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KEYWORDS Abstract New composite microbeads were formulated as smart pH-sensitive vehicle for efficient
Carboxylated graphene delivery of ciprofloxacin (CIP) drug. Herein, carboxylated graphene oxide (CGO) was successfully
oxide; impregnated into alginate (Alg) microbeads, which were then coated with aminated chitosan
Aminated chitosan; (AmCs) layer to form core—shell Alg/CGO@AmCs composite microbeads. Diverse analysis tools
pH-sensitive; comprising FTIR, TGA, XRD and SEM were employed to characterize the developed carriers,
Ciprofloxacin release; while their swelling profiles and pH-sensitivity were examined under different pHs. The results clar-
Kinetics ified that increasing CGO and AmCs concentrations in microbeads matrix greatly protected Alg

microbeads from fast disintegration at colon pH and prolonged their swelling time. Moreover,
about 94.65 % of CIP drug was successfully loaded by Alg/CGO@AmCs composite microbeads
compared to 61.95 % for Alg microbeads, confirming their reduced porosity. The in vitro CIP-
release profiles were investigated in simulated gastrointestinal conditions. Furthermore, increasing
AmCs concentration in the outer shell of composite microbeads clearly minimized the CIP burst
release at the colon region and offered a sustained release performance. Besides, the CIP release
mechanism was well-described by korsmeyer-peppas kinetic model. The cytotoxicity study con-
firmed the potential safety of the Alg/CGO@AmCs composite microbeads with human cell viability
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reached 98.98 %, suggesting their applicability as smart carriers for oral delivery of antibiotics.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Drug delivery technology is a cutting-edge field of science that
employs a multidisciplinary scientific approach to improve
human health care (Maiti and Sen, 2017). Drug delivery sys-
tems (DDSs) that use a variety of carriers such as soluble poly-
mers, dendrimers, microspheres, hydrogel, graphene quantum
dots, graphene oxide and emulsions have been developed to
overcome the limitations of traditional therapeutics (Lengyel
et al., 2019; Liu et al., 2018). Compared to traditional dosage
forms, DDSs display a number of benefits, including improved
efficacy, reduced toxicity and improved patient compliance
and convenience (Li et al., 2019). On contrary, the DDS draw-
backs are represented by poor water solubility, aggregation,
lack of selectivity toward cancerous cells and non-specific/
nano-local biodistribution. In addition to systematic toxicity,
low therapeutic index, high drug dose, multidrug resistance,
physiological degradation, low circulation half-life and
repeated administration (Dikmen et al., 2011; Adepu and
Ramakrishna, 2021). A great effort is still needed to vanquish
the drawbacks of the DDS and obtain a more effective drug
carrier design. The oral route is still considered the most
attractive method for drug delivery (Homayun et al., 2019).
Specifically, it has the potential to provide solid formulations
with a long shelf life, sustained delivery, simplicity of adminis-
tration and a stronger immunological response (Zhang et al.,
2020). Although, for some medications, the oral route also
has a number of shortcomings, since the drugs-based oral car-
riers are broken down and disintegrated by the extremely
acidic medium of the stomach and by enzymatic action in
the upper small intestinal tract (Tahtat et al., 2013; Deshayes
et al., 2021). Thus, the development of pH-responsive bio-
polymeric carriers such as alginate and chitosan for oral deliv-
ery has sparked a lot of interest over the last twenty years
(Sung and Kim, 2020; Omer et al., 2021a).

Alginate is a water-soluble linear polysaccharide consists of
alternating blocks of 1-4 linked o-L-guluronic and B-D-
mannuronic acid residues and can be extracted from natural
brown seaweeds (Eltaweil et al., 2022a, Taher et al., 2019).
Whereas, chitosan is composed of randomly positioned N-
acetyl glucosamine groups and 1-4 connected D-glucosamine
residues and can be extracted from the exoskeleton of crabs,
shrimps and lobsters the (Eltaweil et al., 2022b; Ding and
Guo, 2022; Mohy Eldin et al., 2017). Owing to their outstand-
ing properties comprising their natural abundance, excellent
biodegradability, biocompatibility, non-antigenicity, non-
toxicity and bio-adhesive property, alginate and chitosan
biopolymers have been extensively used in abundant biomedi-
cal purposes such as drug delivery, tissue engineering and
wound dressing (Li et al., 2022; Kibungu et al., 2021). There-
fore, their bio adhesive properties potentially permit a pro-
longed interaction of the delivered drug, which may improve
its absorption efficiency. Both of alginate and chitosan are
polyelectrolytes and demonstrate pH-sensitive character
involving the protonation of NH, groups of chitosan at low

