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construction of drug delivery systems. Nevertheless, the poor solubility of chitosan in neutral or alkalinized
media has restricted its applications in the pharmaceutical and biomedical fields. Chitosan can be easily
carboxymethylated to improve its solubility in aqueous media while its biodegradability and biocompatibility
are preserved. Carboxymethyl chitosans show improved solubility in aqueous media, which makes them an at-

gﬁ;ﬁewyl chitosan tractive alternative source for producing biomaterials and drug delivery systems as well as for designing

Biomaterials nanotechnology-based systems. Thus, carboxymethyl chitosan-based materials have a wide applicability and

Drug delivery good potential in the development of biomedical nanodevices and controlled release drug formulations. This re-

Nanotechnology view summarizes preparations and properties of hydrophilic chitosan-based materials such as nanoparticles, mi-
Medicine regenerative croparticles, tablets, and films as well as procedures related to various practical applications.

Cosmetics © 2017 Elsevier B.V. All rights reserved.
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applications of polymers over the last decades [1-3]. Natural polymers
are usually biodegradable and offer excellent biocompatibility, but
they vary between batches because of purification difficulties. In con-
trast, synthetic polymers with a wide variety of compositions and read-
ily modifiable properties are available [4]. Bulk properties of polymers
need to be considered for controlled delivery systems including molec-
ular weight, adhesion, and solubility in aqueous media, which can affect
the drug release mechanism, and the site of action [1,5].

Chitin (CN) is found in the exoskeleton of crustaceans, the cell walls
of fungi, and other biological materials. This natural polysaccharide,
owing to its versatility, can be used as a flocculating agent for the treat-
ment of wastewater, as an adsorbent for clarification of oils, and espe-
cially for the production of chitosan (CS) [6-8].

CN and CS (and its derivatives) have attracted attention as materials
for use in pharmaceutical drug delivery systems [8-11]. The use of CS is
limited by its low solubility in water, but this polymer is extensively
used in drug delivery systems targeting major routes of administration
[9,12]. CS can be formulated as derivatives with improved water solubil-
ity, thereby expanding its applications to the development of novel dos-
age forms or biomaterials [11,13-15].

CS is a linear polysaccharide composed of randomly distributed -
(1-4)-linked p-glucosamine and N-acetyl-p-glucosamine. CS is a cation-
ic biopolymer produced from CN, which is one of the most abundant
biopolymers in nature after cellulose [9]. Although CS is insoluble in
most organic solvents, it is readily soluble in dilute acidic solutions be-
cause it can be considered a strong base since it contains primary
amino groups with a pK, value of 6.3. The presence of the amino groups
indicates that pH substantially alters the charged state and properties of
CS [16]. At low pH, these amines are protonated and become positively
charged, making CS a water-soluble cationic polyelectrolyte [7].

Because of its low solubility at physiological pH (above 6.0), the use
of CS as an enhancer of solubility and rate release of drugs is limited [13].
Furthermore, another limitation of CS in the preparation of sustained-
release systems is its rapid adsorption of water and a higher swelling
degree in aqueous environments, which can lead to rapid drug release
[13]. To overcome these limitations, mainly the pH-dependent solubility
of CS, chemical modifications can be used to control the polymer-drug
interaction, enhance the loading capability, improve the bulk properties
of drug delivery systems, and control the drug release rate of the matrix
[13,17]. For chemical modification, CS chains have three attractive reac-
tive sites consisting of two hydroxyl groups (primary or secondary) and
one primary amine group [ 18], and the modification of these groups will
change the bulk properties of CS derivatives. The water solubility of
carboxymethyl chitosan (CMCS) at various pH levels depends on the de-
gree of carboxymethylation and has a strong effect on its aqueous solu-
bility [19].

2. Carboxymethyl CS derivatives

The choice of the appropriate reaction conditions and reagents al-
lows the preparation of N-, O-, N,O-, or N,N-carboxymethyl chitosan
[20,21]. The carboxymethylation reaction with the OH group of carbon
2 of the CS structure has enabled researchers to generate derivatives
that are soluble in both acidic and alkaline solutions [19]. However,
the reactive sites for the carboxymethylation of CS are the amino and
hydroxyl groups present in its chains. Thus, O-carboxymethyl chitosan
(0-CMCS) is predominantly formed when the reaction is carried out
at room temperature or in a cold bath, in an isopropanol/water suspen-
sion, and in the presence of monochloroacetic acid and sodium hydrox-
ide [19,22,23]. Nonetheless, this reaction yields N-carboxymethyl
chitosan (N-CMCS) and N,0-carboxymethyl chitosan (NO-CMCS) if car-
ried out at higher temperatures [24-26]. In contrast, N-CMCS and N,N-
(NN-CMCS) can be prepared by reacting CS with glyoxylic acid followed
by reduction with sodium cyanoborohydride [27-29]. N-CMCS can also
be obtained by direct alkylation [30] and the chemical structures of
these polymers are shown in Fig. 1.

CS derivatives have been actively studied because of their physical,
chemical, and biological properties such as high viscosity, low toxicity,
superior bio/mucoadhesive properties, biocompatibility, and ability to
form gels [13,15,20,21,31,32]. In addition, their suitability for the manu-
facture of tablets, films, and nanotechnology-based systems, as well as
biomaterials for tissue engineering combined with their practicality,
and the feasibility of production from commercial CS, and industrial
scale-up have also made them a focus of research studies [13,15,20,21,
31,32].

In the last decade, there has been a large increase in the number of
publications reporting the use of water-soluble derivatives of CS and
their applications in biomedical and pharmaceutical fields (Fig. 2).

Therefore, based a search of databases and the compilation of articles
published to date, this review article aims to highlight the main findings
and discuss how this polymer is used in numerous biomedical and phar-
maceutical areas, especially in drug delivery systems.

3. Biomedical applications
3.1. Uses in regenerative medicine

The utilization of polymer technologies is the most promising strat-
egy for the regeneration of damaged tissues and organs. These nano-
scale materials and cells directly interact with nanostructured
extracellular matrices, nanobiomaterials such as nanofibers, nanotubes,
nanoparticles (NPs), and other nanofabricated devices, which are capa-
ble of contributing to cell growth and tissue regeneration [33]. In this
context, derivatives of CS have been used for tissue engineering and re-
pair because of their promising properties.

The use of O-CMCS for the development of scaffolds with applicabil-
ity to regenerative medicine has been attempted. Jaikumar et al. [34] de-
veloped injectable hydrogels made of alginate-O-CMCS-loaded fibrin
NPs with proprieties suitable for adipose tissue engineering. These
hydrogels are capable of swelling, which increases the pore size, thereby
facilitating the infiltration of cells into the three-dimensional (3D) scaf-
folds. Another parameter studied was the degradability of polymeric
matrices within 21 days, where these matrices lost weight before day
15 (~20% w/w loss) [34]. The authors suggested that this behavior is
due to the crosslinks in the hydrogel microstructure. Hydrogel scaffolds
were cultured with human adipose tissue-derived stem cells, and they
supported cell growth, whereas the addition of fibrin NPs promoted
cell adhesion and proliferation on the scaffold owing to their high sur-
face to volume ratio.

