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Abstract

Diabetic foot infection (DFI) is an important cause of morbidity and mortality. Antibiotics

are fundamental for treating DFI, although bacterial biofilm formation and associated

pathophysiology can reduce their effectiveness. Additionally, antibiotics are often asso-

ciated with adverse reactions. Hence, improved antibiotic therapies are required for

safer and effective DFI management. On this regard, drug delivery systems (DDSs) con-

stitute a promising strategy. We propose a gellan gum (GG)-based spongy-like hydrogel

as a topical and controlled DDS of vancomycin and clindamycin, for an improved dual

antibiotic therapy against methicillin-resistant Staphylococcus aureus (MRSA) in DFI.

The developed DDS presents suitable features for topical application, while promoting

the controlled release of both antibiotics, resulting in a significant reduction of in vitro

antibiotic-associated cytotoxicity without compromising antibacterial activity. The ther-

apeutic potential of this DDS was further corroborated in vivo, in a diabetic mouse

model of MRSA-infected wounds. A single DDS administration allowed a significant

bacterial burden reduction in a short period of time, without exacerbating host inflam-

matory response. Taken together, these results suggest that the proposed DDS repre-

sents a promising strategy for the topical treatment of DFI, potentially overcoming

limitations associated with systemic antibiotic administration and minimizing the

frequency of administration.
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1 | INTRODUCTION

Diabetes is a serious condition that affects 537 million people world-

wide, expected to rise to 783 million people by 2045.1 This chronic

metabolic disease constitutes a powerful risk factor to foot ulceration,

which is highly linked to physiological alterations underlying diabetes,

such as peripheral vascular disease, neuropathy and impaired

immunity, that collectively contribute to a microenvironment favor-

able to bacterial growth and infection.2-5

Diabetic foot infection (DFI) represents a significant source of

morbidity and is associated with an increased risk of limb amputa-

tion.6 Most of DFIs are confined to skin, but due to vascular insuffi-

ciency and abnormal immune response, microorganisms can spread to

deeper tissues, including tendons, fascia, muscle, joints and bone.7,8
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Multiple bacterial species are often found in DFI, from which

Staphylococcus aureus predominates as the most frequently isolated

and virulent pathogen.5,7,9,10 Methicillin-resistant Staphylococcus

aureus (MRSA), in particular, represents a significant health threat in

hospital and community settings, with a prevalence ranging 15%–

40%.11,12 A wide range of antibiotics of different classes has been

used for DFI treatment, isolated or combined.12,13 For MRSA infec-

tions, vancomycin (VAN) and clindamycin (CLD) represent two fre-

quently used antibiotics.13–15 VAN is a glycopeptide administrated

parenterally (500–1000 mg IV every 12 h) due to its poor bioavailabil-

ity. Although some isolates of VAN resistant S. aureus have recently

emerged, this antibiotic remains one of the first choices for severe

MRSA infections.16 CLD belongs to the class of lincosamides and is

one of the first line antibiotics for the treatment of mild and moderate

DFI, either oral (PO) or intravenous (IV) route (600–900 mg PO every

6 h, or 600–2400 mg IV once daily).12,13 CLD can also be used to treat

severe DFI, although in these cases it should be combined with other

antibiotics, such as VAN.13

Although crucial to treat DFI, antibiotic therapy faces some chal-

lenges and drawbacks. In the context of DFI, one of the most impor-

tant factors limiting antibiotic therapy is the peripheral vascular

disease that hinders antibiotic delivery and penetration into infected

tissues at effective concentrations. Consequently, pharmacological

activity of antibiotics can be compromised, resulting in failure to treat

DFI, as well as an increased risk of emergence of antibiotic resis-

tance.7 Another limitation of antibiotic therapy is the occurrence of

adverse effects.17–20

Therefore, new and more effective therapeutic strategies are needed

to improve antibiotic therapy in eradicating complicated DFI caused by

MRSA, ensuring therapeutic concentrations at the target site, while mini-

mizing potential systemic adverse effects and the risk of bacterial resis-

tance. In this regard, drug delivery systems (DDSs) have evolved as an

alternative strategy for circumventing the constraints of conventional

therapy. Furthermore, different structures of DDS have been proposed in

the literature, for example, particulate systems,21,22 nanofibers,23

hydrogels,24–29 polymer–drug conjugates,30 according to the physico-

chemical properties of the drug and to grant the benefits of the intended

therapeutic administration route. Here, we propose an alternative thera-

peutic approach for MRSA-infected diabetic wounds, based on a topical

administration of VAN and CLD using gellan gum (GG)-based spongy-like

hydrogels. GG is an extracellular bacterial polysaccharide that naturally

forms thermoreversible physical hydrogels and is achieving promising

results for drug delivery31–37 and wound healing purposes.38–41 In partic-

ular, GG-based spongy-like hydrogels possess unique features that can

benefit the wound healing process, including (i) improved mechanical

properties which grant wound adaptability and manipulation without

break; (ii) water retention capability allowing wound exudate absorption

and moisture retention for wound hydration; (iii) act as a regenerative

template.38,42,43 These features combined with an off-the-shelf availabil-

ity and a simple method of production, turns GG-based spongy-like

hydrogels an appealing DDS in the context of local antibiotic therapy.

