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1. Introduction

In the last few years, nanostructured polyelectrolyte cap-

sules (NPCs), with a wide range of architectures and func-

tionalities, have been developed and proposed for appli-

cations in biomedicine as smart drug delivery carriers.[1–3]

NPCs can be fabricated by the layer-by-layer (LbL) adsorp-
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tion of oppositely charged polyelectrolytes on the surface
of micro/nanoscale sacrificial templates, usually carbon-
ate particles.[4, 5] Once the polyelectrolyte multilayer, con-
stituting the capsules shell, has been deposited, the tem-

plate is removed by dissolution in acidic medium or by
chelating agents. It is possible to fabricate hollow poly-
electrolyte capsules having a shell with thickness rang-
ing from few to tens of nanometers and predetermined

composition, structure and thus functionality. One in-
teresting property of such systems is the possibility to
vary their shell permeability as a consequence of specific
stimuli, such as pH, in order to load and, when required,
release cargo molecules, such as drugs.[6–11] For a wide 
range of biomedical applications, the use of biocompat-

ible, biodegradable, and low immunogenic systems is of
pivotal importance.

In this respect, polysaccharides are interesting building
blocks for the development of natural polyelectrolyte cap-
sules. Polysaccharides are awide class of polymericmateri-

als of natural origin, which exhibit high biocompatibility,

biodegradability, bioactivity, processability, and low cost
making them very promising natural biomaterials.[12–14] 

Depending on the natural source, they can have a linear
or branched architecture with a wide range of structural
characteristics, e.g., molecular weights, types of monosac-

charides either their distribution along the backbone or
localized in branched regions. This variability is often re-
garded as a limit, since it affects the reproducibility of the
raw materials and produces results depending on the vari-
able characteristics of their structures. However, the main

features affecting the final product and process can be
fully characterized and controlled. On the other hand, the
variability of the characteristics of these materials holds
great promise for tailoring the final characteristics of the
prospective products.

A fewpolysaccharides have the advantage of being able
to adhere to mucosal surfaces. Mucoadhesion can be ex-
perimentally estimated studying their interaction with

the protein mucin.[15] Mucins are glycoproteins, which 
represent the main component of the protective epithe-
lial mucus layer, which acts both as antiadhesive bar-
rier and as mediators between an organ and the external
environment.[16] A strong interaction between mucin and 
a polymer results in a prolonged residence time, which

plays a pivotal role in local applications of drugs to spe-
cific sites such as the eye, the gastrointestinal track, and
the oral and nasal cavity. This can be regarded as a key
point in the development of pharmacelutical formula-

tions which can be orally delivered as an alternative to
intramuscular delivery by injections.[17] This feature can 
be of great benefit for the delivery of drugs for chronic
disease treatments, reducing the patient discomfort and
side effects.[18] We investigated the fabrication of NPCs 
made of natural polysaccharides. Specifically, we focused

oncationicchitosanandanionicpectin.Chitosan,acopoly-

mer of glucosamine andN-acetyl glucosamine, is a polyca-

tionic, biocompatible and biodegradable natural biopoly-

mer. Chitosans can be obtained with different amount of

amino-groups, which can turn charged depending on the

pH, by deacetylation of chitin. Because of their proper-

ties, chitosans have great potential in biomedical appli-

cations, including drug delivery, tissue engineering and

biosensors.[19,20] Pectins, the major structural polysaccha-

ridesofhigherplant cells, are commerciallyextracted from

citrus peels and apple pomace.[21] Pectins are divided into

twomajor groups on the basis of their degree of esterifica-

tion (DE), high methoxyl (HM) pectins, and low methoxyl

(LM) ones. The degree of methoxylation is related to the

anionic charge of pectins. LM pectins has been recently

used for different biomedical applications.[22,23] They can

be ionically crosslinked by different cations in physiolog-

ical conditions. The mechanism of the formation of the

gels can be controlled in terms of crosslinking degree and

kinetic of crosslinking.[24] The use of poorly soluble salt,

e.g., CaCO3, led to the formation of homogenous tunable

gels.[25] Bothchitosansandpectinshavebeen found topos-

sess mucoadhesive properties at the macroscopic level.[26]

