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Abstract:

Nowadays, the bacterial resistant infection risks to antibiotics have the limelight of
developing new and natural antibacterial biomaterials. So, this work aimed to prepare drug
carriers for Ceftriaxone (CFX) loading based on hydrogel nanocomposites for increasing the
CFX loading capacity and improving the antibacterial properties of the hydrogels. Hence, a
novel nanocomposites based on Ca-alginate hydrogels were prepared as antibacterial model.
The morphology, textural, and the molecular interaction between the Mesoporous silica
nanoparticles (MSNs) and the hydrogels were evaluated by using SEM, DCS, and FT-IR
characterization techniques and loading efficiency was calculated. The loading efficiencies of
(0, 5, 10 % MSNSs) loaded with CFX were 2.379, 19.597 and 16.05 %, respectively.
Furthermore, the antibacterial property of the hydrogels was tested by using colony forming
test at three different loaded CFX concentrations. The results showed that, as MSNs % was
increased in the alginate matrix, the loading CFX concentration increased. Thus, at 10% MSNs
of 425.6 pg/ml CFX showed a significant viability % with (p** < 0.01) that was reached to
15.473% + 0.399 relative to negative control. So, the hydrogels were to be used as a good CFX
drug carrier and demonstrated a bactericidal effect against gram positive and gram negative
bacteria.
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1. Introduction

Recently, acute and chronic wounds were always the main medical problems which
produced massive amounts of exudates which has adversely affect healing [1, 2]. All

microorganisms are growing in all chronic wounds, so the clinical consequences were appeared
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as infectious or sepsis systemically. Hence, the chronic wounds ideal therapy nowadays
involves reduction of the infectious bacteria and management of the exudate amounts for the
wounds [3, 4]. Moreover, the topical and systemic antibiotic bacterial resistance was increasing
due to overuse and misuse [5]. Therefore, several approaches have been developed to improve
the antibiotic treatments including formulation of available antibiotics or producing new
antimicrobial agents. Nanomaterials have a special advantage to a drug formulation as a
function of antimicrobial agents [6, 7]. The therapeutic effects were increased for several
antibiotics by targeted delivery to the infectious site, blood circulation extension and controlled
release that decreased the side effects via minimizing the required dose [8]. Ceftriaxone
Sodium has a great effect against a broad spectrum of microorganisms, but it formulated for
parenteral not orally approach, due to its lower permeability and stability in the acidic media
of the stomach environment. CFX has a longer plasma half-life, about 4 to 10 times than other
antibiotics in this class of cephalosporin which even more effective against gram-negative
microorganisms than gram-positive bacteria [9]. It was recommended that using CFX once
daily due to its long half-life bioavailability in plasma. Thus, CFX has higher activity against
aerobic gram-negative bacteria than first and second-generation cephalosporin, but less than
the earlier cephalosporin generations within many gram-positive bacteria [10]. However,
Alginate biopolymer was a linear polysaccharide extracted from the brown algae composed of
two saccharides pimeric B -d-mannuronate (M) and o-l-guluronate (G) [11, 12]. M and G
blocks are covalently bonded through 1-4-glycosidic linkages and arranged into either
homopolymeric blocks (MM and GG) or alternating blocks (MG MG) along the polymeric
backbone [13]. Alginate hydrogel was formed by presence of divalent cations such as Ca?*
during crosslinking process forming egg-box structure, which have been used as a drug carriers
and bioactive food additive. The gate keeper biopolymer such as sodium alginate (SA) was
found in a surface of MSNs bestows a unique properties of organic and inorganic components
for nanocomposites construction [14]. So, our goal in this work is preparing the silica based
alginate hydrogel nanocomposites to increase the CFX loading concentrations onto MSNs and
improve the bactericidal effect of the CFX loaded alginate carriers against gram-positive and

gram-negative bacteria.
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2. Experimental

2.1. Preparation of Mesoporous silica nanoparticles

Briefly, 0.2 g Cetyltrimethyl ammonium bromide (CTAB) was dissolved into mixed
solution of 44 ml deionized water and anhydrous ethanol under 800 rpm vigorous stirring at 25 °C
room temperature. Then, 0.4 ml ammonia was added until pH was 9.9 with keep stirring. 0.3 ml
Tetraethyl Orthosilicate (TEOS) was added dropwise to the homogenous solution under vigorous
stirring overnight at 25 °C. The solution was washed three times with ethanol/water,
ultracentrifugation at 10000 rpm, dried at 80 °C and finally calcined at 520 °C for 2h [15, 16].