Presently, we developed GG-based formulations loading VAN and

CLD that possess suitable physicochemical properties for a controlled

and topical delivery of both antibiotics. The antibacterial activity of

loaded GG-based spongy-like hydrogels against MRSA, as well as their

potential to reduce antibiotic toxicity were firstly assessed in vitro and

further corroborated in vivo using a diabetic mouse model of MRSA-

infected wounds. Proposed formulation showed a good antibacterial

activity, while significantly reduced the intrinsic antibiotic cytotoxicity

without aggravating the host inflammatory response.

2 | RESULTS

2.1 | In vitro antibacterial effect of interaction
between VAN and CLD

We first conducted a checkerboard assay to confirm the susceptibility

of MRSA strain to VAN and CLD and evaluate the effect of VAN/CLD

interaction on antibacterial activity. A representative result is shown in

Figure 1, demonstrating the MIC of VAN at 0.5 μg/mL and the MIC of

CLD at 0.25 μg/mL. According to Clinical Laboratory Standard Institute

(CLSI),44 these MIC are indicative of a susceptible bacterial strain to

both antibiotics. Furthermore, when tested in combination, the MIC of

VAN and CLD was halved, suggesting an additive interaction effect

determined by a fractional inhibitory concentration (FICI) = 1.

2.2 | Physicochemical properties of loaded GG-
based formulations

Given the additive effect of VAN and CLD against MRSA, we next

characterized the structure of loaded GG-based structures to assess

F IGURE 1 Representative result of the checkerboard assay of
VAN and CLD against MRSA. Resazurin reduction to resofurin by
metabolically active bacteria is indicated by color transition from blue
to pink. Close circles indicate the MIC of VAN and CLD when tested
alone and open circle shows the MIC of their combination. C+
corresponds to positive control wells (bacteria) and C� corresponds
to negative control wells (medium).
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the impact of antibiotic incorporation on the physical properties of

these formulations and to identify any potential polymer-antibiotics

interactions. Loaded GG-based structures revealed a porous and

crosslinked internal network, similar to unloaded structures

(Figure 2a) that, upon rehydration, granted a water uptake capacity

superior to 2000%, within the first 30 minutes of incubation. This

uptake capacity remained stable through the following incubation

time (Figure 2b), without significant differences when compared to

unloaded GG-based spongy-like hydrogels (p > 0.05).

Fourier transform infrared spectroscopy-attenuated total reflec-

tance (FTIR-ATR) analysis of loaded GG-based structures (Figure 2c)

revealed spectral peaks characteristic of antibiotics and polymer, with

no alterations in the characteristic peaks or in the appearance of new

functional groups. Specifically, the infrared (IR) spectrum of loaded

GG-based structures showed small peaks in the range of 1700–

1600 cm�1 related to the C O stretching of amide carbonyl group of

VAN45 and CLD,46,47 in addition to the characteristic peaks of GG: at

around 3370 cm�1 attributed to O H stretching of hydroxyl group;

at 2914 cm�1 due to C H stretching of alkyl group; at 1605 cm�1

related to the C O stretching of carboxylate group; at 1405 cm�1 of

methyl C H bending; and at 1040 cm�1 attributed to the C O

stretching of alkyl ether.48–50

The release profile of VAN and CLD from GG-based spongy-like

hydrogels was characterized by a burst release within the first 8 h of

incubation, followed by a sustained release (Figure 2d). Considering

the maximum experimental mass per loaded GG-based spongy-like

hydrogel, respectively 32.6 and 42.3 μg for VAN and CLD, the cumu-

lative release profile was identical for both antibiotics. Approximately

60.8% of VAN and 61.0% of CLD was released within the first hour,

reaching respectively 85.7% and 85.9% of the incorporated amount

after 8 h. The remaining antibiotics were further released in a sus-

tained manner until the endpoint. The best model fitting the cumula-

tive release data was the Korsmeyer-Peppas, with a R2adjusted of 0.836

and 0.867 for VAN and CLD, respectively, and a release exponent (n)

inferior to 0.45 for both antibiotics.

2.3 | In vitro antibacterial activity and
cytocompatibility of loaded GG-based spongy-like
hydrogels

We then evaluated the suitability of the attained release profile over

the in vitro antibacterial activity of loaded GG-based spongy-like

hydrogels against MRSA. Different concentrations of antibiotics were

tested using the broth dilution assay, to assess a possible dose–

response effect (Table 1). Figure 3a shows that all tested concentra-

tions of loaded antibiotics resulted in a complete inhibition of

metabolic viability of MRSA, in addition to a drastic reduction of bac-

terial replication capacity. In this regard, loaded GG-based spongy-like

hydrogels-1 to -3 led to approximately half decay of Log10 colony

forming units (CFU) in comparison to control, while no bacterial

growth was observed for loaded GG-based spongy-like hydrogel-4.