Zhou et al. [35] developed a gelatin and O-CMCS-based scaffold
using an irradiation cross-linking method that homogeneously distrib-
uted the B-tricalcium phosphate (3-TCP) particles into the intercon-
nected porous structure. The major result was that the material
achieved the appropriate surface roughness to promote cell attachment,
which is an important property of these types of materials for applica-
tion in bone regeneration [36,37]. The evaluation of scaffold swelling in-
cluding the examination of water uptake revealed it was directly
dependent on the polymer concentration. This is an expected property
because the amine and carboxyl groups interact with water via hydro-
gen bonds in the hydrogel, thereby favoring the swelling. The swelling
profile showed that the maximum degree of swelling occurred at
30 h; before this time point, solvent diffusion decreased, and hydrolysis
was observed in the interior of the hydrogel domain, leading to the col-
lapse of the hydrogel. In brief, the adjustable water retention capacity,
the highly interconnected porous network structure, proper compres-
sive strength, and high porosity can be used as criteria to determine
the suitability for bone tissue regeneration. Furthermore, the biocom-
patibility of scaffolds was tested in vivo by implanting them in the man-
dible of beagle dogs. None of the tissue specimens showed wound
infections, dropsies, necrosis, or serious inflammation. The results of
the performance tests conducted using microcomputed tomography
(micro-CT) showed that the volumetric density of the new bone formed
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Fig. 1. Chemical structures of carboxymethyl derivatives of CS.

in the defects was 13.3 and 12.5% for scaffolds with and without p-TCP,
respectively. These results indicate that O-CMCS and gelatin also en-
hance bone regeneration. The comprehensive results of this study sug-
gest that scaffolds have a good potential as materials for bone tissue
engineering.

In another study, Mishra et al. [38] designed O-CMCS, gelatin, and
nanohydroxyapatite injectable gels for bone repair. The injection of
these substances inside tissues induced in situ gelling and this
jellification occurs because of the enzymatic cross-linking of gelatin
and CS by tyrosinase to form a hydrogel. In addition, the use of p-
cresol may increase the degree of cross-linking of the polymers. In
that study, the gelling time was 35 min or less before the administration.
An in vitro study of osteoblast proliferation and differentiation showed
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Fig. 2. Number of publications per year in the SCOPUS® database (all types of publications,
e.g., letters, notes, conference proceedings, and articles), all areas of knowledge, with the
main keywords “carboxymethyl chitosan”, “biomaterial”, and “drug delivery” in the
article title, abstract, or keyword list.

that all hydrogels support the growth of primary osteoblastic cells.
The assessment of the in vivo stability of an injectable in situ gel in
mice revealed no apparent signs of inflammation at the site of implan-
tation, and its retrieval before implantation in the animals showed it
had a gelatinous texture. Gel strength (G’) values higher than 700 Pa
in vitro can sufficiently retain the cross-linkage to form a solid gel
in vivo. Thus, the oscillatory rheology can be used to predict the gel for-
mation by injectable materials using their in situ gelling properties.
The use of CMCS derivatives was proposed for the prevention of
postsurgical adhesions, which can impact a patient's subsequent health
and is well known to cause impaired organ functioning, decreased fertil-
ity, bowel obstruction, difficulty with a reoperation, and possibly pain
[39] or lead to morbidity and mortality [40]. NO-CMCS was studied in
surgical models of (1) an abdominal aortic anastomosis, (2) a large
bowel anastomosis, and (3) an abdominal skin incision. Sprague-
Dawley rats were treated with NO-CMCS as a diluted dispersion and
gel [41]. The results showed that the administration of the diluted dis-
persion before the operation did not significantly reduce adhesion for-
mation, whereas application of both the gel and solution after the
operation was the most efficacious [41]. One study using NO-CMCS
postsurgically in two types of Sprague-Dawley rat abdominal surgery
models, the uterine horn and small-bowel laceration models, showed
a consistent reduction in the size, strength, and the number of adhesions
in both models. Subsequently, Zhou et al. [42], Zhou et al. [43] investi-
gated the use of NO-CMCS for the reduction of postsurgical adhesion
formation after cardiac surgery in a rabbit model. Zhou et al. [42] con-
cluded that the NO-CMCS gel and diluted dispersion significantly reduce
the extent of postsurgical adhesion formation after cardiac surgery. The
inability of fibroblasts to adhere to polymer surfaces suggests that NO-
CMCS may act as a biophysical barrier. Zheng et al. [44] studied the pos-
sible preventive effect of a CMCS antiadhesion solution on postsurgical
adhesion. The histopathological analysis of male Wistar rats showed
fewer inflammatory cells and fibroblasts. The effect of CMCS on the pro-
liferation and collagen secretion of normal and keloid skin fibroblasts
was reported by Chen et al. [45] who, in summary, demonstrated that
the application of CMCS derivatives to presurgical lesions prevented tis-
sue adhesion. These derivatives are known to have low toxicity and
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their effects on lesions support their use as a drug delivery platform for
postsurgical injuries.

3.2. Use in wound healing

Wound healing is classically described as consisting of a series of
processes, which are hemostasis, inflammation, proliferation, epitheli-
zation, maturation, and remodeling of the scar tissue [46,47]. The appli-
cation of nanotechnology and polymers to wound healing is currently
under evaluation in clinical studies. The current nanotechnological
strategies, including carriers, films, drug delivery systems, and scaffolds
can be used to improve wound healing [15,48-51].

The use of CS semisolid gels as wound healing accelerators has been
reported, and their effects are due to the enhancement of inflammatory
cell and fibroblasts function, which promotes tissue granulation and or-
ganization [52,53]. CS derivatives have shown to improve solubility or
have new functions, which have extended their use beyond the present
approaches to treating dermal lesions [54,55].

The use of NO-CMCS as a coating for wound-dressing cotton gauze
was tested against infections with Escherichia coli and Staphylococcus
aureus strains. The pad-dry-cure method was used to coat the cotton
gauze surface with both polymers. A performance test conducted on al-
bino rats to investigate the effects of the polymers on wound area clo-
sure indicated that polymer-coated gauze promoted the healing of the
wounded rat skin [56]. The application of collagen matrixes and NO-
CMCS to wound dressings was investigated by culturing skin fibroblasts
on matrices containing NO-CMCS, and the results showed increased
proliferation and secretion of proinflammatory cytokines. An in vivo
study of these matrices showed wound healing that was better than
that of the control dressing [57]. This study supports the possible clinical
application of such wound dressings.

CS and CMCS derivatives showed antibacterial activities against nu-
merous microorganisms [58-60]. Microbes can preferentially infect
wounds beneath the dressing materials and elicit serious infections
that frequently require removal of the wound dressing. N-CMCS was a
more effective bacteriostatic agent than CS was [55]. 0-CMCS was also
tested for antimicrobial activity, and the results suggest that its antibac-
terial activity depends on its molecular size [61].

A study by Loke et al. [62] reported that a dual layer of an O-CMCS
hydrogel might act as a mechanical and microbial barrier and absorb
wound exudates. Specifically, O-CMCS hydrogels swell considerably in
physiological fluids and are highly porous to water vapor. In this
study, the bottom layer of the hydrogels was loaded with chlorhexidine
gluconate dispersed in acetate CS, an antimicrobial agent, and the 24-h
release assays showed that the release rate depended on the polymer
concentration. The developed films showed activity against Pseudomonas
aeruginosa and S. aureus according to the Bauer-Kirby disk diffusion test.
Wongpanit et al. [63] developed O-CMCS films cross-linked using micro-
wave treatment and studied the in vitro adhesion of human fibroblast
cells to their surfaces. These experiments showed the applicability of O-
CMCS films to wound healing.

3.3. Use in cosmetics

The use of CS derivatives based on their water solubility holds great
promise in the field of cosmetics. The potential applications of CMCS de-
rivatives in the production of cosmetics include moisture absorption-
retention, antimicrobials, and emulsion stabilizing agents [20,64].

Exposure of the skin to ultraviolet (UV) radiation induces the forma-
tion of reactive oxygen species, leading to chronic inflammation and the
breakdown of cell membranes in a process referred to as skin photoag-
ing [65]. This process can lead to dry skin, which is a term used to de-
scribe the condition induced by a loss of water from the outermost
stratum corneum (SC) layer of the skin [66]. Moisturizers have numer-
ous effects on the skin including naturally hydrating the SC, which

improves it and facilitates the desquamatory process in dry skin condi-
tions [67,68].

