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Abstract: Membranes made from biopolymers and loaded with doxycycline were investigated for
potential use in the treatment of foot ulcers in diabetic patients. Carboxymethylcellulose (CMC) and
chitosan (CHS) membranes were fabricated with 7% glycerol and 1% doxycycline (DOX). The
mechanical and physical properties, biocompatibility, and antimicrobial effects were thoroughly
evaluated. The results demonstrated effective antibacterial activity against S. aureus and S. mutans.
Based on the mechanical, physical, and hemolytic data, DOX-loaded CMC/CHS/G membranes show
promise as a topical wound delivery system.

Keywords: chitosan; carboxymethylcellulose; membrane; foot ulcers Escherichia coli; Staphylococcus
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1. Introduction

Infection of the foot is a common complication in patients with diabetes mellitus, and it can lead
of significant morbidity and mortality. Healthcare interventions using antimicrobial therapy can
effectively reduce morbidity, mortality, and associated economic costs [1-3]. The addition of a 2%
hyclate of doxycycline (DOX) solution applied locally to the standard care regimen for chronic foot
ulcers has been reported to have a positive effect, particularly in reducing wound size during the first
two weeks and promoting healing until complete closure [4]. Membranes as transdermal patches are
convenient and non-invasive method of drug delivery. It's offers sustained release of antibiotic,
maintaining constant drug levels in the topical area. This treatment improves patient compliance due
to its ease of use and long-lasting effects [5] making it easier for patients to adhere to the regimen in
addition this topical healthcare may improve the tissue.

New membranes with carboxymethylcellulose/chitosan/glycerol-based can be used to deliver
doxycycline to topical therapy of diabetic foot. DOX is a synthetic antibiotic derived from the
tetracycline family, is a bacteriostatic agent that is used to treat gram-negative and gram-positive
bacteria [6], including Staphylococcus aureus and Escherichia coli [7]. Carboxymethyl cellulose (CMC),
a derivative of cellulose, is widely used in the manufacture of advanced dressing and drug delivery
because of its many physicochemical properties, non-toxicity, high chemical stability, suitable
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biodegradability, and the possibility of drug release on the local tissue [6,8]. Chitosan (CHS) is a
versatile natural copolymer derivate of chitin with mucoadhesive properties, biocompatibility,
biodegradability, and antimicrobial activity to treatment of chronic and infectious wound healing [9].
Loading glycerol (G) at CHS-based membranes can be used to design a drug delivery system with
the appropriate mechanical and antibacterial properties [10] to maintain intimate contact with the
local tissue.

Considering the properties of doxycycline (DOX) and polymers used to treat of diabetic foot
ulcers, in this investigation we proposed to fabricate a loaded DOX membrane based on these
biopolymers. In this study, membranes of CMC, CHS and G containing DOX the physical-chemical
characteristics and antibacterial activity against S. aureus, E. coli and S. mutans were evaluated. This
treatment may offer an alternative with improve efficacy in the management chronic foot ulcers,
promoting wound healing and improving patient compliance.

2. Results and Discussion

2.1. Physical appearance and scanning electron microscopy analysis

Similar to CHS, CMC is a water-soluble anionic biopolymer with excellent physicochemical
properties such as hydrophilic, non-toxic and, bio-adhesive [11]. The figure 1 show images at three
levels. In section A and B are shown photographs taken with HONOR X8b, Model LLY-LX3 where
can observe that G (MControl) and Doxycicline-G (M-DOX) were integrated to membrane
homogeneously (figure 1A y 1B, respectively). In the microphotographs taken with a Leica CC50
camera coupled to a Leica DM1000 optical microscope, MDOX presents a marron color (Figure D)
due antibiotic presence, similar to was reported by Dinte et al. [12], but MControl is colorless (Fig C)
as biopolymer membranes reported by other authors [10,13,14]. Finally in the sections E, F, G and H,
the top surface of the MControl and MDOX were examined by SEM after incubating at 37 °C for 72
h to investigate the influence of DOX on the membrane morphology. The surface morphology is a
widely used technique to study the sub-microscopic details of different drug delivery systems of
biopolymeric matrix. Figure 1E shows the top surface of CMC/CHS/G membrane with the presence
of few agglomerations of CMC with CHS in the matrix obtained by the synthesis method. The SEM
images at 100X (Fig. 1F) of the surface morphology of CMC/CHS/G membrane with DOX at 1%
suggests that prepared membranes loaded with DOX had irregular surface in contrast with unloaded
membranes (Fig. 1E). DOX particles were visible in the form of dots (Fig. 1H) over the membrane,
absent on the roughness surface of MControl (Fig 1G), similar images were reported by Iqgbal et al.
[15]. DOX loaded hydrogel membrane prepared by Ulu et al. [11] also exhibited a similar morphology.
This compact surface may be suitable for wound applications due to its no porous structure that
inhibits the penetration of bacteria or liquid into the membrane [16].
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Figure 1. Physical appearance of MControl (A) and MDOX (B); Optical images of the surface MControl (C) and
MDOX (D) at 10X after 5 min in PBS; Scanning electron microscope images of the surface of MControl at 100X
(E) and 500X (G) magnifications. Scanning electron microscope images of the surface of MDOX at 100X (F) and
500X (H) magnifications.