Moreover, in comparison to the corresponding free VAN/CLD

solutions, loaded GG-based spongy-like hydrogels presented a similar

antibacterial activity, except for loaded GG-based spongy-like

hydrogel-3, in which a higher bacterial growth inhibition was observed

for free VAN/CLD solution (p < 0.01). Moreover, unloaded GG-based

spongy-like hydrogels did not present any antibacterial effect

(p > 0.05 compared to control). The antibacterial effect of loaded GG

spongy-like hydrogels-4 was further confirmed in an agar diffusion

assay. A mean inhibition zone of 34.5 mm was observed (Figure 3b),

in opposition to its absence for unloaded GG-based spongy-like

hydrogels (0.0 mm), in agreement with the lack of antibacterial effect

found in the broth antibacterial assay.

Furthermore, in vitro cytocompatibility of loaded GG-based

hydrogels was assessed in L929 fibroblasts, to determine the potential

of developed DDS in reducing free antibiotic-associated toxicity. Via-

bility of cells treated with loaded GG-based spongy-like hydrogels-1

to -3 was superior to 80%, while loaded GG-based spongy-like

hydrogel-4 reduced cell viability in about 50% (Figure 3c). All tested

free VAN/CLD solutions reduced cell viability by more than 40%, and

this effect increased as higher concentrations were tested. Treatment

with unloaded GG-based spongy-like hydrogels resulted in a cell via-

bility similar to untreated cells (control).

2.4 | Biological effect of loaded GG-based spongy-
like hydrogels in a diabetic mouse model of MRSA-
infected wounds

Considering the antibacterial activity and cytocompatibility of loaded

GG-based spongy-like hydrogels, we next assessed the effect of these

formulations in controlling infection and supporting wound healing

in vivo, using an optimized diabetic mouse model of MRSA-infected

full-thickness excisional wounds.

Treatment was performed with GG-based spongy-like hydro-

gel-4 that showed significant in vitro antibacterial activity, while

not compromising cytocompatibility. Treating infected wounds

with a single administration of loaded GG-based spongy-like

hydrogel led to a significant reduction of bacterial burden (approxi-

mately one Log10) in comparison to the other experimental groups

(unloaded GG-based spongy-like hydrogels and control) (Figure 4).

Also, from day 3 to day 7 post-treatment, there was a slight reduc-

tion on the bacterial counts of wounds for all experimental groups,

though statistical significance was only found for the control

group (p < 0.05).

The results from quantitative bacteriological evaluation were also

complemented by histopathological analysis. At 3 dpt, all groups

showed an established wound infection (Figure 5), with bacteria cov-

ering not only the wound surface, but also penetrating deeply into the

wound bed. This was noticeably less evident for treatment groups

than for the control and unloaded GG-based spongy-like groups, in

which several clusters of bacteria were found beneath the wound sur-

face and also spread into the non-wounded dermis and subcutaneous

tissue at the wound margin. Moreover, the wounded area in all experi-

mental groups showed tissue liquefaction necrosis, edema, and

MENDES ET AL. 3 of 13

 23806761, 2023, 3, D
ow

nloaded from
 https://aiche.onlinelibrary.w

iley.com
/doi/10.1002/btm

2.10504 by U
niv of Sao Paulo - B

razil, W
iley O

nline L
ibrary on [29/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



F IGURE 2 Physicochemical properties of GG-based formulations: (a) representative scanning electron microscope (SEM) micrographs of
the internal morphology of loaded and unloaded GG-based structures (scale bar 100 μm); (b) water uptake capacity, in %, overtime; (c) IR
spectra of loaded GG-based structures and raw materials. Region of the characteristics peaks of VAN and CLD is highlighted and zoomed in
gray box; (d) profile of in vitro VAN and CLD cumulative release (%). Gray box represents a zoomed overview of the release profile within the
first 8 h.
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inflammation, characterized by the infiltration of inflammatory cells,

predominantly neutrophils. At day 7 post-treatment, infection was still

highly present, as indicated by the visible clusters of bacteria and large

amounts of inflammatory cells surrounding the clusters. Extensive

areas of necrosis and edema were still identified at 7 dpt (Figure 5).

Furthermore, wounds remained open throughout the experimental

period, regardless the experimental group, without significant signs of

granulation tissue formation and reepithelization.

Immunological analysis was also performed to evaluate a possi-

ble effect of the treatment on the immunomodulation of the host

defense. Several cytokines and chemokines were quantified in the

wound tissue as well as in the serum. Overall, tissue analysis

revealed an increment of most of the tested immune mediators from

3 to 7 dpt and no significant differences between treatments were

observed, except for the pro-inflammatory cytokine IL-23 (Figure 6).

In this case, a significant decrease was observed for the group trea-

ted with loaded GG-based spongy-like hydrogel in relation to the

unloaded GG-based spongy-like hydrogel and control groups

(p < 0.05). Regarding the levels of immune mediators in the serum

(Figure S1), these remained relatively stable between timepoints and

TABLE 1 Final concentrations of VAN and CLD incorporated in
loaded GG-based hydrogels.