pHs and deprotonation of COOH groups of alginate at high
pHs (Omer et al., 2021b; Ghorbani et al., 2015). This pH-
sensitivity can be exploited to customize the drug release pro-
files. Accordingly, alginate and chitosan have been extensively
used as smart pH-sensitive vehicles for delivering various drugs
through gastrointestinal tract (GI) (Mohy Eldin et al., 2015; Li
et al., 2022). Nevertheless, the high porosity of alginate micro-
capsules produces drug leakage through the formulation pro-
cess as well as their instability at colon site leads to the drug-
burst release (Rafi and Mahkam, 2015). In addition, the poor
solubility of chitosan in water and ease of solubility in acidic
medium limits its aptitude for controlling the release of encap-
sulated drugs (Du et al., 2015). To overcome these drawbacks,
various physicochemical modifications have employed such as
grafting (Mohy Eldin et al., 2015), layered-coating (Sun et al.,
2019a), crosslinking (Ubaid and Murtaza, 2018) and compos-
ite formation with metal oxide, carbon nanotubes and gra-
phene oxide (Sengupta et al., 2021; Pooresmaeil et al., 2021).
Graphene oxide (GO) has a two-dimensional (2D) honey-
comb lattice structure with oxygen functional groups (e.g.,
OH and COOH) attached to the basal planes and edges of
GO sheets (Kim et al., 2012). These active functional groups
provide excellent ability to immobilize a large number of sub-
stances including metals, drugs, biomolecules, and fluorescent
molecules through m-conjugated structure formation (Attia
et al., 2021, Basha et al.). In addition, GO has made far-
reaching developments in many different industrial, water
treatment and biomedical fields owing its excellent characteris-
tics such as biocompatibility, pH sensitivity, higher surface
area, excellent mechanical strength, and relatively easy and
cost-effective synthesis techniques (Omer et al., 2022; Liu
et al., 2018; Khan et al., 2021). Thus, naturally functionalized
GO by alginate or chitosan is an appropriate candidate for
being employed as smart carriers for targeted drug/ gene deliv-
ery, antitumor drug delivery, controlled and stimuli-responsive
release of various drugs (Olate-Moya and Palza, 2022).
Taking advantage of alginate and chitosan biopolymers as
well as the appealing characteristics of GO, an attempt was
made in this study to construct efficient pH-responsive core—
shell Alg/CGO@AmMCs composite microbeads for efficient
loading and release of Ciprofloxacin (CIP; antibiotic drug) at
colon-site. Herein, GO was firstly functionalized with extra
COOH groups (CGO) followed with impregnation into algi-
nate microbeads to lessen their porosity, boost hydrophilicity
and improve their stability at colon conditions. Next, the for-
mulated Alg/CGO composite microbeads were further coated
with aminated chitosan layer (AmCs) that developed with
extra additional amine groups to get core—shell composite
microbeads, which are expected to ameliorate the pH-
sensitivity of composite microbeads at Gl-tract, prevent the
drug leaching and provides a sustained drug release manner.
The as-constructed composite microbeads were characterized
using various analysis tools. Impacts of variation of CGO
and AmCs concentrations on the CIP loading efficiency were
investigated. Moreover, pH-sensitivity of the developed smart
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composite microbeads was investigated through studying their
swelling and in vitro CIP release profiles under simulated GI-
tract conditions. Furthermore, various kinetics models were
preformed to identify the release mechanism of CIP, while cel-
lular toxicity study was also examined using Wi38 cells.

2. Experimental

2.1. Materials

Chitin from shrimp shells (Acetylated > 95%), Graphite pow-
der (purity 98%), sodium alginate (SA; Mw = 1.93 x 10° g/mol,
M/G = 1.51, viscosity = 200 £ 20 mPa. s), Ciprofloxacin
(CIP; assay > 98%), Para-benzoquinone (PBQ;
assay > 94%) and Ethylenediamine (EDA; assay > 99%) were
purchased from Sigma-Aldrich Chemicals Ltd (Germany).
Calcium chloride dehydrate (assay 98%) and Chloroacetic acid
(assay 99%) were acquired by Loba Chemie Ltd (India).
Acetic acid (assay 99.8%), Sodium hydroxide (pellets; assay
98%), Hydrochloric acid (assay 37%), Dimethyl sulfoxide
(DMSO; assay 99%) and Ethanol (assay 99%) were delivered
by El-Nasr Pharmaceutical Co. (Egypt).

2.2. Synthesis of AmCs derivative

Aminated chitosan (AmCs) derivative was synthetized follow-
ing the authors’ previous work as depicted in Fig. 1(i) (Omer
et al., 2021c). In brief, an exact amount of chitin (8 g) was dis-
persed under gentle stirring in PBQ (6.9 mM; pH 10) solution
for activation of OH™ groups of chitin. The reaction mixture
was conducted for 6 h at 30 °C. Next, the activated chitin
was separated and washed many times by distilled water to
eliminate the unreacted PBQ molecules. For the amination
step, activated chitin was immersed in EDA (1.8 mM;) solution
at room temperature for further 6 h. Subsequently, the pro-
duced aminated chitin separated and washed several times by
distilled water to eliminate the residual EDA molecules.
Finally, the produced aminated chitin was deacetylated using
NaOH (50%) for 12 h; 120 °C. The resultant aminated chi-
tosan was separated by filtration, washed by distilled water
until reached neutrality and followed by vacuum drying at
60 °C.

2.3. Synthesis of carboxylated graphene oxide (CGO)

Graphene oxide (GO) was firstly synthetized according to the
previously reported Hummer method with a slight modifica-
tion (Eltaweil et al., 2020). Accurate quantity of the prepared
GO (0.25 g) was dispersed into 100 mL of distilled water, fol-
lowed by addition of 5 g of NaOH and 5 g of CICH,COOH.
Subsequently, the mixture was sonicated at room temperature
for 2 h. The formed carboxylated GO (CGO) was neutralized,
washed several times with distilled water/ethanol and finally
dried for 12 h at 50 °C.

2.4. Formulation of Alg/CGO@ AmCs composite microbeads

The composite microbeads were made utilizing the gelation
process with calcium ions as a crosslinking agent (Chen
et al., 2022). Alginate was firstly dissolved in hot distilled water

(60 °C) under continuous stirring until complete solubilization.
The developed CGO was then dispersed in distilled water and
slowly added into Alg solution. The final concentration of
CGO was 5, 10, and 15%, w/w, while Alg concentration was
fixed with a final concentration of 2% w/v. The composite mix-
ture was left under continuous stirring for 1 h at 60 °C before
decreasing temperature to 25 °C. Through a fine injection syr-
inge needle (5 cm?), the composite solution was dripped under
magnetic stirring into calcium chloride (0.272 mol/L) solution.
After curing for 30 min, the resulting spherical wet Alg/CGO
composite microbeads were rinsed from the gelling medium
and washed several times with distilled to remove the excess
of calcium chloride. For core—shell formation, the freshly wet
Alg/CGO microbeads were immersed in a solution of ami-
nated chitosan (AmCs; 1, 1.5, and 2%, w/v) as a cationic shell,
while pH of coating medium was adjusted at pH 5.5. The coat-
ing process was conducted under quite stirring at room tem-
perature for 1 h. Finally, the coated composite microbeads
were further intensively washed with distilled water to remove
un-coated AmCs followed by drying till reach constant
weights. Table 1 displays the compositions concentrations
and average diameter of the prepared microbeads; while a
schematic diagram describes the formulation process was
depicted in Fig. 1(ii).

