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ARTICLE INFO ABSTRACT

Keywords: Chemical and enzymatic in vivo degradation of antimicrobial peptides represents a major challenge for their
Peptide stability therapeutic use to treat bacterial infections. In this work, anionic polysaccharides were investigated for their
POlysaCChef“de hydrogels ability to increase the chemical stability and achieve sustained release of such peptides. The investigated for-
gzgizﬁzcc:: mulations comprised a combination of antimicrobial peptides (vancomycin (VAN) and daptomycin (DAP)) and

Controlled release anionic polysaccharides (xanthan gum (XA), hyaluronic acid (HA), propylene glycol alginate (PGA) and alginic

Staphylococcal infections acid (ALG)). VAN dissolved in buffer of pH 7.4 and incubated at 37 °C showed first order degradation kinetics
with a reaction rate constant kqps of 5.5 x 102 day’1 corresponding with a half-life of 13.9 days. However, once
VAN was present in a XA, HA or PGA-based hydrogel, kops decreased to (2.1-2.3) x 102 day’1 while kops was not
affected in an alginate hydrogel and a dextran solution (5.4 x 102 and 4.4 x 102 day™!). Under the same
conditions, XA and PGA also effectively decreased Kops for DAP (5.6 x 102 day’l), whereas ALG had no effect
and HA even increased the degradation rate. These results demonstrate that the investigated polysaccharides
(except ALG for both peptides and HA for DAP) slowed down the degradation of VAN and DAP. DSC analysis was
used to investigate on polysaccharide ability to bind water molecules. Rheological analysis highlighted that the
polysaccharides containing VAN displayed an increase in G’ of their formulations, pointing that the peptides
interaction act as crosslinker of the polymer chains. The obtained results suggest that the mechanism of stabi-
lization of VAN and DAP against hydrolytic degradation is conferred by electrostatic interactions between the
ionizable amine groups of the drugs and the anionic carboxylate groups of the polysaccharides. This, in turn,
results in a close proximity of the drugs to the polysaccharide chain, where the water molecules have a lower
mobility and, therefore, a lower thermodynamic activity.

1. Introduction and life-threatening diseases. Because of their short half-life, high doses
have to be administered to reach therapeutic drug concentrations at the

Over recent decades, biotherapeutic peptides have been thoroughly target site. These high doses, however, result in high initial blood con-
studied as a new class of drugs for the treatment of a variety of chronic centrations which in turn are associated with side effects and systemic
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Scheme 1. Structures of the polysaccharides used in the present study: hyaluronic acid (a), alginic acid (b), propylene glycol alginic acid (c), xanthan gum (d) and

dextran (e).
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Scheme 2. Chemical structures of vancomycin (a) and daptomycin (b) with their respective pKa values. Vancomycin has 6 ionizable groups with different pKa
values. At pH 7.4, three groups are not ionized, the amine (-NH,) and methylamide (-NHCHj3) are positively charged whereas the -COOH group is negatively
charged, resulting in a molecule with a net charge of + 1 at physiological pH (Takacs-Novak et al., 1993). Daptomycin has two cationic, one belongs to the ornithine
(pKa 10.7) and the other one to the kynurenine (pKa 0.8), and four anionic (three aspartic acids with pKa values of 1.3, 3.8 and 4.1 and one methylglutamic acid with
pKa 4.4) groups. DAP has an isoelectric point of about 3.8 and a net charge of —3 at physiological pH. The single daptomycin positive charge at pH 7.4 is due to the
primary aliphatic amine of the ornithine residue. The aromatic amine -NH, of the kynurenine residue is not protonated at physiological pH (Qiu et al., 2011).

toxicity (Koo and Seo, 2019; Fosgerau and Hoffmann, 2015; Lau and
Dunn, 2018). Moreover, the physicochemical and biological character-
istics of peptide therapeutics make them prone to rapid degradation
upon administration due to both chemical and enzymatic action. For
chemical degradation, the common pathways are deamidation, hydro-
lysis, isomerization, oxidation, racemization and/or elimination, lead-
ing to the formation of inactive products (Manning et al., 2010). To
protect therapeutic peptides against degradation, their incorporation
into polymeric delivery systems is undoubtedly an important and
effective strategy (Agarwal and Rupenthal, 2013; Du and Stenzel, 2014;

