, like corticosteroids and anti-inflammatory
drugs[31, 67], whereas RhB resembles the characteristics of carbonyl-based drugs as those involved in

the treatment of cancer or spinal cord injury[15, 68, 69].

Release by steric hindrance

SF and RhB were loaded within the hydrogels during the physical formation of the 3D network. The
different drug concentrations are evaluated according to the general concentration range proposed in
hydrogels field and the solubility limit in water. However, the percentage drug release depends on drug
concentration gradient generating the diffusion flow and it was normalized respect to the mass loaded
(percentage), so that the kinetics became concentration independent[70]. The percentage of SF and
RhB released was defined as the ratio between the released amount in the aqueous media and the total
amount entrapped by steric hindrance within the hydrogel. Figure 7 shows the SF and RhB release

profiles at pH values 7.4 (A,D), 3 (B,E) and 10 (C,F).
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Figure 7. In vitro release profile of RhB (e, red) and SF (e, black) delivered from hydrogels at pH 7.4 (A), pH 3
(B) and pH 10 (C). The slope of the rhodamine and sodium fluorescein release from the hydrogel scaffold is
plotted against the square root time at pH 7.4 (D), pH 3 (E) and pH 10 (F): it is representative of the Fickian
diffusion coefficient of the drug in the gel system (p < 0.0001 between all the groups). The diffusion-controlled
release is affected by the pH value and the nature of the mimetic drug. The values are calculated as a percentage

with respect to the total mass loaded (mean value + standard deviation is plotted).

Considering the neutral release environment, SF release is faster than RhB in the first hours (after 48 h,
the percentage of released SF is 80%, whereas for RhB 60%) and similar amounts of released drug are
recorded only after 250 h. The different trends are related to the electrostatic and ionic interactions with
the polymer chains: the presence of fluorescein anions causes repulsion with the dominant carboxylate

moieties and the mimetic drug comes out from the meshes more quickly than RhB, which is neutral.
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These repulsive effects overlap the attractive interaction between residual amine groups and the
fluorescein anion. SF indeed is present in salt form at basic pH and its solubility is higher respect to
acid and neutral pH. Salt form of SF resembles the behavior of many drugs saled in salt form like
ibuprofene and ketoprofene. On the other hand, the RhB delivery rate is minimally influenced by the
scaffold. In both cases, the hydrogels are able to sustain drug release, without introducing any
polymeric modification. The influence of the system in delivering SF or RhB can be evaluated plotting
release percentage against time square root, as showed in Figure 7D. A linear plot is indicative of
Fickian diffusion and the y-axis intercept value is indicative of the burst release. The condition of ideal
controlled release system is characterized by linear trend during time and its y-axis intercept equal to
zero[31, 71]. Both RhB and SF release highlight linear trends in the first 8 hours, approaching then
plateau trends. The SF burst release value is higher (40%) than RhB (19%) according to the SF ionic
interactions with the polymeric scaffold that facilitates the quick release of small hydrophilic molecules
in the aqueous medium; on the other hand, the ability to control the drug release is slightly improved in
the RhB case due to the absence anion-cation interactions. The drug releases in acid and basic
conditions are characterized by different trends, compared to pH 7.4. In particular, at pH 3 RhB release
profile is faster and it is almost completed after 72 h, while the escaped SF is 33% at the same time
point suggesting a prolonged release over a longer period of time. In this condition, the high
concentration of H* in the release medium counteracts the negative charge of carboxyl groups reducing
the repulsion against fluorescein anions and promoting the attractive effect related to the elastamine
protonation: as result, the SF release is delayed. The same electrostatic re-organization occurs in
sample containing RhB, but the mimetic drug is characterized by a slightly positive charge at pH 3 and
the repulsion with the polymeric scaffold encourages a modest enlargement of the meshes and a quick
release of drug molecules. In alkaline aqueous medium, the release profiles are reversed: SF comes out