To our knowledge, this is the first work reporting on the

characterization of chitosan and pectin assembling into

nanoscale multilayers in order to synthetize NPCs. Since

NPCs made of weak polyelectrolytes, such as polysaccha-

rides, the interactions in the multilayer shell are strongly

dependent on pH, the shell assembly was characterized

at different pH values, namely pH 4, 5, and 6. The charac-

terization was carried out by real-time dissipative quartz

crystal microbalance.[27] The mucoadhesive properties of

the proposed composite system were characterized at the

nanoscopic level by studying the interaction of the mul-

tilayers with the mucoadhesive protein mucin at oral pH

(6.8) and at gastric pH (1.5) by dissipative quartz crystal

microbalance.

The LbL deposition processes are normally performed

at pH values that guarantee that the components are op-

positely charged. For this reason we selected pH 4–6 for

the assembly.[28] However, the behavior of such structures

should be characterized taking into account the pH of the

environment where the structure is going to be used, in

this case oral and gastrointestinal pHs.[14,29–31]

The optimized assembly protocolwas then used for the

assembly of the multilayer onto the surface of sacrificial

templates, namely MnCO3 and CaCO3.



2. Experimental Section

2.1. Materials

Chitosan (CHI, medium molecular weight, 448877, lot

MKBD4275V, from Pandalus Borealis, 77% deacetylation,

viscosity 450 mPas at 1% concentration in 1% acetic acid)

and high methoxyl pectin (PECHM, 76282, lot BCBD2242V,

from apple) andmucin (from bovine submaxillary glands,

type I-S M3895) were purchased from Sigma-Aldrich. Low

methoxyl pectin (PECLM, CU701, lot 968, from citrus fruits)

was kindly provided by Herbstreith & Fox (Neuemberg,

Germany). Calcium chloride (CaCl2), sodium hydroxide

(NaOH), acetic acid, and chloridic acid were purchased

from Sigma-Aldrich. Calcium and manganesium carbon-

ate (CaCO3, MnCO3) microparticles with a diameter 5 ± 2

µm were kindly provided by PlasmaChem Gmb. Sodium

azide (NaN3 0.02% w/v from Sigma-Aldrich) was added

to water to guarantee sample sterility during laboratory

storage at 4 ◦C for up to six months. Water, used in the

experiments for the solutions preparation and washing,

was purified by Milli-Q system and had the resistance of

18.2 M� cm.

2.2. Characterization of Pectins and Chitosan

2.2.1. Moisture Content

Moisture content was estimated by loss on drying at 50

± 2 ◦C under reduced pressure (100 mbar) until constant

weight of 1 g of polysaccharide powder. The test was car-

ried out in triplicate and results expressed asmean± stan-

dard deviation.

2.2.2. Size Exclusion Chromatography

For pectin molecular weight analysis, size exclusion chro-

matography was employed with aqueous 0.1 M NaNO3

solution as eluent. The analysis was performed at 25 ◦C

with a flux of 0.8 mL min−1 employing a Waters system

(Waters 1515 pump) equippedwith a precolumn (Ultrahy-

drogel Guard, 60 × 40 mm), three Ultrahydrogel columns

(Ultrahydrogel 250, 500, 1000; 7.8 × 300 mm) and a re-

fractive index detector (Waters 2414). The column set was

calibrated with pullulan standards (Shodex Showa Denko

pullulan standards, range 708–5.9 KDa) and, therefore, all

molecular weight values quoted are relative to these.