CS and its derivatives possess a positive electrical charge and rela-
tively high molecular weight, which enables their adherence to the
skin and subsequent skin moisturizing effects [69,70]. A 0.25% N-
CMCS dispersion shows moisture retention that is comparable to that
of a 20% aqueous solution of propylene glycol, and its viscosity is almost
equal to that of hyaluronic acid (HA) [21]. Studies by Chen et al. [71,72]
showed that moisture retention is dependent on the structural proper-
ties of polymers (e.g., the site of substitution, molecular weight, and de-
gree of deacetylation) [71,72]. Moisture absorption and retention by CM
derivatives of CS at different substitution sites (6-O-CMCS, 3,6-0O-CMCS,
or N-CMCS) and different molecular weights showed moisture-
absorption abilities in the following descending order: 6-0O-CMCS >
3,6-0-CMCS > HA > N-CMCS [71]. These findings indicate that the intro-
duction of a CM group at the C6 position creates an active site for mois-
ture absorption and retention, although carboxymethylation at the 3-
OH or 2-NH, positions is not essential. In contrast, the higher molecular
weight also plays an important role in improving the moisture retention
ability [71]. The intermolecular hydrogen bonds of the molecular chains
may be a factor in regulating the moisture absorption and retention
abilities of these derivatives [72].

Muzzarelli et al. [73] proposed the use of N-CMCS in cosmetic
products for buccal applications such as toothpastes, mouthwashes, gin-
gival gels, or artificial saliva formulations. The use of this polymer in
buccal products has been explored because of its mucoadhesive proper-
ties [74,75].

When intended for skin, CMCS gel formulations impart a feeling of
smoothness to the skin and protect it from adverse environmental con-
ditions and consequences of contact with detergents when applied [76].

4. Drug delivery and nanotechnology-based systems

A drug delivery system is defined as a formulation, dosage form, or
device that enables the introduction of a drug, gene, or protein into
the body and improves its efficacy and safety by controlling the rate,
time, and place of drug release. This process includes administration of
the product as well as the release of the drug or the subsequent trans-
port of the drug delivery system across biological membranes to the
site of action or both [77].

The process of drug release can be much more complex, potentially
involving various processes: water diffusion into the system, polymer
swelling, and drug dissolution, as well as polymer dissolution or degra-
dation/erosion or both, in addition to the diffusion of dissolved drug
molecules through a polymeric network or water-filled pores or both
[78].

The use of polymers for the development of drug delivery systems is
an attractive prospect because the release rate control of these systems
is polymer-based. The drug release by these delivery systems can be
classified as follows: diffusion-, swelling-, erosion-, and stimulus-
based systems [79-81]. These mechanisms are shown in Fig. 3. Different
types of mass transport processes can be involved in the control of the
drug release from a dosage form [1,82].

In diffusion-controlled release, a substance is released from a device
by permeation from its interior to the surrounding medium [83,84].
Polymer chains such as those in a cross-linked hydrogel form the diffu-
sion barrier [1]. In some cases, drug diffusion is the predominant step
and in others, it plays a major role in combination with polymer swell-
ing or polymer degradation or both, or matrix erosion [84,85].

Swelling refers to the uptake of water by a polymer system with an
increase in volume, and is often a prelude to polymer dissolution [83,
86]. The swelling process is analogous to osmosis because water pene-
trates the polymer relatively rapidly. However, when the dissolution
of the polymer in water occurs, it is comparatively slow because of the
polymer chains need to detangle. The extent of swelling depends on
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Fig. 3. Mechanisms of a drug release: diffusion, swelling, and erosion of a polymer matrix.

the hydrophilicity of the polymeric materials and the density of the
crosslinks between polymer chains [87].

Erosion-controlled systems have gained popularity with the devel-
opment of biodegradable polymers and involve a chemical or physical
polymer or material loss to control drug delivery [87]. The erosion pro-
cess involves the loss of material owing to monomers and oligomers
leaving the polymer. Polymer erosion is far more complex than degra-
dation is because it depends on many other processes such as swelling,
the dissolution and diffusion of oligomers and monomers, and morpho-
logical changes in the matrix [88]. Depending on the composition of an
erodible device (e.g., the type of polymer, drug loading, and additives)
and geometry (size and shape), numerous mass transport phenomena
and chemical reactions affect the resulting drug release kinetics [89].

The use of CMCS in these devices and pharmaceutical dosage forms
can be useful because these polymers can control the release rate of
drugs (as a result of advances in the drug delivery technology). This de-
vice achieves this control by ensuring that the therapeutic agents are re-
leased at constant doses over long periods, for both hydrophilic and
hydrophobic drugs [32,90]. Some of these new platforms are shown in
Table 1, e.g., microparticles (MPs) and NPs, microcapsules (MCs), tab-
lets, and films, which are aimed at improving the bioavailability, phar-
macokinetics, and pharmacodynamics of drugs while reducing their
side effects or specific target organ and systemic toxicity.

4.1. MPs, MCs, and NPs

NPs and MPs are defined as particulate dispersions or solid parti-
cles with sizes ranging from 1 to 1000 nm or between 0.1 and 1000
um, respectively [128,129]. The boundary between micro- and
nano-sizing is still a matter of debate [130]. The structural organiza-
tion of a system is based on its composition: the presence of com-
partments within MCs or nanocapsules (NCs) results in oily or
aqueous cores surrounded by thin polymer membranes, whereas
micro- or nanospheres provide matrix-based organization of the
polymeric chains [131-135] (Fig. 4).

Polymeric particles have been prepared using several methods
including polymerization [136,137], ionic gelation or coacervation

[138,139], emulsion solvent evaporation [140-142], spontaneous emul-
sification or solvent diffusion [143,144], nanoprecipitation [141], spray
drying [96,145], the supercritical fluid technology [146-148], and parti-
cle replication in nonwetting templates (PRINT) [149-152]. The choice
of a production method is dependent on the type of polymer, its physi-
cochemical properties, and drug solubility. The choice of a method may
affect the physicochemical proprieties, particle size, and encapsulation
efficiency of drugs, which may have an impact on the drug release
profiles.

In recent years, drug delivery has expanded as a field of research, es-
pecially for CMCS as a carrier for various active biological compounds
[32,153]. MPs or NPs are the main carrier systems for the delivery of
drugs by CMCS-based systems [153]. CMCS-based microspheres, NPs,
and micelles or aggregates can be created using different methods
such as emulsion cross-linking, sonication, coacervation/precipitation,
spray drying, ionic gelation, sieving, emulsion droplet-coalescence,
and reverse micellar methods [32].

Poly(p,L-lactide-co-glycolic acid) (PLGA) and O-CMCS-encapsulated
5-fluorouracil (5-FU) NPs were synthesized using the water/oil/water
(W/0/W) method The results of the characterization of these NPs
showed that their mean size was 98.5 nm, and 5-FU-loading was ap-
proximately 20%. The release kinetics of 5-FU from the NPs were
shown to adhere to the Higuchi release equation for up to 12 h and,
then, it corresponded to a zero-level release by 20 days [91].

