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Abstract: Herein, we propose the fabrication of a new carrier

with core/shell structure—inner core of cellulose acetate (CA)

coated by a micrometric layer of chitosan (CS)—fabricated

through an integrated process, which combines Electro

Dynamic Atomization (EDA) and layer-by-layer (LbL) tech-

nique. We demonstrate that CA based microspheres possess

a unique capability to relevantly retain the drugs—that is,

Ketoprofen Lysinate (KL)—along the gastric tract, while pro-

viding a massive release along the intestine. CS shell slightly

influences the morphology and water retention under differ-

ent pH conditions, improving drug encapsulation without

compromising drug release kinetics. In vitro studies in

simulated gastric and intestine fluids (SGF, SIF) with physio-

logical enzymes, show a moderate release of LSK during the

first 2 h (ca. 20% at pH 2), followed by a sustained release

during the next 6 h (ca. 80% at pH 7). The obtained results

demonstrate that CA-based microspheres hold strong poten-

tial to be used as carriers for a delayed oral administration of

anti-inflammatory drugs. VC 2018 Wiley Periodicals, Inc. J Biomed

Mater Res Part B: Appl Biomater 00B: 000–000, 2018.
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INTRODUCTION

Oral route is considered the most convenient and comfort-
able means of administering drugs to patients.1 In the last
few years, several methods have been used to improve oral
bioavailability of drugs such as Ketoprofen, having poor
water solubility and limited absorption mechanisms, accord-
ing to the Biopharmaceutical classification system (BCS).
Ketoprofen—also known as 2–(3-benzoyl phenyl) propionic
acid—is an anti-inflammatory drug with analgesic and anti-
pyretic effects, widely used to cure acute and chronic
inflammatory diseases and in the treatment of rheumatoid
arthritis. Some studies have demonstrated that its dissolu-
tion rate from solid dispersion can be influenced by several
chemical and physical factors (i.e., local pH condition, con-
centration gradients), which drastically limit the bioavail-
ability in oral treatments.2 In particular, lysinate salt form—
that is, Ketoprofen Lysinate (KL)—may offer similar anti-
inflammatory effects in the symptomatic treatment of some
chronic inflammatory diseases, with the additional advan-
tage in terms of pharmacokinetics and tolerability with
respect to ketoprofen. However, relevant shortcomings
mainly concern their half-life—generally shorter than 2 h,

as well as the uncontrolled degradation of molecules under
the activity of digestive enzymes along the gastric tract,
which drastically limit the therapeutic effect of active
principles.3

In the last decade, many studies have been focused on
the design of “drug delivery systems” through a fine control
of the release rate for a site-specific delivery with reduced
side effects and improved therapeutic efficacy and safety.4

In particular, a growing interest is emerging for
“chronotherapeutic” drug delivery systems5 able to release a
specific concentration of drug at specific times, for example,
in correspondence to specific symptoms exacerbation (i.e.,
early morning pathologies).6 To develop an efficient chrono-
therapy of such diseases, it is required that chrono-
programmed carriers might be specifically designed to
release active principle only when necessary, by preordered
kinetic rates to selectively meet biological targets.7

Recently, extensive researches have been addressed to
investigate the suitability of ionic polymers—that is, algi-
nates, chitosans, haluronan, and cellulose derivates—to fab-
ricate pH-sensitive micro and/or platforms with controlled
mechanisms of drug release to be successfully used in
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different applicative contexts—that is, tissue engineering,8