2.2.3. Intrinsic Viscosity

The intrinsic viscosity of pectins was measured using an

Ostwald viscometer. The measurements were made at a

temperatureof24±1 ◦C.Eachpolysaccharide (100mg)was

dissolved in 50 mL of 0.1 MNaCl solution at room temper-

ature. The measure of the efflux time of the solution was

repeated for five times at decreasing concentrations, ob-

tained by successive dilution of the solutionwith aliquots

of 5 mL solvent.

Reduced and inherent viscosity (ηrid and ηin, respec-

tively)werecalculatedandplottedversusCsol. The intrinsic

viscosity was calculated as intersection of the ηrid and ηin
lines.

[η] = KMα

v (1)

The viscosimetric molecular weight of pectins (M̄v,

Table 1) was calculated from the intrinsic viscosity

through the Mark–Howkin–Sakurada equation (Equation

(1)) where the constants K and α where 9.55 × 10−4 and α

= 0.73 for pectins.[32]

2.2.4. Evaluation of the Degree of Esterification

The degree of esterification (DE) of pectins was evaluated

by a colorimetricmethod.[33] Briefly, ester groups of pectin

were reacted with hydroxylamine to form hydroxamic

acid at room temperature. The absorbance of the yellow-

orange colored complexes with ferric ions was measured

by UV spectroscopy. UV spectra were acquired with a

UV/vis spectrophotometer (6705, Jenway, 190–1100 nm

range).

2.2.5. Dissipative Quartz Crystal Microbalance (QCM-D)

For the time-dependent control of adsorption and moni-

toring of the assembly in situ, theQCMmethod is suitable.

Thekinetics of the adsorptionprocess canbedelineatedby

the QCM-technique, which is indispensable for establish-

ing proper assembly conditions (e.g., saturation adsorp-

tion time).[34–36] Quantitative studies of the interaction be-

tween CHI and PECLM or PECHM at different pH values and

their interactions with mucin at oral and gastrointesti-

nal pH values were performed using a dissipative QCM

(QCM-Z500, KSV Instruments, Finland). QCM-D measures

simultaneously the change in frequency (1F) and energy

dissipation (1D) ofanoscillatingquartz crystal in response

to adsorption of material to the crystal surface. We used

quartz crystals with diameter 1.5 cm and a fundamental

frequency of 5 MHz with gold electrodes, with thickness

100 nm and roughness 0.9± 0.2 nm deposited by physical

vapor deposition method. QCM-D technique has been de-

scribed in detail in refs. [37] and [38]. Briefly, the quartz crys-

tal can be excited at its fundamental frequency (5 MHz)

as well as at the 3rd, 5th, 7th, 9th, and 11th overtones,

corresponding to 15, 25, 35, 45, and 55 MHz, respectively.

A mass deposited onto the surface of the crystal causes a

decrease in its resonant frequency.For rigidlyattached lay-

ers, where the thickness of the layers is much lower than

the thickness of the crystal itself, the resulting decrease in

the resonant frequency is proportional to the mass of the



Table 1. Characterization of pectins. M̄w and M̄n and d (M̄w/M̄n) were obtained by SEC,while intrinsic viscosity (η) and M̄v

were obtained from viscosity measurements. DEPEC (degree of esterification) refers to the percentage of esterified groups
in the pectin structure.

M̄
w

[KDa] M̄
n
[KDa] d η [dl g−1] M̄

v
[KDa] DE

PEC
[%]

PECLM 317 74 4.3 3.45 75 38

PECHM 375 150 2.5 4.07 94 75

deposited layer. In this case, the mass of the layer can be

quantitatively interpreted using the Sauerbrey equation,

relating 1F and 1m[39] For viscoelastic materials the ad-

sorbed layer does not fully couple to the oscillation of the

crystal and therefore dampens the oscillation. The QCM-D

response to viscoelastic layers is modeled using a Voigt

model, that is a combination of a spring and dashpot to

represent the elastic (storage) and inelastic (damping) be-

havior of a material, respectively.[40,41]

A Teflon liquid chamber with a volume of 2 mL was

used in the experiments. Solutions used for the assembly

and washing steps were alternatively introduced into the

measurement chamber and were left in contact with the

quartz crystal for 10 min for polysaccharide deposition.