faster than RhB, due to the high repulsion between the drug anions and the carboxylate groups.
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As discussed in the evaluation of hydrogel swelling behavior, the presence of COO" allows the
elongation of the polymeric chains increasing the free spaces in the scaffold and the improved release
of the loaded drug. This also explains the increased amount of released RhB compared to the
corresponding study at pH 7.4, considering that RhB is neutral at basic pH and no ionic interactions
arise. The linear plots at pH 3 and 10 show that the Fickian diffusion regime is well visible in the first 8
hours, then the drugs release reaches a plateau. In particular, at pH 3, the SF burst release contribution
is extremely small (1%) suggesting the ability of the synthetized gels to control the release of salt form-
drugs in acid conditions. This effect is less visible in the RhB samples, where the burst release value is
about 20%. In alkaline environment these release behaviors are reversed: RhB presents 15% of burst
release (comparable to the neutral release environment), whereas SF about 36%. The RhB non-ionic
nature allows a drug release not affected by the chemical behaviors of the carbomer and elastamine,

which otherwise tune the SF escape from the network meshes.

Release by ester hydrolysis

These hydrogels were also tested as tunable drug delivery systems through the introduction of PEG
carrying RhB through ester bond. The choice of a modified polymer instead of the direct chemical
modification of the polymeric network is related to the intention to preserve the elastamine component,
avoiding any reaction that could affect its properties. PEG reacted with carbomer carboxyl groups to
bind to the scaffold in a stable manner[38] (IR, Supporting information) and the ester-RhB cleavability
was investigated. The evaluations were performed, also in this case, at acid, neutral and alkaline pH.
Figure 8 shows the amount of released RhB over time: at pH 7.4, only 30% of entrapped mimetic drug
was escaped after 250 h, indicating that the release kinetic is prolonged and dependent on the ester

hydrolysis, which delay the release associated to this strategy.

25



The same trend is observed in the RhB release at pH 10, whereas in acid medium, there is a slight

increase in the released amount due to the ester acid hydrolysis.
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Figure 8. A: In vitro release profile of RhB linked to the hydrogels scaffold through ester bond, at pH 7.4 (@,
black), pH 3 (M, red) and pH 10 (A, blue). B: Evaluation of RhB cumulative release percentage against s*? at
the different pH: the linear trends are representative of the Fickian diffusion regime of the drug from the
hydrogel (p < 0.0001 between all the groups), according to the ester cleavability. The values are calculated as a

percentage with respect to the total mass loaded (mean value * standard deviation is plotted).

The linear trends plotting release percentage against s*? are indicative of increased performances in
terms of pure diffusive mass transport and of burst release contribution that results to be very small. In
particular, it is recognizable a double diffusion regime with different slopes. The transition of the two
regimes depends on the allocation of ester-RhB bond: when it is near the hydrogel/medium interface it
can be more easily hydrolyzed (regime i) than the linker present in the inner core (regime ii). The
obtained results make possible to state that the proposed hydrogels can be used as drug carriers also
introducing cleavable linkers designing a system characterized by a delayed drug release with

consequent higher performance with respect to hydrogels where drugs are only physically entrapped.
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4. Conclusions

This work proposes the design of innovative hydrogel systems using a simple synthesis approach based
on a physical-chemical transition that exploits the physico-chemical interactions among carbormer and
elastamine, preserving their peculiar properties. The main advantage is related to the non-use of
inorganic particles, antibacterial agents or antibiotics to perform a suitable antimicrobial effect,
overcoming all questionable aspects related to the cytotoxicity or the concentration of the active
molecules to avoid side-effects: here, the antimicrobial activity is due to the polymeric components.
Moreover, the hydrogels are able to preserve their structure in environments at different pH and could
be used as controlled drug delivery systems. In particular, thanks to the nature and the polymeric chains
spatial organization, it is possible to prepare drug carriers with drug loading and release via steric
hindrance or polymer functionalization, offering a wide range of release kinetics, that can be chosen
according to the needs of the final therapeutic application. The opportunity to synthetize a system able
to perform the double effect of antimicrobial and drug delivery is a pivotal challenge to reduce the
number of administrations, injections or dosing in biomedical fields, and these scaffolds appear as a
promising tool. Finally, the antimicrobial property could be useful in other fields, such as for

environmental and industrial applications, and this shows the potential of this material.
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