Yang et al., 2019; Cao et al., 2021). Particularly, hydrogels represent a
class of polymeric matrices that enhance peptide stability by reducing
the mobility of water molecules in the gels (Mikac et al., 2019; Yoshioka
et al., 1995; Yoshioka et al., 1992; Sadhale and Shah, 1998). Water in
hydrogels is present as free non-bound/freezing, strongly bound/non-
freezing, and weekly bound/freezing water (V.M. Gun’ko, I.N. Savina,
S.V. Mikhalovsky, Properties of water bound in hydrogels, Gels 3(4),
2017). The last two types of water molecules are involved in multiple
interactions (hydrogen and ionic bonds) with the hydrogel network.
This can result in a lower availability of free water molecules that
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Fig. 1. Chromatograms, structures and chemical degradation products of VAN (a) DAP (b) formed in aqueous solution at pH 7.4 and 37 °C, after 5 days and 7 days of

incubation respectively.

potentially can interact with the drug, favouring its slower degradation
kinetics.

In the present work, four different anionic pH-responsive poly-
saccharides, namely xanthan gum, hyaluronic acid, propylene glycol
alginate and alginic acid (structures shown in Scheme 1) were investi-
gated for their capability to stabilize two antimicrobial peptides against
hydrolytic degradation. These polysaccharides all contain carboxylic
groups that are ionized to yield anionic polyelectrolytes when the pH is
close to or above the pKa of these groups. The negative charges of these
polysaccharides can be exploited to form ionic complexes with positive
charges of antimicrobial peptides (Claudius and Neau, 1996; Duba-
shynskaya et al., 2021). Vancomycin and daptomycin (Scheme 2) are

antibiotics active against Gram-positive bacteria and therefore used to
treat a wide range of staphylococcal infections (Taylor and Palmer,
2016; Liu et al., 2011). Vancomycin is a glycopeptide antibiotic derived
from Gram-positive bacteria like Clostridium difficile and Staphylococcus
aureus and used to treat potentially lethal infections (Takacs-Novak
et al.,, 1993). On the other hand, daptomycin is an acidic lipopeptide
active against Staphylococcus aureus Gram-positive bacteria (Zupancic
et al., 2016; Qiu et al.,, 2011). The main limitation of these bio-
therapeutic drugs is their poor stability and both vancomycin and dap-
tomycin possess amino acids that undergo chemical degradation at
physiological conditions (Fig. 1) (Manning et al., 2010; Ghassempour
and Aboul-Enein, 2008; Muangsiri and Kirsch, 2001). Moreover,
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Compositions of polysaccharide hydrogels and solutions. The concentration of VAN and DAP was 0.5 mg/ml for all the formulations. For the solutions, the PLS
concentration used was 5 mg/mL. (Overlap concentrations present in the Supplementary Information, Table S1).

Polysaccharide PLS charge density Solutions Hydrogels
(PLS) (number of charges/
kDa) at pH
Monomer Acidic unit and pKa 4.5 7.4 9.0 Molar ratio Molar ratio PLS Molar ratio Molar ratio
unit (Da) NH,:COOH NH,:COOH concentration NH,:COOH NH,:COOH
VAN:PLS at of DAP:PLS (mg/mL) VAN:PLS at of DAP:PLS
pH7.4 atpH7.4 pH7.4 atpH 7.4
XA 889 Da Glucuronic 3.1 -1.6 -1.7 -1.7 1:8 1:18 30 1: 50 1: 109
acid Pyruvic 2.9
acid
HA 378 Da Glucuronic 3.0 -26 -26 -26 1:20 1: 43 35 1: 138 1: 300
acid
PGA 252 Da Mannuronic 3.4 -1.6 -1.8 -1.8 1: 30 1: 64 50 1: 295 1: 643
ALG 192 Da acid 3.7 -47 -52 -52 1:39 1: 85 100 1: 775 1: 1690

Guluronic acid

vancomycin and daptomycin have positively charged amine groups
which potentially can electrostatically interact with the carboxylate
groups of anionic polysaccharides (Costa et al., 2015; Sikwal et al.,
2016). In our previous studies, chemically crosslinked hydrogels based
on thermosensitive triblock copolymers of PEG-p(HPMAm-lac;.p) and
thiolated hyaluronic acid were used as matrices for the controlled
release of vancomycin and daptomycin in the treatment of orthopaedic
implant infections (Censi et al., 2019; Casadidio et al., 2018). These
hydrogels, containing the negatively charged polysaccharide hyaluronic
acid, improved the stability of the loaded antimicrobial matrix against
hydrolytic degradation. In the present study, anionic hydrogels based on
the above-mentioned polysaccharides were investigated as stabilizers.
Differential scanning calorimetry and rheological studies were done to
obtain mechanistic insight into the stabilization mechanism.