drug delivery,9nanomedicine,10 cancer models.11 Among
them, positive charged polysaccharides, such as chitosan,
have been largely used as matrices or molecular excipients,
thanks to some important features in terms of biocompati-
bility, non-toxic effects and selective degradation in biologi-
cal fluids at different pH conditions.12,13 In particular, CS
has been investigated for the fabrication of innovative oral
administration systems able to adhere to the mucosal sur-
face thus mediating reversible epithelial tight junctions
opening14 along the intestine tract. Indeed, CS may also
assist the protective function of the mucous lining along the
digestive apparatus (i.e., oral cavity, esophagus). However,
relevant constrains have been reported for CS in terms of
drug administration control in the stomach, due to its rapid
dissolution in the presence of strongly acid pH values
(pH< 2.0). Hence, it is growing the fabrication of drug
release systems chemically stable in the highly acidic envi-
ronments, but able to rapidly dissolve in the presence of
neutral (or slightly basic) environmental conditions.15 For
instance, CA has been recently used to design nanoscale
drug depots in the form of core-shell fibers able to release
ferulic acid (FA).16 Likewise, ethylcellulose (EC) has been
used to successfully encapsulate poorly water-soluble anti-
cancer drugs such as tamoxifen, so as to control the carrier
dissolution into the stomach, thus promoting the drug
release to the proximal segment of the small intestine.17

However, the efficacy with ketoprofen based molecules has
not been completely demonstrated, mostly because of their
chemical instability and relevant side effects—in turn,
ascribable to the presence of aggressive solvents or to the
use of additive chemical procedures, such as crosslinking
and grafting, which are often required to stabilize bioactive
molecules into the carrier18).

In this context, the addition of ionic polymer layers able
to be selectively dissolved under different environmental
stimuli—such as CS—may be suitable to improve polar
interactions among drug molecules in the diffusing media,
thus influencing carrier properties (i.e., hydrophilicity, crys-
tallinity) for a more accurate control drug encapsulation,
and prolonged molecular release.19–21 In this work, new cel-
lulose based carriers have been engineered via electroflui-
dodynamics (EFDTs) to achieve a sustained release of KL
for several hours after the in vitro administration. EFDTs
include a set of innovative top down technologies based on
simple fabrication processes able to design innovative devi-
ces with restrained manufacturing costs but high functional
complexity, with great benefits in terms of pharmaceutical
applications.22 Among them, electrospraying, as a counter-
part of electrospinning, is currently considered the gold
standard process to prepare microspheres for drug delivery
applications.23 Although different devices for controlled
drug delivery have been successfully fabricated via coaxial
configuration,24 the implementation of new setups based on
the application of electrical forces to single-fluid blending
still represents a big challenge to minimize the electroflui-
dodynamic process complexity.25 Currently, new possibilities
for the fabrication of advanced functional materials are

emerging by the combination of electrofluidodynamics with
other consolidated technologies (i.e., emulsion, self-
assembly).26,27

Herein, core shell devices for KL release have been fabri-
cated by a two-step process combining electrofluidodynam-
ics and layer by layer techniques. In particular, CA
microparticles have been fabricated via electrohydrody-
namic atomization.28 A core shell structure was imparted by
a controlled deposition of CS macromolecules onto CA sur-
face through a layer by layer strategy. In this case, the cellu-
lose acetate acts as gastro-resistant system, thus limiting
the drug release into the stomach and providing a delayed
release of drugs along the first tract of intestine. Meanwhile,
chitosan shell prevents any uncontrolled release of drug
along the first tract of digestive apparatus (i.e., oral cavity,
esophagus), also supporting the local residence of CA micro-
spheres to the contact with stomach mucosa. Herein, we
have investigated the morphological properties and water
retention of CA based carriers to elucidate about their
mechanisms of gastro-resistance and delayed in vitro release
of KL. For this purpose, particle morphology was examined
by scanning electron microscopy (SEM) imaging. The water
adsorption was also investigated in bi-distilled water and in
different physiological fluids under different pH conditions.

MATERIALS AND METHODS

Materials
Cellulose acetate powder (Mn 30 kDa, 39.8 wt % acetyl),
low molecular weight chitosan powder (deacetylation
degree DD575–85%), sodium hydroxide (NaOH), potas-
sium dihydrogen phosphate (KH2PO4), sodium chloride
(NaCl), amylase powder, pancrease powder, lysozyme from
chicken egg white, Kaiser test kit, acetic acid (C2H4O2), ace-
tone (C3H6O), hydrochloric acid (HCl) 37%, were all sup-
plied by Sigma-Aldrich. KL was kindly supplied by Dompè.
Simulated gastric fluid (SGF) was prepared by dissolving
2.0 g of sodium chloride, 3.2 g of pepsin and 7.0 mL of con-
centrated (37%) HCl in distilled water to obtain a solution
having a total volume of 1 L (USP Test Solution Method).
Simulated intestinal fluid (SIF) was prepared by adding
190 mL of 0.2 N NaOH, 400 mL of distilled water and 10 g
of pancreatin to an aqueous potassium hydrogen phosphate
solution, then adjusting the pH of the resulting solution to
7.5, also adding distilled water to obtain a solution having a
total volume of 1 L (USP Test Solution Method)