VAN (μg/mL) CLD (μg/mL)

Loaded GG-based hydrogel-1 2.5 3.3

Loaded GG-based hydrogel-2 5.0 6.5

Loaded GG-based hydrogel-3 50.0 65.0

Loaded GG-based hydrogel-4 2000.0 2600.0

F IGURE 3 In vitro biological
activity of loaded GG-based
spongy-like hydrogels:
(a) antibacterial effect using the
broth dilution assay, expressed as
bacterial metabolic activity (left)
and growth of viable colonies
(right). BDL: below detection
limit; (b) bacterial inhibition zone
from the agar diffusion assay,
expressed in mm (left) and
represented by a tested plate
showing two replicates of loaded
GG-4 (right). Scale bar
corresponds to 10 mm;
(c) cytotoxic effect in L929 cells.
**p < 0.01; ****p < 0.0001;
#p < 0.0001 in comparison to
control.
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a similar profile was observed between the different experimental

groups, noticing only a significant difference for G-CSF at 3 dpt

between loaded GG-based spongy-like hydrogel and control

(p < 0.01). Levels of lL-10 were undetectable in the serum at both

timepoints.

3 | DISCUSSION

One of the most common complications arising from diabetes is DFI,

in which S. aureus is frequently the causative pathogen. Treating

S. aureus infections has been increasingly challenging, owing the abil-

ity of this pathogen to develop resistance to several antibiotics of

choice.51 Indeed, the emergence of antibiotic resistance is an impor-

tant public health issue that has been threatening the efficacy of cur-

rently available antibiotics. Moreover, in the past years, new classes of

antibiotics have been hard to find in the market, given the drastic

reduction of investment of the pharmaceutical industry on antibiotic

research due to scientific, regulatory, and financial constraints.52,53

Under these circumstances, combination therapy using two or more

antibiotics has been an attractive approach for difficult-to-treat bacte-

rial infections, minimizing the risk of antibacterial resistance and

potentially contributing to an increased drug efficacy.54 Therefore,

our therapeutic approach considered a combination therapy based on

two antibiotics, namely VAN and CLD, often used in the clinical man-

agement of MRSA in DFI. It is reported that VAN inhibits bacterial cell

wall synthesis,19,20,55,56 while CLD disrupts bacterial protein

synthesis,17,18,56 and these mechanisms of action showed herein to

have an additive interaction against MRSA, supporting the benefit of

the proposed combination therapy.

F IGURE 4 Quantitative bacteriological data of MRSA-infected
wounds of diabetic mice assessed after 3 and 7 days of a single
administration of loaded GG-based spongy-like hydrogel-4, in

comparison to unloaded GG and control groups. *p < 0.05;
***p < 0.001; ****p < 0.0001.

F IGURE 5 Representative micrographs of wound sections stained with H&E, of the three experimental groups at 3 dpt (left) and 7 dpt (right)
of a single administration of loaded GG-based spongy-like hydrogel-4, in comparison to unloaded GG-based spongy-like hydrogel and control
groups. Boxes represent areas of high magnification at the lower panel.
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Further incorporation of these antibiotics in a DDS suitable for

local application, as GG-based spongy-like hydrogels, can contribute

to circumvent subtherapeutic concentrations of systemic administra-

tion, that arise from DFU pathophysiology and have been also

associated with the emergence of resistant bacterial strains.13,57 The

in vitro characterization of the developed loaded GG-based spongy-

like hydrogel confirmed that the incorporation of VAN and CLD did

not disturb the intrinsic physicochemical properties of this DDS, that

F IGURE 6 Tissue levels of pro-inflammatory (KC, IL-18, IL-23, TNF-α, IL-1β, IL-6) and anti-inflammatory (G-CSF, TARC, IL-10) mediators from
diabetic mouse model of MRSA-infected wounds after 3 and 7 days of treatment. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; #p < 0.0001
in comparison to unloaded GG and control groups at 7 dpt.
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was able to release both antibiotics in a controlled pattern governed

by diffusion. The reported release kinetics is a valuable approach for

treating infection locally, since an initial high dose can lead to bacterial

elimination, while the further sustained release will prevent bacterial

regrowth and biofilm rebuilding.58 This is consistent with previous

studies on GG-based antibiotic delivery systems reporting the release

of entrapped molecules through a biphasic profile (initial burst phase

followed by a long-sustained phase), while ensuring good antibacterial

performances of released antibiotics.59,60 While DDS degradation can

determine their therapeutic performance, it is not a factor to consider

in our system since GG-based spongy-like hydrogels remain stable in

saline at 37�C for at least 28 days, with residual mass loss.43,61,62 Fur-

thermore, as the potential clinical application of the proposed formu-

lation is not expected to exceed 3 days (considering the antibiotic

release profile and frequency of wound care procedures), hydrogel

degradation would not likely affect treatment efficacy.