After each adsorption step, pure washing solution was

poured into the chamber and left in contact with the crys-

tal for 5min in order to remove theunabsorbedmolecules.

The data analysis was performed using the QCM

Impedance Analysis software (KSV Instruments, version

3.11).

2.2.6. LbL Deposition of CHI/PEC Multilayers

Fresh polysaccharide solutions were prepared with a con-

centration of 0.5 mgmL−1 under agitation for 2 h at room

temperature. This concentration valuewas set taking into

account that it has been demonstrated in literature that

to reach a surface charge reversion during linear polyion

adsorption one needs a concentration greater than 10−5

M and that a concentration range between 0.1 and 5 mg

mL−1 yields a similar bilayer thickness.[34] Moreover, it has

been demonstrated that a further decrease in polyion con-

centration (e.g., 0.01 mg mL−1) decreases the layer thick-

ness of the adsorbed polyion and an increase in concen-

tration (e.g., 20–30 mg mL−1) may result in the nonlin-

ear (exponential) enlargement of the growth rate with

adsorption steps.[42] The PECLM and PECHM solutions were

prepared in distilled water and the CHI one in 1.0% (v/v)

acetic acid solution. The pH of the polysaccharides solu-

tions was adjusted to 4.0, 5.0, 6.0 by dropwise addition

of 0.1 M NaOH. The multilayers were deposited onto the

surface of quartz crystals by the alternate deposition of

CHI and PECLM and PECHM. The polysaccharides were al-

ternatively injected into the measurement chamber and

allowed to equilibrate. Theadsorption timewas10min for

both polysaccharides. This time of depositionwas enough

to reach saturation adsorption for both CHI and PEC. After

each adsorption step, the crystal was washed with water

(pH 4.0, 5.0, 6.0) for 5 min to remove the unbound ma-

terial. Four CHI/PECLM and CHI/PECHM bilayers were de-

posited for each experiment and theywere further named

as (CHI/PECLM)4 and (CHI/PECHM)4. All experiments were

carried out in triplicate.

2.2.7. Mucoadhesion

Mucoadhesion was studied by QCM-D by monitoring the

interaction of the multilayers deposited onto the quartz

crystal with amucin solution at a concentration of 0.5mg

mL−1 in 5× 10−3 M phospate buffer at pH 6.8 (oral pH) and

in acidified water solution at pH 1.5 (gastrointestinal pH).

After the step-by-step deposition of four (CHI/PECLM) and

(CHI/PECHM) bilayers, themucin solutionwas injected into

the measurement chamber and allowed to equilibrate for

30minwithcontinuous recordingof the frequencychange

of the quartz crystal. The crystal was then washed by in-

jecting a water solution, in the measurement chamber,

at a pH equal to that used in the experiment (6.8 or 1.5)

and allowed to equilibrate for 5min. All experimentswere

carried out in triplicate.

2.2.8. NPCs Synthesis

The NPCs were fabricated according to a well-established

procedure.[4]Namely, 108 CaCO3 orMnCO3 cores (diameter

5 ± 2 µm) were covered by successively deposited layers

of anionic PEC and cationic CHI. Specifically, PEC and CHI

were used at a concentration of 0.5 mgmL−1. CHI was dis-

solved in 0.1 M acetic acid, while pectin was dissolved in

pure water; their pH was then adjusted to pH 5.0 with

0.1 M NaOH and their adsorption time was 10 min. Four

bilayers were deposited onto the surface of the cores; af-

ter each step of deposition, the dispersion of covered cores

was centrifuged at 3000 rpm for 5 min and the precipi-

tated covered cores were separated from the supernatant

solution. The cores were washed three times in water at

pH5.0withsuccessivecentrifugationandseparationsteps

and then dissolved by their dispersion in 0.5 M EDTA pH

5.0 followed by three washings in water. All experiments

were carried out in triplicate.