2.5. CIP-drug loading process

For loading CIP-drug into Alg/CGO@AmCs composite
microbeads, an exact quantity of CIP-drug (I mg/mL) was dis-
solved in distilled water and subsequently added to the Alg/
CGO mixture. Thereafter, CIP-loaded composite microbeads
were prepared according to the identical technique as
described in section 2.3. The loading efficiency of CIP was
determined by soaking a known amount of crushed dried
CIP-loaded microbeads in phosphate buffer solution (pH
7.4) for 24 h at 37 °C under shaking conditions (50 rpm), fol-
lowed by centrifugation. The concentration of loaded CIP was
assayed at Ay, 277 nm using a UV—vis spectroscopy. The CIP-
loading efficiency (%) was calculated according to the follow-
ing equation (Eq.1) (Khan et al., 2021):

. . M
CIP — loading efficiency (%) = ﬁ‘ x 100 (1)
0
where, M is the quantity of drug in the drug-loaded beads and
M, represents the initial quantity of CIP-drug.

2.6. Characterization

The chemical structures of the developed composite beads as
well as their individual components were verified by Fourier
transform infrared spectroscopy (FT-IR, Tensor II, Bruker,
Germany). FTIR spectra (4000-500 cm™") were recorded using
5 mg of dried sample and KBr discs. The morphological prop-
erties were clarified using a scanning electron microscope
(SEM, Hitachi Limited Ltd, Japan). Prior to SEM analysis,
the tested sample was spread on a double-sided conducting
adhesive tape pasted on a metallic stub followed by coating
with a thin gold film. Furthermore, the crystal structure was
investigated by X-ray diffractometer (XRD, BRUKER DS§
Advance Cu-K, radiation, Germany). The XRD generator
was operated at 40 kV, 40 mA, and A = 1.54 A. 2-Theta
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microbeads.

Table 1

(i) Proposed scheme the preparation of AmCs and (ii) formulation process of core—shell Alg/CGO@AmMCs composite

Compositions and average diameter of the developed microbeads.

Microbeads code Compositions Alg (%) CGO (%) AmCs (%) Average diameter (mm)
Wet Dried

MO (Alg) 2 — — 2.83 + 0.032 0.75 + 0.021
M1 (Alg/CGO15%) 2 15 — 3.26 = 0.022 0.84 + 0.041
M2 (Alg/CGO5% @AmCs1%) 2 5 1 1.92 + 0.026 0.59 + 0.033
M3 (Alg/CGO10% @AmCs1%) 2 10 1 2.21 + 0.028 0.63 £ 0.018
M4 (Alg/CGO15% @AmCs1%) 2 15 1 2.34 + 0.025 0.67 + 0.016
M5 (Alg/CGO15% @AmCs1.5%) 2 15 1.5 2.15 + 0.037 0.61 £ 0.022
M6 (Alg/CGO15% @AmCs2%) 2 15 2 1.87 + 0.044 0.54 £ 0.025

was started at 10° and was ended at 80°, while the diffraction
data was recorded with step of 0.02° and a time of 0.4 s at
25 °C. The thermal properties were examined using Thermo-
gravimetric analyzer (TGA, Pyris Diamond TG/DTA,

Perkin-Elmer, USA). TGA curves were performed at a heating
rate of 20 °C /min under N, atmosphere. Besides, the average
size of the formulated microbeads was measured by a digital
micrometer screw gauge (Ajanta, India).
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2.7. Swelling studies

The swelling profiles of the developed smart pH-sensitive
microbeads were investigated using an immersion method
(Sun et al, 2019a). A precise weight of examined dried
microbeads (0.1 g) was immersed in three different aqueous
media: pH 1.2, pH 6.8 and pH 7.4. The swelling experiments
were conducted in a shaking water bath (50 rpm) at 37 °C.
At time intervals, the swollen microbeads were periodically
separated, blotted carefully between two filter papers to
remove the excess of the adhered surface water drops and fol-
lowed by weighing immediately using a closed electronic bal-
ance. The percentage of the swelling degree (SD %) was
calculated using the following equation:

SD (%) = [(W — W,/ W,)] X 100 (2)

where, W, and W are the weights of the dry and swollen sam-
ple, respectively.

2.8. In vitro drug release and kinetic studies

The cumulative drug release (CDR) experiments were per-
formed in a shaking water bath (50 rpm) at 37 °C. A definite
amount of CIP-loaded microbeads was soaked in separately
simulated gastric fluid [SGF; pH 1.2], simulated intestinal fluid
(SIF; pH 6.8) and simulated colon fluid (SCF; pH 7.4) using
hydrochloric acid and saline phosphate buffers. Approxi-
mately, 1 mL of the release medium was taken out at predeter-
mined time intervals, while a fresh medium of the same volume
was added to maintain the sink conditions. The cumulative
drug release (CDR; %) was estimated via measuring the
amount of CIP liberated from the composite microbeads beads
at time intervals using a UV—Vis spectrophotometer at 277 nm.
The data is presented as the average of at least three separate
experiments.

On the other hand, several drug release kinetic models com-
prising zero-order (Eq. (3)), first-order (Eq. (4)), Higuchi (Eq.
(5)) and Korsmeyer - Peppas (Eq. (6)) models were applied to
investigate the drug release mechanism according to the fol-
lowing equations (Varma et al., 2004; Kyziot et al., 2017)

Q = kot (3)
InQ=1MmQ, — kit 4)
Q =kt (5)
InQ =nlnt+Ink, (6)

where, Q is the percentage of the released CIP at time t. ko, ki,
k, and kg are the rate constants of the zero-order, first-order,
Korsmeyer-Peppas and Higuchi kinetic models, respectively.

