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Abstract: Non-degradable, slightly degradable, and completely degradable micro/nanoparticles
derived from chondroitin sulfate (CS) were synthesized through crosslinking reactions at 50%, 40%,
and 20% mole ratios, respectively. The CS particles with a 20% crosslinking ratio show total degrada-
tion within 48 h, whereas 50% CS particles were highly stable for up to 240 h with only 7.0 ± 2.8%
weight loss in physiological conditions (pH 7.4, 37 ◦C). Tobramycin and amikacin antibiotics were
encapsulated into non-degradable CS particles with high loading at 250 g/mg for the treatment of
corneal bacterial ulcers. The highest release capacity of 92 ± 2% was obtained for CS-Amikacin
particles with sustainable and long-term release profiles. The antibacterial effects of CS particles
loaded with 2.5 mg of antibiotic continued to render a prolonged release time of 240 h with 24 ± 2 mm
inhibition zones against Pseudomonas aeruginosa. Furthermore, as a carrier, CS particles significantly
improved the compatibility of the antibiotics even at high particle concentrations of 1000 g/mL with
a minimum of 71 ± 7% fibroblast cell viability. In summary, the sustainable delivery of antibiotics
and long-term treatment of bacterial keratitis were shown to be afforded by the design of tunable
degradation ability of CS particles with improved biocompatibility for the encapsulated drugs.

Keywords: chondroitin sulfate; CS microgels/nanogels; controlled degradation; drug delivery;
tobramycin/amikacin; Pseudomonas keratitis

1. Introduction

Chondroitin sulfate (CS) is a sulfated glycosaminoglycan (GAGs) comprising N-acetyl
galactosamine and glucuronic acid found in proteoglycans in connective tissues [1]. Accord-
ing to the latest scientific literature, there are numerous reports of CS-derived polymeric
materials as wound dressing [2], tissue scaffolds [3], coating materials [4], diagnostic
devices, biosensors [5], as well as use in hydrogel designs [6]. Furthermore, CSs anti-
inflammatory [7], non-immunogenic, non-toxic, and biocompatible abilities [8], as well
as its antioxidant [9], anti-atherosclerosis, anti-coagulation, and anti-thrombosis activities
make it a promising natural molecule for the design of polymeric systems [10], especially
as carrier systems for drugs [11], genes [12], cells, and growth factors [13]. Shi et al. pre-
pared CS-based nanoparticles loaded with cancer drugs synthesized by self-assembly via
the redox-sensitive linker of cysteamine [14]. Initially, quercetin and chlorine e6 agents
were grafted onto the linear CS backbone, and this CS-based polymer was conjugated
with a redox-sensitive linker as cysteamine by the self-assembly process. Another study
reported chondroitin sulfate-chitosan nanoparticles for a transdermal drug release system
in the treatment of malaria [15]. CS-chitosan nanoparticles were prepared by ionic bonding
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of oppositely charged chondroitin sulfate and chitosan. Rodriques et al., designed non-
crosslinked CS microparticles using a spray-drying technique as a vehicle for antitubercular
drugs [16,17]. CS has also been reported as a chelating material with several metal ions
such as calcium [18], strontium [19], and magnesium [20] ions in order to enhance their
efficiency against osteoarthritis and osteoporosis. The CaCS complex exhibited strong
antiosteoporosis properties [18], and the SrCS complex is reported as safe for chondro-
cytes and osteoblasts and stated that it could enhance collagen production and reduce
inflammation [19]. In addition, an MgCS complex was suggested to increase osteoarthritis
chondrocyte proliferation and decrease apoptosis [20]. In another study, zinc chondroitin
sulfate, ZnCS complex particles were prepared by physical crosslinking by an ion exchange
reaction, that is the interaction of Zn(II) ions with negatively charged COO- and SO3-
groups on CS. Therefore, ZnCS complex particles have been used as a wound healing mate-
rial with their perfect antibacterial and anti-inflammatory properties [21]. The physically
crosslinked metal–CS particle complexes were afforded many advantages in biomedical
applications; however, the ionic interactions between the metal ions and CS polysaccharide
could be disrupted by the change in the pH of the medium and these complex particles
may not be stable in different aqueous environments in the body.

Chemically crosslinked polymeric particles from natural sources are considered as
safe, effective, and stable crosslinked materials that swell in a suitable solvent and can
carry various types of active agents to treat diverse diseases [22]. The development of
advanced polymeric carrier systems is of considerable interest in material design for
clinical treatment because of significant advantages including safety, biocompatibility,
biodegradability, less immunogenicity, as well as reducing the toxicity and side effects
of the drugs, and enhancing the solubility of the drugs, controlling the release amount,
and especially providing the long-term release kinetics and targeted delivery. Moreover,
there is no report on the synthesis of chemically crosslinked virgin CS particles in the range
of nano to micron size as an antibiotic carrier biomaterial in the treatment of bacterial
keratitis for ophthalmic applications. Here, non-degradable, slightly degradable, and
completely degradable forms of CS particles were designed to investigate their use as a
potential antibiotic delivery device. As reported in our previous study, the degradability of
crosslinked carbohydrate-derived particles could be tunable by adjusting the crosslinker
ratio in the particle network [23]. Thus, CS particles could also be prepared in the presence
of a divinyl sulfone (DVS) crosslinker at different mole ratios of CS repeating units to attain
non-degradable, partially degradable, and degradable forms of CS particles. The hydrolytic
degradation of CS particles was investigated under physiological conditions in phosphate
buffer solution (PBS) at pH 7.4 and 37 ◦C.

In the treatment of bacterial ulcers on the cornea such as Pseudomonas keratitis, the high
ophthalmic toxicity and poor pharmacokinetics of the common drugs such as tobramycin
and amikacin offer limited use in the clinical application due to the low drug permeability to
the epithelial membrane necessitating frequent administration [24]. Sustainable antibiotic
delivery by means of natural biocompatible carbohydrate-based polymeric particles to es-
tablish prolonged antibiotic delivery at target sites, e.g., into the cornea offers vital infection
treatment methods without the need for repeated administration of the toxic drug formula-
tions (e.g., eye drops, ointments). Thus, these types of controlled antibiotic and antifungal
drug delivery systems derived from natural polymers can readily attain long-term antibac-
terial and antifungal effects and afford low systemic toxicity [25]. Recently, promising
polymeric carriers have been designed and developed in the treatment of bacterial ulcers
on the cornea [26]. Gebreel et al. reported the use of an antibiotic (norfloxacin)-loaded
polylactic-co-glycolic acid particles as a carrier in the treatment of infection caused by
Pseudomonas aeruginosa and demonstrated that this carrier system can inhibit and eradicate
the microorganism on the eye [24]. In another study, a tobramycin-carrying lipid nanopar-
ticle complex with hexadecyl phosphate and stearic acid was prepared as an antibacterial
agent for the treatment of ocular infections to improve absorption of the antibiotic [27].
This tobramycin carrier system shows preocular retention over one hour and resulted in
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improved drug bioavailability in the humor. In addition to the complications associated
with the drug toxicity and permeability problems, the other drawbacks, e.g., quick drainage
of the drug formulations from the corneal system in direct topical applications, can be
impeded by the use of antibiotics carried derived from indigenous polymers that exist in
the eye. Therefore, the polysaccharides such as CS that innately exists in the extracellular
matrix of the connective tissue, cartilage, tendon, and cornea can be employed as antibi-
otic delivery materials. Furthermore, CS, a well-known mucoadhesive and bio-adhesive
biopolymer that reported to render long residence times on the corneal layer [28,29]. Ab-
dullah et al., reported that chondroitin sulfate–chitosan nanoparticles as a drug carrier
with high retention and penetration capabilities with improved permeation of the drug
in the ocular system [30]. Consequently, in this study, it was hypothesized that CS-based
particles can be readily prepared by chemical crosslinking with controllable degradation
and used as antibiotic carriers and delivery systems to establish a regulated, extended,
and effective antibiotic release kinetic to surmount the disadvantages of the direct drug
therapy applications in the treatment of Pseudomonas aeruginosa-dependent infections. In
this study, tobramycin and amikacin antibiotics were encapsulated in non-degradable CS
particles and their release kinetics under physiological conditions (pH 7.4 and 37 ◦C) and
their antibacterial activities against Pseudomonas aeruginosa infection, which causes persis-
tent corneal ulcers, were determined up to a 240-h incubation period. Furthermore, the
biocompatibility of bare and drug-loaded CS particles was also investigated by employing
the blood compatibility tests of hemolysis, blood clotting assays and, cytotoxicity analysis
against L929 fibroblasts.