2.2. FTIR-ATR analysis

To analyze the interaction between the DOX functional group and the CMC/CHS/G membrane,
the FTIR spectra of the CMC/CHS/G membrane and the CMC/CHS/G/DOX membrane were
characterized (Figure 2D, E). The FTIR spectrum of pure DOX exhibited characteristic absorption
peaks between 3000 and 3500 cm™ (OH and OH), 1610 cm™ (amide band I), and 1576 cm™! (amide
band II) (Figure 2C), similar as reported by other authors [6,11,17]. The characteristic IR bands of the
dusty CMC show the O-H and stretching vibration of COO-bond at 3315 cm, while dusty CHS-FTIR
show bands at 3287 cm! correspond to the stretching vibration of N-H, while peaks at 2,872 and 2,280
cm! are assigned to the typical C-H stretching vibration in -CH2 and -CHs of CHS, respectively. In
addition, the peak at 1,648 cm™! corresponds to C=O stretching (amide I). The peak at 1,375 cm™ is
assigned to C-N stretching bond (amide II), and the peak at 1,025 cm is assigned to the OH bond of
CHS. When DOX was added to the CMC/CHS/G membrane, the peak shifted from 3253 cm™ (Fig 2D)
to 3276 cm! (Fig 2E), which indicates the N-H and the O-H bond. The weak stretching vibration bonds
at 2883.52 and 2935.59 cm refer to the asymmetric C-H groups to MControl and MDOX. In the
spectra of the doxy-loaded CMC/CHS/G membrane (Fig 2E), characteristic peaks in the range of
1583.52 cm! indicated the presence of DOX in the CMC/CHS membrane, similar as reported in the
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literature [13,15,17]. The peaks at 1413.79 and 1031.89 cm™ in the CMC/CMC/G membrane (Fig D)
and 1408.00 and 1028.03 cm! in the CMC/CMC/G at 1% with DOX (Fig E) appeared to belong to the
C-O and C-O-C groups, respectively.
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Figure 2. FTIR-ATR spectra of (A) dusty CMC, (B) dusty CHS, (C) DOX, (D) MControl (E) MDOX.

2.3. Tensile properties

The mechanical properties of the membrane are critical for successful application in tissue as
human skin. Mechanical compatibility between membrane and skin tissues is required to mimic the
extracellular matrix. For this reason, it is desirable that the biopolymeric matrix have mechanical
properties similar to those of human skin, providing good elasticity and adaptability to movement.
Mechanical compatibility between membranes and human skin is required to mimic the extracellular
matrix from wounds, providing good elasticity and adaptability to movement[14]. In literature, the
tensile strength of base linear stiffness of a hydrated acellular collagen scaffold was determined to be
0.023 + 0.04 MPa but increased significantly when fibroblasts and keratinocytes remodeled the matrix
for two weeks, 0.072 + 0.021 MPa [18] and elastic modulus is a crucial mechanical cue for cells [19,20].
The testing results of mechanical stability including tensile strength and elongation at break values
are listed in Table 1. It was seen that addition of DOX show tensile strength values similar to
MControl and is proportional to the elongation values, 0.07 Mpa and 0.09Mpa, respectively. The
maintenance of mechanical properties can be attributed to the low doses of DOX in the biopolymeric
matrix of the membranes and demonstrate that these values are comparable to those of the skin.

Table 1. Overview of characteristics of membrane of CMC/CHS/G (MControl) and CMC/CHS/G-DOX (MDOX),
including tensile strength (MPa+SD) and elongation at break (%=SD) from stress strain test at 5 mm/min speed
(n=10), mass (mg+SD) (n=10), thickness (um+SD) (n=10), surface pH (mean+SD) at 24 h (n=10), moisture sorption
(5) after 10 days (n=10), water sorption (%=SD) at 2h (%) (n=10), Swelling Index (mean+SD) (n=10), and roughness
(Ra and Rz) (n=10) (values are given as mean +SD), Blood coagulation time (PT and TT) (values are given as
s+SD) and Hemolysis (%+SD).