2.9. Cytotoxicity study

An in vitro cytotoxicity test was performed using an MTT
assay (Vinken and Rogiers, 2015). Briefly, 10° Wi38 cells were
seeded into a 96-well plate and incubated overnight to allow
cell attachment. Afterward, the obtained cells were incubated
with tested microbeads (31.25-125 pg/mL). The supernatant
was separated and poured into an MTT (200 pL, 0.50 mg/
mL) solution. After another 4 h, the culture medium was aspi-

rated off followed by addition of DMSO was added to the
wells. After eliminating the residual MTT, the cell numbers
were estimated and used for the cell cytotoxicity
determination.

3. Results and discussion

3.1. Microbeads formulation

Fig. 2 suggests the formation of a complex network with differ-
ent interactions between the components of microbeads. Algi-
nate biopolymer has the ability to form hydrogels with a three-
dimensional network structure in presence of divalent cations
such as Ca®" jons. This characteristic permits preparing of
drug loaded alginate beads. Therefore, alginate can be trans-
formed into beads using an ionic crosslinking approach. The
mechanism of the gelation process includes interactions of
guluronic residues (G blocks) of alginate with the specific
chelation of Ca?>*. Hence, Ca®>" ions can ionically coordinate
within the cavities produced by a pair of the buckled G
sequences creating the so-called “egg-box” structure as the
most acceptable theory for describing the formation of calcium
alginate microbeads (Borgogna et al., 2013). Further lateral
interaction between dimers is mediated by disordered Na* and
Ca>" cations, H,O molecules and H- bonding. By incorpora-
tion of CGO into Alg microbeads, a single two-dimensional
CGO network was combined with a single three-dimensional
Alg network (Aparicio-Collado et al., 2022; Choi et al.,
2020). The generated extra -COOH groups onto GO sheets
promote the interaction between the CGO sheets themselves
through Ca®" ions, and strong H-bonding between the CGO
sheets and alginate chains. Similarly, the intermolecular H-
bonding between AmCs (outer layer) and Alg/CGO took
place. Besides, at the optimum pH conditions, the anionic -
COO™ groups of Alg and CGO can further electrostatically
interact with the cationic NH, groups of AmCs outer layer,
resulting polyelectrolyte complexes (Omer et al., 2021b;
Kolanthai et al., 2018; Sun et al., 2019a)).

3.2. FTIR

Fig. 3 shows the FTIR spectra of AmCs, CGO, Alg, Alg/
CGO, Alg/CGO@AmCs and Alg/CGO-CIP@AmCs
microbeads. The IR spectrum of AmCs showed a broad band
at 3437 cm ™! which could be attributed to the stretching vibra-
tion of —NH, characteristic groups (Eltaweil et al., 2021). In
addition, stretching vibration band for C-H aliphatic was
detected at 2990 cm™', while skeletal vibration at 1076 cm™!
is assigned to C-O stretching. The appeared peak at 1656
and 613 cm™' could be ascribed to N-H stretching of the
amide group and C-H deformation of B-glycosidic bond,
respectively. The spectrum of CGO displayed stretching vibra-
tion peaks at 1702, 1043 and 1587 cm ™' which assigned to -
COOH, C-O and C=C (aromatic rings), respectively (Basha
et al., 2022; Meng et al., 2016). Furthermore, IR spectrum of
Alg microbeads showed an absorption broad band at
3438 cm ™! which corresponds to stretching vibration of OH™
groups (Tamer et al., 2018). This band was shifted after
impregnation of CGO into Alg microbeads to the lower
wavenumber of 3406 cm~' as shown in Alg/CGO spectrum,
proving the successful formulation of composite microbeads.
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Also, the characteristic absorption bands at 1627 and
1430 cm ™! which were assigned to asymmetric and symmetric
-COO stretching vibrations of Alg, (Omer et al., 2021d) were
shifted to 1606 and 1424 cm™"' as a result of the formation
of an interfacial hydrogen bond between CGO and the alginate
chain. The peaks at 1035 and 1031 cm ™! in Alg and Alg/CGO
are referred to skeletal vibration caused by C-O stretching.
FTIR spectra reveal the interaction between CGO and Alg

chain. On the other hand, the FTIR spectra of Alg/
CGO@AmMCs, clarified that the broadening of the band
observed at 3436 cm~' may be assigned to the overlapping
between NH, groups of AmCs and OH groups of CGO and
Alg chains. Comparing the spectra of Alg/CGO and Alg/
CGO@AmCs, the noticeable shifting from 627 cm ™' (in case
of Alg/CGO spectrum) to the higher wavenumber of
669 cm ™! (in case of Alg/CGO@AmCs spectrum) could be a
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result of intermolecular hydrogen bonding formation between
AmCs (outer layer) and Alg/CGO. Likewise, the characteristic
peaks at 1420 and 1309 cm™! represented the C-O stretching
vibration and bending vibration of O-H respectively, which
indicted the presence of carboxylic groups (Rehman et al.,
2021). Besides, the strong absorption peak at 1606 cm™' that
exists in the Alg/CGO-CIP@AmCs spectrum could be related
to the stretching vibration of the phenyl framework conjugated
to —COOH in CIP drug structure. The detected shift from 3436
to 3398 cm ! indicated that basic CIP sites interact strongly
with impregnated CGO (Sahoo et al., 2011).