2. Materials and Methods
2.1. Materials

Chondroitin sulfate A sodium salt (CS, ≥98%, Average MW 10,000–30,000, Biosynth
carbosynth, Compton, UK), divinyl sulfone (DVS, 97%, Merck, Darmstadt, Germany), dioctyl
sulfosuccinate sodium salt (AOT, 96%, Acros Organics, Geel, Belgium), 2,4-trimethylpentane
(isooctane, ≥99.5%, Isolab, Unterfranken, Germany), and acetone (99%, BRK, Istanbul,
Turkey) were used for synthesis of CS particles and were used as received. Tobramycin
(from local vender, Deva Holding, Istanbul, Turkey) and amikacin hydrate (≥96.5%, Sigma
Aldrich, Saint Louis, MO, USA) antibiotics and trichloroacetic acid (99%, Carlo Erba, Val-de-
Reuil, France) were purchased and used as received. Nutrient agar (NA, Condolab, Madrid,
Spain) and nutrient broth (NB, Merck, Darmstadt, Germany) were used as bacterial growth
medium and Pseudomonas aeruginosa ATCC 10145 (KWIK-STIK, Microbiologics, St. Cloud,
MN, USA) Gram-negative bacteria was used as received. The L929 fibroblast cells (Mouse
C3/An connective tissue) were obtained from the SAP Institute, Ankara, Turkey. Trypsin
(0.25%, EDTA 0.02% in PBS), Dulbecco’s Modified Eagle’s Medium (DMEM, with 4.5 g/L
glucose, 3.7 g/L sodium pyruvate, L-Glutamine 0.5 g/mL), fetal bovine serum (FBS, heat in-
activated), and penicillin/streptomycin (10,000 U/mL penicillin, 10 mg/mL streptomycin)
were purchased from Panbiotech, Aidenbach, Germany. Dimethyl sulfoxide (DMSO, 99.9%,
Carlo Erba, France) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT agent, 98%, neofroxx, Einhausen, Germany) were purchased and used as received.
Ultra-pure deionized water with resistivity of 18.2 M·Ω·cm was obtained from a Millipore
Direct-Q 3 UV water purification system (Merck Darmstadt, Germany) and used for the
preparation of all aqueous solutions.

The viscosity average molecular weight (Mv) of CS was determined by using Ubbe-
lohde viscosimeter at room temperature. Briefly, 10 mg/mL concentration of CS solution
was prepared in 0.2 M NaCl. Then, the intrinsic viscosity (dL/g) of the CS solution was
evaluated by using the following Equation (1).

ηred = (t − t0)/t0c = (η − η0)/η0c (1)
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where ηred, η, and η0 are the reduced viscosity and intrinsic viscosity of CS solution and
the viscosity of the solvent, respectively, and t and t0 are the flow time of the CS solution
and solvent, respectively [31,32].

The Mv of CS was determined by the using Mark–Houwink–Sakurada equation as the
following Equation (2).

[η] = K (Mv)α (2)

The parameters of K and α are the constant value for CS-solvent combination at a
certain temperature and these values were accepted as K = 5 × 10−5 mL/g and α = 1.1
according to the previously reports of Farajdo et al. [33]. Mv is the viscosity average MW of
CS and the value was determined as approximately 20 × 103 Da.

2.2. Preparation of CS Particles

To synthesize CS particles, 0.3 g of CS was dissolved in 10 mL of 0.2 M NaOH solution,
and 1 mL of this solution was dispersed in 30 mL 0.2 M AOT/isooctane solution to obtain
inverse microemulsion under vigorous stirring at 1000 rpm. Mixing continued under the
same conditions for 1 h to obtain a clear CS solution in the inverse micelles. Next, the
crosslinker, DVS at 50, 40, and 20 mol % relative to the CS repeating unit, was added to the
emulsion media under continuous vortex for dispersion and mixing continued at 1000 rpm
for 1 h more at room temperature. The CS particles were precipitated in an excess amount
of acetone. Then, the particles were washed with acetone three times by centrifugation at
10,000 rpm for 10 min to remove unreacted chemicals and surfactants. The obtained CS
particles were dried with a heat gun and kept in a closed container for further use.

2.3. Characterization of CS Particles

Optical light microscope (Olympus, BX53, Tokyo, Japan) and scanning electron mi-
croscope (SEM, SU70, Hitachi, Japan) were used to visualize the shape and size of the
CS particles. For SEM analysis, dry CS particles were covered with palladium/gold to
a few µm under a vacuum for 10 s. The elemental composition of CS particles was de-
termined with an energy dispersive spectrometry (EDS) detector attached to SEM (SU70,
Hitachi, Japan). For size distribution analysis, CS-based particles were suspended in DI
water at 1 mg/mL concentration and the hydrodynamic average diameter of the CS-based
particles were measured by dynamic light scattering (DLS, 90 plus, Brookhaven Instru-
ment Corp., Holtsville, NY, USA) with 35 mW solid state laser detector at an operating
wavelength of 658 nm. The average values are given with standard deviations. Fourier
transform infrared (FT-IR) spectra of CS-based materials were recorded in the frequency
range of 4000 to 650 cm−1 with 4 cm−1 resolutions by using an FT-IR spectrophotometer
(Perkin-Elmer, Spectrum 100, Akron, OH, USA).

2.4. Degradation of CS Particles

Degradation capability of CS particles prepared at three crosslinker ratios of 50, 40, and
20 mol % relative to the CS repeating unit was investigated under physiologic conditions
in 0.01 M PBS at pH 7.4 and 37 ◦C. In short, 30 mg of CS particles were suspended in
10 mL of PBS. These suspensions were placed in a water bath adjusted to 37 ◦C under
300 rpm mixing rate for certain times of 24 h, 48 h, 72 h, and 240 h. Then, the amount of CS
particles in the PBS was precipitated by using a centrifuge at 10,000 rpm for 10 min and
dried at 50 ◦C in an oven. The gravimetric degradation was evaluated as weight loss % of
CS particles by using Equation (3).

Weight loss% = (M0 − Mt)/M0) × 100 (3)

where, M0 gives the weight of the CS particles initially and Mt shows the weight of the CS
particles at time t, which was 24 h, 48 h, 72 h, and 240 h.
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2.5. Preparation of Antibiotic-Loaded CS Particles, CS-Tobramycin, and CS-Amikacin Particles

Antibiotic-loaded CS-Tobramycin and CS-Amikacin particles were prepared by en-
capsulation process using DVS crosslinker. In short, 30 mg/mL concentration CS solution
was prepared in 10 mL of 0.2 M NaOH solution. As a drug solution, 100 mg/mL concen-
tration of Tobramycin or Amikacin drug was dissolved in 1 mL of DI water. These two
solutions were mixed for 2 min. Then, 1.1 mL of the drug:CS solution was dispersed in
30 mL 0.2 M AOT/isooctane solution under vigorous stirring at 1000 rpm for 10 min. Then,
the crosslinker DVS at 50, 40, and 20 mol % relative to the CS repeating unit, was added
to the emulsion medium under continuous vortex for dispersion and mixing continued
at 1000 rpm for 1 more h at room temperature. Next, the prepared CS-Tobramycin and
CS-Amikacin particles were removed from the reaction medium and precipitated in excess
acetone. Then, the particles were washed with acetone three times by centrifugation at
10,000 rpm for 10 min to remove unreacted chemicals and surfactant. Finally, the obtained
drug-loaded CS-Tobramycin and CS-Amikacin particles were dried with a heat gun and
kept in a closed container for further use.

2.6. Drug Release Studies

Drug release studies from 20 mg CS-Tobramycin and CS-Amikacin particles were
investigated by dispersing them in 1 mL of PBS at pH 7.4 and transferring this to a dialysis
membrane (MW cut off 12 kDA). The membrane containing the CS-tobramycin/amikacin
particles was placed into 40 mL of PBS solution (pH 7.4) at 37 ◦C in a shaker bath. The
amounts released into the PBS solution were evaluated by using high-performance liquid
chromatography (HPLC, Thermo Ultimate 3000, Germering, Germany) with a refractive
index (RI) detector according to the previously proposed procedure for tobramycin and
amikacin [34]. Thermo Acclaim 120 C18 column (3 µm, 75 mm, 120 Å, reversed phase,
Thermo Scientific, Sunnyvale, CA, USA) was used as a stationary phase at 30 ◦C column
temperature. Mobile phase was prepared as 90:10 (methanol:water, v/v) mixture adjusted at
pH 2 with trichloroacetic acid. The drug solutions were eluted isocratically in mobile phase
with 1.0 mL/min flow rate for 10 min and retention times of tobramycin and amikacin
drugs were determined at 4.1 and 3.5 min, respectively. The amount of released drug was
calculated against the previously determined drug calibration curve in PBS at the same
conditions. As the drug release was constant, the PBS solution was discarded, replenished
with 40 mL of fresh PBS, and the release amount of drug was measured. The result is
reported as cumulative release amounts. The experiments were repeated three times and
presented with standard deviations.