MControl MDOX P value
CMC/CHS/G CMC/CHS/G-DOX
Tensile strength (MPatSD) 0.09 £0.03 0.07 £0.02 0.096

Elongation at break (%+SD) 7529 +£2.73 73.52+£5.12 0.348
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Thickness (um+SD) 604.00 + 182 833.00 £ 134 <0.005
Mass (mg+SD) 6.05£0.31 9.25+£0.69 <0.001
Roughness Ra (um+SD) 0.49£0.25 0.359 £0.237 0.241

Rz (um+SD) 3.58£1.658 1.543+£1.014 <0.004
Surface pH (meantSD) 4.01 £0.08 3.87£0.03 <0.002
Moisture sorption (%=SD) 37.52 £6.54 205.01 £ 66.94 <0.002
Swelling index (mean+SD) 0.52 £0.05 0.54 £0.03 <0.01
Blood coagulation time PT (sxSD) 11.50 £0.40 11.7£0.70 0.443

TT (s£SD) 25.60 £3.60 30.1£1.90 <0.002
Hemolysis (%*SD) 16.80 £0.03 14.72 £0.05 <0.001

2.4. Mass, thickness and roughness of the membrane

The mechanical properties of the membranes as mass, thickness and roughness also provide
clues to the membrane structure. The mass values of membranes, as shown in table 1, demonstrated
an increase in the mass of MDOX compared to MControl, 9.251 + 0.688 mg and 6.051 + 0.306 mg,
respectively. Difference between membrane’s mass values were statistically significant (p < 0.001).
The increase mass values observed is due to DOX loading in CMC/CHS/G membrane. Meanwhile,
the thickness values were of 604 + 0.182 um and 833 + 0.134 um, for the MControl and MDOX,
respectively (Table 1), with a difference statistically significant of p < 0.005, were comparable with the
measure thickness for grafted skin substitutes, 763 + 80 um and autograft (761 + 74 um) [18]. This
change thickness of membranes was caused by the adsorption of DOX by CMC and CHS combined
as suggested by Tang et al. [13]. The increase of thickness obtained by loading MDOX is due to
ionization states of doxycycline [21] and polymers interactions as drug-delivery as hydrogen bond
[22]. The rough surface of the membrane can also be helpful for adherence to tissue and favors cellular
activity [23]. The incorporation of CMC and CHS in combination with G also induced a skin adhesive
character in the membranes.

2.4. Surface pH kinetic

DOX existed in the form of DOX* at pH 2-3, while great number of H* ions competed with DOX*
on the membrane surface leading the adsorption performance. The absorption efficiency of DOX
from biopolymeric matrix of membranes is observed by pH change as reported Tang ef al. [13]. The
pH of surface membranes was 3.59 and 3.79 in buffer solution, to MControl and MDOX, respectively.
Then a slowly increasing solution pH with time, from 3.6 to 4.1, suggest the release of DOX from the
biopolymeric matrix as suggested by Tang [13]. Although, drug release tests are necessary to evaluate
the DOX release from membranes. The 3 — 4 pH range is different from that reported by Dinte [12],
because a pH range of 5.5 - 7.0 is being considered well tolerated to skin adhesive film. However, in
alocal pH under 4 by 8h, as show in Figure 3, bacterial do not survive, and in a pH above 2.8 fibroblast
survive, which allows fibroblast to use that local anion gap to proliferate and heal in a bacteria-free
environment [24].
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Figure 3. Graphical presentation of surphace pH kinetic of (D) MControl (E) MDOX.