Notably, the reported controlled antibiotic release contributed to

the significant reduction of inherent cytotoxicity of VAN/CDL to cul-

tured fibroblasts. Indeed, all tested concentrations of antibiotics in the

free form solution were cytotoxic, in contrast to loaded GG-based

spongy-like hydrogels. This finding is of great significance, indicating

that the proposed DDS can minimize antibiotic induced toxicity. And,

considering the intended local application, toxicity of antibiotics can

be circumvented, not only systemically but also at the site of

infection.63

After diffusion from loaded GG-based spongy-like hydrogels, antibi-

otics remained active against MRSA, as suggested by the similar in vitro

antibacterial effect as free VAN/CLD solutions, and further corroborated

through the in vivo mouse model of diabetic infected wounds. In fact,

treating MRSA-infected wounds with loaded GG-based spongy-like

hydrogel caused a significant reduction of wound bacterial burden, even

though insufficient to eradicate infection, once bacterial load was still

superior to Log10 CFU >5 (clinical threshold for infection).63 In addition, a

continuous infiltration of inflammatory cells, mostly neutrophils, was

observed. And, although this inflammatory infiltrate was apparently less

exacerbated in treatment group than in controls, no signs of proliferation

or wound closure were detected throughout the experimental period,

which may suggest that wound healing progression could have been com-

promised by the infection and inflammation state.63,64 Nevertheless, his-

tological analysis at later timepoints would be necessary to clarify this

hypothesis and to better address the impact of proposed DDS on the

progression of wound healing.

Immunological analysis confirmed that inflammation was local,

rather than systemic, and persisted from day 3 to day 7 post-treatment.

These data also suggested that treatment did not trigger an exacerba-

tion of the host immune response, corroborating the reported biocom-

patibility of GG reported in our in vitro studies and by others65,66 and

indicating that the proposed DDS is safe for local application.

In light of our in vivo findings, it is relevant to consider two experi-

mental factors that could improve the therapeutic effect of the tested

DDS, namely: (i) the regimen of antibiotic administration, that in our

study comprised a single administration, at a lower dose (approximately,

0.04 mg of VAN and 0.05 mg of CLD, equivalent to 1.5 and 2 mg/kg,

respectively) than systemic doses of VAN and CLD currently used in

the clinic; and (ii) the absence of wound debridement, that is a key clini-

cal procedure in the treatment of DFI. Wound debridement is crucial to

disrupt and remove mature bacterial biofilms, leaving wounds with bac-

terial forms more susceptible to the action of antibiotics and the

immune system, such as planktonic bacteria or even newly formed

biofilms.67–70 In agreement, a recent retrospective cohort study

reported that combining conservative surgical debridement with the

local implantation of an antibiotic-loaded delivery system promoted an

effective and safe resolution of complex foot infections.71 Therefore,

from the obtained data we can speculate that by increasing the adminis-

tration dose and frequency of proposed DDS, ideally combined with

wound debridement, a better infection control could be achieved.

4 | MATERIALS AND METHODS

4.1 | Materials

Merck KGaA (Germany) provided gellan gum (Gelzan™ CM), vancomy-

cin hydrochloride from Streptomyces orientalis (CAS number

1404-93-9), clindamycin hydrochloride (CAS number 21462-39-5),

calcium chloride, formic acid, acetonitrile (LC–MS grade), methanol

(LC–MS grade), resazurin sodium salt, streptozotocin (STZ), Mueller-

Hinton (MH) broth and MH agar. Mannitol salt agar (MSA) was pur-

chased from Biolife Italiana S.r.l. (Italy). Dulbecco's Modified Eagle

Medium (DMEM), fetal bovine serum (FBS), trypsin–EDTA buffer, L-

glutamine and HEPES buffer were purchased from Gibco™, Thermo-

Fisher Scientific (USA). Other reagents, unless otherwise noted, were

of analytical grade. LEGENDplex™ multi-analyte flow assay kit (Cat.

No. 740846) was provided by Biolegend® (USA). S. aureus Rosenbach

BAA 2313™ was provided by American Type Culture Collection.

4.2 | Checkerboard assay

Antimicrobial interaction between VAN and CLD was assessed

in vitro through the checkerboard assay, in a 96-well plate.44 First,

two-fold concentration gradient of antibiotics was obtained in a two-

dimensional manner, starting from a working solution at 8 μg/mL for

VAN and 2 μg/mL for CLD. Then, an inoculum of MRSA was prepared

by emulsifying overnight colonies from MH agar in saline solution, to

a turbidity equivalent to a 0.5 McFarland standard (approximately

108 CFU/mL). This suspension was diluted to 106 CFU/mL in MH

broth and plated 100 μL/well. Final antibiotic concentrations ranged

0.031–2 μg/mL for VAN and 0.008–0.5 μg/mL for CLD. Negative

(medium only) and positive control (bacteria only) wells were also

included. Plate was incubated at 37�C/24 h and afterwards, 10% resa-

zurin was added to each well to facilitate visual reading and left for

3 h at 37�C. Minimal inhibitory concentration (MIC) was determined

as the lowest antibiotic concentration resulting in no visible growth.