2.7. Antibacterial Activity Test of CS-Based Particles

Antibacterial activity of tobramycin and amikacin solutions and drug-loaded CS-
Amikacin and CS-Tobramycin particles were investigated by using the disc diffusion
method against Pseudomonas aeruginosa ATCC 10145. To determine the antibacterial activity
of drugs as a control group, 20 µL of drug solutions at five different concentrations in
physiologic serum, 50, 20, 10, 5, and 2 mg/mL, were treated with P. aeruginosa at different
incubation times. Separately, 50 mg/mL concentration of drug-loaded CS particle suspen-
sion was prepared in physiologic serum and sterilized by UV irradiation for 2 min. Then,
0.1 mL of 107 CFU/mL bacteria suspension in nutrient broth was inoculated on the nutrient
agar plates. Immediately, 9 mm sterile discs were placed on the center of the plate. Then,
50 µL of drug-loaded CS particle suspension was dropped on the sterile discs. Next, the
plates were incubated at 37 ◦C for different incubation times. After the incubation, the
inhibition zone (mm) was determined as the diameter of the clear zone.

In addition, minimum inhibition concentration (MIC) and minimum bactericidal
concentration (MBC) values of the CS-Amikacin and CS-Tobramycin particles were also
determined against P. aeruginosa by using microtiter broth dilution method. Briefly, 100 µL
of nutrient broth as a liquid growth medium was placed into the each well on a 96-well
plate and then 100 µL of 50 mg/mL concentration of drug-loaded CS particle suspension
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was added to the first well and diluted in a sequence by two-fold with the existing medium
to prepare from 25 to 0.046 mg/mL concentrations. Then, 10 µL of 107 CFU/mL bacteria
suspension in nutrient broth was added to the each well and the plate was incubated at
37 ◦C for 24 h. The lowest concentration of the drug-loaded CS particle with no visible
growing depends on the transparency accepted as the MIC value. The medium for all the
transparent wells was inoculated on nutrient agar as a solid medium and incubated at
37 ◦C for 24 h. The lowest concentration of the drug-loaded CS particle with no growing
was accepted as MBC value.

2.8. Blood Compatibility with Hemolysis and Blood Clotting Assays

Hemolysis and blood clotting assays were performed to investigate the hemocompat-
ibility of CS-based particles in accordance to the method reported by Sahiner et al. [35].
Human blood was obtained from healthy volunteers and approved by the Clinical Research
Ethics Committee of Canakkale Onsekiz Mart University (2011-KAEK-27/2022) and placed
into tubes containing EDTA. Before the analysis, all solutions were preheated to 37 ◦C.

For the hemolysis assay, diluted blood was prepared by using 1:1.25 (v:v) ratio of
blood:0.9% aqueous NaCl solution and 200 µL of the diluted blood was interacted with CS-
based particle suspensions in 10 mL of 0.9% saline solution at 100, 250, 500, and 1000 µg/mL
concentrations in a water bath at 37 ◦C for 1 h. In the separation tubes, 200 µL of the diluted
blood was added into 10 mL of 0.9% aqueous NaCl solution with DI water as a negative
and positive control, respectively. Then, the tubes were centrifuged at 100 g for five minutes
and the absorbance values for the supernatants were measured at 542 nm with UV–Vis
spectroscopy (T80+ UV/VIS spectrometer, PG Instrument Ltd., Leicestershire, UK). The
hemolysis ratio of the CS-based particles was evaluated using Equation (4).

Hemolysis ratio% = (Amaterial − Anegative)/Apositive − Anegative) × 100 (4)

where Amaterial is the absorbance value of the blood solution interacted with materials in
0.9% aqueous NaCl solution. Anegative and Apositive are the absorbance values of the blood
solution without materials in 0.9% aqueous NaCl solution and in DI water, respectively.
All assays were carried out in triplicate and the results are given with standard deviations.

For the blood clotting assay, 80 µL of 0.2 M CaCl2 aqueous solution was mixed with
1 mL of blood containing EDTA and immediately 270 µL of this blood was covered with 1,
2.5, 5, and 10 mg of the CS-based particles placed into the tubes. After 10 min, 10 mL of DI
water was slowly added into the tubes and centrifuged at 100 g for 1 min. Then, 10 mL of
supernatant solution containing non-clotting blood was taken from the tube and diluted
with 40 mL of DI water. In the separation tube, 250 µL of the blood containing EDTA was
dispersed in 50 mL of DI water as a control. The blood solution was incubated at 37.5 ◦C in
a water bath for 1 h and then, the absorbance value of the supernatant was measured at
542 nm by using UV–Vis spectroscopy. The blood clotting index of the CS-based particles
was evaluated from Equation (5).

Blood clotting index = (Amaterial − Acontrol) × 100 (5)

where Amaterial is the absorbance value of the blood solution interacted with the CS-based
particles and Acontrol is the absorbance value of the blood solution without the CS-based
particles as a control. All assays were carried out in triplicate and the results are given with
standard deviations.

2.9. Cytotoxicity of CS-Based Particles by MTT Assay

For cytotoxicity analysis, L929 fibroblast cells were cultured under 5% CO2 atmosphere
in an air-humidified incubator in DMEM supplemented with 10% FBS and 100 U/mL
penicillin–streptomycin at up to 80% confluency. The cell viability % of the fibroblasts in the
presence of study materials was analyzed by MTT colorimetric assay, which measures the
healthy cells that form formazan crystals via cleavage of the tetrazolium ring of the MTT
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agent [36]. The L929 fibroblast cells at a density of 5 × 105 cells per mL were suspended
in 10 mL of culture media and 100 µL of this cell suspension was seeded onto wells on
a 96-well plate. The plate was incubated at 37 ◦C under 5% CO2 in an air-humidified
incubator for 24 h. After adherence of the fibroblasts, the culture medium was removed
from the wells and 100 µL of drug solution or CS-based particle suspension in culture
medium at different concentrations between 50 and 1000 µg/mL was added to the cells.
The plate was incubated at 37 ◦C under 5% CO2 in an air-humidified incubator for 24 h
more. Only culture medium was used as a control group accepted as 100% viability. At
the end of the incubation, the medium was removed from the wells, the cells were washed
with PBS at pH 7.4, and 100 µL 0.25 mg/mL concentration of MTT agent diluted in culture
medium was added to each well [37]. The plate was incubated at room temperature in
the dark for 2 h. Then, MTT solution was removed from the wells and 200 µL of DMSO
was placed into the wells to dissolve the formazan crystals. The absorbance of the wells
was measured at 590 nm with a plate reader (HEALES, MB-530, Shenzhen, China). The
absorbance value of control group was accepted as 100% viability and the decrease in cell
viability % was estimated based on the absorbance values of the wells treated with study
material by following Equation (6).

Cell viability% = (Amaterial/Acontrol) × 100 (6)

where Amaterial is the absorbance value of the cells interacting with materials and Acontrol
is the absorbance value of the untreated cells as control. All assays were carried out in
triplicate and the results are given with standard deviation.

2.10. Statistical Analysis

Statistical analysis was done using GraphPad Prism 9.1.0. software (GraphPad Soft-
ware Inc., San Diego, CA, USA) for comparison between the control group and each
concentration. A p value less than 0.05 was considered as statistical significance.

3. Results and Discussions

In crosslinked polysaccharide particle preparation, DVS is commonly used, and de-
pending on the functionality and hydrophilicity of the polysaccharide, the extent of DVS
used in the crosslinked network formation can affect its hydrolytic degradability. In this
study, CS was crosslinked with DVS at three different ratios, 50%, 40%, and 20% mole ratios
of CS repeating units to prepare non-degradable, slightly degradable, and degradable CS
particles, respectively, as illustrated in Figure 1a. To synthesize these particles, hydroxyl
groups of CS were reacted with vinyl groups of DVS [23]. The ratio (degree) of crosslinker
used in CS particle formation determines the degradability of the CS particles [35]. Optical
microscope images of the CS particles (prepared with three different crosslinker ratios, 50%,
40%, and 20% mole ratios of CS repeating units) in an aqueous solution are demonstrated
in Figure 1b. The CS particles containing a high ratio of crosslinker, e.g., a 50% mole ratio
of DVS containing CS particles (based on the repeating unit of CS) were slightly swollen
in DI water, and the crosslinked network did not degrade for a long time (up to 72 h). As
the crosslinking ratio was reduced, e.g., to 40%, the CS particles were much more swollen
than the 50% crosslinked CS particles, and relatively degradable CS particles were realized.
Finally, CS particles containing a lower ratio of crosslinker, e.g., 20% DVS crosslinked CS
particle, started to degrade within 5 min in an aqueous environment. Therefore, the 20%
mole ratio of DVS is the limit for CS particle synthesis and the DVS extent that is <20% ratio
results in no CS particle formation. Thus, the CS particle network with a low crosslinking
ratio of 20% was extremely water swollen in an aqueous solution and could readily break
down the crosslinked networks within a few minutes.
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Figure 1. (a) Schematic representation of non-degradable, slightly degradable, and completely
degradable CS particles prepared using three mole ratios of DVS crosslinker at 50, 40, and 20 mole%
of CS repeating unit, and (b) their optical microscope images, and (c) weight loss% of CS particles
prepared at 50, 40, and 20% crosslinked mole ratios were incubated for 24 h, 48 h, 72 h, and 240 h
in physiological conditions at pH 7.4 and 37 ◦C. (d) Hydrodynamic size distribution of CS particles
crosslinked at 50% mole ratio.