2.2. Preparation of hydrogel nanocomposites

The carboxylate anions of Sodium Alginate (SA) solution were cross-linked with 0.1M
Ca™, resulting the gel formation produced. Briefly, mixed MSNs with SA solution at different
concentrations of 0, 5, 10% related to SA concentration followed by cross-linking with Ca™ ions
[17]. After that, dispersed MSNs in CFX solution (1:1) at final concentration 10 mg/ml, shaking
for 6h in dark, ultracentrifugation at 10000 rpm then washing with ethanol/water three times. Mixed
with 2% SA solution with keep stirring until reach to homogenous solution and crosslinking with
0.1M Ca*™ ions, washing and finally dried at 25°C RT.

2.3. Characterization techniques

2.3.1. Dynamic light scattering measurements

A Zetasizer Nano-ZS equipped with 633 nm laser (Malvern Instruments Ltd, UK) was
used to determine particle size and (-potential based upon dynamic light scattering (DLS).
According to the Stokes-Einstein equation, the hydrodynamic particle diameter X _h (particle
core + adsorbate/ligand shell) was calculated. The weighted hydrodynamic particle size
distribution was converted to a number % via Mie correction through the size-dependent

extinction coefficient [18].
2.3.2. Transmission Electron Microscope

The mesostructured of MSNs was studied by TEM instrument Philips CM200,
Mahwah, NJ, USA. The sample was dispersed in ethanol before examination and deposited

on carbon coated grids.
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Fourier Transform Infra-red spectroscopy

Fourier transform infrared spectrophotometer (FTIR, Bruker Alpha IT, Platinum AT, UK)
was used for studying the chemical structure of all samples. FT-IR spectrum was recorded by

scanning mode within range of 4000-400 cm'™,

2.3.3. Differential Scanning Calorimetry

The thermal property of hydrogel nanocomposites was investigated by the differential
scanning calorimeter (DSC). The measurements were carried out with Setaram Themys HP in
a pan Al pierced led in the N2 atmosphere at a heating rate of 0.01 to 100 °C/min.

2.3.4. Scanning Electron Microscope

The surface morphology was performed on the hydrogel nanocomposite samples using
the FEG Quanta 250 FEG-SEM, which was equipped with Schottky field emission gun and
Everhart-Thornley detector for secondary electrons to deliver a high resolution of 1.2 nm and
20 kV, backscattered electron detector in high vacuum mode and large field secondary detector

for low vacuum operation 3.0 nm and 20 kV imaging.

2.4. Drug loading experiment

The loading and encapsulation efficiencies were calculated by dispersed MSNs with
different concentrations of (0, 5, 10 %) in which (CFX: MSNs 1:1, 1:2) at final desired
concentration of CFX at 10 mg/ml, keep them shaking overnight at RT in dark. Then
centrifugation at 5000 rpm on Sigma Laborzentrifugen GmbH apparatus (Germany). The
supernatant was analyzed using UV/Vis (Cary 5000 UV-Vis-NIR spectrophotometer, Varian,
Australia) spectrophotometer at 240 nm. The drug loading efficiency was calculated according
to equation (1), in which NPs weight was initial weight of MSNs, and the encapsulation

efficiency also was calculated according to equation (2) [19].

Weight of the CFX drug
NPs weight

Drug Loading (%) = x 100 Q)

CFX encapsulated amount
4 x 100

Encapsulation Efficiency (%) = Toral CFX addod (2)

2.5. Antibacterial activity test

The antibacterial effect of CFX loaded Ca-Alginate nanocomposite hydrogels was

studied by using colony forming unit test, using bacterial resistant strains of E. coli and S.
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aureus. Dried hydrogels (150 mg) were suspended in 1 ml bacterial cultures of 10* CFU/ml for
both bacterial types E. coli and S. aureus. The prepared hydrogels were incubated for 24h in
shaking incubator at 37 £ 0.1 °C. The bacterial cultures without the samples were considered
as a negative control. Then, withdrawal a loopful of the bacterial cultures and cultivated on the
Muller Hinton agar (MHA) in a petri dish. The agar plates were incubated for 24h and the
bacterial colonies number was counted, which indicated the number of survival cells in the
suspension. The colony-forming unit (CFU) was counted, the cell viability relative to negative
control for each group was calculated according to equation (2).
% of Viability relative to control = CFU yeqtea!/ CFU controt (2) [20]
2.6. Statistical Analysis

All experiments were performed in triplicate. Cell Viability % is expressed as the mean
+ (SD), and the significance was calculated by paired t-test using (IBM SPSS Statistics,
Version 25.0. Armonk, NY: IBM Corp.), where values of p < 0.05 were considered statistically
significant.
3. Results and Discussion

3.1.Dynamic light scattering measurements.