2.4. Moisture sorption Water sorption behavior and Swelling capacity

CMC and CHS are commonly used as drug delivery system due to their strong hygroscopicity.
Moisture sorption, water sorption behavior and swelling properties of natural materials rely on the
nature of medium and swelling caused by solvent diffusion into material structure from extracellular
medium. The stability of DOX could be affected by the membrane moisture sorption during storage
as it is a humidity sensitive drug [25]. The table 1 show the amount of moisture sorption weight gain
for the membranes was recorded on the tenth day. The moisture sorption of theses membranes
follows the order of MControl > MDOX, with values of 37.52 + 6.54 and 205.01 + 66.94, respectively.
The difference is statistically difference significant (p < 0.002). Similar results were reported by Peng
et al. [25]. The introduction of charged chemical groups of Doxycycline into the biopolymeric matrix
can alter some of its membrane characteristics. Therefore, the impact of charges on its wettability and
water retention capacity was evaluated (Figure 4). The loading-DOX membrane exhibited a higher
moisture sorption (Table 1). This amplification in hydrophilicity arose due to the incorporation of
DOX at the biopolymeric matrix, probably the interaction of acid groups (-OH, -CONHz, NMe),
which led to a greater water affinity [23]. Due to their high-water absorption capacity and
biocompatibility these membranes have been used in dressing and drug delivery as trans-dermal
systems [26]. These membranes are cross-linked polymer networks swollen in a liquid medium. The
embedded liquid acts as a selective filter, allowing the free diffusion of certain solute molecules, such
as drugs, while the polymer network serves as a matrix to retain the liquid. The membranes may
absorb from 10-20% (lower limit) up to thousands of times their dry weight in water [27]. Swelling
behavior of biopolymeric based membrane were tested in buffer media. Results indicated that MDOX
showed best swelling that MControl, 0.538 + 0.033 and 0.521 * 0.051, respectively, with a statistical
difference values, p < 0.01 (Table 1). These results indicate that 100 mg was an ideal amount of drug
that was encumbered in a 17.5 mg/ml of CMC and 8.75 mg/ml of CHS powder polymer blended
membrane.
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Figure 4. Graphical presentation of water sorption behavior of MControl and MDOX.

2.4. Disintegration or Biodegradability

Biodegradation potential of the membrane is important for the formation of extracellular matrix,
and skin repair. In tissue engineering, the scaffold should not be completely removed until wound
healing has finished. To evaluate the biodegradability potential of CMC/CHS/G membrane, SBF
solution, which is the closest solution to the content of human blood plasma, was used. The
degradation behavior of membrane was investigated according to time (0, 1, 2, 3,4, 5, 6 and 7-day) in
SBF solution at 37 °C and the results are shown in figure 5. All the membranes did not present
degradate after 1 week and maintained their weight in the second week (Figure 5). The mass gain
values of MDOX and MControl, exhibited a similar behaviorat1, 2, 3, 4, 5, 6, 7, and 8 days but showed
a statistically significant difference at time 0 h (p < 0.05). The membranes are formed through
hydrogen bonds, ionic interaction, and other non-covalent interactions. These bonds maintain their
structural integrity, forming a viscoelastic biomaterial with implantable ability, self-healing
properties, and superabsorbency for wound tissue remodeling [9].
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Figure 5. Graphical presentation of disintegration of (D) MControl (E) MDOX.
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2.4. Blood coagulation

PT test and the APTT evaluated the effect of the membranes on the extrinsic and intrinsic
pathways of blood coagulation, respectively. The table 1 shows the PT and APTT of CMC/CHS/G
and CMC/CHS/G-DOX. The unloaded membranes induced a PT and APTT within the normal range.
Similarly, the DOX-loaded membranes also induced a PT and APTT within the normal range. These
findings showed that the membranes did not have an interaction with the blood coagulation
pathways. Although membranes composed of CMC and CHS have demonstrated hemostatic
properties, their hemostatic effect depends on both the membrane composition and the percentage
of these polymers [28,29]. In this study, the samples were prepared with a percentage of CMC and
CHS that did not induce any effect on the PT and APPT. In addition, doxycycline is an antibiotic with
various biological effects; however, these do not include the induction or inhibition of blood
coagulation [30].

2.5. Hemolytic properties

The design of biomaterials intended for wound care requires careful consideration of their
interaction with biological systems. Given that the fabricated membranes are intended to come into
direct contact with diabetic foot wounds, ensuring their blood compatibility is a critical requirement
to prevent adverse reactions and promote healing. CMC/CHS-based membrane, widely recognized
for their hemocompatibility, are generally well tolerated by the human body and do not induce an
immune response or inflammation [31]. The hemolytic properties of the membranes were evaluated
by quantifying the extent of hemolysis induced by CMC/CHS membrane (MControl = 16.85%) and
the Doxycycline-loading membrane (MDOX = 14.72 %). According to the ASTM standard
recommendation that we followed for the experiment; the two membranes showed hemolytic
properties (> 5% of hemolysis), but the DOX-loaded membrane induced a hemolytic level lower than
the unloaded membrane. The CMC/CHS-based membrane exhibited a hemolytic effect because of
the detergent action of the cationic charge in the biopolymeric matrix, which disrupts red blood cells
[32]. Interestingly, the DOX-loaded membranes at 1.08% induced a lower percentage of hemolysis,
thus the addition of antibiotic might reduce the cationic charges. Indeed, polymer-based films have
improved its blood compatibility properties when DOX was added into the formulation [33].