The degradability of crosslinked polymeric particles is the most important property
for in vivo applications to avoid the accumulation of these particles in the body for safe use.
Therefore, the degradation ability of CS particles was examined by changing the crosslinker
ratio in the particle network with 50%, 40%, and 20% mole ratios. The weight loss % of CS
particles with 50%, 40%, and 20% mole ratios after up to 240 h in physiological conditions
at pH 7.4 and 37 ◦C are demonstrated in Figure 1c. The corresponding optical microscope
images were also given as Figure S1. As can be seen, no degradation was obtained for
CS particles at 50% up to 72 h and they were slightly degraded with 7.0 ± 2.8% weight
loss amount at 240 h. The optical microscope images of 50% CS particles supported these
degradation results. It is clearly seen that non-degradable CS particles crosslinked at the
50% mole ratio are more stable within 72 h and some large size particles were degraded after
240 h. The 40% CS particles had a slow degradation from 7.5 ± 2.1% to 52.5 ± 3.5% between
24 h and 240 h. The optical microscope images of CS particles at 40% demonstrated some
degradation up to 48 h, but more than half of the micron-sized CS particles were degraded
at 240 h. Therefore, it could be said that 40% CS particles are a slightly degradable material
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in comparison to non-degradable 50% CS particles. Furthermore, CS particles were quickly
degraded almost totally within 48 h with a low crosslinker ratio in 20% CS particles. All
these results indicate that the degradability of CS particles can be controlled by regulating
the crosslinker ratio in the particle network. A lower crosslinker ratio triggered the higher
swelling ability of the particles and provided a slight degradability for the particles. The
hydrodynamic size distribution of CS particles was given with DLS measurements as
presented in Figure 1d. The average size distribution of non-degradable 50% CS particles
was measured as 1079 ± 30 nm with 0.5–5 µm size range.

The particle shape, size, and surface morphology of the dry CS particles were assessed
by SEM images and their size distribution was determined using ImageJ software from the
SEM images of CS particles given in Figure 2a–c.
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As can be seen, the dry CS particles, crosslinked at 50%, had a smooth surface, and
a distinct morphology with spherical shapes in the range of 0.5 to 5 µm. On the other
hand, the dry form of CS particles crosslinked at 40% had almost spherical shapes with
fragmented particle structures in the 5–40 µm size range. On the other hand, the surface
structure of the dry CS particles crosslinked with a 20% mole ratio is rough with almost
spherical shapes with particle sizes ranging from 5 to 50 µm. The size distribution range
for 50% crosslinked CS particles were found to decrease almost ten-fold and five-fold
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with respect to 40% and 20% crosslinked CS particles, respectively. These images clearly
indicate that the perfect shape of CS particles could be synthesized by using a minimum
50% ratio of DVS crosslinker. According to the SEM-EDS analysis, the wt% of elements in
CS particles crosslinked at 50% and 40% are demonstrated in Figure S2. The sulfur content
of the CS particles at 50% and 40% was found as 13.5% and 6.5%, owing to the SEM-EDS
analysis, but theoretically, these values could be 12.3% and 11.7%, respectively. This sulfur
content, higher than 5%, came from the existence of more DVS crosslinker in the particle
network of 50% CS particles. The highly crosslinked CS particle at 50% is more stable in an
aqueous solution while relatively less stable and the 40% crosslinked CS particle could lose
some of the un-crosslinked CS and DVS in the washing process of the particles due to the
water-soluble nature of the CS polymer.

Figure 2d shows the FT-IR spectra for linear CS and its particle that are crosslinked at
three ratios: 50%, 40%, and 20%. The spectra of CS particles at all crosslinker ratios were
observed to contain the specific bands of linear CS as reported by a previous study [38].
Briefly, the broad band from 3600 to 3000 cm−1 related to OH and NH stretching, CH2
stretching at 2934 cm−1, amide I band at 1606 cm−1, carbon–hydrogen vibrations at 1408
and 1375 cm−1, S=O stretching at 1223 cm−1, carbon–carbon vibration at 1040 cm−1, and
C-O-S stretching at 849 cm−1 were determined for all CS particles coming from the linear
CS chains in the particle network. The CS particles crosslinked at a 20–50% mole ratio had
similar vibrational bands. The broad and strong peak at 1040 cm−1 in the spectra of CS and
low crosslinked CS turn into sharp peaks at 1050 cm−1 with particle formation, as can be
seen in the spectrum of highly crosslinked CS particles. The shoulder peak at 1110 cm−1

and this sharp peak at 1050 cm−1 is attributed to the presence of S=O stretching vibrations
from sulfoxide groups of the crosslinker, DVS. The width of the peak at 1050 cm−1 was
significantly decreased with the increase in the ratio of crosslinker (DVS) for CS particles
and while the peak intensity at 1110 cm−1 was increased with the increase in the ration
of the crosslinker. These results indicated that the crosslinker content of CS particles was
increased by changing the DVS ratios from 20% to 50%.

Pseudomonas aeruginosa corneal ulcers are a significant severe infection compared with
the other bacterial ulcers on the cornea [39]. Tobramycin and amikacin are aminoglycoside
antibiotics against a broad antibacterial spectrum, but these drugs are generally used as
eye drops for the treatment of infections caused by P. aeruginosa because they have a higher
activity than other antibiotics such as gentamicin in suppressing Pseudomonas keratitis on
the eye [40]. Side effects such as tearing, swelling of the eye, itching, stinging, and burning
of the eye, temporary blurred vision, and nephrotoxicity and ototoxicity limit the direct use
of these drugs [41]. Furthermore, the high administration frequency of these drugs, every
1 h, also makes them difficult to use for some patients. Recently, the design of polymeric
carriers was established to avoid these toxicity and high frequency dosing problems. The
prepared CS particles were utilized as a drug carrying vehicle for tobramycin and amikacin
antibiotics for the treatment of corneal P. aeruginosa ulcers. The encapsulation technique was
used to load these antibiotics into the CS particle network because of multiple advantages
that CS can render such as decreasing drug toxicity and side effects, enhancing loading
and release capacity, prolonged release kinetics, and so on. Therefore, the encapsulation
technique was preferred in this study as a loading process instead of the adsorption or
conjugation of the drug as loading techniques. In the synthesis of crosslinked polymeric
systems as a carrier material, drug molecules readily embedded inside the particles during
the crosslinking reaction [42]. The hydrodynamic size distribution and the polydispersity
index values of bare and drug-loaded CS particles crosslinked at a 50% mole ratio were
determined and provided in Table 1.
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Table 1. Hydrodynamic average size and polydispersity index values of CS, CS-Tobramycin, and
CS-Amikacin particles crosslinked at 50% mole ratio.

Drug Carriers Average Size (nm) Polydispersity Index (PDI)

CS particles 50% 1079 ± 30 0.345
CS-Tobramycin particles 50% 830 ± 25 0.270
CS-Amikacin particles 50% 776 ± 57 0.519

The average size of bare CS particles was slightly decreased upon drug loading,
for example, from 1079 ± 30 nm to 830 ± 25 nm for CS-Tobramycin particles and to
776 ± 57 nm for CS-Amikacin particles. The crosslinking reaction of CS polymer with 50%
DVS was done in an emulsion medium in the presence of drug molecules. The presence
of both drug molecules can affect the size of the CS particles because of the interaction of
functional groups of the drug molecules with the functional groups of CS moieties and
the crosslinker. The PDI values of the particles were measured between 0.273 and 0.359.
These low PDI values of CS-based particles are almost within the acceptable limit for drug
delivery applications as the PDI values for this purpose for liposome and nanoliposome
formulations are suggested as ≤0.3 [43]. Therefore, these results for drug formulations
are injectable size ranges with submicron average particle sizes in an aqueous medium
providing promising application potential.

Drug release amount and release capacity of CS-Tobramycin and CS-Amikacin parti-
cles crosslinked at 50%, 40%, and 20% mole ratios are given in Table 2.

Table 2. Maximum release amount (µg/mg) and release capacity (%) from CS-Tobramycin and
CS-Amikacin particles crosslinked at 50%, 40%, and 20% mole ratios.

Drug Carriers Release Amount (µg/mg) Release Capacity (%)

CS-Tobramycin particles 50% 200 ± 2 80 ± 0.8
CS-Tobramycin particles 40% 215 ± 8 86 ± 3.2
CS-Tobramycin particles 20% 192 ± 3 76 ± 1.2
CS-Amikacin particles 50% 228 ± 5 91 ± 2.0
CS-Amikacin particles 40% 242 ± 4 96 ± 1.6
CS-Amikacin particles 20% 214 ± 2 80 ± 0.8

There has been growing interest in the design of antibacterial polymeric systems for
fighting resistant infections in different places of the body [44]. Three common methods
have been employed to generate antibacterial polymeric systems; polymeric structures
could be designed by directly using antibacterial molecules, or by coating/grafting with
antibacterial agents, or loading well-known antibiotics into polymeric structures [45,46].
Because of the well-known high antibacterial ability and controllable loading and release
capacities with low toxicity, well-known antibiotics can be loaded into the polymeric
networks through different drug loading techniques to treat infections. The encapsu-
lation technique was used as a drug loading process, which is known as drug entrap-
ment during the crosslinking reaction of CS. In the preparation of drug-loaded CS par-
ticles, 10 mg of drug was used to be encapsulated into 40 mg of CS particles to attain
CS-Tobramycin/Amikacin particles.