Mesoporous silica nanoparticles and ceftriaxone loaded MSNs have particle size distribution
ranged from 30 to 712 nm for MSNs and from 190 to 531 nm CFX loaded MSNs. In which
MSNs were dispersed in deionized water by dynamic light scattering measurements. The
average mean diameter was 136.6 + 23.4 nm and 272.7 = 19.5 nm for MSNs and MSNs-CFX
(MSNs: CFX 1:1), respectively, as shown in Fig 1. (a & b).
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Fig 1. DLS measurements of MSNs and MSNs-CFX

3.2. Transmission Electron Microscope (TEM)

Mesoporous silica nanoparticles were prepared by modified Stober method [21]. TEM
micrographs were performed to study the morphological and textural properties of the MSNs.
Fig 2. (a-d) micrographs confirm that all MSNs have spherical morphology with relatively
smooth surfaces and narrow size distribution. The highly ordered mesostructured with an

average size was approximately 58.2 + 6.3 nm with good dispersity at different magnifications
of 100000x and 120000x.
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Fig 2. TEM of MSNs with different magnifications of 100000x and 120000x at scale bar
100 nm.

3.3.Fourier transform Infra-red spectroscopy

FT-IR spectra was used to explore the changes of the chemical bond in pure SA and
Alginate hydrogel nanocomposites. Fig 3. (a) showed the hydroxyl bond was located at 3304
cm? of alginate and asymmetric and symmetric vibrations of carbonyl groups were positioned
at 1594, 1402.94 cm™, respectively [22, 23]. After crosslinking with calcium ions, the carbony!|
bands have shifted to 1613 and 1425 cm™, respectively. This is attributed to calcium cations
replaced sodium ions forming egg-box structure (b) [24]. Furthermore, the peaks present at
1081 and 1025 cm™ of (v C-O-C) of glycosidic linkage have no band shift, this proved the
crosslinking process [25]. After loading CFX, the band getting broader which located at 3399
cm? due to overlapping of hydroxyl stretching vibration and amide group of CFX. New peak
appeared at 1760 cm™ due to B-lactam (v C=0) of CFX (c). The two strong bands of amide N-
H deformation of CFX and (vas C=0) are located in the same wavenumber at 1601 Cm™. This

confirmed that CFX was successfully loaded in the nanocomposites.
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Fig 3. FT-IR spectra of (a) pure SA (b) Ca-Alg. (¢) CFX loaded Ca-Alg. (d) 10% MSNs-
CFX Ca-Alg., (MSNs: CFX 2:1).

3.4.Differential Scanning Calorimetry (DSC)

DSC technique was used to study the physical nature of polymer crystallinity, oxidation
reactions and chemical changes. The chemical and physical changes were determined such as
melting temperature Tm, crystallization temperature Tc and glass transition temperature Tg.
The DSC analysis was performed for SA polysaccharide and CFX loaded MSNs
nanocomposites to study the effect of both chemical modification and MSNs-CFX percentage

on the alginate properties. Fig 4 displayed DSC curve of alginate with an endothermic peak at
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87 °C attributed to water loss and an exothermic peak at 243 °C which indicate the biopolymer
breakdown [26]. This exothermic peak was disappeared due to the Ca?* ions crosslinking
which increased the thermal stability of the egg box structure as shown in CFX loaded MSNs
Ca-alginate hydrogels nanocomposite curves [27]. After addition of MSNs-CFX (5, 10%), the
characteristic endothermic peak of CFX loaded Ca-alginate nanocomposites with melting
points (Tm) at 194 °C showed shift appreciably to 202 and 208 °C, respectively, due to
increasing the interaction between the bioactive and encapsulation matrix, whether made up by
CFX loaded MSNs.
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Fig 4. DSC thermograms of (a) pure SA (b) CFX loaded Ca-Alg. nanocomposites (c) 5%
MSNs-CFX Ca-Alg. nanocomposites (d) 10% MSNs-CFX Ca-Alg. nanocomposites.

3.5.Scanning Electron Microscope (SEM)

The morphology of the Alginate nanocomposite surfaces was investigated by SEM at
different magnifications. The hydrogel surface was multilayers come together to give the
alginate network to support the radial gel formation during therapy as shown in Fig. 5. The
internal structure of the hydrogels was a hollow with soft texture and denser compared to the
external surface due to air drying process as in Fig. 5 (a & b) [28]. After loading the CFX onto
Ca-alginate hydrogels, the hydrogel surface was rough and sandy form with large crumbles
area attributed to the crystalline nature of the CFX drug as shown in Fig. 5 (¢ & d) at 6000X
and 12000X magnifications, red arrows indicated the crystalline CFX entrapped at the hydrogel
surface as shown in Fig. 5 (e). Moreover, the porous network of the polymer was increased
after addition the MSNs-CFX which producing large channels due to water removal during the
air drying process [29]. The alginate encapsulation enhanced the MSNs-CFX stability with
CFX release retention. So the highly wrinkled area was due to the more densely cross-linked
structure like the fibrous structure as shown in Fig. 5 (f & g) at different magnifications 10000X
and 12000X. Yellow arrow indicate the homogenous distribution of MSNs-CFX onto the
alginate matrix.