3.3. XRD

The XRD patterns clarified that AmCs (Fig. 4a) exhibited the
basic characteristic peaks at 2@ values of 19.67°, 10.33° and
22.31° due to the regularity of the AmCs chain. In the XRD
pattern of CGO, a sharp diffraction peak was observed at
2@ = 12.09° with an interlayer spacing of 0.764 nm, indicating
the stacked CGO sheet. In addition, the XRD of the alginate
disclosed two weak and broad diffraction peaks at 20 values
of 22.25° and 40.21°, corresponding to a rather amorphous
structure. In the pattern of Alg/CGO composite microbeads,
the most common peaks in CGO and alginate patterns disap-
peared, suggesting that the CGO is relatively dispersed and
does not aggregate to form an ordered structure through the
formulation of Alg/CGO composite microbeads (Sun and
Fugetsu, 2013). Besides, the XRD pattern of the Alg/
CGO@AmCs displayed diffraction peak intensities at 22.42°
and 42.43°, which are higher than those of Alg/CGO as a
result of the coating process with the AmCs chains. Accord-

ingly, this led to formation of polyelectrolyte complexes, which
positively reflects the crystallinity. The intensity of these peaks
decreased in the case of Alg/CGO-CIP@AmCs, indicating
that CIP was molecularly dispersed within the polymeric
matrix (Zheng et al., 2016).

34.TGA

TGA was used to determine the thermal stability of the devel-
oped composite microbeads compared to their individual com-
ponents. Fig. 4b implied that all samples displayed initial
weight loss ranged from 11 to 26 % with increasing tempera-
ture up to 120 °C due to the evaporation of moisture content,
tightly bound water and some organic solvent molecules
(Omer et al., 2021e; Tamer et al., 2015). The first degradation
stage denotes to the hydrophilicity of the microbeads con-
stituents under the effect of its hydrophilic functional groups
such as COOH, OH and NH, groups. The second weight loss
was observed with increasing temperature beyond 200 °C,
resulting from the decomposition process of polysaccharide
main chains, in addition to decomposition of the pyranose
rings via cleaving of the C-O-C glycosides bonds and disinte-
gration of the substituent groups in the methylated derivatives.
On the other hand, the results of CGO thermogram clarified
that the thermal decomposition of oxygen-containing func-
tional groups was attained with further increasing temperature
up to 387 °C. Furthermore, maximum weigh losses of 60.60,
72.03, 58.46, 59.32, 38.91 and 26.04 % were recorded by
AmCs, CGO, Alg, Alg/CGO, Alg/CGO@AmCs and Alg/
CGO-CIP@AmMCs samples, respectively, with elevating tem-
perature up to 400 °C. The results also demonstrated that ther-
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mal stability of alginate microbeads had significantly pro-
moted after incorporation of CGO as well as after coating
by AmCs layer. Therefore, the temperature required for Alg/
CGO@AmCs microbeads to loss their half weight (Tsge, °C)
was 478.92 °C compared to 295.49 and 323.17 °C for Alg
and Alg/CGO, respectively. These results could be explained
by the decent thermal stability nature of graphene oxide and
its derivatives, in addition to the hydrogen bonding formation
between oxygen-containing groups of the CGO sheet and algi-
nate chains which imparts its thermal stability. Increasing the
thermal stability of Alg/CGO beads after coating by AmCs
layer could be a result of formation of a strong complexation
between the anionic microbeads surface and cationic AmCs
coating layer. Besides, the incorporation of the CIP drug into
Alg/CGO@AmCs had no significant weight loss up to 240 °C
(Chen et al., 2016). However, Alg/CGO-CIP@AmCs microbe-
ads showed better thermal stability compared to drug-free
microbeads, since the drug loaded microbeads needed the
highest temperature of 523.12 °C to loss 50 % from its initial
weight, confirming the acceptable thermal characteristics of
the developed drug carrier.

3.5. SEM

The topographical properties of the developed drug carrier
were inspected by SEM analysis as shown in Fig. 5. Although
the formulated wet microbeads demonstrated smooth and
spherical shape, the examined whole surfaces of dried samples
were not fully spherical and had rough and irregular shapes as
a result of the fast dehydration process during the drying
which significantly collapses the hydrogel network (Elnashar
et al., 2010). In addition, it was observed that the fracture
and whole surface of Alg microbeads (Fig. 5 (a, b)) had inten-
sively affected after the combination with CGO, since it chan-
ged from a flat and irregular surface to the rough surface with
some cavities (Fig. 5 (¢, d)). On the other hand, coating of
AmCs on to the developed Alg/CGO composite microbeads
clearly changed the morphological surface, as it possessed
rougher, denser, fibraller and rough surface (Fig. 5 (e, f)).
The observed change could be attributed to the generated ionic
crosslinking through the core—shell formation which might

(b)

100
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S 60+
E
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Temperature (‘C)

(a) XRD and (b) TGA curves of AmCs, CGO, Alg, Alg/CGO, Alg/CGO@AmMCs and Alg/CGO-CIP@AmCs composite

affect the surface morphology. It was noticed also that the sur-
face morphology of Alg/CGO-CIP@AmMCs composite
microbeads demonstrated coarser stony surface due to the
interfacial interactions of CIP drug through the formation of
Alg/CGO-CIP@AmCs composite microbeads (Fig. 5 (g, h)),
in addition to the polarity difference between microbeads com-
positions and dug molecules (Omer et al., 2021a; Sun et al.,
2019a).

3.6. Microbeads size measurements

By visual inspection, all freshly prepared wet microbeads were
virtually spherical. Table 1 clarified that the average size of wet
and dried Alg microbeads was 2.83 £ 0.032 and 0.75 £ 0.0
21 mm respectively, while it obviously increased after the addi-
tion of CGO into Alg microbeads with maximal diameter val-
ues reached 3.26 £+ 0.022 and 0.84 = 0.041 mm for wet and
dried Alg/CGO microbeads, respectively. At constant 1 % of
AmCs, the diameter of coated microbeads was slightly
increased from 1.92 + 0.026 to 2.34 £+ 0.025 mm (for wet
microbeads) and from 0.59 = 0.033 to 0.67 £ 0.016 mm
(for dried microbeads) with increasing CGO content from 5
to 15 %. On the other hand, the coating process with AmCs
layer significantly decreased the diameter due to the shrinkage
of the microbeads network in the acidic AmCs medium (Omer
et al., 2021b). Therefore, microbeads containing higher AmCs
concentration (i.e. 2 %) recorded the minimal size of
1.87 + 0.044 and 0.54 + 0.025 mm for wet and dried Alg/
CGO15% @AmCs2% microbeads, respectively.