Therefore, the drug-loaded amount of CS-tobramycin/amikacin particles for each
formulation is 250 µg/mg assuming the entrapment efficiency as 100%. The high amounts
of tobramycin and amikacin, approximately 250 µg/mg, were loaded into the CS particle
network by the encapsulation technique, and the release profiles of these drugs from CS-
Tobramycin and CS-Amikacin particles crosslinked at 50, 40, and 20% mole ratios under
physiological conditions at pH 7.4 and 37.5 ◦C are shown in Figure 3a,b, respectively.
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A high amount of drug as 192 ± 3 µg/mg of tobramycin or 214 ± 2 µg/mg amikacin
was quicky burst from the low crosslinked CS-Tobramycin/Amikacin particles with 20%
crosslinking, for 24 h, because of the fast degradable nature of CS particles crosslinked at
20%. Similarly, 215 ± 8 µg/mg of tobramycin or 242 ± 4 µg/mg amikacin was released
from CS-Tobramycin and CS-Amikacin particles 40%, respectively, within 72 h, as seen in
Figure 3. Moreover, sustainable release kinetics were observed within 150 h for both drugs
and a maximum 200 ± 2 µg/mg of tobramycin and 228 µg/mg of amikacin were released
cumulatively from the drug-loaded CS particles crosslinked at 50% over 240 h. It could be
said that low crosslinked CS-Tobramycin/Amikacin particles at 20% crosslinking could not
encapsulate or load all the drugs during synthesis because of the low crosslinking yield.
Therefore, the highest release profile was obtained for CS-Tobramycin/Amikacin particles
prepared at 40% crosslinking due to the faster and greater swelling ability of these particles
in comparison to the 50% crosslinked CS particles. These results indicate that the release
capacity of 50% crosslinked CS-Tobramycin particles was 80 ± 0.8%, but CS-Amikacin
particles could release 91 ± 2% of the loaded drug within 240 h and high crosslinked
CS particles 50% have been used as promising materials in the treatment of Pseudomonas
keratitis because of the high concentration and long-term antibiotic release. In the literature,
tobramycin/amikacin carriers such as alginate/chitosan particles [47], polyethylene glycol-
based hydrogel [48], and liposomal systems [49] were designed to prevent infections caused
by P. aeruginosa. Deacon et al. reported that alginate/chitosan-based particles were loaded
with 92 ± 18 µg/mg tobramycin and 80% of the loaded tobramycin could be delivered
from the polymeric network within 48 h [47]. Postic et al. stated that polyethylene glycol-
based hydrogels could release approximately 40 µg/mL of amikacin in 5 h [48]. In a
study, amikacin-loaded nanoparticles from Eudragit RS 100/Eudragit RL 100 polymer
composition were used in the bacterial treatment of ocular infection. The release profiles
from the nanocarrier system were finished within 12 h with an approximate 90.8% release
capacity [50]. Therefore, in comparison to these carrier systems, CS-Tobramycin/Amikacin
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particles reported here are promising biomaterials due to the higher antibiotic loading
ability and longer time antibiotic release capacities.

For bacterial ulcer treatment, almost a 300 µg/100 µL concentration of drug solution
(two drops) is generally recommended every 1 h for severe infections for 1 day, followed
by continuous applications every 4–8 h per day [51]. Almost similar drug doses could be
administered with only one administration of 2.5 mg drug-loaded CS particles crosslinked
at 50%, which could be released as a total of 500 µg tobramycin or 570 µg amikacin within
240 h. Thus, 50 µL of 50 mg/mL (2.5 mg) drug-loaded CS particles 50% were used for
further antibacterial activity tests.

Antibacterial activities of CS-Tobramycin particles 50% and CS-Amikacin particles
50% were investigated by the disc diffusion assay with 6 h to 240 h incubation times against
Pseudomonas aeruginosa and tobramycin and amikacin drugs alone were used as a control.
Inhibition zone diameters for 20 µL of tobramycin and amikacin drugs between 2 and
50 mg/mL, which are equal to 40–1000 µg drugs, and 50 µL of 50 mg/mL CS-Tobramycin
and CS-Amikacin particles 50% corresponding to 2.5 mg drug-loaded CS particles loaded
are illustrated in Figure 4.
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CS-Amikacin particles 50% at 50 µL of 50 mg/mL concentration against P. aeruginosa at different
incubation times.

According to the release study, nearly 277 ± 13 µg of tobramycin and 322 ± 14 µg of
amikacin was released from 2.5 mg CS-Tobramycin and CS-Amikacin particles within 24 h,
respectively. The inhibition zones for 2.5 mg CS-Tobramycin and CS-Amikacin particles
after 24 h incubation was 24 ± 2 mm and 28 ± 0 mm, respectively, which are almost similar
to the inhibition zones for 200 µg drug solutions determined as 25 ± 1 mm. Antibacterial
effects of CS-Tobramycin and CS-Amikacin particles remained the same for up to 240 h
incubation time against P. aeruginosa because of sustainable release during the long-term
period of 240 h.

Furthermore, the inhibition zone diameter, the minimum inhibition concentration
(MIC), and the minimum bactericidal concentration (MBC) values of CS-Tobramycin and
CS-Amikacin particles crosslinked at 50%, 40%, and 20% mole ratios were also deter-
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mined against P. aeruginosa as listed in Table 3. The zone diameter of 2.5 mg of CS-
Tobramycin particles crosslinked at 50%, 40%, and 20% was found as 25 ± 1, 26 ± 1, and
23 ± 2 mm, respectively.

Table 3. Inhibition zone (mm), minimum inhibition concentration (MIC), and minimum bactericidal
concentration (MBC) values of CS-Tobramycin and CS-Amikacin particles crosslinked at 50%, 40%,
and 20% mole ratios against P. aeruginosa.

Drug Carriers Inhibition Zone (mm) MIC (mg/mL) MIC (mg/mL)

CS-Tobramycin
particles 50% 25 ± 1 0.375 1.500

CS-Tobramycin
particles 40% 26 ± 1 0.375 0.750

CS-Tobramycin
particles 20% 23 ± 2 0.750 1.500

CS-Amikacin
particles 50% 28 ± 1 0.094 0.187

CS-Amikacin
particles 40% 32 ± 2 0.046 0.046

CS-Amikacin
particles 20% 26 ± 1 0.375 0.750

Similarly, MIC values of CS-Tobramycin particles crosslinked at 50%, 40%, and 20%
was determined as 0.375, 0.375, and 0.750 mg/mL, respectively. It is obvious that antibac-
terial effects on the P. aeruginosa were totally dependent on the amount of release drug
from the CS particle network and could be adjusted by changing the crosslinker degree
from the particle network. Therefore, the highest antibacterial activity against P. aerugi-
nosa was established in CS-Amikacin particles 40% with the lowest MIC and MBC value
as 0.046 mg/mL and the broadest inhibition zone as 32 ± 2 mm with the highest drug
release as 242 ± 4 µg/mg amikacin. Both formulations could be used in the treatment of
Pseudomonas keratitis because of the almost similar release profiles and high antibacterial ef-
fects. In the literature, essential oil-loaded chitosan microcapsule embedded biodegradable
sodium alginate/gelatin hydrogels were used to eliminate P. aeruginosa, but the antibacte-
rial effect of the hydrogels was very weak with a high concentration of the MIC value at
39.3 mg/mL of cinnamon leaf oil as essential oil [52]. In another study, amikacin loaded to
gelatin-coated poly(ethylene terephthalate) fibers were prepared and 15% of the loaded
antibiotic were released within 7 days. The antibacterial activity of amikacin-loaded fibers
was found effectively for 7 days, but P. aeruginosa was growing back after 10 days [53].
These studies indicated that the low MIC values and long-term inhibition abilities of CS-
Tobramycin/Amikacin particles make them highly promising materials in the treatment of
bacterial infection in ocular applications.