2.5. Antibacterial activity of CMC/CHS/G-DOX membranes

The inhibition results for Staphylococcus aureus, Escherichia coli and Streptococcus mutans using
CMC/CHS/DOX membranes indicated that the conformation of these membranes does not
significantly affect the inhibition capacity against the evaluated strains (Table 2). In both repetitions,
a constant and effective inhibition of S. aureus, E. coli and S. mutans growth was observed. Inhibition
was complete for S. aureus and S. mutans, and partial for E. coli, where, in both repetitions, the
bacterial count was lower than the initial inoculum. As observed, there is no significant difference in
the inhibition capacity of the CMC-CHS-DOX membranes, suggesting that the proposed formulation
allows for membrane synthesis without compromising the inhibition capacity of the active ingredient
or antibiotic contained in them. It is important to note that carboxymethyl cellulose, glycerol, and
chitosan do not exhibit any inhibitory capacity against S. mutans, S. aureus, and E. coli (Table 2), the
membranes without doxycycline allowed adequate growth of all evaluated strains. When conducting
inhibition tests using the sensidisc method, an average inhibition halo of 25.5 mm was observed for
all evaluated strains. Although the inhibition halo technique [34], and agar well diffusion [35] is
commonly used to assess the ability of biomaterials to inhibit bacterial strains, counting bacteria in
the presence of biomaterials provides more detailed information on their effective inhibition [36]. Our
results indicate that the inhibition halo test did not provide as detailed information as the results
presented in Table 2, where total inhibition of S. mutans and S. aureus were observed, similar to
previous studies [17,37]. Previous research has shown that the inhibitory effect of Doxycycline has a
wide range of activity against Gram-positive and Gram-negative bacteria [37,38]. In contrast, the
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inhibition halos formed by the MDOX membranes showed only partial inhibition for all the evaluated
strains.

Table 2. Inhibition of membranes against three bacterial species S. mutans, S. aureus and E. coli. The average of
10 replicates is shown. 5 replicates in each event.

Membrane S. mutans S. aureus E. coli
Control® 7.75£0.16 8.35+0.44 8.93 +0.68

MControl 7.25 mm + 0.33 8.24+0.23 8.36+ 0.30
MDOX 0.00 0.00 6.21+0.21

bRefers to the number of bacteria without the presence of membranes.

Among the characteristics that doxycycline has as an antibiotic there is a systematic action in
various tissues. Its high lipophilicity allows it to penetrate numerous membranes to reach target
molecules. Tetracyclines act as cationic coordination complexes to cross OmpF and OmpC porins
channels in gram negative bacteria. Similarly, in Gram positive bacteria, the neutral, lipophilic form
penetrates the cytoplasmic membrane. Passage through the cytoplasmic membrane is energy-
dependent and proton-motive force-driven [4]. The bacteriostatic action of DOX aims to inhibit
bacterial growth by allosterically binding to the 30S prokaryotic ribosomal unit during protein
synthesis. DOX prevents the binding of charged aminoacyl-tRNA (aa-tRNA) to the A-site of the
ribosome, halting the elongation phase and leading to an unproductive cycle of protein synthesis.
Doxycycline affects the binding rate of triple complex formation with the ribosome. The development
of microbial resistance to antibiotics poses a potential risk. However, the local application of 1 %
doxycycline has a significantly higher concentration (i.e., 10,000 mg/ml) than the minimum inhibitory
concentration required for a 50% reduction in pathogenic growth, thereby minimizing the likelihood
of developing doxycycline-resistant bacteria (Level IV) [4,39]. Considering the characteristics of this
antibiotic and its ability to inhibit bacteria associated with diabetic ulcers, we propose
CMC/CHS/G/DOX membranes as a release system with effective antibacterial properties. This system
represents a promising alternative treatment to promote tissue recovery and restoration in patients
affected by diabetic ulcers. Furthermore, when these membranes were tested for water absorption
and swelling capacity in BPS, they demonstrated promising results for potential use in skin. An
additional advantage is their ability to be applied directly to the infection site, enhancing their
therapeutic effectiveness.