2. Materials and methods
2.1. Materials

Unless indicated otherwise, chemicals were purchased from Sigma-
Aldrich (Stenheim, Germany) and used as received. Dextran from Leu-
conostoc spp., used as neutral polysaccharide, had a molecular weight
(Mw) of 100-150 kDa, alginic acid sodium salt had a Mw of 120-190
kDa, hyaluronic acid sodium salt from Streptococcus equi had a Mw of
1500-1800 kDa. Xanthan gum (molecular weight specification not
provided by the supplier) from Xanthomonas campestris had an acetyla-
tion degree of 100% and a pyruvation degree of 50%. Propylene glycol
alginate with a degree of esterification 55% (Kelcoloid® K3B426, mo-
lecular weight not provided) was purchased from International Specialty
Products (Koln, Germany). Vancomycin hydrochloride (MW = 1485.7
g/mol) and daptomycin (MW = 1619.7 g/mol), both in lyophilized
form, were supplied by Hikma Farmacéutica (Terrugem, Portugal) and
Novartis (Pharma Schweiz, Basel, Switzerland), respectively.

2.2. Composition of the buffers

Three buffers of different compositions were prepared, following the
IUPAC standard guidelines (McNaught and Wilkinson, 1997). To pre-
vent bacterial growth during the peptide stability studies, the buffers
contained 0.02 wt% sodium azide. A monopotassium phosphate buffer
(100 mM) was used as acidic buffer of pH 4.5. NaCl (136.9 mM), KHyPO4
(1.7 mM) and NayHPO4 (13.4 mM) was used as pH 7.4 buffer. Borate
buffer (101 mM) was used as basic buffer of pH 9.0. Ionic strengths were
100 mM for pH 4.5 buffer, 178.8 mM for pH 7.4 buffer and 101 mM for
pH 9.0 buffer.

2.3. Preparation of the placebo and drug-loaded formulations

Intrinsic viscosity [n] and the overlap concentration (c*) of the
polysaccharides dissolved in water are reported in Table S1 (Supporting
Information) and experimentally evaluated following the method
described in the Supporting Information. The c* was used as indicator to
prove that the polysaccharide concentration used in the manuscript was
above its c*, therefore working in a semi-diluted system. Placebo poly-
mer solutions were obtained via dissolution of the polysaccharides at a
concentration of 5 mg/mL in the different buffer solutions (compositions
in 2.2) at room temperature for 15 min under magnetic stirring. Poly-
saccharide placebo hydrogels were formed in the mentioned buffers at
gel point concentrations (Table 1). The gelation point was assessed as
the minimal polysaccharide concentration generating a no-flow system
by the vial tilting method (Gil et al, 2017). Vancomycin and
daptomycin-containing polysaccharide solutions and hydrogels were
prepared by dissolving the different polysaccharides in solutions of
VAN/DAP (0.5 mg/ml in the different buffers of pH 4.5, 7.4 and 9). The
final concentrations of the different formulations are reported in
Table 1. After preparation, the samples were incubated at 37 °C.

2.4. Chemical stability of vancomycin and daptomycin

The chemical stability of vancomycin and daptomycin dissolved in
buffer, polysaccharidic solutions and hydrogels was evaluated during
22 days at 37 °C by sampling aliquots at regular time points. For VAN
buffers of pH 7.4 and 9.0 and for DAP buffers of pH 4.5 and 7.4 were
used. The different samples (100 pL for solutions and ~ 25 mg (accu-
rately weighed) for hydrogels) were diluted with 300 pL PBS (pH 7.4)
and then centrifuged at 12,000 rpm for 15 min at 4 °C (Scilogex D3024R,
Rocky Hill, CT, USA). Supernatants were filtered through a 0.22 pm
polytetrafluoroethylene filter (Agilent Captiva Econo Filter, Santa Clara,
USA) and analyzed by HPLC-DAD (High Pressure Liquid
Chromatography-Diode Array Detector, Agilent 1100 Series, Santa
Clara, USA). Vancomycin and its degradation products were analyzed
following the validated method described by Censi et al. (Censi et al.,
2019), using a LiChrospher® RP 18 column (5 pm, 125 x 4.6 mm,
Merck, Darmstadt, Germany) at 30 °C. Isocratic elution with eluent A
(75%; water/ammonium formate 0.06 M, pH 7.7), eluent B (25%;
methanol) at a flow rate of 0.8 mL/min was applied and 20.0 uL of the
different samples was injected. Ultraviolet detection was performed at
230 nm with a retention time of 6.8 min for native VAN, while 2.9 and
3.6 min for its degradation products CPD1-m and CDP1-M (structures
shown in Fig. 1), respectively. It is noted that these rotamers are sepa-
rated because of their rigid structures. The chemical stability of dapto-
mycin was investigated following the validated method developed by
Casadidio et al. (Casadidio et al., 2018). Briefly, the concentration of
native daptomycin in the different samples was determined using a
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Fig. 2. Degradation of VAN and DAP under different conditions. Drug stability percentage (AS%) and In concentration (In %) of VAN (a) and DAP (b) in poly-
saccharide hydrogels formulation (XA, HA, PGA and ALG; concentrations reported in Table 1) and in buffer only, at pH 7.4 and 37 °C versus time. Fig. S1 (Supporting