CMCS NPs as carriers of the anticancer drug doxorubicin were creat-
ed using ionic gelation [92]. In that study, the factors affecting NP forma-
tion were discussed in relation to the properties of CMCS. In this case,
the authors suggested that a higher degree of substitution slightly im-
proved the drug loading. In vitro release studies showed an initial
burst (~2 h) followed by an extended slow release (until 3 days). The
analysis of the influence of the molecular weight of CMCS on doxorubi-
cin release behavior revealed that an increase in molecular weight could
control the rate and amount of drug released. In contrast, increasing the
degree of substitution of CMCS, decreased the release rate. The authors
suggest that this phenomenon may be related to Coulombic interactions
including hydrogen bonding and hydrophobic interactions that mediat-
ed the binding of the drug to the polymer [92]. A higher degree of
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Table 1
Summary of drug delivery and nanotechnology-based systems suitable for carboxymethyl chitosan (CMCS) derivatives.
Drug delivery Formulation Method of Drug or active  Major applications Route of Reference
nanotechnology-based manufacture ingredient administration
systems
Polymeric PLGA/O-CMCS Emulsification 5-FU Controlled release of 5-FU up to 20 days  In vitro [91]
nanoparticles W/0O/W
0-CMCS lonotropic gelation ~ Doxorubicin Entrapment efficiency was enhanced from In vitro [92]
10 to 40%. Release rate can be controlled
by MW and DS of polymer.
CMCS Chelation under Copper Estimated antibacterial activity against In vitro [93]
aqueous conditions Staphylococcus aureus was 99%

PLA/O-CMCS - Cultured No significant differences in serum In vivo [94]
porcine inflammatory markers. IgG levels were Intraperitoneal
hepatocytes lower after treatment.
embedded in
type I collagen

0-CMCS lonotropic gelation - No toxicity against MCF-7 cells. In vitro [25]

Antibacterial activity tested against
S. aureus.
NO-CMCS lonotropic gelation - No toxicity against MCF-7 cells. In vitro [25]
Antibacterial activity tested against
S. aureus.
NO-CMCS lonotropic gelation  Insulin Entrapment efficiency was 50-75%. In vitro [95]
Release rate of insulin was influenced by
dissolution medium.
N-CMCS lonotropic gelation  Idebenone Entrapment efficiency was >90%. In vitro [96]
and co-spray-dryer Nanoparticles (NPs) can protect the drug.
Preserved antioxidant activity in vitro.

Methoxy poly(ethylene lon complex Doxorubicin Ability to target loaded NPs to In vitro [97]

glycol)-grafted CMCS formation doxorubicin-resistant glioma cells

Folic acid modified CMCS Sonication Doxorubicin Ability to target loaded NPs to HeLa and In vitro [98]

B16F1 cells

Folate conjugated lonotropic gelation ~ 5-FU Able to induce a cytotoxic response to In vitro [99]

CMCS-manganese doped zinc MCF-7 cells.

sulfide Not toxic to mouse fibroblast L929 cells.

Folate receptor-mediated drug targeting
and imaging of cancer cells (MCF-7).

CMCS/poly(amidoamine) Precipitation Fluorescein Stable in circulation for up to 72 h. Intravenous [100]
isothiocyanate  Traces detected in the liver, lung, kidney, route

and brain.
No changes in histological characteristics
of organs/tissues.
0-CMCS Dialysis method Methotrexate  Sustained-release of drug In vitro [101]
Folic acid modified CMCS Sonication Doxorubicin Sustained-release of drug. In vitro [102]
Targeting and cytotoxicity on HeLa cells.
0-CMCS lIonotropic gelation ~ Tetracycline NPs showed sustained release. [103]
Able to induce cytotoxicity against
S. aureus in a targeted manner.
0-CMCS lonotropic gelation ~ Metformin NPs showed nonspecific internalization by In vitro [104]
normal and pancreatic cancer cells
(MiaPaCa-2).
NO-CMCS lIonotropic gelation ~ 5-FU NPs showed blood compatibility. In vitro [105]
Possible cellular internalization (uptake,
MCF-7 cell).
NPs showed toxicity against MCF-7 cells.

0-CMCS Ionic cross-linking Gentamicin Drug entrapment above 90%. In vitro [106]
and salicylic Controlled release of drugs up to 24 h.
acid Drug release was governed by non-Fickian

or anomalous diffusion.
CMCS-soy protein complex Ionic gelation Vitamin D3 A drug was incorporated into the complex In vitro [107]
method nanoparticles.
Controlled release of vitamin D3.
CMCS [onic cross-linking Ciprofloxacin Increase in MIC of a drug when it was In vitro [108]
method loaded into NPs.
Possibility of cellular uptake by E. coli
strains.

CMCS lonotropic gelation ~ Metformin NPs reduced colony-forming ability of In vitro [109]

cancer cells. In vivo
Normal biodistribution of NPs. Intravenous
No changes in histological architecture of  injection
organs.

0-CMCS/fucoidan Ionic cross-linking Curcumin High encapsulation, control the release In vitro [110]

method and substantially increase the cellular
uptake of a drug

CMCS Ultra-pressure Resveratrol Improved oral bioavailability compared to In vitro [111]

homogenization and free drug In vivo
emulsion Oral
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Table 1 (continued)
Drug delivery Formulation Method of Drug or active  Major applications Route of Reference
nanotechnology-based manufacture ingredient administration
systems
cross-linking administration
method
Polymeric Alginate/CMCS Ionic cross-linking - Controlled swelling rate compared to In vitro [112]
microparticles method unmodified chitosan (CS)
CMCS Ionic cross-linking Ketoprofen Drug release from MPs was delayed In vitro [113]
method
Spray-dyer
Polymeric NO-CMCS/alginate Electrostatic droplet BSA BSA release ratio of polymer-coated MCs  In vitro [114]
microcapsules generation was lower than that of alginate MCs and
CS-coated MCs
N-CMCS/alginate Electrostatic spray - These MCs could be useful for drug - [115]
method delivery
Genipin-cross-linked
Magnetic CMCS/Fe304 Nanoprecipitation - Superparamagnetism and high stability of - [116]
nanoparticles magnetization
CMCS/Fe304 Nanoprecipitation Camptothecin  Better in vitro cancer inhibition activity In vitro [117]
and spray-dryer than that of a free drug
CMCS/iron oxide Coprecipitation - In vitro disruption of S. aureus and In vitro [118]
Escherichia coli biofilms
Films N-CMCS Casting method - This type of plasticizers showed lower - [27,119]
strength and a higher percentage
elongation.
N-CMCS films showed high tension and
lower elasticity than CS films did.
CMCS/PVA Casting method Salicylic acid, Controlled drug release and swelling In vitro [120]
theophylline, properties
and Ornidazole
CMCS/PVA Casting method Ornidazole Controlled drug release; In vitro [121]
No toxic effects on periodontium and In vivo
tissues. Periodontal
Antimicrobial activity. administration
Release of a drug implanted into tissue. Tissue
implantation
CS/CMCS Casting method with Coenzyme Qo Cumulative release rate decreased with In vitro [122]
cross-linking agent drug loading content, ionic strength, or
more cross-linking agent.
Differences in rates and amounts of
released drugs may be attributed to
swelling behavior, degradation of films,
and interaction within drug-polymer
matrix.
Sodium CM cellulose/HA/CMCS Extrusion/casting - Water absorption capability of films In vitro [123]
method
0-CMCS Casting/solvent Tetracycline Suitable for controlled release due to film In vitro [124]
evaporation treatments.
technique Antimicrobial activity was preserved, and
efficiency was dependent on the
treatment.
Matrix tablets CMCS/2-hydroxyethylmethacrylate Wet granulation and Carbamazepine Ratio of the polymer influenced physical  In vitro [125]
direct compression proprieties and drug release of tablets
CMCS Wet granulation and Propranolol Controlled release of a drug In vitro [126]
direct compression  hydrochloride
0-CMCS Spray-drying of Diltiazem Controlled release of a drug dependent on In vitro [127]

polymer followed by
wet granulation or
direct compression

the polymer ratio

Direct compression tablets can control the
release compared to wet granulation
tablets

CMCS, carboxymethyl chitosan; PLGA, poly(p,L-lactide-co-glycolic acid); W/O/W, water/oil /water; PLA, polylactic acid; MW, molecular weight; 5-FU, 5-fluorouracil; MIC minimum inhib-
itory concentration; BSA, bovine serum albumin; IGg, immunoglobulin G; CM, carboxymethyl.

substitution in CMCS is expected to result in more compact NPs because
a larger number of carboxyl groups of CM coordinate with calcium ions.
Therefore, the release pattern of a drug from biodegradable NPs of CMCS
can, therefore, be customized by choosing the molecular structure pa-
rameters such as molecular weight and characteristics of the chemical
substitution [92].