Core-shell system fabrication
Fabrication of CA microspheres via
electrofluidodynamics. CA solution was prepared by dis-
solving 0.05 g/mL, into a 80:20 (volume ratio) mixture of
acetone and bidistilled water. The final solution was
obtained by adding KL under magnetic stirring at room
temperature until a clear solution was obtained. Atomized
particles were obtained using a commercially available elec-
trospinning setup (NF-500, MECC, Japan) equipped with a
tailor-made collector to collect stable polymer droplets
under controlled magnetic stirring as described in Figure
1—left side. The polymer solution was placed in a 5 mL
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plastic syringe by connecting power supply to a 22 Gauge
needle. Once the pump system was working, particles were
collected into a aqueous coagulation bath containing sodium
dodecyl sulfate (SDS), at a concentration of 5 mM—placed
under magnetic stirring during the process. Different pro-
cess parameters were selected to optimize the final particle
morphology: in particular, optimal microparticles were fabri-
cated by setting a distance of 15 cm, a voltage of 18 kV and
a flow rate of 2.5 mL/h. The process was carried out in a
vertical configuration at 238C and 50% relative humidity.
These conditions allowed obtaining wall materials with dif-
ferent average diameter, as estimated by image analysis
techniques (image J, ver 1.37).

Preparation of CS shell via layer by layer
technique. Microparticles were preliminary soaked in an
alkaline solution containing NaOH (0.05 M) for 10 s to acti-
vate CA surfaces (Figure 1—right side). Then, they were
immersed into a CS solution, 0.02 mg/mL into 99:1 (volume
ratio) mixture of bi-distilled water and acetic acid, to trigger
the chitosan crosslinking. Hence, the resulting system was
kept under orbital continuous stirring at 258C for 12 h for
the coating stabilization and particle disaggregation. Finally,
the microspheres were filtered, washed twice with PBS and
dried at 378C for the storage.

Chemical analyses
Chitosan coating was preliminarily investigated using Kaiser
test kit (50 mL of solution containing 80% v/v phenol/etha-
nol, % KCN in H2O/pyridine, 6%w/v Ninhydrin in ethanol—
Sigma Aldrich, Italy) which is a qualitative method to reveal
the presence of free primary amino groups on the surface
of the system. The reaction of ninhydrin with primary
amines is recognized by the presence of a characteristic
intense blue staining. To this purpose, certain amount of
microspheres (ca. 5 mg) was placed in a small test tube and
drop-to-drop dipped with he previous solution. Successively,
tubes were placed in hot water and the reaction left to go

on for 5 min. The presence of Chitosan was also detected
through FTIR analysis. FTIR spectra were recorded using a
Fourier Transform Infrared Spectrophotometer (FT-IR Fron-
tier Dual Range Perkin Elmer), operating from 4,000 to
500 cm21, at resolution of 4 cm21. FTIR spectra were
obtained from KBr pellets. Moreover, spectra of CA speci-
mens were also taken as negative control.

Morphological analyses
The morphology of the CS-CA and CA systems was investi-
gated both via optical (Dino-Lite Digital Microscope, Dino-
Lite Europe, The Netherlands) and SEM, (Zeiss-EVO40, Carl
Zeiss Group, Germany). By means of optical microscopy, the
dimensional analysis of the produced microspheres was per-
formed. Images at different magnifications were acquired
and, among them, 203-magnified ones were selected for the
next analysis. Dimensional analysis of both CS-CA and CA
systems was carried out, to perform a dimensional compari-
son and evaluating the difference in size due to the pres-
ence of chitosan coating onto their surface. The average
diameter was estimated (using the DinoCapture 2.0 soft-
ware), as the average calculated over one-hundred speci-
mens for each group. Subsequently, SEM images were
recorded in high-resolution mode with 20 kV of applied
voltage. The SEM analysis was carried out mainly to investi-
gate the inner section and the shape of the CA and CA-CS
systems to detect main morphological differences between
the two groups.