2.2.9. Optical and Scanning ElectronMicroscopy (SEM)

SEM was used to provide information about the NPCs-

hydrogel surface topography. SEM measurements were

carried out by Zeiss Supra microscope on dried samples.

The template removal and NPCs were visualized by opti-

cal microscopy (Olympus Invert Microscope).

3. Results and Discussion

As a first step, pectins were characterized by SEC (Table

1). Although the values cannot be considered as absolute

values, as they are relative to pullulan standards, the com-

parison of the molecular weight values of the two pectins

indicates that, the weight average molecular weight, M̄w,

and the numeralmolecular weight average, M̄n, are lower

for PECLM. The wider molar-mass dispersity and the peak

shape in the chromatograms accounts a major amount of

lowmolecular weight molecules for PECLM than PECHM.
[43]

This result is consistent with a lower intrinsic viscosity

and a lower M̄v for PECLM. The detailed characterization of

the PECHM is described in ref. [44].

Different characteristics other than the molar mass,

such as the charge and hydrophobic intramolecular as-

sociations, affect the dependence of the reduced viscosity

as a function of concentration and salt content. In some

conditions, these characteristics are interrelated.[45–48] For

pectin solutions, the reduced viscosity is decreasing with

dilution.This result suggests that thepolyelectrolyteeffect

is less relevant that the formation of entanglements and

molecular aggregates by inter-chain interactions, in the

salt containing solutions and concentrations (0.200–0.067

mgmL−1) employed in this study.

The chitosan employed in this study was reported to

have a molecular weight in the range 190–310 KDa, sim-

ilar to the MW of pectins, and 77% of degree of deacety-

lation, thus bearing a large number of ionisable amino-

groups.[49] Water content was below 10% (2.2% ± 0.2% for

PECHM, 6.7% ± 2.4% for PECLM, 7.8% ± 1.2% for CHI). The

LbL self-assembly of PEC and CHI was monitored in real

time by in situ QCM-D analysis, which combines themon-

itoring of resonant frequency (1f) and of the energy dis-

sipation (1D), achieving information about the adsorbed

mass (via 1f/n, n = frequency overtone number) and the

variation of the viscoelastic properties (via 1D) of the ad-

sorbed multilayer. For rigid films the frequency changes

deriving from the increasing of the layer mass are the

same for all overtones. For viscoelastic layers 1f versus

time curves for different overtones do not coincide. This

is evident in the kinetic QCM traces recorded during the

buildup of all studied CHI/PECmultilayers (Figure 1). This

was confirmed by monitoring the variation in the energy

dissipation as a function of the number of deposited lay-

Figure 1. QCM-D results showing the in situ build-up of
(CHI/PEC)4 films at pH 5. Frequency changes are recorded as a
function of time for CHI/PECLM A) and CHI/PECHM B). Steps 1 and
2 represent chitosan and pectin deposition, respectively.

ers. If the adsorbed layer is rigid 1D is close to 0, if the

adsorbed layer is not rigid1D> 10−6.[41] For CHI/PECmul-

tilayers, 1D was found to be above 10−6 for all the tested

assembly pHvalues,which indicates the deposition of vis-

coelastic multilayers.1D for themultilayers (CHI/PECLM)4
and (CHI/PECLM)4 assembled at pH 5.0 is reported in Figure

2. A more pronounced viscoelastic behavior for the multi-

layer (CHI/PECHM)4 than the one based on the use of PECLM
was observed. Since themultilayers exhibited viscoelastic

behavior, the data were analyzed using the Voigt based

model.

For clarity, changes in themeasureddataof thenormal-

ized fifth overtone (f = 15 MHz) are presented (Figure 1).

The modeling was carried out using overtone frequencies

of 25, 35, and 45MHz.