3.7. Swelling and pH sensitivity

The swelling property of smart pH-sensitive drug carriers is an
important indicator for the drug release profiles, since it is
directly affects the controlled and sustained drug release man-
ners. In fact, the swelling process is caused by the hydration of
the existing hydrophilic groups (-OH, -COOH and -NH,) in
the microbeads matrix, since the stiff pores inside the hydrogel
network are filled by penetrated water molecules from the
outer swelling medium, resulting in a larger swelling degree
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Fig. 5
CIP@AmMCs composite microbeads at different magnifications.

(SD). Fig. 6a, clarified that Alg microbeads were rapidly
swelled with increasing time up to 120 min with a maximal
value of 2360 %, followed by disintegration with further
increasing the swelling time beyond 120 min. Indeed, fast dis-
integration of Alg microbeads at high pH could be explained
by the higher affinity of Ca®>" ions for complexation with
the phosphate anions in the swelling medium than alginate
matrix, resulting in distortion of microbeads (Omer et al.,
2021b; Taher et al., 2019; Sun et al., 2019a). The stability
and swelling of Alg microbeads were significantly improved
after impregnation of CGO into the microbeads. Therefore,
the swelling degree of Alg/CGO composite microbeads was
increased gradually from 1738.5 to 2348 % with extending
the swelling time up to 210 min due to increasing number of
the hydrophilic -OH and -COOH groups, which imparts the
hydrophilicity of the composite with microbeads. On the other
hand, coating of Alg/CGO microbeads AmCs layer obviously
prevented the disintegration of Alg microbeads and, reduced
their porosity as well as prolonged the swelling time up to
330 min. However, the core—shell Alg/CGO@AmCs compos-
ite microbeads showed a slight decrease in their less swelling
degree values compared to Alg and Alg/CGO microbeads
due to the existence of AmCs layer on the surface of microbe-
ads, which delayed the swelling rate.

Factually, pH sensitivity of the developed composite
microbeads was clearly investigated in three different pH
media: pH 7.4, 6.8 and 1.2 under the variation of both CGO
and AmCs concentrations. The mechanism of pH sensitivity
involves the protonation of NH, groups of AmCs shell at
acidic conditions and deprotonation of COOH groups of Alg
and CGO at high pHs. The results depicted in Fig. 6 (b, d) clar-
ified that increasing the CGO amount embedded in microbe-
ads from 5 to 15 % significantly increased the swelling
degree from 1769 to 2312 % and from1758 to 2163 % at pH
7.4 and pH 6.8, respectively. This could be explained by
increasing number of deprotonated -COO™ groups with rising
CGO content in composite microbeads, which consequently
boost the electrostatic repulsion between the opposite charges,
and expands the networks of microbeads, accordingly. In addi-

SEM images for surface and whole microbeads of (a, b) Alg, (¢, d) Alg/CGO, (e, f) Alg/CGO@AmMCs and (g, h) Alg/CGO-

tion, increasing CGO content create various H-bonds with
water molecules, acid groups of alginate chain and hydrophilic
groups of other CGO sheets, leading to increasing the swelling
degree of Alg/CGO@AmMCs composite microbeads (Zhang
et al., 2015). On contrary, increasing AmCs concentration
from 1 to 2 % resulted in a dramatic decrease in the swelling
degree at pH 6.8 (Fig. 6 ¢) and pH 7.4 (Fig. 6e). This decrease
could be attributed to increasing the thickness layer of AmCs
on the microbeads surface with increasing AmCs concentra-
tion in the coating medium, which hinder the penetration of
water molecules into the microbeads network leading to
decreasing the swelling degree value.

At low pH 1.2, all studied composite microbeads demon-
strated very little swelling degree values compared to those
obtained at high pHs (pH 6.8 and 7.4. The hydrated alginate
being transformed into a porous and insoluble form (alginic
acid skin), since the inter-alginate chains create compact coils
which obstruct the swelling of composite microbeads. Besides,
a slight increase in the swelling degree was observed with
increasing CGO content (Fig. 7a), since more water molecules
can interact with the hydrophilic groups in CGO sheet and
kept in the microbeads network. The possible reason for this
phenomenon might be theoretically correlated with the ionic
interactions between the hydrophilic groups of CGO sheets
and water molecules. On the other hand, the results signified
also that microbeads containing higher concentration of AmCs
displayed higher swelling degree value at acidic pHI1.2
(Fig. 7b). These observations could be ascribed by increasing
number of protonated NH; groups in the exterior shell of
coated microbeads which prompt greater osmotic pressure
and improve the intermolecular repulsion leading to increasing
the swelling degree (Omer et al., 2021b).

3.8. Evaluation of CIP- loading

An efficient pH-sensitive drug carrier requires high drug load-
ing efficiency to realize the anticipated therapeutic outcome of
the drug dose without hampering its action mode. One of the
main goals of this research is to improve the CIP-loading effi-
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deviation (£ SD).

ciency of composite microbeads-based alginate through mini-
mizing the amount of medication that is could be leached dur-
ing the formulation process. The results depicted in Fig. 8a
clarified that pure Alg microbeads have the lowest CIP-
loading efficiency value of 61.95 % as a result of their higher
porosity. A greet improve in the loading efficiency was noticed
after the addition of CGO into Alg microbeads, and it gradu-
ally increased with rising CGO content up to 15 % with a max-
imum CIP- loading of 89.08 %. These results could be
explained by the probable formation of H-bonding between

3) and data were presented as mean standard

the carboxylic groups of CGO and the CIP-NH groups, in
addition to II-II stacking interactions, resulting an increase in
CIP- loading efficiency. Moreover, the AmCs coated layer
had a positive impact on the CIP- loading process, since it pre-
vented the leakage of CIP molecules during the formulation
process of core—shell microbeads. Therefore, CIP-loading effi-
ciency was boosted and reached a maximal value of 94.65 %
with increasing AmCs concentration in up to 2 % due to
increasing viscosity of the coating medium, which might hinder
the leakage of CIP molecules from the denser hydrogel matrix
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(Omer et al., 2021b). As well, the generated electrostatic inter-
actions between negatively charged CIP molecules and the free
positively charged NH, groups on the microbeads surface
resulted in better CIP-loading by the thicker core—shell com-
posite microbeads (Alg/CGO15% @AmCs2%). Table 2 clari-
fied that the developed pH-sensitive Alg/CGO@AmCs)
composite microbeads showed the highest CIP-loading effi-

ciency value compared to the previously reported CIP-drug
carriers, proving the successful loading process.