3. Material and methods

3.1. Formulation and synthesis of membranes

Carboxymethyl cellulose sodium (CMC, molecular weight of 90 kDa, degree of substitution of
0.7) and high molecular weight (CHS) in powder form, with a deacetylation degree greater than 85%
were obtained from Sigma-Aldrich (USA). Glacial Acetic acid and distilled water were acquired from
Sigma Aldrich (USA). Glycerol spectrophotometric grade, 99.5%+, was obtained from Acros, New
Jersey, USA. Doxycycline was purchased from RAAM De SAHUAYO Lab. S.A. DE C.V. Reagents for
prothrombin time (PT) and activated partial thromboplastin time (APTT) were acquired from
Spinreact (México). Hemolysis test was performed with the use of cyanmethemoglobin reagent
(Hycel Reactivos Quimicos México) and standard hemoglobin was acquired from Spinreact.

3.1.1. Preparation of CMC/CHS membrane

The membranes were prepared by the modified method of casting and evaporation of the
solvent reported by Hachity et al. Forty mL of the CHS suspension, prepared as described above were
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poured into Petri dishes (16 cm in diameter) at an analytical scale. The prepared plates were dried at
room temperature for 72 h until the water had completely evaporated. The final sample designation
and amounts of CMC, CHS, G and DOX used for each sample were summarized in Table 3. The
MDOX was prepared at the same formulation, with 100 mg of hyclate of doxycycline (DOX) to
produce a membrane containing 1.08% of DOX.

Table 3. Sample designation and composition in terms of CMC, CHS, G, and DOX content.

MControl MDOX
Sample %" %)
CMC (p/p) 7.56 7.56
CHS (p/p) 3.78 3.78
G (v/v) 7 7
DOX (p/p) - 1.08

*Percentage of CMC, CHS and G are based on the solution, and percentage of DOX was based on biopolymers.
3.2. In vitro characterization of the membranes

3.2.1. Visual inspection and evaluation of content uniformity in the membranes

The samples were analyzed with an optical microscope Leyca DM-1000 using a Leyca CC50
camera at 4X and 10X amplifications to identify the presence of some imperfections, both after
preparation and during storage. The uniformity of membrane was assessed by cutting discs of 0.6 cm
in diameter from five different areas of the studied TP samples.

3.2.2. Scanning electron microscopy analysis

The surface images of TP samples were observed by scanning electron microscope (SEM, JEOL,
JSM-6610 LV, Japan). The membranes were dried at 75 °C for 48 h, and then dried fragments were
broken and coated with gold by sputtering to produce electric conductivity. SEM images of the
membrane surface were taken in a low vacuum condition operating at 5 kV.

3.2.3. Fourier transform infrared (FTIR-ATR) spectra analysis

The spectra of the sample of CMC/CHS and its DOX sample were obtained used Fourier
transform infrared spectroscopy (FTIR-ATR) (attenuated total reflectance) accessory (Bruker, Vertex
70 model), with 32 scans in the interval between 400 and 4,000 cm-!, with a resolution of 4 cm~"

3.2.4. Tensile strength and elongation

The tensile tests were performed according to the method described in the literature [20,40]
using a universal testing machine (Instron 4465, Instron, Norwood, MA, USA) at 5 mm/min crosshead
speed. All samples were cut to the standard shape of 20 mm wide and 150 mm gauge length. The
measurement was performed in the ambient condition (25 °C, relative humidity of 48 + 2%). Tensile
strength and elongation at break were evaluated (n = 10), and the average values were reported for
accuracy.

3.2.5. Mass and thickness of membranes

The samples were weighed separately using the analytical balance (OHAUS Adventure Pro
AV265C: 260g (SD * 0.1mg) (1 + 0.3mg), after 48h stored at room temperature. The mean mass and
standard deviation (SD) were calculated. The thickness of the membrane was measured using a
micrometer screw (SHAHE-Model T152002FR, 0-25 + 0.04 mm) in the center and each corner, taking
an average of the ten values per unit (n = 10).
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3.2.6. Roughness

The membrane surface roughness parameters were measured with a previous roughness meter
(Mitutoyo SJ-301, Mitutoyo American Corporation, EU), working at a speed of 0.25 mm/s and a cutoff
distance of 0.8 x 5 mm [41]. The membranes were fixed with double-sided tape parallel to the tip of
the roughness gauge. Five samples were used (n = 10).