The blood compatibility of biomaterials is an important parameter for intravascular
applications. The hemolysis ratio and blood clotting index of non-degradable CS particles
and drug-loaded forms of CS-Tobramycin and CS-Amikacin were determined for various
concentrations of CS-based particles from 100 to 1000 µg/mL. As can be seen in Figure 5a,
CS particles were found as non-hemolytic materials with an acceptable 1.4 ± 0.2% hemolysis
ratio even at a 1000 µg/mL concentration, whereas CS-Tobramycin and CS-Amikacin
particles were found to possess slightly more hemolytic materials (in comparison to CS-
Tobramycin) at a 1000 µg/mL concentration with 2.1 ± 0.1% and 2.0 ± 0.1% hemolysis
ratio values.
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Consequently, these particles were non-hemolytic at a 500 µg/mL concentration with
1.3 ± 0.2% and 1.7 ± 0.1% hemolysis ratio values, respectively. Similarly, CS particles
were blood compatible with a high blood clotting index of 94.4 ± 1.7 at a 500 µg/mL
concentration. The blood clotting index of CS-Tobramycin and CS-Amikacin particles
decreased to 87.1 ± 0.9 and 84.4 ± 0.6 values for 500 µg/mL concentrations of the particles
as seen in Figure 5b. These results show that hemo-compatible bare and drug-loaded
CS particles can be used directly with up to a 500 µg/mL high concentration for safe
intravascular applications. Some patients may require high doses of Tobramycin and
Amikacin drugs for a long time to fight keratitis due to P. aeruginosa ulcers. The toxicity of
these drugs in an overdose should be checked to avoid the side effects of the drugs. The
cytotoxicity of tobramycin and amikacin drugs alone on L929 fibroblast cells were analyzed
at different concentrations between 10 and 1000 µg/mL for 24 h incubation time as shown
in Figure 6a. Cell viability with tobramycin was significantly decreased to 39 ± 11% at
a 1000 µg/mL concentration from 96 ± 12% for a 10 µg/mL concentration of the drug.
Similarly, amikacin has some toxicity at high concentrations with 49 ± 1% cell viability
against fibroblasts at a 1000 µg/mL concentration (p < 0.0001 value).
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Figure 6. (a) Hemolysis and (b) blood clotting index of CS particles, CS-Tobramycin particles and
CS-Amikacin particles crosslinked at 50% mole ratios. [*, **, ***, **** represent p < values of 0.05, 0.01,
0.001, and 0.0001, respectively].

The cytotoxicity of bare CS particles and drug-loaded CS-Tobramycin and CS-Amikacin
particles was also determined by direct contact with L929 fibroblast cultures. The prolif-
eration of the fibroblasts in the presence of CS-based particles at different concentrations
was shown in Figure 6b. Even at high particle concentrations of 1000 µg/mL, the cell
viability percentages were slightly decreased to 80 ± 5%, 71 ± 2%, and 71 ± 7% for CS
particles, CS-Tobramycin particles, and CS-Amikacin particles, respectively. As represented
in Figure 4, 1000 µg of drug-loaded CS particles could release more than 100 µg of drugs
such as tobramycin or amikacin within 24 h. According to the cytotoxicity results, concen-
trations of 100 µg/mL or above of tobramycin or amikacin drugs destroyed the fibroblast
cells with less than 60% cell viability. Previous studies reported that aminoglycosides such
as tobramycin and amikacin have concentration-dependent nephrotoxicity and ototox-
icity [41], and recommended the use of polymeric networks as carriers to decrease the
toxicity of these drugs [25]. As reported in the literature, CS-derived polymeric materials
have significant potential as a biomaterial for the treatment of many bactericidal diseases
including corneal ulcers, and therefore their cytotoxicity was investigated. Han et al. found
that selenium–chondroitin sulfate nanoparticles were slightly toxic with ~60% cell viability
even at a low concentration of 340 ng/mL [54]. When compared with these CS-based
materials, the drug-loaded CS-Tobramycin and CS-Amikacin particles were found to be
much more biocompatible, with no significant cell loss up to a 250 µg/mL concentration
with more than 80% cell viability values. It is clear that the use of the prepared CS particles
as a drug carrier improves the bioavailability of the drugs and offer decreased toxicity as
well as blood higher compatibility.
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4. Conclusions

CS particles as drug carrying vehicles were prepared using DVS crosslinker at 50%,
40%, and 20% mole ratios per CS repeating unit. Distinctive degradation kinetics were
obtained between the different crosslinker ratios and consequently 50%, 40%, and 20% CS
particles had non-degradable, slightly degradable, and completely degradable structures
under physiological conditions, respectively.

The non-degradable CS particles had a spherical shape and a smooth surface mor-
phology with a size range of 0.5 to 5 µm, but slightly degradable CS particles were almost
spherical and had a collapsed network with a 5–30 µm size range. These non-degradable
CS particles were used as a carrier biomaterial to load tobramycin and amikacin antibiotics
via the encapsulation technique for the treatment of P. aeruginosa keratitis. Significantly
high amounts of these drugs, of approximately 250 µg/mg, were encapsulated within the
CS particle network. These drug-loaded CS particles were promising biomaterials for the
treatment of bacterial growth on the eye with long-term and sustainable drug release at
efficient concentrations against P. aeruginosa, which cause ulcers on the cornea. Moreover,
almost ideal blood compatibility and low cytotoxicity of the drug-loaded CS particles even
at high concentrations of 1000 µg/mL providing a preventive effect for the toxicity of
the drugs in biological systems were illustrated. Consequently, tobramycin- or amikacin-
carrying CS particles could replace the currently employed treatment procedures for eye
infections with their promising potentials, i.e., higher corneal residence time, higher and
controllable drug loading ability, and lower toxicity with sustainable drug release kinetics
from the particles that are derived from a natural polymer that is native to the eye. Hence,
CS as a different antibiotic carrier for the treatment of bacterial infections in the various
parts of the body, including the eyes, bestow a great alternative to currently used systems
such as drops or pills. Moreover, CS particles can be used for the controlled and prolonged
delivery of other drugs such as fungicides and anticancer drugs due to their non-toxic and
blood compatibility nature.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics14081739/s1, Figure S1: Optical microscope images
of CS particles crosslinked at 50, 40, and 20% mole ratio of CS repeating unit incubated for 24 h, 48 h,
72 h, and 240 h in physiological conditions at pH 7.4 and 37 ◦C. Figure S2: Elemental analysis of the
CS particles crosslinked at 50%, and 40%.

Author Contributions: Conceptualization, R.S.A. and N.S.; methodology, S.S.S., M.S. and N.S.; soft-
ware, S.S.S. and M.S.; validation, S.S.S., M.S. and N.S.; formal analysis, R.S.A. and N.S.; investigation,
S.S.S., M.S., R.S.A. and N.S.; resources, N.S.; data curation, S.S.S. and M.S.; writing—original draft
preparation, S.S.S. and M.S.; writing—review and editing, R.S.A. and N.S.; visualization, R.S.A. and
N.S.; supervision, N.S.; project administration, R.S.A. and N.S.; funding acquisition, R.S.A. and N.S.
All authors have read and agreed to the published version of the manuscript.

Funding: Some parts of this work was supported by the startup funds for Nurettin Sahiner from the
Ophthalmology Department at USF.

Institutional Review Board Statement: The blood compatibility studies were conducted in accor-
dance with the procedures approved by the Clinical Research Ethics Committee of Canakkale Onsekiz
Mart University (2011-KAEK-27/2022-2200063689).

Informed Consent Statement: Informed consent is not needed.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/pharmaceutics14081739/s1
https://www.mdpi.com/article/10.3390/pharmaceutics14081739/s1


Pharmaceutics 2022, 14, 1739 18 of 20

References
1. Wyss, P.P.; Lamichhane, S.P.; Abed, A.; Vonwil, D.; Kretz, O.; Huber, T.B.; Sarem, M.; Shastri, V.P. Renal clearance of polymeric

nanoparticles by mimicry of glycan surface of viruses. Biomaterials 2020, 230, 119643. [CrossRef] [PubMed]
2. Fajardo, A.R.; Lopes, L.C.; Caleare, A.O.; Britta, E.A.; Nakamura, C.V.; Rubira, A.F.; Muniz, E.C. Silver sulfadiazine loaded

chitosan/chondroitin sulfate films for a potential wound dressing application. Mater. Sci. Eng. C 2013, 33, 588–595. [CrossRef]
[PubMed]

3. Lopez-Moya, M.; Melgar-Lesmes, P.; Kolandaivelu, K.; De La Torre Hernández, J.M.; Edelman, E.R.; Balcells, M. Optimizing
Glutaraldehyde-Fixed Tissue Heart Valves with Chondroitin Sulfate Hydrogel for Endothelialization and Shielding against
Deterioration. Biomacromolecules 2018, 19, 1234–1244. [CrossRef] [PubMed]

4. Cao, J.F.; Xu, W.; Zhang, Y.Y.; Shu, Y.; Wang, J.H. Chondroitin sulfate-functionalized 3D hierarchical flower-type mesoporous
silica with a superior capacity for selective isolation of low density lipoprotein. Anal. Chim. Acta 2020, 1104, 78–86. [CrossRef]

5. Zhao, S.; Zhou, Y.; Wei, L.; Chen, L. Low fouling strategy of electrochemical biosensor based on chondroitin sulfate functionalized
gold magnetic particle for voltammetric determination of mycoplasma ovipneumonia in whole serum. Anal. Chim. Acta 2020,
1126, 91–99. [CrossRef]

6. Grazioli, G.; Silva, A.F.; Souza, J.F.; David, C.; Diehl, L.; Sousa-Neto, M.D.; Cava, S.S.; Fajardo, A.R.; Moraes, R.R. Synthesis and
characterization of poly(vinyl alcohol)/chondroitin sulfate composite hydrogels containing strontium-doped hydroxyapatite as
promising biomaterials. J. Biomed. Mater. Res. Part A 2021, 109, 1160–1172. [CrossRef]

7. Ronca, F.; Palmieri, L.; Panicucci, P.; Ronca, G. Anti-inflammatory activity of chondroitin sulfate. Osteoarthr. Cartil. 1998, 6, 14–21.
[CrossRef]

8. Fajardo, A.R.; Guerry, A.; Britta, E.A.; Nakamura, C.V.; Muniz, E.C.; Borsali, R.; Halila, S. Sulfated glycosaminoglycan-based block
copolymer: Preparation of biocompatible chondroitin sulfate-b-poly(lactic acid) micelles. Biomacromolecules 2014, 15, 2691–2700.
[CrossRef]

9. Campo, G.M.; Avenoso, A.; Campo, S.; Ferlazzo, A.M.; Calatroni, A. Antioxidant Activity of Chondroitin Sulfate. Adv. Pharmacol.
2006, 53, 417–431.