Water absorption
Water retention properties of both kinds of systems were
analyzed and compared. A certain amount of microspheres
(about 15 mg for each typology) was immersed into deion-
ized water for 15 min and then filtered. The excess of water
was gently removed through absorbing article. After one
hour, the weight was measured and the mass variation was
calculated according to the following equation:

Mass variation%5
Mf2Mi

Mi
� 100 (1)

where Mf was the mass of the samples after dipping in
water bath and Mi the dry mass of the same type. Then, the
dynamic mass variation was investigated,29–31 so as to mea-
sure the water absorption due to the external chitosan coat-
ing. To this aim, the weight of the samples extracted from
the water bath after 1 h, was recorded continuously.

The swelling behavior of CA-CS and CA in Simulated
Gastric Fluids (SGF) and Simulated Intestinal Fluid (SIF),
over 8 h, was then investigated. Specifically, a certain
amount of microspheres—about 10 mg—was immersed
into a SGF bath, kept at a temperature of 378C for 2 h, and
successively dipped into a SIF bath, under the same condi-
tions, for subsequent 6 h. The mass variation was monitored
every 30 min during the firsts two hours and every hour
for the remaining experimental time. The percentage mass
variation was calculated as reported in Eq. (1), where Mf is
the mass of the samples after dipping in SIG/SIF bath and

FIGURE 1. Scheme of two step preparation of CA/CS systems: fabrica-

tion of CA microspheres via electro dynamic atomization and LbL

deposition of the CS shell onto the CA surface.
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Mi is the dry mass of the same sample type. All tests were
conducted in triplicate for both sample populations.

In vitro release
In vitro KL release tests were conducted in sink condition
simulating the biological fluids. KL loaded systems were
placed into 1 mL of release medium and incubated at 378C
under shaking. SGF and SIF media, prepared according to
the European Pharmacopoeia, were selected as releasing
media. In particular, tests were also performed in the pres-
ence of physiological concentration of intestinal enzymes as
follows: 93.8 U/mg amylase and 65.4 U/mg pancreases in
SIF. Moreover, lysozyme (30 mg/mL in SIF) was added to
evaluate the effect on chitosan shell degradation at physio-
logical concentration. Released KL amount was evaluated at
260 nm using a UV-Vis spectrophotometer (Perkin-Elmer
Victor X3). A quantity of 500 mL of the solution was
replaced by fresh medium at each time step for measure-
ments. All tests were conducted in triplicate for both sample
populations, using CA samples as controls. The encapsula-
tion efficiency and drug loading were calculated as reported
in Refs. 32 and 33, using the following relations:

EE Encapsulation Efficiencyð Þ5 m2mfð Þ=m

where m is the total KL amount and mf is the free amount
of KL.

LC Loading Capacityð Þ5m2mf=mc

where mc is the total amount of KL.

Statistical analysis
The experimental data are presented as mean6 SD. The
results from the in vitro dissolution tests were analyzed
using the t-student test with a threshold significance level
of 0.05.