3.9. In vitro CIP release evaluation

The in vitro CIP release profiles were investigated in simulated
colon (SCF; pH7.4), intestinal (SIF; pH6.8) and gastric (SGF;
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Table 2 Comparison of CIP-loading efficiency of Alg-
CGO@AmCs composite microbeads with other reported drug
delivery systems.

Drug delivery system CIP-loading Ref.

efficiency (%)

Poly(lactide-co-caprolactone)- 58-66.6 (Ravindra
PF127 copolymer of Ethylene et al., 2011)
Oxide/Propylene Oxide)
microspheres
Chitosan-alginate nanoparticles 68.98 (Ghaffari
et al., 2012)
Alginate/high methoxyl Pectin/ 73.8 (Islan et al.,
Guar Gum Alkyl Amine 2015)
Chitosan/alginate beads 74.6 (Kyziot
et al., 2017)
Chitosan beads 75.8 (Srinatha
et al., 2008)
Alginate—gelatin blend 80 (Islan and
microspheres Castro
2014)
Alg-CGO@AmCs 94.65 This study

pH1.2) conditions. The results clarified that all pH-sensitive
Alg-CGO@AmCs composite microbeads demonstrated higher
CIP release (%) values at pH 7.4 (Fig. 8b) and pH 6.8 (Fig. 8¢c)
compared to those gained at acidic pH 1.2 (Fig. 8d). In addi-
tion, the CIP release from all tested microbeads showed bipha-
sic behavior, i.e., the initial rapid release (burst effect) followed
by sustained release manner. In SCF and SIF, the burst CIP
release was detected at the early stage (up to 30 min), since
CIP was launched from the composite microbeads, while the
sustained CIP release period was observed from 30 to
300 min. The impact of the burst release can be explained as
adsorbed CIP drug molecules on the surface of the composite

Table 3 Kinetic models for CIP drug release mechanism.

beads during the formulation process. Therefore, migration of
CIP drug during the drying step may lead to a heterogeneous
distribution of CIP inside microbeads, and followed with burst
release. Furthermore, with increasing CGO content, the CIP
burst release was reduced and the cumulative drug release
(CDR) decreased gradually, which represented a good agree-
ment with the obtained CIP-loading results Therefore,
microbeads contained lower CGO content (i.e. 5 %) recorded
maximum CDR of 98.19 and 97.93 % in SCF and SIF, respec-
tively compared to 88.05 % and 95.54 % for microbeads with
the highest CGO content (15 %). Decreasing the CIP release
(%) values could be a result of possible H-bonding between
the carboxylic groups of CGO and -NH groups of CIP drug,
in addition to the presence of a strong II-I1 stacking interaction
(Hanna and Saad, 2019). Similarly, increasing AmCs concen-
tration in the composite microbeads up to 2 % clearly mini-
mized the CIP burst release at the initial stage from 40 to 27
% at pH7.4 and from 38 to 23 at pH6.8. Subsequently, a sus-
tained release rate was perceived with minimal CDR values of
79.28 and 87.19 % which were recorded in SCF and SIF with
the prolongation of the release time up to 330 and 360 min,
respectively. This reveals that the structure of the composite
microbeads has been conserved, owing to the existence of
AmCs shell, which is partially insoluble at high pHs resulting
in a delay in the CIP release rate. The strong charge interac-
tions between ciprofloxacin’s carboxylic groups, which were
gradually deprotonated at high pH and can bind with the
available positively charged AmCs outer shell, resulting in sus-
tained release behavior.

On the contrary, at pH 1.2 [SGF], increasing the amount of
CGO didn’t show a significant change in the CIP release val-
ues, referring to a strong interaction between CIP and compos-
ite microbeads. The limited release behavior at acidic
conditions could be a reason of (i) the low swelling rate of
composite microbeads at pH 1.2; (ii) the stable structure of
the Alg/CGO core prevented the microbeads from dissolving;

Kinetic model

Zl)g:erobeads Korsmeyer-Peppas zero-order First- order Huguchi
(R?) (K) (m)* (R?) (Ko) (R?) (Ky) (R (kn)
(% /min") (% /min~") (min~") (% /min®~)
SCF (pH 7.4) M2 0.999 4.152 0.6687 0.8837 0.2533 0.7997 0.0037 0.8594 7.213
M3 0.999 4.707 0.5997 0.9125 0.2077 0.8327 0.0032 0.8973 6.249
M4 0.9335 6.726 0.4762 0.9279 0.1889 0.8327 0.0032 0.8952 5.659
M5 0.9552 5.649 0.4930 0.8981 0.1645 0.8071 0.0031 0.8697 5.085
Mé 0.9655 7.143 0.4029 0.9765 0.1833 0.9179 0.0036 0.9658 4.642
SIF (pH 6.8) M2 0.9945 12.591 0.3352 0.9335 0.1848 0.8874 0.0027 0.8932 5.9549
M3 0.9620 12.74 0.3096 0.9753 0.1881 0.9341 0.0029 0.9467 5.5024
M4 0.9907 8..955 0.3703 0.9885 0.1978 0.9551 0.0032 0.9743 5.0732
M5 0.9896 6.2764 0.4220 0.9905 0.1968 0.9492 0.0036 0.9693 4.5618
Mé 0.9967 5.8702 0.4104 0.9774 0.1847 0.9675 0.0037 0.9277 4.0648
SGF (pH 1.2) M2 0.9899 3.241 0.2415 0.9221 0.0172 0.8700 0.0016 0.2343 0.9056
M3 0.9934 3.295 0.2485 0.9199 0.0185 0.8678 0.0017 0.1235 0.9526
M4 0.9956 3.209 0.2332 0.9344 0.0146 0.8858 0.0014 0.3156 0.8294
M4 0.9956 3.209 0.2332 0.9344 0.0146 0.8858 0.0014 0.3156 0.8294
M5 0.9872 3.372 0.2607 0.8903 0.0187 0.8250 0.0015 0.0129 1.0017
Mé 0.9748 3.574 0.2794 0.8606 0.0228 0.7911 0.0016 0.1911 1.1672