10. Chen, A.L.; Ni, H.C.; Wang, L.F.; Chen, J.S. Biodegradable amphiphilic copolymers based on poly(ε-caprolactone)-graft chon-
droitin sulfate as drug carriers. Biomacromolecules 2008, 9, 2447–2457. [CrossRef]

11. Hammoudeh, S.M.; Hammoudeh, A.M.; Hamoudi, R. High-throughput quantification of the effect of DMSO on the viability of
lung and breast cancer cells using an easy-to-use spectrophotometric trypan blue-based assay. Histochem. Cell Biol. 2019, 152,
75–84. [CrossRef] [PubMed]

12. Zhao, L.; Liu, M.; Wang, J.; Zhai, G. Chondroitin sulfate-based nanocarriers for drug/gene delivery. Carbohydr. Polym. 2015, 133,
391–399. [CrossRef] [PubMed]

13. Benito-Arenas, R.; Zárate, S.; Revuelta, J.; Bastida, A. Chondroitin Sulfate-Degrading Enzymes as Tools for the Development of
New Pharmaceuticals. Catalysts 2019, 9, 322. [CrossRef]

14. Shi, X.; Yang, X.; Liu, M.; Wang, R.; Qiu, N.; Liu, Y.; Yang, H.; Ji, J.; Zhai, G. Chondroitin sulfate-based nanoparticles for enhanced
chemo-photodynamic therapy overcoming multidrug resistance and lung metastasis of breast cancer. Carbohydr. Polym. 2021, 254,
117459. [CrossRef] [PubMed]

15. Talib, S.; Ahmed, N.; Khan, D.; Khan, G.M.; ur Rehman, A. Chitosan-chondroitin based artemether loaded nanoparticles for
transdermal drug delivery system. J. Drug Deliv. Sci. Technol. 2021, 61, 102281. [CrossRef]

16. Rodrigues, S.; da Costa, A.; Flórez-Fernández, N.; Torres, M.; Faleiro, M.; Buttini, F.; Grenha, A. Inhalable Spray-Dried Chondroitin
Sulphate Microparticles: Effect of Different Solvents on Particle Properties and Drug Activity. Polymers 2020, 12, 425. [CrossRef]

17. Rodrigues, S.; Cunha, L.; Kollan, J.; Neumann, P.R.; Rosa da Costa, A.M.; Dailey, L.A.; Grenha, A. Cytocompatibility and cellular
interactions of chondroitin sulfate microparticles designed for inhaled tuberculosis treatment. Eur. J. Pharm. Biopharm. 2021, 163,
171–178. [CrossRef]

18. Chen, L.; Li, J.; Bi, X.; Ji, J.; Wang, L.; Cheng, J. Chondroitin sulfate micro granules embedded with oligochitosan-calcium
complexes for potential osteoporosis prevention. J. Funct. Foods 2022, 90, 104984. [CrossRef]

19. Pal, D.; Saha, S. Chondroitin: A natural biomarker with immense biomedical applications. RSC Adv. 2019, 9, 28061–28077.
[CrossRef]

20. Li, S.; Ma, F.; Pang, X.; Tang, B.; Lin, L. Synthesis of chondroitin sulfate magnesium for osteoarthritis treatment. Carbohydr. Polym.
2019, 212, 387–394. [CrossRef]

21. Wu, G.; Ma, F.; Xue, Y.; Peng, Y.; Hu, L.; Kang, X.; Sun, Q.; Ouyang, D.F.; Tang, B.; Lin, L. Chondroitin sulfate zinc with antibacterial
properties and anti-inflammatory effects for skin wound healing. Carbohydr. Polym. 2022, 278, 118996. [CrossRef] [PubMed]

22. Xiong, M.H.; Bao, Y.; Yang, X.Z.; Zhu, Y.H.; Wang, J. Delivery of antibiotics with polymeric particles. Adv. Drug Deliv. Rev. 2014,
78, 63–76. [CrossRef] [PubMed]

23. Sahiner, N.; Suner, S.S.; Ayyala, R.S. Mesoporous, degradable hyaluronic acid microparticles for sustainable drug delivery
application. Colloids Surfaces B Biointerfaces 2019, 177, 284–293. [CrossRef] [PubMed]

24. Gebreel, R.M.; Edris, N.A.; Elmofty, H.M.; Tadros, M.I.; El-Nabarawi, M.A.; Hassan, D.H. Development and characterization of
PLGA nanoparticle-laden hydrogels for sustained ocular delivery of norfloxacin in the treatment of pseudomonas keratitis: An
experimental study. Drug Des. Devel. Ther. 2021, 15, 399–418. [CrossRef]

http://doi.org/10.1016/j.biomaterials.2019.119643
http://www.ncbi.nlm.nih.gov/pubmed/31812275
http://doi.org/10.1016/j.msec.2012.09.025
http://www.ncbi.nlm.nih.gov/pubmed/25427460
http://doi.org/10.1021/acs.biomac.8b00077
http://www.ncbi.nlm.nih.gov/pubmed/29539266
http://doi.org/10.1016/j.aca.2019.12.075
http://doi.org/10.1016/j.aca.2020.06.015
http://doi.org/10.1002/jbm.a.37108
http://doi.org/10.1016/S1063-4584(98)80006-X
http://doi.org/10.1021/bm5005355
http://doi.org/10.1021/bm800485x
http://doi.org/10.1007/s00418-019-01775-7
http://www.ncbi.nlm.nih.gov/pubmed/30778673
http://doi.org/10.1016/j.carbpol.2015.07.063
http://www.ncbi.nlm.nih.gov/pubmed/26344295
http://doi.org/10.3390/catal9040322
http://doi.org/10.1016/j.carbpol.2020.117459
http://www.ncbi.nlm.nih.gov/pubmed/33357918
http://doi.org/10.1016/j.jddst.2020.102281
http://doi.org/10.3390/polym12020425
http://doi.org/10.1016/j.ejpb.2021.04.001
http://doi.org/10.1016/j.jff.2022.104984
http://doi.org/10.1039/C9RA05546K
http://doi.org/10.1016/j.carbpol.2019.02.061
http://doi.org/10.1016/j.carbpol.2021.118996
http://www.ncbi.nlm.nih.gov/pubmed/34973799
http://doi.org/10.1016/j.addr.2014.02.002
http://www.ncbi.nlm.nih.gov/pubmed/24548540
http://doi.org/10.1016/j.colsurfb.2019.02.015
http://www.ncbi.nlm.nih.gov/pubmed/30769230
http://doi.org/10.2147/DDDT.S293127


Pharmaceutics 2022, 14, 1739 19 of 20

25. Brooks, A.E.; Brooks, B.D.; Davidoff, S.N.; Hogrebe, P.C.; Fisher, M.A.; Grainger, D.W. Polymer-controlled release of tobramycin
from bone graft void filler. Drug Deliv. Transl. Res. 2013, 3, 518–530. [CrossRef]

26. Dubald, M.; Bourgeois, S.; Andrieu, V.; Fessi, H. Ophthalmic Drug Delivery Systems for Antibiotherapy—A Review. Pharmaceutics
2018, 10, 10. [CrossRef]

27. Cavalli, R.; Bargoni, A.; Podio, V.; Muntoni, E.; Zara, G.P.; Gasco, M.R. Duodenal administration of solid lipid nanoparticles
loaded with different percentages of tobramycin. J. Pharm. Sci. 2003, 92, 1085–1094. [CrossRef]

28. Pecora, T.M.G.; Ragazzo, B.; Bertin, W.; Ragonese, A.; Mascagni, M.; Maffei, P.; Pignatello, R. Rheological Behavior of a New
Mucoadhesive Oral Formulation Based on Sodium Chondroitin Sulfate, Xyloglucan and Glycerol. J. Funct. Biomater. 2021, 12, 28.
[CrossRef]