Information) shows the plots VAN and DAP in polysaccharide solutions.

Zorbax SB-AQ C18 column (5 pm, 150 x 4.6 mm column, Agilent
Technologies Inc., Santa Clara, CA, USA) at 30 °C, using an isocratic
elution of eluent A (52%; water/formic acid (15 mM)/triethylamine (pH
3.5)), eluent B (30%; acetonitrile) and eluent C (18%; methanol) at a
flow rate of 1.0 mL/min. Samples of 5.0 pL were injected and detection
was performed at the wavelengths of 223 and 245 nm with retention
times of 6.0, 6.4 and 7.0 min for native daptomycin, ring-opened
product and anhydrous product (structures shown in Fig. 1),
respectively.

Antibiotic stability percentage (AS%) is defined as the percentage of
residual concentration of native antimicrobial agent relative to its con-
centration at time 0, and calculated according to the following equation
1):

AS% = i x 100% (€8]
Ao

where Ay is the integral of the chromatographic peak of the native
antibiotic and A¢ is the integral of the chromatographic peak of the
antibiotic at time t (Censi et al., 2019; Casadidio et al., 2018).

The observed first order reaction rate constants (Kops) of VAN and
DAP were calculated from the slope of In (% of native drug) plotted
against time (days).

2.5. Hydrogels thermal analyses

A differential scanning calorimeter (DSC Q20, TA Instruments, USA)
equipped with a RCS90 refrigerated cooling system was used to

investigate on interactions between water molecules, polysaccharides
and drugs. Briefly, hydrogel samples (approximately 25 mg, accurately
weighed) were loaded into aluminium pans which were subsequently
hermetically sealed, cooled to —40 °C and after equilibration for 20 min
heated to 40 °C at a heating rate of 2.5 °C/min, following the method
reported by Mayol et al. (Mayol et al., 2014). The extrapolated onset
melting temperature of frozen water (Tm) was then determined (a
representative thermogram shown in Fig. S3, Supporting Information).
The enthalpy of the solid-to-liquid transition of water was obtained by
integrating the endothermic melting peak and normalized with respect
to the solid mass percentage of the gel (Biondi et al., 2012). The machine
was calibrated with an indium standard, and an inert atmosphere was
maintained by nitrogen purging at a 50 mL/min flow rate. To assess the
validity of the method, different concentrations of polysaccharides were
used to measure the resulting melting enthalpy (Fig. S4, Supporting
Information) while the onset melting temperature of pure water ob-
tained was 0.30 + 0.06 °C, with a melting enthalpy (AHp,) equal to 334
+ 14 J/g, in agreement with literature data (Mayol et al., 2014; Mayol
et al., 2014).

2.6. Rheological characterization of placebo and drug-loaded hydrogels

Rheological analyses of placebo and drug-loaded hydrogels were
performed on a Kinexus rotational rheometer (Malvern, Malvern, United
Kingdom). The viscoelastic properties of the gels in buffers of different
pH’s (compositions given in section 2.2) were studied by means of
oscillatory shear experiments, at 37 °C, using a cone-plate geometry (CP
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Table 2
VAN and DAP first order degradation rate constants in different formulations. The values present a R? value between 0.92 and 1.00.
Formulation Vancomycin Daptomycin
Kops X 1072 day~! Kops X 102 day™!
Hydrogel Solution pH 7.4 Solution pH 9.0 Hydrogel pH 7.4 Solution pH 7.4 Solution pH 4.5
pH7.4
Soluble drug n.a. 5.5 6.5 n.a. 5.6 6.9
XA 2.3 3.3 6.3 0.90*-5.6** 3.5 4.1
HA 2.2 2.3 7.7 7.2 8.7 4.9
PGA 2.1 2.7 3.7 4.2 2.0 4.2
ALG 5.4 4.7 7.4 5.9 5.8 3.7
DEX n.a. 4.4 6.9 n.a. 6.1 5.5

*value taken for calculation until day 12, ** value taken for day 12-22; n.a. = not applicable.