The influences of the assembly pH (4.0, 5.0, and 6.0) and

of the degree of methylation of pectin (38%, 75%) on the

LbL deposition process were investigated. The evolution

of surface coverage monitored during the deposition of

4 (CHI/PEC) bilayers at pH 5.0 is shown in Figure 3. Data

analysis showed that the wet mass of (CHI/PECHM) was

larger than that of (CHI/PECLM) (Figure 3). PECHM formed

more open, hydrated structures; whereas PECLM formed

more compact structures. The modeled thickness for the

multilayers reflected this behavior, with the thinner mul-



Table 2. CHI/PEC multilayer characteristics: surface coverage (M/A) and thickness (T) calculated with the Voight model
for (CHI/PECLM)4 and (CHI/PECHM)4 as a function of the assembly pH.

pH 4.0 pH 5.0 pH 6.0

M/A [µg cm−2] T [nm] M/A [µg cm−2] T [nm] M/A [µg cm−2] T [nm]

(CHI/PECLM)4 1.89± 0.09 22± 1.1 2.2± 0.13 28± 2 2.67± 0.2 48± 4

(CHI/PECHM)4 4.2± 0.23 47± 2 4.26± 0.25 55± 2.6 6.86± 0.44 102± 8

Figure 2. Dissipation changes recorded as a function of LbL sub-
sequentlydepositedchitosanandpectin layers for themultilayers
(CHI/PEC)4 at pH 5.

Figure 3. Plot ofmass of polysaccharide deposited for chitosan–
pectin multilayered system at pH 5 as a function of the number
of layers calculated with the Voight model. The odd numbers
correspond to deposited mass after the addition of chitosan and
the even numbers concern pectin introduction.

tilayers recorded for PECLM. This behavior was observed at

all three pH values as it is summarized in Table 2.

Since polyelectrolyte deposition is primarily controlled

by electrostatic interactions, the degree of ionization of

the charged molecule is of great importance. The thick-

ness and the organization of these sequentially adsorbed

layers are extremely sensitive to the pH of the solution,

since the charge density and conformation of weak poly-

electrolytes is influenced by the changes of pH. At low

pH values an increased charge density for chitosan is ex-

pected, resulting inamore compact andflat conformation.

When the pH increases and approaches the chitosan pKa

6.5, theassemblyof themultilayer isnotmainlycontrolled

by electrostatic interactions, but hydrogen bonds can also

be formed.[28,50] Moreover, at pH values closest to its pKa,

chitosan bears less charged groups to interact with pectin

and, as a consequence, the film structure is more loosely

packedanddissipatesmoreenergy.[41] This is inagreement

with the different thickness values found at different pH

values for both LM and HM pectins. Moreover, in Figure 2

it is possible to observe that the deposition of PEC leads to

compaction of the structure, whereas chitosan has amore

viscoelastic behavior. This can be explained taking into

account that, when approaching its pKa, chitosan has less

charged groups. Consequently it behaves as a less rigid

macromolecule, due to a decrease of electrostatic repul-

sions among charged groups and the deposition of suc-

cessive pectin layer binds with the underneath chitosan,

compacting the structure.

Polyelectrolyte deposition could also be affected by the

molar-mass dispersity. The wider distribution for PECLM

can promote amore effective binding of the two polyelec-

trolites because of the presence of low molecular weight

pectin macromolecules in the pectin solution.

Assembly at pH 5.0 was adopted for all subsequent ex-

periments.

The mucoadhesive properties of CHI/PEC multilayers

were studied in real time by QCM-D at pHs of the environ-

ment where the structure is going to be used. To this aim

the LbLassemblyofCHIandPEC, both LMandHM,was car-

ried out on the surface of the quartz crystals at pH 5.0 and

asfinal step the crystalwasput ina contactwitha solution

of mucin. The multilayer/mucin interaction was charac-

terized both at pH 6.8 (oral mucosal surface) and at pH 1.5

(gastrointestinal mucosal surface). The Voigt model was

used to estimate the adsorbedmass due to the viscoelastic

nature of the adsorbed film. Themucoadhesive properties

for PECLM and PECHM showed a markedly different behav-

ior.