Copper-loaded CMCS NPs were prepared using chelation under
aqueous conditions [93]. The evaluation of the antibacterial activity on
Staphylococcus aureus strains showed that the efficiency depended on
the size of the NPs. Copper-loaded NPs (~100 nm) reached 99% antibac-
terial activity, which is much more efficient than 68.9% copper-loaded

NPs with a size of approximately ~1000 nm and 6.1% NPs (without
copper) [93]. These NPs proved to be a good novel antibacterial materi-
al. Some studies summarized the importance of NP size and electrostatic
heterogeneity for bacterial adhesion [154-156]. Therefore, it appears
that smaller particles can interact more efficiently with the bacterial
cell than larger particles.

The effect of PLA (polylactic acid)-O-CMCS NPs on immunological
rejection after an intraperitoneal porcine hepatocyte xenotransplant
for the treatment of acute liver failure was studied in rats. The animals
were intraperitoneally injected with p-galactosamine to induce acute
hepatic failure and treated with porcine hepatocytes precultured with
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Fig. 4. Schematic differences between polymeric micro- or nanocapsules and micro- or
nanoparticle drug delivery systems.

NPs and embedded in type I collagen. The major result was the absence
of significant differences in serum interleukin (IL)-2 and interferon
(IFN)-y levels among all the groups for 7 days post transplantation.
Serum immunoglobulin G (IgG) levels in the nano-collagen hepatocyte
group were lower than those in the collagen hepatocyte groups were.
Thus, PLA-O-CMCS NPs can inhibit immunological rejection after an in-
traperitoneal porcine hepatocyte xenotransplant for the treatment of
acute liver failure in rats [94].

NPs made of O-CMCS and N,0-CMCS were synthesized using simple
ionic cross-linking using calcium chloride (CaCl,) and sodium
tripolyphosphate (TPP), respectively [25]. The cytotoxicity of the NPs was
also determined using the 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetra-
zolium bromide (MTT) assay. This assay showed that the prepared NPs
were less toxic to the MCF-7 breast cancer cell line. The major result was
the demonstration of the antibacterial activities of these O-CMCS and NO-
CMCS NPs against S. aureus strains. The cytotoxicity of O-CMCS NPs was
lower than that of the NO-CMCS NPs [25]. These findings suggest that this
effect occurred because there was a higher degree of substitution of CM
groups in the NO-CMCS than there was in the O-CMCS, which increased
the antibacterial activity [157].

N,0-CMCS NPs were studied as an insulin carrier [95]. These systems
were created using ionic gelation with TPP and exhibited particle sizes
from 242 to 275 nm with encapsulation efficiency (%) in the range of
75-50%. The release studies showed that the insulin release was very
rapid at an early stage, and the maximal release amount was 40-80%
and 70-90% at pH 2.5 and 7.4, respectively. The authors concluded
that in phosphate-buffered saline, the cumulative release of insulin
from loaded NPs was greater and, thus, they could protect insulin
from the acid [95].

N-CMCS cross-linked with TPP were developed by codrying with
idebenone. The efficiency of the drug incorporation was high (>80%)
and depended on the polymer ratio. In addition, the NPs showed a 10-

fold increase in drug stability compared with that of the free drug and
a preserved antioxidant activity in vitro. The agarose overlay test was
performed and revealed that the idebenone-loaded NPs caused less
membrane irritation than the severely irritant free drug. Thus, these
NPs are promising carriers for hydrophobic and irritant drugs such as
idebenone for topical or nasal use [96]. N-CMCS have mucoadhesive
properties [158-163] and, therefore, these results suggest that NPs
hold promise for use as carriers for the nasal delivery of hydrophobic
drugs such as idebenone due to their high first-pass metabolism of
idebenone [164] after oral administration.

Methoxy-poly(ethyleneglycol)-grafted CMCS was synthesized to
form NPs carrying doxorubicin by the formation of an ionic complex.
The particle size of the doxorubicin-loaded NPs was ~300 nm, and
these NPs were spherical shaped. In an in vitro drug release study,
higher drug content ensured the extended release of the drug, and
this situation was significantly changed by the pH of the release medi-
um. The drug release was faster at an acidic pH than it was at neutral
or basic pH levels. The antitumor activity of doxorubicin-loaded NPs
in vitro was tested on doxorubicin-resistant C6 glioma cells. NPs showed
higher toxicity against tumor cells than the free drug did, indicating that
doxorubicin-loaded NPs targeted doxorubicin-resistant C6 cells more
effectively [97].

Folic-acid-modified CMCS NPs were prepared using sonication using
a probe-type sonicator, and these NPs were conjugated with doxorubi-
cin [98]. The NPs had an average size of ~200 nm measured using dy-
namic light scattering and transmission electron microscopy. In vitro
release profiles of doxorubicin from NPs at different pH levels showed
that the drug release rates at 100 h were 40 and 60% at pH 7.4 and 5.0,
respectively. These data can be explained as follows: the faster drug re-
lease rate in the lower pH medium could be attributed to the loose NP
structure, which is caused by the stronger protonation of the amino
groups of CMCS. Another reason is the higher solubility of doxorubicin
at lower pH [98]. Those authors confirmed that the Fickian diffusion
and polymer relaxation were the release mechanisms of this phenome-
non. However, any mathematical model can be applied to the release
profile of the drug to confirm this hypothesis. Folate-mediated targeting
significantly enhances the cellular uptake of the NPs and, thereby, facil-
itates the apoptosis of cancer cells (HeLa and B16F1 lines) as confirmed
using confocal microscopy and flow cytometric analysis [98].

Folate-conjugated CMCS-manganese-doped zinc sulfide NPs were
developed by ionic cross-linking with CaCl,, and these NPs were coordi-
nated to a manganese-doped zinc sulfide quantum dot [99]. The drug
encapsulation efficiency was 92% at a polymer to 5-FU ratio of 2:1. Anal-
ysis of the in vitro behavior of 5-FU release from NPs in PBS showed a
sustained release of up to 90% for 6 days. The cytotoxicity assay results
clearly indicated that the 5-FU encapsulated inside the NPs was able
to cause toxic effects on MCF-7 cell lines and cell death was dependent
on the concentration of the NPs. The in vitro imaging studies were per-
formed on the MCF-7 breast cancer cell line, which expresses folate re-
ceptors on the cell surface. The results revealed that the NPs had a good
binding affinity to the receptor in contrast to NPs without folate on their
surface [99]. This is a promising result because these NPs alone can be
used for targeted imaging of cancer cells.

CMCS/poly(amidoamine) dendrimer NPs showed lower levels of cy-
totoxicity than that of traditional dendrimers. In vivo biodistribution of
fluorescein isothiocyanate (FITC)-labeled dendrimer NPs after intrave-
nous injection in Wistar rats showed that these systems were stable in
circulation for up to 72 h, targeting the main systems through internal-
ization by the cells. These results are suggestive of their potential for use
as drug delivery systems in the future [100].