*Release exponent (n) was evaluated for <60 % of drug release.
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and (iii) CIP had low solubility in the acidic conditions. Nev-
ertheless, a slight increase in CDR (%) values was noticed with
increasing AmCs concentration up to 2 % on the surface of
composite microbeads. These results could be explained by
protonation of NH, groups of AmCs at acidic environment,
since the electrostatic repulsion increases between the posi-
tively charged NH5 groups (Sun et al., 2019b). Thereby,
increasing the diffusion coefficient of the CIP molecules within
the microbeads matrix and a slight improve in the release pro-
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file took place accordingly (Omer et al., 2021b). In all cases,
maximum CDR values at SGF were not exceeded 20 % after
360 min.

3.10. Kinetics of CIP drug release

The gained experimental data from CIP drug release investiga-
tions at various pHs (pH 7.4, pH 6.8 and pH 1.2) were plotted
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Fig. 9 Mathematical fitting model (Korsmeyer-peppas kinetic model) of the cumulative percentage of CIP release from different
composite microbeads at pH 7.4.
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in various kinetic models to analyze the release kinetics
namely; (i) zero-order, (ii) First-order, (iii) Higuchi mode
and (iv) Korsmeyer-Peppas. The correlation coefficients of
the release profiles were calculated according to different
mathematical models for the analysis of the release kinetics
as summarized in Table 3. The mechanism of CIP drug release
can be investigated according to Korsmeyer-Peppas by incor-
porating less than 60 % of release where n is the release expo-
nent, indicative the mechanism of CIP drug release. The results
demonstrated that the regression coefficient (R?) for equation
Q = k t" was between 0.96 and 0.99 for most tested microbe-
ads samples, indicating that drug release process followed the
Korsmeyer-Peppas kinetic model (Fig. 9). Furthermore, the
“n” exponent of the Korsmeyer-Peppas model indicates the
type of diffusion. The release exponent values were calculated
as n < 0.43 for spherical microbeads at pH 6.8 and pH 1.2.
These results indicated that the CIP release mechanism fol-

lowed the Fickian diffusion law. In addition, when the expo-
nent values ranged between 0.43 < n < 0.83 (in case of pH
7.4), the CIP drug release rate corresponding to anomalous
or non Fickian diffusion. These observations inferred that
the drug release mechanism is dependent on both CIP drug dif-
fusion and polymer relaxation. The CIP drug is partially dif-
fused through the swollen network of microbeads matrix
(Srinatha et al., 2008; Marei et al., 2019). For instance, at
pH 6.8, the zero-order model showed a high R? value in M3
and M5 formulations indicated the constant rate of the
released CIP drug over a period of time, as the same behavior
applied to M6 formulation at pH 7.4. In terms of other med-
ium, the Korsmeyer-Peppas model exhibited superiority over
the other models studied for describing the release mechanisms
of CIP drug. It takes into account several mechanisms simulta-
neously, such as diffusion of water into the polymeric microbe-
ads matrix, the swelling and dissolution processes.
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3.11. Cytotoxicity assessment

The in vitro cytotoxicity of the formulated composite microbe-
ads on normal Wi38 cells was investigated by the colorimetric
MTT assay. As described in Fig. 10a, no significant toxicity
was observed at all studied concentrations (31.25, 62.5 and
125 pg/mL) of tested composite microbeads samples, indicat-
ing the potential safety of the developed microbeads toward
the normal human cells., the cell viabilities at 125 pg/mL of
tested sample were recorded as 98.74 %, 98.98 and 98.82 %
for Alg/CGO, Alg/CGO@AmMCs and Alg/CGO-CIP@AmCs
composite microbeads, respectively. Fig. 10 (b-d) portrayed
the optical micrographs of Wi38 cells incubated with the exam-
ined composite microbeads at a concentration of 125 pg/mL. It
can be observed that number of Wi38 cells decreased but stay
active, signifying the lack of observed cytotoxicity of the devel-
oped drug carrier (Abdelfattah et al., 2016).

4. Conclusion

Trying to reduce porosity of alginate carriers as well as to max-
imize their drug encapsulation efficiency, core—shell Alg/
CGO@AmMCs composite microbeads were developed as pH-
sensitive carriers for Ciprofloxacin drug. The developed com-
posite microbeads were investigated their structures, thermal
properties, crystallinity and morphological changes using var-
ious analysis tools. The results signified that pH-sensitivity and
swelling performance of Alg/CGO@AmMCs composite
microbeads were clearly affected and controlled by the CGO
and AmCs concentrations. Maximum CIP-loading efficiency
of 94.65 % was achieved by microbeads contained 15 %
CGO and coated with 2 % of AmCs, while Alg microbeads
recorded only 61.95 %. A sustained release rate was attained
with CDR values of 79.28 % at pH7.4 after 330 min, while
the best fitted kinetic model for describing the CIP mechanism
was korsmeyer-peppas kinetic model. Finally, the developed
composite microbeads had no observed toxicity against the
human cells, reflecting their safe application as efficient smart
carriers for oral delivery and sustained release of drugs.
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