40 mm), at 1% strain (at which linear viscoelasticity was attained) and
0.1-10 Hz oscillation frequency range. Thus, hydrogel mechanical
properties were determined by measuring the shear storage (or elastic)
modulus, G/, and the shear loss (or viscous) modulus, G”, as a function of
oscillation frequencies.

3. Results
3.1. Chemical (in)stability of vancomycin and daptomycin

The degradation pathway of vancomycin (VAN) in aqueous solution
starts with deamidation of the asparagine residue followed by a rear-
rangement into two zwitterionic rotamers named CDP1-m and CDP1-M
(Fig. 1a) (A.S. Antipas, D. Vander Velde, V.J. Stella, Factors affecting the
deamidation of vancomycin in aqueous solutions, International journal
of pharmaceutics 109(3), 1994). The degradation of daptomycin (DAP)
in aqueous solution occurs via two pathways, namely ester hydrolysis,
with the formation of ring-opened product, and aspartyl trans-
peptidation, via the reversible formation of anhydrous daptomycin and
p-asp daptomycin (Fig. 1b) (Muangsiri and Kirsch, 2001).

Fig. 2 shows that VAN and DAP dissolved in phosphate buffer of pH
7.4 and incubated at 37 °C, degraded following first order kinetics, in
agreement with previous studies (Muangsiri and Kirsch, 2001; A.S.
Antipas, D. Vander Velde, V.J. Stella, Factors affecting the deamidation
of vancomycin in aqueous solutions, International journal of pharma-
ceutics 109(3), 1994; Kirsch et al., 1989; El-Din et al., 2018), with Kgps
values for VAN and DAP of 5.1 x 102 day ! and 5.6 x 10" day*
respectively. The kqps value of VAN is in the ballpark of values found
under similar conditions in the literature (Cao et al., 2018; Claudius and
Neau, 1998). For the degradation of DAP at pH 7.4, no data are reported
in the literature.

The capability of polysaccharidic xanthan gum (XA), hyaluronic acid
(HA), propylene glycol alginate (PGA) and alginic acid (ALG) to stabilize
the two peptide antibiotics against hydrolytic degradation was investi-
gated. Based on previous publications (Censi et al., 2019; Casadidio
et al., 2018), it is hypothesized that the hydrolytic degradation of VAN
and DAP is slowed down by ionic interactions between the cationic site
(s) of the drugs and the anionic ones of the polysaccharides (as indicated
in Scheme 1 and 2). Therefore, their chemical stability was investigated
in Newtonian viscous solutions (polysaccharide concentration of 5 mg/
mlL) at different pH values (9.0, 7.4 and 4.5). The studies were done in
formulation with an excess of carboxylate anions of the polysaccharides
over amine groups of VAN and DAP (ratios expressed in Table 1). As
control, dextran was included as non-ionic and thus neutral
polysaccharide.

Fig. 2a shows that VAN in the different polysaccharide hydrogels at
pH 7.4 and at 37 °C degraded following a first order kinetics. Table 2
reports that at pH 7.4 the polysaccharides XA, PGA and HA both in so-
lution (degradation kinetics plots shown in Fig. S1, Supporting Infor-
mation) and in the form of hydrogels retarded the degradation of VAN
with a decrease in Kops of ~ 50% (from 5.5 x 102 to (2.3-3.3) x 102
day™!). For VAN-ALG and VAN-DEX systems no effect on hydrolytic

Table 3
Water melting temperatures and melting enthalpy of placebo and drug-loaded
polysaccharide hydrogels at pH 7.4 (n = 3, mean + SD).