As relates to the multilayers containing PECLM, upon

injection in themeasurement chamber of themucin solu-

tion, a rapid decrease in frequencywas observed reaching

a constant value after 5 min. After 30 min, the mucin so-

lution was rinsed from the chamber by a water solution

at the same pH resulting in minor changes in frequency,



indicatingvery little desorptionof the layer. Thedeposited

mass (µg cm−2) due tomucinadsorptiononto (CHI/PECLM)4
multilayer onto the quartz crystal was found to be 0.16 ±

0.01 µg cm−2 at pH 6.8 and 4.72± 0.09 µg cm−2 at pH 1.5.

The stronger interaction at pH 1.5 could be explained

taking intoaccount thepIofmucinandthepKa (3.2)ofPEC.

Mucin has an overall negative charge in basic and neutral

solutions,which diminishes as the pHdecreases below4.0

as it gets closer to the isoelectric point (pI). In general, the

pI of mucins range between 4.7 and 2.0, depending on the

mucin’s origin and preparation method. The pI of bovine

submaxillary mucin (BSM), which was used in this work,

has been determined to be about 3.0.[51] Below this point,

themucinmolecule becomesprotonated and loses its neg-

ative charge. As relates to PEC at pH 1.5, which is below its

pKa, it isunionized.Thusthe interaction ismediatedbyhy-

drogenbondingor othernonelectrostatic interactions. The

LbL self-assembly process is governed primarily by elec-

trostatic interactions. However, it has been demonstrated

that hydrogen bonding, hydrophobic and other types of

interactions are also involved in the process.[50] As an ex-

ample, Caruso and co-workers have successfully immobi-

lized by LbL IgG molecules on the outer surface of a poly-

electrolyte multilayers at a pH close to the IgG pI, which

indicates an importance of hydrophobic interactions.[52]

At pH 6.8, pH higher than their pKa, both pectin and

mucin are negatively charged due to the ionization of car-

boxyl groups, in pectin, and sialic acid, in mucin resulting

in an electrostatic repulsion and thus in decreased inter-

action.

As it relates to PECHM, the immediate and rapid interac-

tion with mucin was followed by an immediate increase

in frequency. Again, after 30 min the chamber was rinsed

withwater solution at the same pH as themucin one. The

frequency remained almost constant as in the PECLM ex-

periment. The increase in frequency couldbe related to the

detachmentof the last pectin layer at pH6.8. This behavior

was even more evident at acidic pH value were the expo-

sition to amucin solution at pH 1.5 resulted in the detach-

ment of amass corresponding to the last (CHI/PEC) bilayer.

This could be explained as a consequence of the fact that

the interaction in this case is based on hydrogen bond-

ing, which is stronger than the electrostatic interaction

between positively charged mucin and uncharged pectin.

This finally results in thedetachment of theweakly bound

polysaccharide layers that are weakly associatedwith the

underlying layers. PECHM has a lowest charge density and

a highest hydrophobicity compared to PECLM. The differ-

ences observed for PECLM and PECHM could be explained

taking into account the different polymer conformations

in the multilayer and the compactness of the adsorbed

layer. PECHM may form loops and has a more branched

structure. Moreover, PECHM has a lower charge density

and a higher hydrophobicity compared to the PECLM. This

Figure 4. EDS map of MnCO3 covered templates. Location of
paint pigment containing iron is shown by green dot pattern.

could result from a weaker interaction with chitosan, on

the one hand, and from the lower electrostatic repulsion

andhigher degree of hydrophobic interactionwithmucin,

on the other hand.