A novel drug carrier system combining a polymeric prodrug with
nanotechnology was prepared. Specifically, methotrexate was conju-
gated to O-CMCS using amide links. This conjugate had amphiphilic
properties and formed NPS in aqueous media by self-assembly. The re-
lease behaviors from NPs in buffer solutions were studied using the dy-
namic dialysis method. The results indicated significant sustained



B. Fonseca-Santos, M. Chorilli / Materials Science and Engineering C 77 (2017) 1349-1362 1357

release, and the methotrexate-containing NPs released only
~5.33-7.87% in 40 h. The release rate decreased with an increasing
methotrexate content of the conjugates. The authors believe that this ef-
fect can be explained as follows: NPs with the higher drug content had
more densely packed hydrophobic microdomains, which were formed
by aggregation of the drug [101]. Furthermore, this situation made it
more difficult for the drug to transfer to the aqueous media [101].

Doxorubicin-loaded folic acid modified CMCS NPs were synthesized
using the sonication method. The in vitro release profile of doxorubicin
from the NPs showed an initial burst release phase, followed by a
sustained release phase. The cellular uptake of these NPs was found to
be higher than that of NPs based on linoleic-acid-modified CMCS be-
cause of the folic acid receptor-mediated endocytosis; the superior up-
take ensured higher cytotoxicity against the HeLa cells [102].

In another study, tetracycline-loaded O-CMCS NPs were prepared
using ionic cross-linking with CaCl,. The encapsulation efficiency of
the drug, which was found to be ~70%, increased in a polymer ratio de-
pendent manner. These NPs were capable of intracellular drug delivery
and showed a six-fold increase in antibacterial activity against S. aureus,
comparison with that of the free drug. These NPs could also be used for
the treatment of other bacterial diseases caused by Chlamydiae, Myco-
plasma, Rickettsia, and protozoa [103].

Another group prepared metformin-loaded O-CMCS NPs using the
ionic gelation method. The major results were as follows: the in vitro
drug release profile of metformin showed an initial burst release of
the surface-adsorbed drug, followed by a slow and sustained release
of the entrapped drug. These NPs did not induce any hemolysis and,
therefore, proved to be hemocompatible. These NPs showed nonspecific
uptake by both normal and pancreatic cancer cells and dose-dependent
preferential toxicity against pancreatic cancer cells [104].

5-FU-loaded N,0-CMCS NPs were synthesized using ionotropic gela-
tion with TPP. The drug entrapment efficiency was ~65%, and in vitro
drug release experiments revealed that ~92% of the drug was released
from the 5-FU solution within 24 h. The 5-FU-loaded NPs showed an ini-
tial burst release followed by a sustained release of the drug over a pe-
riod of 6 days. The authors stated that the initial burst release could be
due to the surface adsorbed drug while the sustained release occurred
because of the slow degradation of the carrier matrix. Cellular internal-
ization, i.e., nonspecific uptake of the drug-loaded NPs was observed in
MCF-7 breast cancer cells. Anticancer activity, apoptosis, and caspase 3
assays proved the toxicity of the drug-loaded NPs against breast cancer
cells. These systems showed blood compatibility in the in vitro hemolyt-
ic and coagulation assays [105].

0-CMCS NPs loaded with gentamicin and salicylic acid were pre-
pared, characterized, and their in vitro drug release was studied. These
NPs were prepared using the ionic cross-linking method. The character-
ization studies showed a spherical morphology with particle size rang-
ing from 148 to 345 nm. The salicylic acid and gentamicin entrapment
efficiency rates were ~90 and 95%, respectively. The in vitro release ex-
periments performed at pH 7.4 in phosphate buffer revealed a burst
drug release in the first 1 h, followed by the controlled release of the
drugs for up to 24 h. The release profiles were fitted to the
Korsmeyer-Peppas model and these results suggests that the n values
of both drugs were <0.5, indicating that the drug release was governed
by a non-Fickian or anomalous diffusion [106].

Vitamin D3 was encapsulated into CMCS-soy protein complex NPs
using ionic gelation. The efficiency of encapsulation was 84-96% for vitamin
D3. The release experiments showed that <35% of the drug was released in
the simulated gastric fluid containing the NPs. When the CMCS-containing
samples were transferred to the simulated intestinal fluid (pH 7.4), they be-
came negatively charged and, therefore, soluble. As a result, up to 83% of the
remaining vitamin D was released from the polymeric matrix over the fol-
lowing 4 h. Based on this phenomenon, the authors suggested that these
complex NPs robustly protect the drug against digestion by gastric juices,
and subsequently increased the amount of drug delivered to the simulated
intestinal fluid [107].

CMCS NPs for the delivery of ciprofloxacin were prepared using the
ionic cross-linking method and were characterized. The minimum in-
hibitory concentration (MIC) of the NPs against E. coli was analyzed.
The results showed that the MICs of the free ciprofloxacin and
ciprofloxacin-loaded NPs were 160 and 80 mg/mL, respectively, and
there was a phagocytosis effect in the presence of these NPs. The au-
thors concluded that these NPs have a stronger antibacterial activity
against E. coli than the free ciprofloxacin does because they can easily
be delivered to cells [108].

The in vitro anticancer effect and in vivo biodistribution and biocom-
patibility of metformin-loaded O-CMCS NPs were evaluated for possible
use as a pancreatic cancer therapy. The O-CMCS-metformin NPs attenu-
ated tumor formation and induced apoptosis of MiaPaCa-2 cells. The
in vivo biodistribution of metformin-NPs was imaged by tracking the
near infrared (NIR) fluorescence of the dye at different time intervals.
The major results revealed that the NPs had a normal biodistribution
pattern, which was comparable to that of the free indocyanine green
(dye) without any significant in vivo accumulation. No changes were
observed in the histopathological analysis, which showed that animal
organs such as the spleen, liver, kidneys, brain, lungs, and heart had a
normal cellular architecture [109].

Curcumin-loaded O-CMCS/fucoidan NPs were developed to increase
the cellular curcumin uptake. These NPs are interesting because they re-
main intact at pH 2.5, swell noticeably as the pH increases to 6.0, and at
pH 7.4, the structure is disrupted. This phenomenon indicates the pH
sensitivity of the NPs, which may be interesting for developing con-
trolled drug delivery systems. The investigation of the cellular uptake
of the NPs Caco-2 cells revealed that the curcumin-loaded NPs were lo-
cated in the cytoplasm surrounding the nuclei after being internalized
by the cells [110]. The system can potentially be used in oral delivery ap-
plications and to control the release of hydrophobic compounds.

CMCS NPs were formulated using emulsion the cross-linking meth-
od. In vitro release experiments simulating the human gastrointestinal
tract were performed on resveratrol and resveratrol-CMCS NPs, and
the results revealed burst and sustained release periods. The cumulative
release was 81% and 64% in 68 h for simulated gastric and intestinal
fluids, respectively, which was higher than that of the free resveratrol.
The drug release profile was analyzed and showed a better fit to the
Higuchi model than it did to other models. In vivo oral bioavailability
studies in rats showed that the area under the curve (AUC) of the NPs
was 3.5-fold greater than that obtained following administration of
the free drug. The loading of the drug into the NPs prevented its removal
from the body and decreased the clearance rate, whereas the elimina-
tion half-life significantly increased. These phenomena extended the
duration of the presence of the drug in the body and improved its bio-
availability [111].

Core-shell alginate/CMCS MPs were formulated with a spherical or
spheroidal shape and a particle size (2.1-7.0 pm) that depended on the so-
lution pH and chemical nature of the polymer. The average particle size, de-
gree of swelling, thermal stability, and zeta potential of the hydrogels were
evaluated. The hydrogels had the smallest MPs and showed the lowest de-
gree of swelling when they were exposed to the simulated gastric fluid. The
major outcome was that the modification of CS with CM groups ensured
there was less swelling in the simulated gastric fluid, which is a desired
characteristic for sustained release that prevents gastric burst release of
the drug before it reaches the intestines [112].