Polysaccharide Formulation Tm (°C) AHp* (J/8)
XA Placebo —1.93 £+ 0.05 289 + 10
(30 mg/mL) VAN —1.98 + 0.26 285 + 12
DAP —2.05 +0.17 279 +£18
HA Placebo —2.62 +0.18 288+ 5
(35 mg/mL) VAN —2.22 4+ 0.17 285 + 12
DAP —2.26 + 0.07 289 + 18
PGA Placebo —2.77 + 0.02 284+ 5
(50 mg/mL) VAN —2.54 + 0.15 278 £ 6
DAP —2.54 + 0.06 277 £ 8
ALG Placebo —2.73 + 0.05 290 + 10
(100 mg/mL) VAN —2.69 + 0.19 282+9
DAP —2.79 +£ 0.25 278 +£18
Placebo —3.21 + 0.04 296 + 3
DEX VAN —3.24 +£ 0.01 292 + 2
(100 mg/mL) DAP —-3.17 £ 0.01 292 + 2
Pure water 0.35 £ 0.10 334+ 14
Water with PBS —3.16 + 0.16 299 + 2

* values were normalized for solid mass fraction of the gels.

degradation was observed. Table 2 also shows that regardless the
polysaccharide used, the kqps values of native and loaded VAN at pH 9.0
are in the same range (6-7 x 102 day !, close to the one found by
Claudius et al. of 5.0 x 102 day’1 (Claudius and Neau, 1998) except for
PGA that slowed down its degradation (3.7 x 102 day™!). The In con-
centration versus times plots are shown in Fig. S2, Supporting
Information.

Table 2 and Fig. 2b show that soluble PGA and XA slowed down the
degradation of DAP (with kgps of 2.0 X 102 and 3.5 x 1072 day’1
respectively) whereas HA accelerated its degradation (kops = 8.7 x 102
day~1). On the other hand, ALG and DEX had no effect on DAP stability.
Moreover, it is observed that keqps values for VAN in the presence of
polysaccharides is the same below and above the gel point. Further, DAP
in XAN hydrogel showed a biphasic degradation kinetics. However, no
explanation is available for this observation.

Table 2 shows that at pH 4.5, DAP ko, values are in the range be-
tween 3.7 and 5.5 x 102 day’1 (In concentration versus time plots are
shown in Fig. S2, Supporting Information), which are lower than the
value of free DAP under the same conditions (Kops = 6.9 x 102 day’l).

3.2. Thermal analysis of hydrogels

The DSC thermograms of the different polysaccharide hydrogels
exhibited one endothermic peak (a typical example is shown in Fig. S3,
Supporting Information). Table 3 summarizes the onset melting tem-
peratures (Tm) and the melting enthalpies (AH) for frozen water in the
different samples at pH 7.4 (placebo and drug loaded hydrogels, com-
positions given in Table 1). A very slight depression in the melting
temperature of water ranging from —3.21 °C to —1.93 °C was observed
for the hydrogels. Moreover, no contribution of DAP and VAN to the
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Table 4

Storage and loss moduli of placebo, VAN- and DAP-loaded polysaccharide
hydrogels at 0.1 Hz and 37 °C. The loading of DAP/VAN was 0.5 mg/mL (n = 3,
mean + SD).

Polysaccharide Formulation G’ (Pa) G”’ (Pa)
XA Placebo 217 £7 42+7
VAN 335 + 23 48 +8
DAP 327 £ 27 40+7
HA Placebo 184 + 47 214 + 44
VAN 652 + 10 402 +9
DAP 168 + 3 218 £ 2
PGA Placebo 20+ 4 10+1
VAN 129 +73 37 £19
DAP 30+3 13+1
ALG Placebo 17 +£5 22+ 2
VAN 24 +5 27 +5
DAP 28 +10 25 +2

melting temperature depressions was observed. Thermal analyses were
conducted also at pH 9.0 and pH 4.5 (Table S2 and S3, Supporting
Information).