RESULTS

In this work the study of CA microspheres coated by CS
layer has been reported. Kaiser tests have been variously
assessed to prove the stability and qualitatively validating
the protective function of CS coating (Figure 2). At the first
attempt, it was observed that in the case of KL unloaded
systems, the presence of CS coating conferred a vivid and
uniform purple staining to the carrier, related to a slight sol-
ubilization of the thin CS layer in the solution. Conversely, a
lack of coloration was easily noticed in the case of plain CA
systems, probably due to the rapid and complete dissolution
of the polymer matrix just after few minutes of dipping. The
presence of a CS coating was also confirmed by IR analyses
performed on both coated and uncoated systems. The IR
spectra recorded in the case of CS/CA and CA microspheres
have been shown in Figure 3. In the spectrum of CS/CA, a
broad band centered at about 3,232 cm21, corresponding to
the vibration stretching related to the overlapping of the O–
H and N–H bonds, was recognized. In the case of CA, peaks
at 2,973, 2,933, 2,881, 1,413, 1,310, and 1,230 cm21 were

observed, due to the symmetric or asymmetric CH2 stretch-
ing vibrations of pyranose ring. Noteworthy, the characteris-
tic absorption bands of CS were also identified at 1,649 and
1,558 cm21, corresponding to C–O stretching (amide I) and
N–H bending (amide II), respectively. Additionally, several
characteristic peaks of KL were also recognized. However,
most of them were partially covered by the main peaks
associated to polymer matrices and/or coating, therefore, it
is quite difficult to analyze differences in the KL amount
among samples.

A slightly elliptical shape of CA and CS/CA micro-
spheres—<10%—was revealed by optical images; this
effect was mainly due to the droplet elongation occurring
into the coagulation bath, prior to the droplet stabilization
(Figure 4—in the square). Morphological characterization
was also supported by a quantitative analysis via image
analysis on selected images to evaluate the specific size dis-
tribution in the case of CA and CS-CA particles. No signifi-
cant differences in the average diameter were detected
under the simplified assumption of spherical shape approxi-
mation. More in detail, the mean diameter of the CS/CA
microspheres was equal to 1.046 0.22 mm; whereas the
mean diameter of CA microspheres, used as a reference in
this study, equal to 0.846 0.14 mm. Further investigation
performed on microsphere cross-section by SEM also indi-
cated the presence of inner cavities in the body, probably
acting as depots able to potentially host drugs or molecular

FIGURE 2. Chemical analyses to detect the presence of CS shell: Kai-

ser staining test of CA and CS/CA microspheres with and without KL.
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species (Figure 4). Hence, the effect on the peculiar struc-
ture organization on selected chemical/physical properties
such as water absorption capability, was further explored.
Mass variation measurements have been performed in the

case of CA and CS/CA (Figure 5). According to Eq. (1), a
mass increase of 338.77%631.26% was estimated in the
case of CS/CA. No considerable differences were detected
with respect to nude CA, showing a mass increase of

FIGURE 3. Comparison of FTIR spectra for CA (black) and CS/CA microspheres (blue), in the square, KL spectra.

FIGURE 4. SEM images of (a) surfaces (optical image in the square) and (b) cross-section of CA; (c) detail of the surface of CA and (d) CA-CS; (e)

detail of the cross-section of CA and f) CS/CA.
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353.45%6 5.92%. Conversely, different water retention
were underlined by dynamic mass variation over time. Two
curves representative of the reduction over time of the
mass in the case of CA and CA/CS during water dipping
have been reported inn Figure 5. Although the two curves
reached a plateau for similar values, a significant difference
was observed in terms of dynamic trends during the first
two hours: in the case of CA microspheres, the data are
well-fitted by one line only, 20.70 as slope, thus confirming
their ability to absorb water macromolecules at the surface.
In this case, the mechanism is basically regulated by a mere
adsorption of water molecules onto the surface, due to the
moderate hydrophilic behavior of CA. As for CA-CS micro-
spheres, data are well-fitted by two different linear profiles,
with 1.02 and 20.46 as slope, respectively. The effect of CS
coating on mass variation dynamics was also confirmed by
the mass variation curves in simulated physiological fluids
(Figure 6), SGF and SIF, respectively, for CA and CS-CA sys-
tems. The higher increase, recorded in the case of CS/CA, is
mainly ascribable to the hydrophilic properties CS coating
during the first 2 h in the acid microenvironment (SGF

solution). Then, CS layers progressively dissolves, thus
exposing the surrounding CA core which drastically reduces
their attitude to the water adsorption. This was confirmed
by trends of mass variation recorder either in the case of
CA then CS/CA conditioned in SIF solutions, solely ascrib-
able to the adsorption mechanisms of CA matrix along next
6 h.