Ketoprofen-loaded CMCS MPs were formulated using ionic gelation
and the resulting MPs were spray-dried using a standard method. The
particle size under different spray-drying conditions was 1.40-2.10 um
and the efficiency of encapsulation was ~90%. The simulated intestinal
fluid medium at pH 6.8 showed a drug release rate of ~90, 60, and 50%
for the free drug, high-polymer ratio MPs, and low-polymer ratio MPs,
respectively. Therefore, ketoprofen release from the MPs was delayed
by up to 0.43-fold compared to that of the free ketoprofen [113].

A 2-hour study of the BSA release profiles from alginate MCs, CS-
coated MCs, and N,0-CMCS-coated MCs in an acidic medium (pH 2.0)
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revealed the BSA release ratio of N,0-CMCS-coated MCs (~18%) was
lower than that of the alginate (~33%) and CS-coated (~23%) MCs. At
pH 7.0, the BSA release ratio of the O-CMCS-coated MCs (~54%) was
similar to that of the alginate MCs (~55%) and higher than that of the
CS-coated MCs (~43%). These results showed that the pH-responsive
properties of the N,0-CMCS-coated MCs were better than those of the
alginate and CS-coated MCs [114].

In another study, genipin-crosslinked N-CMCS and alginate MCs
were formulated using the electrostatic spray method. These micro-
spheres have a uniform diameter with a smooth surface and a core-
shell structure. This report suggests that these MCs are potentially use-
ful for drug delivery [115].

4.2. Magnetic or metallic NPs

Magnetic NPs offer some attractive application possibilities in
biomedicine. Especially, in cancer therapy where the use of a
magnetic-NP system under the influence of an external magnetic
field to target and deliver NPs has received much attention due to
its simplicity, ease of preparation, and the possibility of customizing
the properties for specific cancer applications [165-167].

CMCS NPs with magnetic properties may be used as a drug carrier,
especially to target cancer cells. CMCS-coated ferric chloride (Fe304)
NPs were formulated using a coprecipitation method, and the saturated
magnetization of the NPS could reach 25.73 emu/g. The NPs also
showed the characteristics of superparamagnetism and high stability
of magnetization [116].

Camptothecin-loaded Fe;04 NPs were coated using O-CMCS and the
nanoprecipitation technique used was freeze-drying. The in vitro release
not only depended on the size of the NPs but also on the physicochem-
ical properties of the polymer. The cytotoxicity test on liver cancer cells
showed that the drug-loaded modified Fe304 NPs had better in vitro in-
hibitory activity against cancer cells than the free drug did [117]. While
this study is quite interesting, the release studies are not valid because
they were carried out in phosphate buffer, which does not simulate
the sink condition. Camptothecin is poorly soluble in water (hydropho-
bic), and the lactone form is poorly soluble in the buffer [168]. Accord-
ingly, surfactants are added to the dissolution media to maintain sink
conditions during dissolution testing of controlled-release systems for
water-insoluble drugs [169-172].

The disruption of biofilms of S. aureus and E. coli was studied using a
non-antibiotic-based strategy for disrupting biofilms using CMCS-coated
magnetic iron oxide NPs. The number of viable cells in S. aureus and E. coli
biofilms after exposure to these NPs in a magnetic field decreased by 84
and 95%, respectively, after 48 h. In contrast, the NPs were highly effective
against planktonic S. aureus and E. coli strains, and >99% of the cells died fol-
lowing a 10- and 5-hour exposure, respectively [118].

4.3. Films

N-CMCS films were formulated using the casting method at polymer
concentrations of 1 and 2% with or without a plasticizer (polyethylene
glycol [PEG] 400 or glycerol at 15%). The plasticizer presence yielded
lower strength and a higher percentage elongation than its absence
did, in the following order: glycerol > polyethylene glycol 400 >
unplasticized film. However, the water vapor transmission rate in-
creased with increasing polymer concentration. Nonetheless, PEG 400
films appeared to be more suitable for barrier film applications than
the other films were owing to their weaker effect on water saturation
and vapor permeability, considering its pharmaceutical uses as a physi-
cal barrier [119]. The analysis of CS and N-CMCS films showed that the
CMCS films supported high tension with lower elasticity. N-CMCS has
a more compact film structure than that of the CS films, as determined
using scanning electron microscopy [27].

A high CMCS content in CMCS-poly(vinyl alcohol) (PVA) blend films
may cause roughness of the surface and decrease the strength. The

swelling rate indicated that the CMCS/PVA blend films showed a pH-
dependent swelling behavior and swelled significantly at high pH; the
swelling degree decreased sharply with decreasing pH. This result is
crucial for the development of coating materials from these substances,
which showed improved characteristics following the addition of this
polymer. Three model drugs (salicylic acid, theophylline, and
omidazole) were studied using a static diffusion vessel, and their release
followed zero-order kinetics [120]. In addition, an increase in the CMCS
content of the blend films caused a fast drug release rate while blend
films with a high PVA content showed a slow drug release rate [120].

Omidazole-loaded PVA/CMCS blend films were studied as a poten-
tial local drug delivery system. The thickness of the films was ~200
um, and the surface was heterogeneous. All the films swelled rapidly
and reached equilibrium within 30 min in the pH 7 medium. A low de-
gree of swelling was observed under acidic conditions, but high swelling
was registered at a high pH. In vitro release experiments showed that al-
most 100% of the drug was released from CMCS films within 60 min, but
only 30% was released from the PVA film within the same time. For the
blend films, the drug release rate was moderate; faster than the release
rate of PVA films but slower than that of CMCS films. The in vitro antimi-
crobial assays performed against E. coli and S. aureus showed a more po-
tent inhibition of E. coli than of S. aureus at high concentrations of CMCS.
However, these systems had antimicrobial effects. Toxicity against the
periodontium of Wistar rats was evaluated, and no changes in hyper-
emia, turgidity, disruption, or ulceration in the periodontium were
observed. The systems were implanted in rats to analyze the inflamma-
tory tissue response for 1 to 4 weeks. The major results indicated that
the blend film was eroded and degraded during subcutaneous implan-
tation and did not have any adverse effects [121].

Films based on CS and CM-CS were formulated using glutaraldehyde
as a cross-linking agent. The cumulative release rate of the drug de-
creased with increasing loading content, ionic strength, or cross-
linking agent amount. The authors suggested that the release of the
drug was controlled by the swelling behavior of the film and, therefore,
the drug release may be related to an erosive process. In contrast, the
amount of drug released from the films decreased with increasing
cross-linker concentration at pH 2.1, which was attributed to the swell-
ing behavior of the cross-linked network. At low concentrations of the
cross-linking agent, the density of the cross-linking was low, which
caused the film to swell extensively [122].

Blend films based on sodium CM-cellulose, hyaluronic acid (HA), and
CMCS were developed, and the investigation of their water absorption ca-
pability revealed it increased as a function of the HA/CMCS ratio [123].
The authors stated that the improvement in water absorption was due to
the excellent water-retention ability at an appropriate ratio of HA/CMCS,
and opined that this is an important factor for the hygroscopicity of films.
In designing wound dressing systems intended for application to the sur-
face of injured tissue, hydrophilicity is an important characteristic of films
for local treatment [123].