29. Suchaoin, W.; Bonengel, S.; Grießinger, J.A.; Pereira De Sousa, I.; Hussain, S.; Huck, C.W.; Bernkop-Schnürch, A. Novel
bioadhesive polymers as intra-articular agents: Chondroitin sulfate-cysteine conjugates. Eur. J. Pharm. Biopharm. 2016, 101, 25–32.
[CrossRef]

30. Abdullah, T.; Ibrahim, N.; Warsi, M. Chondroitin sulfate-chitosan nanoparticles for ocular delivery of bromfenac sodium:
Improved permeation, retention, and penetration. Int. J. Pharm. Investig. 2016, 6, 96. [CrossRef]

31. Ng, W.K.; Tam, K.C.; Jenkins, R.D. Evaluation of intrinsic viscosity measurements of hydrophobically modified polyelectrolyte
solutions. Eur. Polym. J. 1999, 35, 1245–1252. [CrossRef]

32. Alatorre-Meda, M.; Taboada, P.; Sabín, J.; Krajewska, B.; Varela, L.M.; Rodríguez, J.R. DNA-chitosan complexation: A dynamic
light scattering study. Colloids Surfaces A Physicochem. Eng. Asp. 2009, 339, 145–152. [CrossRef]

33. Fajardo, A.R.; Silva, M.B.; Lopes, L.C.; Piai, J.F.; Rubira, A.F.; Muniz, E.C. Hydrogel based on an alginate-Ca2+/chondroitin sulfate
matrix as a potential colon-specific drug delivery system. RSC Adv. 2012, 2, 11095–11103. [CrossRef]

34. Zhu, L.; Wang, J. Fast determination of tobramycin by reversed-phase ion-pair high performance liquid chromatography with a
refractive index detector. Front. Chem. Sci. Eng. 2013, 7, 322–328. [CrossRef]

35. Sahiner, N.; Suner, S.S.; Kurt, S.B.; Can, M.; Ayyala, R.S. HA particles as resourceful cancer, steroidal and antibiotic drug delivery
device with sustainable and multiple drug release capability. J. Macromol. Sci. Part A Pure Appl. Chem. 2021, 58, 145–155.
[CrossRef]

36. Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assays.
J. Immunol. Methods 1983, 65, 55–63. [CrossRef]

37. Riss, T.L.; Moravec, R.A.; Niles, A.L.; Duellman, S.; Benink, H.A.; Worzella, T.J.; Minor, L. Cell Viability Assays. Assay Guid. Man.
2004, 1–25.

38. Foot, M.; Mulholland, M. Classification of chondroitin sulfate A, chondroitin sulfate C, glucosamine hydrochloride and glu-
cosamine 6 sulfate using chemometric techniques. J. Pharm. Biomed. Anal. 2005, 38, 397–407. [CrossRef]

39. Sy, A.; Srinivasan, M.; Mascarenhas, J.; Lalitha, P.; Rajaraman, R.; Ravindran, M.; Oldenburg, C.E.; Ray, K.J.; Glidden, D.; Zegans,
M.E.; et al. Pseudomonas aeruginosa keratitis: Outcomes and response to corticosteroid treatment. Investig. Ophthalmol. Vis. Sci.
2012, 53, 267–272. [CrossRef]

40. Brogden, R.N.; Pinder, R.M.; Sawyer, P.R.; Speight, T.M.; Avery, G.S. Tobramycin: A Review of its Antibacterial and Pharmacoki-
netic Properties and Therapeutic Use. Drugs 1976, 12, 166–200. [CrossRef]

41. Begg, E.J.; Barclay, M.L. Aminoglycosides–50 years on. Br. J. Clin. Pharmacol. 1995, 39, 597–603. [PubMed]
42. Suner, S.S.; Ari, B.; Demirci, S.; Sahiner, N. Tunable Biopolymeric Drug Carrier Nanovehicles and Their Safety. In Nano Medicine

and Nano Safety; Springer: Singapore, 2020; pp. 405–432.
43. Danaei, M.; Dehghankhold, M.; Ataei, S.; Hasanzadeh Davarani, F.; Javanmard, R.; Dokhani, A.; Khorasani, S.; Mozafari, M.

Impact of Particle Size and Polydispersity Index on the Clinical Applications of Lipidic Nanocarrier Systems. Pharmaceutics 2018,
10, 57. [CrossRef] [PubMed]

44. Dong, R.; Guo, B. Smart wound dressings for wound healing. Nano Today 2021, 41, 101290. [CrossRef]
45. Liang, Y.; He, J.; Guo, B. Functional Hydrogels as Wound Dressing to Enhance Wound Healing. ACS Nano 2021, 15, 12687–12722.

[CrossRef]
46. Liang, Y.; Li, M.; Yang, Y.; Qiao, L.; Xu, H.; Guo, B. pH/Glucose Dual Responsive Metformin Release Hydrogel Dressings with

Adhesion and Self-Healing via Dual-Dynamic Bonding for Athletic Diabetic Foot Wound Healing. ACS Nano 2022, 16, 3194–3207.
[CrossRef] [PubMed]

47. Deacon, J.; Abdelghany, S.M.; Quinn, D.J.; Schmid, D.; Megaw, J.; Donnelly, R.F.; Jones, D.S.; Kissenpfennig, A.; Elborn, J.S.;
Gilmore, B.F.; et al. Antimicrobial efficacy of tobramycin polymeric nanoparticles for Pseudomonas aeruginosa infections in
cystic fibrosis: Formulation, characterisation and functionalisation with dornase alfa (DNase). J. Control. Release 2015, 198, 55–61.
[CrossRef]

48. Postic, I.; Sheardown, H. Altering the release of tobramycin by incorporating poly(ethylene glycol) into model silicone hydrogel
contact lens materials. J. Biomater. Sci. Polym. Ed. 2019, 30, 1115–1141. [CrossRef] [PubMed]

49. Hadinoto, K.; Cheow, W.S. Nano-antibiotics in chronic lung infection therapy against Pseudomonas aeruginosa. Colloids Surfaces
B Biointerfaces 2014, 116, 772–785. [CrossRef]

50. Sharma, U.K.; Verma, A.; Prajapati, S.K.; Pandey, H.; Pandey, A.C. In vitro, in vivo and pharmacokinetic assessment of amikacin
sulphate laden polymeric nanoparticles meant for controlled ocular drug delivery. Appl. Nanosci. 2015, 5, 143–155. [CrossRef]

http://doi.org/10.1007/s13346-013-0155-x
http://doi.org/10.3390/pharmaceutics10010010
http://doi.org/10.1002/jps.10368
http://doi.org/10.3390/jfb12020028
http://doi.org/10.1016/j.ejpb.2016.01.006
http://doi.org/10.4103/2230-973X.177823
http://doi.org/10.1016/S0014-3057(98)00199-2
http://doi.org/10.1016/j.colsurfa.2009.02.014
http://doi.org/10.1039/c2ra20785k
http://doi.org/10.1007/s11705-013-1348-z
http://doi.org/10.1080/10601325.2020.1832518
http://doi.org/10.1016/0022-1759(83)90303-4
http://doi.org/10.1016/j.jpba.2005.01.026
http://doi.org/10.1167/iovs.11-7840
http://doi.org/10.2165/00003495-197612030-00002
http://www.ncbi.nlm.nih.gov/pubmed/7654476
http://doi.org/10.3390/pharmaceutics10020057
http://www.ncbi.nlm.nih.gov/pubmed/29783687
http://doi.org/10.1016/j.nantod.2021.101290
http://doi.org/10.1021/acsnano.1c04206
http://doi.org/10.1021/acsnano.1c11040
http://www.ncbi.nlm.nih.gov/pubmed/35099927
http://doi.org/10.1016/j.jconrel.2014.11.022
http://doi.org/10.1080/09205063.2019.1580663
http://www.ncbi.nlm.nih.gov/pubmed/31043130
http://doi.org/10.1016/j.colsurfb.2014.02.032
http://doi.org/10.1007/s13204-014-0300-y


Pharmaceutics 2022, 14, 1739 20 of 20

51. McCormick, C.; Caballero, A.; Tang, A.; Balzli, C.; Song, J.; O’Callaghan, R. Effectiveness of a new tobramycin (0.3%) and
dexamethasone (0.05%) formulation in the treatment of experimental Pseudomonas keratitis. Curr. Med. Res. Opin. 2008, 24,
1569–1575. [CrossRef]

52. Miranda, C.S.; Antunes, J.C.; Homem, N.C.; Felgueiras, H.P. Controlled Release of Cinnamon Leaf Oil from Chitosan Microcap-
sules Embedded within a Sodium Alginate/Gelatin Hydrogel-Like Film for Pseudomonas aeruginosa Elimination. In Proceedings
of the 1st International Electronic Conference on Antibiotics—The Equal Power of Antibiotics And Antimicrobial Resistance,
Online, 8–17 May 2021; p. 39.
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