3.3. Rheological characterization of placebo and drug-loaded hydrogels

Table 4 and Fig. 3 show the rheological properties of both placebo
and drug-loaded hydrogels at 37 °C and pH 7.4. The rheological
behaviour of the PGA placebo hydrogel is that typical of a weak gel, with
G’>G’’ over the whole frequency range analysed and G’ < 100 Pa
(Fig. 3a). The presence of VAN in the PGA gel resulted in an increment of
both viscoelastic moduli and, particularly, at a frequency value of 0.1
Hz, the storage modulus increased from 20 + 4 to 129 + 73 Pa. In
contrast, DAP did not significantly influence the rheological behaviour
of the PGA hydrogel. HA formulations (Fig. 3b) showed a prevalently
viscous character (G’> G’) at low frequencies, but, with increasing
frequency, the elastic modulus G’ became larger than the viscous one
G’’. More in detail, at 0.2 Hz, the G’ curve crossed the G’’ one at the so-
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called cross-over frequency (w.), after which the elastic modulus pre-
vailed on the viscous one and the system showed a predominant elastic
character. This rheological behaviour is typical for viscoelastic material
(Ambrosio et al., 1999). The presence of VAN in the HA solution caused
a transition to a gel-like rheological behaviour with G’ values ranging
from588 to 652 Pa. Differently, in the presence of DAP in HA solution,
only a shift of m. was observed from 0.2 Hz for HA to 0.13 Hz for DAP-
HA. XA formulation mechanical properties showed a gel like rheological
behaviour with G’ always higher than G, of about one order on
magnitude, in all the frequency range examined (Fig. 3c). When loaded
with VAN or DAP, an evident increase of elastic modulus of XA-based
gels was recorded. In detail, at 0.1 Hz, an increase of the storage
modulus from 217 + 7 Pa for placebo XA to 335 + 23 Pa for VAN-XA
and to 327 £ 27 for DAP-XA was recorded. No significant differences
between placebo and drug loaded ALG gels were observed, and all the
formulations presented a rheological behaviour typical of a viscous so-
lution, with G’*>G’ over the whole frequency range analysed (Fig. 3d).

Figure S5 (Supplementary Information) shows that the placebo
hydrogels and VAN-loaded ones displayed the same rheological behav-
iour at pH 9.0. Fig. S6 (Supplementary Information) shows that DAP-
loaded formulations displayed at pH 4.5 basically the same rheolog-
ical properties compared to placebo gels. Only a slight increase of elastic
modulus of DAP-XA gel and a decrease of both moduli of DAP-loaded
alginate and hyaluronate gels were found.

4. Discussion

The aim of this study was to get insight into the mechanism(s)
responsible foranionic polysaccharides stabilization of the antimicrobial
peptides VAN and DAP against hydrolytic degradation. To this end, the
degradation kinetics of these two peptides were investigated in buffer as
well as in aqueous solutions and gels made up of anionic poly-
saccharides, such as XA, HA, PGA and ALG. Fig. 2 and Table 2 show that
at pH 7.4 the degradation of VAN was substantially retarded once dis-
solved in solutions and gels of XA, HA, PGA, while only a slight decrease

10000+
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Fig. 3. Storage (G’) and loss (G’*) moduli at 37 °C as a function of frequency of placebo (black), VAN (red) and DAP (blue) polysaccharidic formulations at pH 7.4. (a)
PGA, (b) HA, (c) XA and (d) ALG. Concentrations reported in Table 1 (n = 3, mean + SD).
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Table 5
Calculated number of weekly bound water molecules per polysaccharidic unit.
The calculations were based following the DSC results presented in Table 3.

Polysaccharide PLS concentration (mg/mL) in H,O0  Molar ratio

(PLS) with PBS (pH 7.4) Monomer PLS
unit: H,O

XA 30 1: 55

HA 35 1: 22

PGA 50 1:14

ALG 100 1:3

DEX 100 1:1

in VAN degradation kinetics at the same pH was observed when
formulated in ALG and DEX. The observations point that stabilization of
VAN by the polysaccharides is due to their electrostatic interactions with
VAN. As shown in Fig. 5 and Table 4, the VAN containing hydrogels
showed higher G’ and G*’ than the placebo gels. This can be ascribed to
the fact that VAN possesses two positive charges at physiological pH
(overall + 1 net charge) and can therefore act as crosslinker of the
polysaccharide chains. Consequently, the ionic interactions between the
-COO™ groups of the polysaccharides and the two amines of VAN brings
this drug in close proximity of the polysaccharide chain.

As mentioned in the introduction, in aqueous solutions poly-
saccharides are surrounded by strongly and weekly bound water mole-
cules (V.M. Gun’ko, LI.N. Savina, S.V. Mikhalovsky, Properties of water
bound in hydrogels, Gels 3(4), 2017). The thermograms represented in
Fig. S3 (Supporting Information) show that the nature of the bound
water in the polysaccharides studied can be classified as weekly bound.
Using the DSC data, the number of weekly bound water molecules sur-
rounding polysaccharidic units were calculated (Table 5). Rheological
analysis corroborated the hypothesis that the amine groups of VAN can
form salt bridges with the -COO™ groups of these polysaccharides. It is
therefore concluded that the degradation of VAN is retarded because the
labile groups are surrounded by water molecules with limited mobility
and thus lower reactivity towards hydrolytic reaction, as schematically
depicted in Fig. 4. Interestingly, for ALG, the low number of bound water
molecules found in our experiments (Table 5) likely explains the
observation that this polysaccharide did not protect VAN against
degradation. In line herewith, although also dextran is capable to bound
water molecules, it does not retard the degradation of VAN because this

lonic interactions

Polysaccharide network O

Free water

[ ] Bound water o
molecule

molecule
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polysaccharide lacks anionic carboxylate groups.