Lastly, in vitro KL release from CS/CA and CA micro-
spheres was also investigated to validate their use for oral
administration. Unremarkable differences between in vitro
KL release profiles were detected in the presence of CS
coating (Figures 7 and 8). In particular, basic studies per-
formed in SGF showed only a reduced release of KL—about
of 20%—independently on the presence of CS layer (Figure
7), while the most part of KL was released in SIF, during
subsequent 6 hours. Further in vitro release studies in SIF
enriched with selected enzymes such as amylase/pancrease
at physiological concentration (pH 6.8) also showed release
profiles (Figure 8) with similar trends, allowing for a
release of only 10% of drug after 2 h until a complete
release (i.e., 100% of KL) after 6 h [Figure 8(a)]. Similar
behavior was also observed in SIF medium enriched with
lysozyme at physiological concentrations [Figure 8(b)].

DISCUSSION

In this work, the investigation of new core-shell microcar-
riers fabricated by a two steps process based on the

FIGURE 5. Mass versus time of CA (squares) and CA-CS (circles)

microspheres, after being dipped in water for 15 min. All tests were

conducted in triplicate for each time for both sample populations.

FIGURE 6. % Mass variation versus time: effect of chitosan coating

onto the swelling mechanism of core shell systems under simulated

environmental conditions of the digestive system: first 2 h in SGF and

subsequent 6 h in SIF. All tests were conducted in triplicate for each

time for both sample populations.

FIGURE 7. Total amount (%) and Cumulative release profiles (%) of KL

loaded CA and CS-CS systems. All samples were conditioned into

SGF (pH 1.2) for first 2 h, and SIF (pH 6.8) for next 6 h until the end of

release. All tests were conducted in triplicate for each time for both

sample populations.
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combination of electrofluidodynamic atomization and layer
by layer deposition is proposed. The inner core made of CA
is developed by an emerging technology recently patented
by Guarino et al.34 based on the fluid dynamic breaking of
polymer solutions into macro-sized droplets and their sub-
sequent precipitation into a chemically functionalized dip-
ping bath. Moreover, a layer by layer strategy has been
optimized to cover the microsphere by a chitosan shell as
efficient coating to improve drug encapsulation without
compromising molecular release. The chemical characteriza-
tion based on the use of Kaiser tests and FTIR analyses con-
firmed the formation of an homogeneous thin chitosan layer
onto the microsphere surface, by controlling the soaking
procedure in NaOH solution. From morphological point of
view, the presence of CS coating seems to not compromise
the spherical-like shape of microcarriers, but slightly
increases the average diameter of the final device—not over
the 20% respect to the diameter of CA microspheres. Inter-
estingly, a change in the structural organization is observed
in the presence of CS layer. Nude CA systems show a char-
acteristic structural organization of the surfaces, due to the
presence of a highly porous wall surrounding an external
skin. This is related to the occurrence of local solvent
exchange mechanisms at the CA surface during the droplet
dipping, at the preliminary stage, thus promoting the local
formation of surface micro/macroscopic defects [Figure
4(c)]. Vice versa, CS/CA systems exhibit a more compact
surface, probably due to effect of layer by layer deposition
of CS which concurs to fill surface microcavities, also
improving core shell interface [Figure 4(d)]. We have dem-
onstrated that this peculiar structure organization concurs
to particularize the chemical/physical properties in terms of
water absorption capability. Mass variation measurements
allowed clearly identifying two distinct water absorption
mechanisms: the first is related to a more rapid absorption
of water molecules by the presence of the highly hydrophilic
CS coating while the second phenomenon is related to a
slower mechanism of water molecules absorption into the
cellulose acetate microcavities. In the presence of CS layer,
this secondary water absorption mechanism is slower than
those occurring in the case of nude CA, due to the covering
effect of CS shell of surface microcavities, with potential