Fig 5. SEM micrographs of Ca-Alginate hydrogels at different magnifications (a)
6000X, (b) 10000X.
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Fig 5. SEM micrographs of CFX loaded Ca-Alginate hydrogels at different
magnifications (c) 6000X, (d) 20000X and (e) CFX crystalline structure at 60000X. Red
arrows indicate CFX entrapment in Alginate matrix.

————10ym JE—

Fig 5. SEM micrographs of CFX loaded MSNs based Ca-Alginate hydrogels (10%

MSNs-CFX) at different magnifications (f) 20000X, (g) 12000X. Yellow arrows indicate
well MSNs-CFX distribution in Alginate matrix.

3.6.Drug loading experiment
According to equation (1), the loading efficiency of ceftriaxone loaded Ca-alginate

hydrogel (0% MSNSs) was 2.379 %, while the LE of ceftriaxone loaded MSNs (5% MSNs) was
increased to 19.5971 % and decreased to 16.05 % of 10 % MSNs due to MSNs agglomeration

during loading process. On the other hand, the encapsulation efficiencies were increased as
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1.89 ,19.5, 32.1 % as MSNs concentration increased so the loading concentration increased
according to previous equations (1&2).

3.7.Antibacterial activity test

Antibacterial properties were evaluated by colony forming counting test for CFX
loaded Ca-alginate based MSNs hydrogel nanocomposites at different MSNs concentrations
(0,5,10 %). At 0% MSNSs the concentration of CFX which loaded onto Ca-alginate hydrogels
was 237.9 pg/ml, the viability decreased to 66.375% + 1.647 after 24h of incubation compared
to negative control. Moreover, the viability % was saturated after 24h incubation decreased to
a 30.063% =+ 1.933 for 5% MSNs at 263 pug/ml CFX as shown in table 1. & Fig 6. As 10%
MSNs, the viability % was decreased to 15.473% + 0.399 at 425.6 pg/ml CFX which statistical
significantly difference within 5% MSNs-CFX and CFX loaded Ca-alginate hydrogels (0%
MSNSs). This is due to bacterial DNA and polysaccharide chains were chelating with positively
CFX antibiotic at optimized concentration 425.6 pug/ml. The bacterial growth of S. aureus was
higher than E. coli due to the cell wall of gram negative bacteria is thinner than that of gram
positive bacteria [30]. The MSNs and alginate biopolymer used as both a reservoir and means
for delaying the sustained drug release [31]. Hence, the stability of the alginate-based MSNs-
CFX nanocomposites was shown by the effect of the hydrogel carriers loaded with CFX drug
for promising the viability results along with 24h incubation and their ability to facilitate the
CFX release onto the bacteria DNA and killing a large number of the bacterial cells without
any degradation.
Table 1. Bacterial viability % at different MSNs-CFX % for both Gram-positive and Gram-

negative bacteria.

Ca-Alginate hydrogel

Viability % relative to Viability % relative to
control control

Groups | Mean | £SD | P-value t Groups | Mean | £SD | P-value t

-ve -ve

control 100 | 0.003 control 100 |0.014

0% | 66.375| 1.647 | 0.001** | 35.338 0% | 67.394 | 3.026 | 0.003** | 18.658

5% | 30.063|1.933 | 0.000** | 62.637 > 5% | 42.105 | 2.984 | 0.001** | 33.604

col 10% | 15.474 | 0.399 | 0.000** | 1083.94 AUTELS 10% | 26.151 | 2.641 | 0.000** | 48.422
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Viability % was expressed as the mean + (SD), and the significance where values of p** < 0.01,
where p <0.05 considered statistically significant, the viability % was calculated according to
equation (2) which mentioned previously. t values in table 1 refer to test statistic for the paired T-

test.

100

80 4

B S. cureus
B E. coli

60

Viability % relative to control

20 H

-ve control 0% MSNs 5% MSNs 10% MSNs

Fig 6. Bar chart of bacterial viability % at different MSNs loaded CFX % for both

Gram-positive and Gram-negative bacteria.

4. Conclusions

In this work, the authors have developed a novel MSNs based alginate nanocomposite
hydrogel as a drug carriers containing antibacterial CFX model drug. As a results, MSNs were
a promising carriers due to its high loading capacity, large surface area and high efficiency.
The results confirmed that, as MSNs concentrations mainly increased in the hydrogels, the
CFX loading concentrations increase. Thus, the antibacterial efficiency of the hydrogel was
improved due to the ceftriaxone local concentration increased at the bacterial cell receptors that
permit the interaction with the antibiotic particles enabling efficient delivery of CFX to the
molecular targets. The bacterial reduction of viable cells for CFX loaded hydrogel

nanocomposites was higher for E. coli than S. aureus bacteria.
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