To support the mechanism as schematically shown in Fig. 4, the
stability of VAN in the different polysaccharide solutions was also
investigated at pH 9.0. To explain, this pH is higher than the respective
pKa’s of its amine groups (Scheme 2) and the extent of protonation of
this drug is consequently reduced as compared to pH 7.4, resulting in a
decrease of its net charge (close to VAN isoelectric point of 8.3). The
degradation data at pH 9.0 support the hypothesis that, when the in-
teractions of VAN and the polysaccharides are minimized, the poly-
saccharides do not protect VAN against hydrolytic degradation (Fig. 2
and Table 2). Also rheological data proved that the interactions between
polysaccharides and VAN are reduced at pH 9 (Fig. S6, Supporting
Information).

Regarding DAP, at pH 7.4 the molecule is overall negatively charged
(net charge —3) and indeed its presence in hydrogels of HA and ALG
hardly affected their rheological characteristics (Fig. 3). In line herewith
no retardation of DAP degradation in these gels was observed (Fig. 2 and
Table 2). On the other hand, for XA and PGA gels loaded with DAP an
increase in G” was observed compared to the placebo gels (Table 4). This
might support the hypothesis that the proximity of the drug in the
polysaccharide backbone enhances DAP stability in XAN and PGA due to
the lower mobility and reactivity of the water molecules. To further
elucidate the polysaccharide stabilization mechanism on DAP degra-
dation, an acidic buffer of pH 4.5 was selected under conditions at which
the electrostatic repulsions between the drug and polysaccharide are
minimized. At this acidic pH, the overall charge of DAP is approximately
—2, because ~ 80% of the -COOH groups of Asp-3, 7, 9 and mGlu-12 are
negatively charged whereas the Orn-6 amine carries one positive charge.
Table 2 shows that at pH 4.5, DAP is stabilized by all polysaccharides
used. To be mentioned, no relation is observed between the charge
density of the polysaccharides and their capability to stabilize DAP
against hydrolytic degradation in acidic environment, as supported by
the rheological measurements as well (Fig.S6, Supporting Information).
Therefore, it is assumed that DAP stability in acidic conditions is due to
the intrinsic properties of the drug, such as its hydrophobic nature and
capability to self-assembles into nanostructures (Kirkham et al., 2016;
Qiu and Kirsch, 2014).

The polysaccharide antibiotic formulations were also evaluated as in
situ-forming drug delivery systems for the inhibition of Staphylococcus

Vancomycin 0

Daptomycin

Fig. 4. Proposed mechanism of protection of VAN (a) and DAP (b) against hydrolytic degradation in the presence of anionic polysaccharides. Ionic interactions
between positive charge(s) of the VAN/DAP and anionic polysaccharidic chains occur which, in turn, result in a lower mobility and thermodynamic activity of the
water molecules in proximity of polysaccharide backbone surrounding the hydrolytically sensitive groups in VAN/DAP.



C. Casadidio et al.

aureus growth (Fig. S7-8, Supporting Information). Release studies and
antimicrobial tests demonstrated that these polysaccharide-drug for-
mulations proved to be attractive materials for the release of pharma-
ceutical peptides and as potential substrates in the prevention and
treatment of topical staphylococcal infections. From a clinical point of
view, freeze-dried powders of polysaccharide-VAN/DAP formulations
can be administered as coating onto an implantable device (i.e. urinary
catheters) to prevent staphylococcal infections and prevent oncoming
biofilm formation or, as treatment for burns and pressure ulcers.

5. Conclusion

In this study, we suggested that the mechanism explaining the
enhanced stability of the peptides in hydrogel matrices, as well as in
solutions of an anionic polysaccharides, relies on electrostatic in-
teractions between antibiotic and polysaccharide. This results in a close
proximity of the drugs to the polysaccharide chain, where the water
molecules have a lower mobility and, therefore, a lower activity to hy-
drolytically degrade the antibiotics. According to the obtained findings,
XA and PGA are the polysaccharides that can stabilize the cargo better
than HA and ALG, regardless of the nature of the antimicrobial peptide
used. In conclusion, these designed formulations have proven to be
promising candidates for stabilization and controlled release of anti-
microbial peptides intended for functional coating in the treatment and
prevention of wounds and implant-associated infections.
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