effects on molecular transport and delivery, as also con-
firmed by simulated tests in SGF and SIF media (Figure 5).
These considerations have been also corroborated by in
vitro release studies, performed to validate the effective use
of microspheres for oral administration. We verified a dras-
tic increase of encapsulated KL in the case of CS/CA—about
50% higher than those of CA ones—without recording any
relevant drug loss during the coating procedure. This result
may be explained by the effect of CS shell on the morphol-
ogy at the interface with the surrounding CA core. Indeed,
the reduction of local defects improves the interface stabil-
ity, thus limiting the formation of preferential exit routes to
drug molecules during water adsorption. Contrariwise, no
differences between in vitro KL release profiles, respectively,
20% in SGF and 80% in SIF media—may be directly ascrib-
able to the presence of CS coating, instead, mainly related
to the local pH effect on the solubility of KL molecules.
Indeed, KL acts as a weak acid and its solubility tends to
rapidly increase for higher pH values until to be completely
ionized at intestinal pH—from 5.8 to 6.5—so that it might
be completely released along the upper small intestine
tract.31

Other studies performed in SIF enriched with selected
enzymes (i.e., amylase, pancrease) at physiological concen-
tration (pH 6.8) to mimic native gastro-intestinal microenvi-
ronment further corroborate the idea that CS shell does not
interfere with the mechanism of KL release. This is con-
firmed also in the case of lysozyme, an elective enzyme nat-
urally present in biological fluids of the intestine deputed to
promote the lysis of the bacterial cells, being able to cleave
the glycosidic linkage between units of N-acetyl glucosamine
and N-acetylmuramic acid.35 We demonstrate that this
result is not in contrast with the intrinsic attitude of this
enzyme to dissolve chitosan macromolecules.36 Indeed, the
ability of lysozyme to trigger chitosan shell degradation is
clearly manifested only over 10 days, not influencing the
massive release of drug occurring by 6 h after the oral
administration.

CONCLUSIONS

One of the main challenges in oral delivery currently con-
cerns the improvement of drugs or molecular administra-
tion by the support of tailored systems able to deliver the

FIGURE 8. Cumulative release profiles (%) of KL loaded CA and CA-CS microspheres in SIF in the presence of (a) amylase/lipase or (b) Lysozyme

at physiological concentration. All tests were conducted in triplicate for each time for both sample populations.
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right dose of therapeutic agents along the intestine, preserv-
ing the gastric stroke. For this purpose, drug-loaded carriers
have to protect the active principle from the harsh environ-
ment of the stomach, thus delivering it where the action
mechanism, that is,—drug absorption—is required. In this
context, it was demonstrated that muco-adhesive poly-
mers—that is, CA and CS may be successfully used to
assembly core-shell carriers able to locally guide drug
administration. Indeed, their ability to change water absorp-
tion and swelling behavior in response to the environmental
factors—such as ionic strength, temperature or pH—allows
controlling chemical functionalities of the carrier—that is,
hydrophilic, partially hydrophilic or hydrophobic groups
such as hydroxyl, carboxyl, amide, and sulfate—able to pro-
mote a greater attachment and/or retention of dosage
forms. CA based carriers with a peculiar core/shell organi-
zation—imparted by the combination of EFDTs and LbL,
may be efficaciously used to directly interact with stomach
and small intestine mucosae along the gastrointestinal tract,
thanks to strong adhesive interactions exerted by muco-
adhesive polymers (i.e., Van der Waal and hydrophobic
interactions). Moreover, they are able to protect KL in acid
microenvironment of stomach, providing a massive
release—over 80%—along the intestinal tract. This is
mainly ascribable to the capability of CA to retain the drug
along the first tract, not dissolving at gastric pH. Moreover,
the presence of additive CS layer concur improving KL
encapsulation, due to the hydrophilic behavior and peculiar
structure at the interface with surrounding CA substrate.
Under different environmental conditions in the presence of
specific enzymes, both microcarriers have shown a substan-
tial delay in the release time (up to 3 h) followed by a sus-
tained release of about 6 h of the drug, thus suggesting
their use as a promising system for certain oral delivery
applications in which a selective delivery of therapeutic
agents along the intestine is required.
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