Antimicrobial interaction was calculated as FICI, as following

Equation (1):
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FICI¼ MICVANin combination=MICVAN aloneð Þ
þ MICCLDin combination=MICCLD aloneð Þ ð1Þ

Antimicrobial interactions were interpreted as synergistic (FICI ≤ 0.5),

additive (0.5 < FICI ≤ 1), indifferent (1 < FICI < 4), or antagonistic

(FICI ≥ 4).

4.3 | Preparation of GG-based spongy-like
hydrogels

GG-based spongy-like hydrogels were obtained as previously described.38

Briefly, Gelzan™ CM powder was dissolved at 0.75% in distilled water at

90�C under stirring. Afterwards, temperature was decreased to 65�C and

aqueous solutions of antibiotics were added to the GG solution, according

to Table 1. Subsequently, calcium chloride solution was added (0.03%

final concentration) and the hydrogel was rapidly transferred to a petri

dish for gelation and ionic crosslinking. After 1 h of stabilization at room

temperature, hydrogel discs of 1-mm thickness and 5-mm diameter were

cut using a punch biopsy, frozen at �80�C for 24 h and freeze-dried for

3 days (LyoAlfa 10/15, Telstar®, Spain). Dried GG-based structures incor-

porating VAN and CLD, referred as loaded GG-based structures, were

stored at 4�C until further usage. Unloaded GG-based structures were

also prepared and used as controls. Spongy-like hydrogels were attained

by hydration of dried structures.

4.4 | Morphological analysis

Morphology of loaded and unloaded GG-based structures was ana-

lyzed using a high-resolution field emission scanning electron micro-

scope (SEM, AURIGA Compact, Zeiss, Germany) equipped with

energy dispersive electron X-ray (EDX) spectroscopy (Bruker QUAN-

TAX ESPIRIT 2.0 EDS system, X-flash detector, Germany). Previously,

samples were placed onto metal holders using carbon double-sided

tape and platinum sputter coated (Leica EM ACE600, Leica Microsys-

tems, Germany).

4.5 | Water uptake and retention capacity

Dried structures were weighed, immersed in PBS (0.01 M, pH 7.4)

for 24 h at a temperature close to the skin (33 ± 1�C). At defined

timepoints (0.5, 1.5, 3.5, 20, and 24 h), spongy-like hydrogels were

retrieved, tapped with filter paper to remove excess of PBS, and

weighed again to estimate water uptake (%) according to

Equation (2):

Water uptake %ð Þ¼Wt�W i

W i
�100 ð2Þ

where Wt is the weight of the spongy-like hydrogel at a predeter-

mined time (t) and Wi is the initial weight of dried GG structure.

4.6 | FTIR-ATR

Possible antibiotic-polymer molecular interactions were analyzed by

FTIR-ATR using an IR Prestige-21 spectrometer (Schimadzu, Japan)

with an ATR sampling mode. Transmittance spectra of loaded GG-

based structures and raw materials (VAN, CLD, and GG) were

recorded at 40 scans in the spectral range of 4400–700 cm�1, with a

resolution of 4 cm�1.

4.7 | In vitro antibiotic release

The release of antibiotics from loaded GG-based spongy-like hydro-

gels was assessed in vitro, at 33 ± 1�C and 60 rpm, up to 56 h. Loaded

GG-based structures were immersed in 1.2 mL of PBS (0.01 M,

pH 7.4) and, at predetermined timepoints, 0.3 mL samples were

retrieved. An equivalent volume of fresh PBS was added at each sam-

pling time. The amount of released antibiotics was quantified by liquid

chromatography–mass spectrometry (LC–MS), on an Agilent 1260

Infinity II Prime LC system coupled to an Agilent Ultivo triple quadru-

pole LC/MS with an electrospray ionization (ESI) source (©Agilent

Technologies, Inc.).

Chromatographic separation was performed on an Atlantis® C18

column (2.1 � 50 mm, 3 μm) (Waters, USA), at 35�C by gradient elution

using 0.1% formic acid in Milli-Q water (mobile phase A) and 0.1% for-

mic acid in acetonitrile (mobile phase B). The volume of injection was

5 μL and the flow rate was set to 0.4 mL min�1, considering the follow-

ing gradient program (minute, %B): (0.0, 10), (0.5, 10), (4.0, 90), (5.5, 90),

(5.6, 10), (8.0, 10). MS was operated in positive ESI mode. Gas flow was

7 L min�1 at 305�C, and the sheath gas flow was 11 L min�1 at 250�C,

respectively. Nebulizer pressure was 15 psi and capillary voltage was

4000 V. Fragmentor and collision energies were optimized to 32 and

25 V, respectively. Ions detection was performed using dynamic multi-

ple reaction monitoring (MRM) mode, according to Table 2.

MRM data were analyzed using Agilent MassHunter Quantitative

Analysis software (version 10.0). Total released mass of VAN and CLD

was quantified and used to estimate the percentage of cumulative

antibiotic release as a function of time (h).