3.2.7. Surface pH

A disc unit (n = 10) was placed in a flask containing 5 mL of deionized water. The formulation
was allowed to swell for 5 min and was subsequently removed from the flask[42]. The resulting pH
of the liquid was recorded using a pH meter (ROCA-Model PHS-3CU) at 25 °C and was taken as an
indication of the formulations surface pH.

3.2.8. Moisture sorption

The membrane’s moisture sorption was studied by exposing them to 75% relative humidity (RH)
using a desiccator with an oversaturated NaCl solution at room temperature. The units were pre-
weighed (m1) and stored in a humid desiccator for 10 days (n=10). Afterwards, they were re-weighed
(m2). Moisture sorption was calculated in the same manner as Swelling capacity and multiplied by
100 to obtain the sorption percentage[42]. The experiment was performed with ten samples.

3.2.9. Water absorbance capacity

CMC/CHS membranes and DOX loading membranes were cut into small discs (0.6 cm diameter,
n =10), desiccated overnight under vacuum, and weighed to determine their dry mass. The weighed
discs were placed in a flask containing 5 mL of phosphate buffered saline (PBS, pH 7.4) at 25 °C [11].
The swelling kinetics were evaluated by periodically measuring the weight increment of the samples
with respect to dry membranes using an analytical scale with a precision of 0.001 g. After gently
bottling the surface with a tissue to remove the excess PBS solution, the samples were weighed, and
the respective values were recorded until 7-day.

The water vapor gain (W.G.) was calculated as follows:

W.G.(%) ="Tx 100 Eq.1
where m1 expressed the weight of swollen membranes, while m2 expressed the weight of dried

membranes.

3.2.9. Swelling capacity

The swelling capacity of membranes was evaluated using a modified test from literature [42],
where a membrane with a determined mass (m1) was placed in a glass flask and immersed in 5 mL
of artificial saliva solution (pH =7.38) at 37 °C, to mimic the temperature conditions in the oral cavity.
The membrane was allowed to swell for 5min. Its mass (m2) was recorded after gently wiping the
product with a piece of tissue paper to remove the surface water. The swelling index represents the
mass gained with respect to the mass of a dehydrated membrane and was calculated according to
Equation 2. The experiment was carried out in ten times.

s.1.=mm Eq.2

ml

3.2.10. Disintegration or Biodegradability

The disintegration test was performed using a modified disc method from literature [42]. A
membrane disc was immersed into a flask containing 5 mL of simulated body fluids (SBFs) (buffer
solution) at pH = 7.40 and at 37 °C to determine their biodegradability in skin humans. During the
experiment, the disintegration time for separate units of membrane discs was observed. In cases
where a coherent matrix remained after 168 h, the sample was recorded as not disintegrated. Ten
parallels were tested for each formulation (n = 10).
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Blood coagulation time: prothrombin time and activated partial thromboplastin time

The prothrombin time PT was measured to evaluate the effect of the samples on the extrinsic
pathway and the activated partial thromboplastin time (APTT) was measured to evaluate the effect
of the membrane samples (MControl and MDOX) on the intrinsic pathway [43]. Citrated blood was
collected from a healthy adult human donor and the blood was used in the experiments. Then, 60 mg
of each membrane was incubated with 600 uL of whole blood in a 2 mL conical-bottom tube. The
samples were incubated at 37 °C with oscillatory stirring at 100 rpm for 15 minutes (MaxQ 4450
Thermo Scientific). Immediately after the incubation, the blood from each tube with the membrane
sample was collected with a micropipette and then the blood was poured into a 1.5 mL conical-
bottom tube; these new samples were centrifuged for 5 minutes at 3000 rpm to separate the plasma
from the blood cells. The plasma was used to measure the PT and the APTT with the Biobas 10
coagulometer (Spinreact México). Plasma from blood without contact with any sample was used as
a physiological control. A normal control and a pathological 4.2.11 control (Spinreact México) were
used as negative and positive control, respectively. The blood for these controls was also incubated
at 37 °C, at oscillatory stirring (100 rpm, 15 minutes). The normal PT time was set at 11.1-14.3 seconds
according to the reagent instructions. The normal APTT time was set at 24-36 seconds according to
the reagent instructions. All experiments were done by triplicate.