For NPCs synthesis, MnCO3 and CaCO3 microparticles,

having a diameter of 5 ± 2 µm, were used. Namely, CHI

and PECLM were subsequently adsorbed onto the particle

surfaceusing theLbLdeposition techniqueatpH5.0. PECLM
was chosen for the synthesis of the NPCs in a view of ob-

taining a more compact multilayered shell for the subse-

quent loading of active molecules in the NPC hollow void.

Four bilayers were deposited and chitosan was the first

layer adsorbed onto the templates. Twomethods to obtain

hollow capsules were compared.

The first method is based on the use of MnCO3 covered

templateswhichwere dissolved by the addition of HCl 0.1

M to reach pH 4.0, when the shell should have a slightly

opened conformation, and then by the addition of EDTA

0.1 M pH 7.0. Energy Dispersive X-ray Spectroscopy (EDS)

image of the covered templates is shown in Figure 4. The

sizes and the elements composition correspondwell to the

covered templates. Thedissolutionprocesswasmonitored

by optical microscopy. The dissolution was found to be

difficultasallattemptstoobtainadispersionof justhollow

NPCs, without the presence of templates, also resulted in

the dissolution of most of the multilayered shells.

In order to clarify this observation, the dissolution of

both MnCO3 either CaCO3 cores was carried out only by

subsequent additions of HCl 0.1 M. In this case, the com-

plete removal of the cores resulted in the complete disso-

lution of the multilayered shells.



Figure 5. A) Optical and B) SEM microscopies images of
(CHI/PECLM)4 NPCs.

This behavior can be explained taking into account the

low pH (pH 3.0) required to dissolve the cores, which is be-

low thePECpKa (3.5),where theprotonationof theanionic

group can weaken the electrostatic interactions.

The second method is based on the obtained hollow

NPCs by dissolving CaCO3 in EDTA 0.1 M at pH 5.0. In or-

der to visualize better the obtained capsules by optical

microscopy, they were stained by trypan blue (Figure 5a).

Figure 5b reports a SEM image of dried NPCs. The NPCs

samples were then stored in pure water at 4 ◦C for up to

six months and the samples were periodically visualized

by optical microscopy to assess their storage stability. The

samples were found to be stable during the observation

period sincenomorphologicalmodificationwas observed.

Further testing on stability, such as in simulated physio-

logical fluids, will be investigated in future work.

These data suggest that water affinity to the hy-

drophilic backbones of each polyelectrolyte layer do not

promote NCPs disruption, suggesting the formation of a

stable interaction among the layers. The study of NCPs 
need to be expanded to different model media.

Future work will be focused on the characterization of 
the permeability properties of the NPCs to evaluate their 
potentiality as local drug delivery system, according to 
the mechanism previously reported for drug loading in 
LbL polyelectrolyte microcapsules.[2]

4. Conclusions

Multilayers and nanostructured capsules of the polysac-
charides chitosan and pectin were successfully assembled 
by the LbL technique. QCM-D was used to characterize the 
assembly of the two polysaccharides in real time. The fea-
tures of multilayers assembled using pectins with differ-
ent amounts of charged groups and different assembly pHs 
were found to be strongly dependent on the intrinsic fea-
tures of the pectin molecules and on the adopted assem-

bly conditions. Multilayers assembled using HM pectin 
showed a more pronounced viscoelastic behavior and a 
higher thickness at all the assembly pHs, while multilay-
ers based on PECLM were found to be more compact and 
were thus selected for the subsequent synthesis of NPCs. 
PECLM was found to stably interact with mucin at pH 1.5 
and 6.8 in terms of adsorbed mass. NPCs obtained by the 
alternate assembly of chitosan and LM pectin were found 
to be stable.

The results point out that it is possible to fabricate NPCs 
based on chitosan and pectin polysaccharides. Such sys-
tems can be considered as promising systems for applica-
tions in the biomedical field, in mucosal drug delivery and 
in food industry. In addition, the possibility of the load-
ing of similar capsules with drugs with their successive 
release has already been demonstrated.[9]
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