Release data were analyzed by fitting to mathematical models,

including zero-order release kinetics, first-order release kinetics,

TABLE 2 LC–MS ion acquisition parameters in dynamic MRM
mode for VAN and CLD detection.

VAN CLD

Precursor ion (m/z) 724.9 425.3

Product ion (m/z) 144.0 126.1

Fragmentor (V) 25 32

Collision energy (V) 10 25

Retention time (min) 3.78 5.13

Window retention time (min) 1.1 1.1

Average dwell (ms) 499.5 499.5

MENDES ET AL. 9 of 13

 23806761, 2023, 3, D
ow

nloaded from
 https://aiche.onlinelibrary.w

iley.com
/doi/10.1002/btm

2.10504 by U
niv of Sao Paulo - B

razil, W
iley O

nline L
ibrary on [29/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Higuchi model and Korsmeyer-Peppas model, to estimate the

mechanism(s) governing antibiotics release. The adjusted coefficient

of determination (R2adjusted) was used as the indicator of the best fit-

ting model.

4.8 | Antibacterial activity

Broth microdilution and agar diffusion assays were used to assess the

antibacterial activity of loaded GG-based spongy-like hydrogels. An

inoculum was prepared as described for checkerboard assay.

For broth microdilution, inoculum was first diluted in MH broth to

106 CFU/mL and then transferred to respective wells of a 96-well

plate (100 μL/well). For testing loaded GG-based spongy-like hydro-

gels, MH broth (100 μL) was added to respective wells, followed by

loaded GG-based structures. Free VAN/CLD solutions were also

tested by dilution with bacterial suspension. Unloaded GG-based

spongy-like hydrogels were used as material control. Positive (bacteria

only) and negative (medium only) growth controls were also used.

Plates were then incubated at 37�C for 24 h. Bacterial metabolic via-

bility was assessed using resazurin assay as described for checker-

board assay and measuring optical density at 575 and 610 nm

wavelengths (Infinite® 200 microplate reader, Tecan, Switzerland). In

parallel, viable colonies were quantified by performing serial 10-fold

dilutions of test wells and further plating on MH agar. After incuba-

tion at 37�C for 24 h, CFU were counted and presented as Log10CFU.

Regarding agar diffusion assay, 108 CFU of freshly prepared inoc-

ulum were seeded on MH agar. Loaded GG-based structures-4 and

unloaded GG-based hydrogels (control) were placed on top and

hydrated with PBS (5 μL). After incubation at 37�C for 24 h, the zones

of bacterial growth inhibition (mm) were measured using a ruler.

4.9 | Cytocompatibility

Cytocompatibility of loaded GG-based spongy-like hydrogels was

compared with free VAN/CLD solutions and analyzed by the meta-

bolic activity of mouse fibroblasts L929 (85011425, European Collec-

tion of Authenticated Cell Cultures). Cells were cultured in DMEM

supplemented with 10% FBS/1% L-glutamine, in a humidified atmo-

sphere at 37 ± 1�C and 5% CO2.

Briefly, cellular suspensions were prepared at 105 cells/mL,

seeded in 48-well plates (100 μL/well) and incubated for 24 h for

adhesion. Afterwards, 0.2 mL of culture medium was added and

loaded GG-based structures were placed onto the wells. For free

VAN/CLD wells, 0.2 mL of antibiotics solution was added directly.

Unloaded GG-based spongy-like hydrogels were included as material

control, as wells as cells only (positive control) and culture medium

only (negative control). Cells were incubated for 3 days at 37 ± 1�C

and 5% CO2, and then tested for metabolic viability using the resa-

zurin assay as described for broth microdilution assay. Cell viability

reduction higher than 30% was considered for cytotoxicity, according

with ISO 10993-5:2009.72

4.10 | Animals

Animals were handled in accordance with the Directive 2010/63/EU

of the European Parliament and of the Council, on the protection of

animals used for scientific purposes (transposed to Portuguese law

Decreto-Lei 2013/113, August 7). This study was approved by the

Institutional Animal Care and Use Committee of University of Minho

(ORBEA EM/ICVS-I3Bs_001/2020) and performed at Life and Health

Sciences Research Institute of University of Minho.

Specific pathogen-free (SPF) male C57BL/6 mice (n = 50) were

obtained from Charles River Laboratories (Barcelona, Spain) and

allowed to acclimatize for at least 1 week in SPF animal facilities

before experimentation. Mice were allowed food and water ad libitum

and used at 8-to-12 weeks old.

Mice were randomly divided in two endpoints groups (3- and

7-days post-treatment (dpt)), each one containing three experimental

groups: (i) treatment (loaded GG-based hydrogel-4), (ii) control of for-

mulation (unloaded GG-based hydrogel), and (iii) control of infection

(without any formulation).

4.11 | Diabetes induction

Type 1 diabetes mellitus was induced by intraperitoneal injection of

STZ (50 mg/kg) for 5 consecutive days, as previously.73 During the

injection period, mice were given 10% sucrose water to prevent fatal

hypoglycemia. Nine days after treatment, mice were fasted for 6 h

and a blood sample was collected from the tail vein for glucose mea-

surement (FreeStyle Precision Neo, Abbott Laboratories, USA). Glu-

cose levels higher than 150 mg/dL were considered for

hyperglycemia.