3.2.12. Hemolysis test

We performed a hemolysis test based on the Standard Practice for Assessment of Hemolytic
Properties of Materials (ASTM designation: F 756-00) [44]. Briefly, blood from a healthy adult donor
was used to assess the hemolytic properties of the experimental membranes. The blood was collected
with EDTA vacutainer tubes. Each experimental membrane (60 mg) was incubated with blood (600
uL) in the same way as described for the blood coagulation experiments. Also, blood was collected
to separate the plasma from the blood cells in the same way as described for the blood coagulation
experiments. The plasma (25 uL) obtained from the blood in contact with the experimental membrane
was mixed with cyanmethemoglobin reagent (225 pL) in a well of a 96 well microplate. Then, the
hemoglobin in plasma was measured at 540 nm in a microplate reader (Multiskan FC Thermo
Scientific). The hemoglobin concentration was obtained from a calibration curve made with a solution
of standard hemoglobin mixed with cyanmethemoglobin reagent. Hemolysis was expressed as the
percentage of hemoglobin released to total content. Thus, we mixed a sample of blood with
cyanmethemoglobin reagent to get the 100% of hemolysis. In addition, we used a NaCl solution as a
positive control and a silicon sample as a negative control. A physiologic control was performed with
plasma collected from blood from the donor. According to the ASTM standard [44], the material
might be nonhemolytic (0%-2% of hemolysis), or slightly hemolytic (2%-5% of hemolysis), or
hemolytic (> 5% hemolysis). All experiments were done by triplicate.

3.3. Antibacterial activity of CMC/CHS/G/DOX membranes

The antibacterial capacity of the formulated membranes was evaluated using S. aureus and
E.coli strains, which are commonly associated with the development of foot ulcers in diabetic
patients. Additionally, the antimicrobial capacity of the membranes against S. mutans was evaluated
to explore an alternative use of the membranes in oral cavity diseases, such as caries.

3.3.1. Bacterial growth

S. mutans was cultured overnight in brain heart infusion (BHI) medium, which contains calf
brain and bovine heart infusions, peptone, NaCl, glucose, and disodium phosphate. The bacteria
were incubated for 24 hours at 37° C under anaerobic conditions with 5% CO,, using an ESCO
CelCulture CO; incubator, without shaking. After 24 hours, the optical density (OD) of the culture
was measured at 600 nm using a 100 pL sample. The measured OD value was used to prepare a
subculture, adjusting it to an initial OD of 0.05. This step ensured a standardized bacterial
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concentration for subsequent inhibition tests. S. aureus and E. coli strains were cultured aerobically
in LB liquid medium at 37° C with constant shaking (180 rpm). The subculture methodology
previously described was applied. Colony-forming units per milliliter (CFU/mL) at an optical density
of 0.05 were determined using the Massive Stamping Drop Plate method (MSDP) [45].

To conduct the inhibition tests, CMC/CHS/G/DOX membranes (round, ~5 mm in diameter) were
sterilized under UV light for 20 minutes per side in a class Il biosafety cabinet (LABCONCO Purifier®
Biological Safety Cabinet). Once sterilized, two membranes were added to the subcultures of each
evaluated strain, as well as to BHI or LB liquid medium as controls. The samples were incubated for
24 hours under aerobic or anaerobic conditions as previously described. After incubation, the
CFU/mL count was determined using the MSDP method on BHI or LB solid medium. For the control
samples, 25 pL drops were placed on BHI or LB solid medium and incubated for 24 hours under
aerobic or anaerobic conditions, depending on the bacterial strain. Additionally, as a secondary
control, each membrane was placed directly on BHI or LB solid medium and incubated under the
same conditions. This procedure was performed in duplicate, with CFU/mL counts determined in
quintuplicate for each repetition. Additionally, the inhibition test was conducted using a technique
similar to the sensidisc method, following the methodology described by Hachity-Ortega et al. [10].

3.4. Statistical analysis

All values are presented as the mean + SD (standard deviation). Statistical analyses were
performed using Jamovi 2024 [46,47] to evaluate the data obtained. To compare the water absorbance
capacity, swelling index, roughness, moisture sorption, surface pH, tensile strength, elongation, mass
and thickness measurements, and antibacterial activity between the two TP, an independent sample
t-test was employed. The level of significance was set at p < 0.05.

4. Conclusions

An efficient synthesis of CMC/CHS membranes loaded with doxycycline (DOX) is presented.
The incorporation of DOX into the membranes demonstrated effective antibacterial activity against
S. aureus and S. mutans. Mechanical and physical characterization, along with low hemolytic levels,
suggest that DOX-loaded CMC/CHS/G membranes hold potential as a wound delivery system for
topical applications. Further kinetic studies and in vivo evaluations are required to explore their
effectiveness in treating diabetic foot wounds.
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