O-CMCS films (1% polymer) were produced using a casting/solvent
evaporation technique. Tetracycline delivery systems were prepared by dis-
solving 1 g polymer and tetracycline (100 and 200 mg) in 100 mL of dis-
tilled water. The solution was then poured into a Teflon® mold (with a
diameter of 5.0 cm) and allowed to evaporate at 50 °C for 72 h to form a
film, which was cut into a disk shape with a diameter and area of 4.7 mm
and 0.17 cm?, respectively. These films were treated with glutaraldehyde
cross-linked films or heat-treated at 90, 120, or 150 °C for 4 h. Water uptake
assays showed a decrease for films loaded with 100 and 200 mg of the drug,
suggesting that the drug possibly protects the NH, groups of the polymer,
thereby preventing cross-linking. In contrast, heat treatment of the system
decreased the water absorption in proportion with the temperature in-
crease. Furthermore, heat treatment enhanced the water resistance and re-
duced the aqueous solubility by inducing the formation of cross-links
between O-CMCS molecules in the films. In vitro drug release assays
showed that almost 85 and 48% of the drug was released from the heat-
treated and cross-linked films after 8 h, respectively. Drug permeation in
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the O-CMCS films occurs mainly via the pore mechanism and depends on
the ionization of the O-CMCS films and the drug diffusion. All the films
were better fitted to the Peppas model than they were to other models,
with diffusion exponents between 0.11 and 0.46, which indicates a non-
Fickian or anomalous diffusion mechanism of release. In vitro antimicrobial
experiments showed that the films had a bacteriostatic activity against
S. aureus, due to the release of the antimicrobial agent for up to 72 h. In ad-
dition, after 96 h, the microbial growth was so intense that the colonies
could not be counted further. The antimicrobial activity of the tetracycline
was preserved, and its efficacy depended on the treatment the films were
subjected to. The results revealed that the O-CMCS film could serve as a pos-
sible matrix for the treatment of infectious diseases that require the local re-
lease of an antimicrobial agent, e.g., periodontitis [124].

4.4. Matrix tablets

Hydrophilic matrix systems are used for oral controlled drug delivery
because they ensure a desirable drug profile and are more cost effective
than other systems [173]. The mechanism of drug release from hydrophilic
matrices involves polymer swelling following contact with the aqueous
medium, which forms a gel layer on the surface of the system; then, the
drug is released by dissolution, diffusion, erosion, or a combination of
these processes [174-177].

CMCS grafted with 2-hydroxyethylmethacrylate was designed to
formulate carbamazepine-loaded matrix tablets using the wet gran-
ulation technique. The effect of the binding agent (graft copolymer)
on properties such as hardness, friability, and dissolution was stud-
ied. Increasing the amount of the binding agent in the tablets de-
creased friability, increased hardness, and slightly reduced the
average weight of each tablet. Increasing the concentration of the
binder decreased the drug release because at higher binder concen-
trations, the gelling properties of the binder increased. Subsequent-
ly, the diffusion of the drug from the highly swollen network
becomes difficult and, therefore, the drug release rate is slower at
higher binder concentrations [125].

Propanolol-loaded CMCS matrix tablets were formulated using wet
granulation and then, direct compression. Analysis of the physical prop-
erties of the matrix tablets showed low friability, which indicates they
were compact and hard. Analysis of the in vitro release of a drug showed
a release rate of ~40% in gastric fluid media. Then, a slow release rate
was observed in an intestinal fluid medium, indicating the controlled
release of the drug. The dissolution profiles showed that the controlled
release of propranolol hydrochloride from the tablet followed the
Korsmeyer-Peppas model [126].

Spray-dried O-CMCS was formulated using the spray-drying technique
with the following drying conditions: inlet temperature, 170 °C; aspiration
rate, 90%; airflow, 480 normal liters per minute; air pressure, 5 bars; and
sample flow, 4-6 mL/min. The tablets were prepared using direct compres-
sion and wet granulation methods and contained 90 mg diltiazem as well
as excipients to ensure a tablet weight of 500 mg [127]. In the direct com-
pression method, the powders were mixed and then the compression pro-
cess was carried out using a rotary compressing machine using circular,
concave 12-mm punctures. The wet granulation method involved passing
0-CMCS, microcrystalline cellulose, and the drug through a 350-mm
sieve, and then they were mixed, wetted with water, granulated using a
1-mm sieve, and then dried in an oven at 40 °C for 24 h. After the granules
had been standardized using the 1-mm sieve, a lubricant was added to the
tablets obtained by the direct compression method. The matrix tablets for-
mulated using the direct compression method were white with a smooth,
bright, physically homogeneous appearance. The analysis of the internal
matrix morphology revealed spherical, practically unchanged O-CMCS
MPs, which were not deformed by the compression process. In contrast,
the wet granulation method produced tablets with an irregular surface,
smooth internal structure, and no observed O-CMCS particles [127]. There
was a direct relationship between the proportion of O-CMCS and the re-
lease of diltiazem, swelling, and water uptake; a greater amount of O-

CMCS resulted in a true swelling-controlled system. The direct compression
tablets containing 80 and 50% O-CMCS showed a better fit to the zero-order
mathematical model than to other models. A formulation containing 30% of
the polymer showed a better fit to the Higuchi and Korsmeyer-Peppas ki-
netic models than it did to other models. The diffusion mechanism was pre-
dominant in the kinetic analysis using the Peppas and Sahlin model. The
tablets produced using wet granulation showed a worse fit to the kinetics
models than to other models, probably because the tablets no longer exhib-
ited matrix behavior. Matrices have shown high rates of swelling and water
uptake, and this pattern did not erode the matrix. Furthermore, the matri-
ces produce sufficient polymer efficiency to form a hydrophilic swelling
matrix that is resistant to erosion, thereby allowing its application as a ma-
trix for the sustained release of drugs [127].

5. Concluding remarks and future perspectives

This review summarized chemically modified CS targeted for use as in
biomaterials, drug delivery systems, and nanotechnology devices. While
the use of CMCS has expanded in recent decades, this may have been lim-
ited because it has to be synthesized, in contrast to CS, which is an easily ob-
tained pharmaceutical ingredient. Although these derivatives are produced
by organic synthesis, the process is easy and produces good yields. The pro-
duction of such derivatives does not require expensive pharmaceutical in-
gredients and reagents and, therefore, industrial scale production is
extremely feasible.

The use of such derivatives as biomedical materials is promising and in-
cludes their use in surgery and regenerative medicine (especially in bone
repair and wound healing), and many of the related studies were conduct-
ed in vivo. The research is relevant to trauma-related processes and the im-
provement of wound healing, regardless of chronic and other predisposing
conditions such as pressure and diabetic ulcers, as well as various cardiovas-
cular conditions.

Drug delivery systems also appear to be interesting because of the prac-
tical applicability of these modified polymers. Solubility is an important
characteristic for modulating drug release and changing production pro-
cesses that generate materials with appropriate mechanical properties
(e.g, films). The design of delivery systems using derivatives of CS occurs
at the micro- and nano-technological interfaces where it is possible to pro-
duce NPs, MPs, and NCs. In addition, films and solid dosage forms such as
matrix tablets may also be produced using CS derivatives. Most of these
studies were focused on drug release tests, which clearly showed the effec-
tive control of drug release. Few studies have been conducted in animal
models, especially biodistribution or pharmacokinetic studies; however,
cellular studies have revealed that these systems showed good properties.
The minority of studies performed in mammalian models have shown
that CS-derived delivery systems are nontoxic and biocompatible. There-
fore, it is possible to control the release of drugs and increase their solubility
or absorption, which subsequently increases or maintains pharmacody-
namic and biological responses. Moreover, these studies show the enor-
mous potential these polymers have for use in drug delivery systems.

The use of these polymer derivatives is increasing in the research and
development of biomaterials and drug delivery systems, and these ad-
vances could be remarkable and will manifest themselves in new publica-
tions in the coming years.
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