4.12 | MRSA inoculation of polycarbonate
membranes

Polycarbonate membranes, 0.2 μm pore size (Merck KGaA, Germany)

were used for MRSA growth and further wound infection, as previ-

ously.46 First, membranes were cut in 5-mm diameter discs and steril-

ized on both sides by UV light for 30 min. Membranes were then

placed on MSA and inoculated with 102 CFU of MRSA, previously

diluted from a 108 bacterial suspension prepared as described for

checkerboard assay, and incubated overnight at 37�C.

4.13 | Mouse model of MRSA-infected wounds

Mouse model of MRSA-infected wounds was created following our

previously optimized protocol.74 On the day before surgery, dorsal

hair was removed by using a hair clipper and then applying a depila-

tory cream (Veet). For surgery, mice were anesthetized (75 mg/kg

ketamine and 1 mg/kg medetomidine), placed on their side, and dorsal

skin was pulled and punched through the folded skin using a 5-mm

10 of 13 MENDES ET AL.
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biopsy. A silicone splint ring (15-mm external diameter and 6-mm

internal diameter) was secured around each wound with cyanoacry-

late glue and four interrupted sutures of 5/0 nylon to prevent wound

contraction.

Wounds were infected with MRSA-inoculated polycarbonate

membranes (approximately 109 CFU), by placing the biofilm in direct

contact with the wound bed. Wounds were covered with Durapore™

self-adhering bandage (3M, USA) and mice were allowed to fully

recover from anesthesia under a warming lamp. From the day of sur-

gery and during the following 2 days, analgesia and vitaminic supple-

mentation was subcutaneously administered for postoperative pain

relief and hydration of animals. After 2 days, mice received a lower

dose of anesthesia, and polycarbonate membranes were removed

before treatment application. Finally, a sterile transparent semi-

occlusive dressing Tegaderm (3M, USA) was applied covering the

wounds and splints, followed by an Omnifix elastic bandage

(Hartmann).

4.14 | Immunological assays

Quantification of cytokine and chemokine in serum and in wound tis-

sue was performed using the LEGENDplex™ multi-analyte flow assay

kit, according with manufacturer's instructions.

For serum sampling, whole blood was collected from the orbital

sinus, centrifuged (2000 g/10 min) and serum was aliquoted and

stored at �80�C until usage.

For wound tissue collection, the right wound of each mouse was

cut across the midline and one of the half-portions was immediately

frozen in liquid nitrogen and stored at �80�C until further processing

for protein extraction. For this purpose, tissue samples were minced

by manual grinding in ice-cold PBS containing 1% EDTA and protease

and phosphatase inhibitors. Homogenates were vortexed and centri-

fuged (13,000 g/15 min/4�C). The supernatant containing soluble pro-

tein was collected, aliquoted and stored at �80�C until analysis.

4.15 | Wound bacterial burden quantification

Left wound was harvested, minced in a petri dish, resuspended in PBS

and vortexed with 2-mm glass beads. Ten-fold serial dilutions of

wound homogenates were plated onto MSA and incubated at 37�C

for 24 h before CFU quantification. Bacterial burden was expressed

as Log10CFU/wound.

4.16 | Histological analysis

Half-portion of right wound tissue was fixed in 10% neutral buffered

formalin (at room temperature and mild stirring, 24 h) and further

embedded in paraffin, sectioned (4-μm thickness) and stained with

Hematoxylin and Eosin (H&E) using standard protocols.

4.17 | Statistical analysis

Data was expressed as mean ± standard deviation (SD) of at least

three independent experiments. Normality was tested using Shapiro-

Walk test and, if observed normal distribution and variance homoge-

neity, One-way analysis of variance (ANOVA) with Tukey's multiple

comparisons test was used. Otherwise, data was analyzed using

Kruskal-Wallis test with Dunn's multiple comparisons test. In vivo

data was analyzed using two-way ANOVA with Sidak's multiple com-

parison test. Significance levels were set as *p < 0.05, **p < 0.01,

***p < 0.001 and ****p < 0.0001. Analyses were performed using

GraphPad Prism 7.0a (GraphPad Software Inc., USA).

5 | CONCLUSION

We proposed an antibiotic topical delivery system using a GG-based

spongy-like hydrogel as a therapeutic approach targeting MRSA-DFI,

aiming to maximize therapeutic concentrations at the infection site

and to circumvent the current limitations of antibiotic therapy in DFI.

Overall, developed DDS demonstrated attractive features for top-

ical application, particularly the large capacity to absorb biological

fluids, while enabling the controlled release of incorporated antibiotics

that promoted the reduction of antibiotic-associated toxicity without

impairing their antibacterial activity. Further adjustments of antibiotic

dosing regimen, through the increment of VAN/CLD incorporated in

the GG-based spongy-like hydrogel and the frequency of administra-

tion, could contribute to optimize the in vivo efficacy of this DDS.
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