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Abstract

Prolidase loaded chitosan nanoparticles were set up in order to suggest an innovative therapeutic approach for Prolidase Deficiency
(PD), a rare autosomal inherited disorder of the connective tissue. The satisfactory drug loading efficiency (42.6 + 2.1%) as well as the
suitable physical characteristics (mean diameter of 365.5 4+ 35.1 nm and a positive zeta-potential of 17.94 + 0.12 mV) was achieved. In
order to verify the compatibility of the chitosan nanoparticles with cells, the influence of the nanoparticles on the growth and the viability
(MTT assay) of cultured skin fibroblasts were determined: the nanoparticles showed a good biocompatibility up to 5 ug of chitosan/
10,000 fibroblasts. Uptake of chitosan nanoparticles by fibroblasts was verified by confocal microscopy using FITC-labelled chitosan
nanoparticles. The ex vivo experiments were performed by incubating different amounts of prolidase loaded chitosan nanoparticles with
skin human fibroblasts from PD patients for scheduled times. The restored prolidase activity was quantitatively monitored by a capillary
electrophoretic method and confirmed by cells morphological observations. Standing from the nanoparticles internalization, the enzy-
matic activity was progressively restored reaching the best value (about 66%) after 5 days of co-incubation. Moreover, prolidase loaded

chitosan nanoparticles permitted to restore prolidase activity in PD fibroblasts for a prolonged period of time (8 days).

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Chitosan is a cationic polyelectrolyte and one of the
more abundant polysaccharides present in nature. It has
shown advantageous biological properties, such as biode-
gradability, biocompatibility, low immunogenicity and
non-toxicity as well as a favourable mucoadhesiveness
and the ability to increase membrane permeability. Chito-
san’s unique characteristics make it potentially useful in a
variety of pharmaceutical applications, such as wound
healing, implantation and drug carrier [1-4]. Among the
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drug delivery strategies, a great deal of attention has been
directed to chitosan nanoparticles as promising systems
which are able to improve drug bioavailability, modify
pharmacokinetics and/or protect the encapsulated drug
[5]. In particular, chitosan nanoparticles have been exten-
sively studied as delivery systems of complex molecules
such as peptides, proteins, oligonucleotides and plasmids
[6-8]. These molecules are very unstable with a reduced
bioavailability and need to be protected from degradation
in the biological environment; their efficacy is often limited
by the ability to cross biological barriers and to reach the
target site, especially when an intracellular or intranuclear
site of action must be reached. At this purpose, chitosan
nanoparticles represent a meaningful challenge for macro-
molecules delivery. In fact, chitosan nanoparticles improve
transmucosal permeability enhancing transport through
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the paracellular pathway thanks to the good bio- and
mucoadhesive properties of the nanoparticles and to an
induced structural reorganization of tight junction — associ-
ated proteins [9,10]. Moreover, the formulation of chitosan
into nanoparticles significantly promotes the cellular
uptake. Various endocytic processes, which have not been
fully identified, may be responsible for the uptake of chito-
san nanoparticles by different types of cells: this uptake
appears to occur predominantly by adsorptive endocytosis
and in part by a clathrin-mediated process [11,12].

Prolidase Deficiency (PD) is a rare autosomal recessive
disorder of the connective tissue, chronic in nature,
progressive and debilitating due to the lack of prolidase.
Prolidase is a manganese-requiring homodimeric imino-
peptidase, which releases carboxy-terminal proline or
hydroxyproline from oligopeptides that participates in
collagen metabolism and in the terminal degradation of
endogenous and dietary proteins. PD typically begins in
childhood and common symptoms include chronic intrac-
table skin ulceration and mental retardation; the condi-
tions generally progresses in adulthood to include
splenomegalia and recurrent respiratory infections [13,14].
The only “treatment” currently applied for PD is a topical
conservative management of the severe skin ulcerations dif-
fused on patients’ lower limbs. Prolidase replacement ther-
apy has been attempted for PD patients by blood
transfusions: this therapeutical approach has given only
transitory effects caused by prolidase in vivo instability
and its lacking cellular uptake. To overcome these limita-
tions, trials of prolidase encapsulation have been proposed
by our research group: namely biodegradable PLGA
microspheres that showed a good loading efficacy with a
reduced efficacy due to their sizes unsuitable for endocyto-
sis, and liposomes, characterized by the appropriate and
narrow size distribution and excellent properties in deliver-
ing prolidase into cells [15-17].

In the attempt of suitably combining the colloidal size to
the polymeric carrier, the aim of the current study was to
investigate the feasibility of using chitosan nanoparticles
for successful prolidase replacement therapy: the choice
of a hydrophilic cationic polymer is intended to have the
chance of working in mild conditions, useful for improving
the loading of the enzyme in its active form, and to pro-
mote the cellular uptake, thanks to the well-known bioad-
hesive properties of chitosans.

The preliminary evaluation of nanoparticles toxicity and
the study of cellular uptake were assessed, respectively, by
the growth and the viability of human fibroblasts and by
confocal microscopy using FITC-labelled nanoparticles.
Then, in the ex vivo studies fibroblasts from PD patients were
incubated with prolidase loaded nanoparticles and the
enzymatic restored activity was determined by a capillary
electrophoretic (CE) method. Furthermore, we established
correlations between dose and cytotoxicity, and between
dose and restored enzymatic activity in relation to time. In
particular this correlation could be useful for the further
development of such particles for in vivo applications.

2. Materials and methods
2.1. Materials

Chitosan glutamate (Protasan G213, M,, 300,000 Da,
degree of acetylation 15%, glutamic acid content 30-50%)
was obtained from Pronova Biomedical (Norway). Proli-
dase (M, 54,000-56,000 Da), tripolyphosphate pentasodi-
um salt (TPP, M,, 367.9 Da), Cibacron Brilliant Red
3B-A (M, 995.23 Da, dye content 50%), glycine-proline
(Gly-Pro, M, 172.18 Da), 3-(4,5-dimethyl-2-thiazolyl)-2,5
diphenyl-2H-tetrazolium (MTT, M, 335.43 Da), fluores-
cein 5(6)-isothiocyanate (FITC, M,, 398.38), 4,6-diamidi-
no-2-phenylindole (DAPI, M, 277.32 Da) were purchased
from Sigma—Aldrich Chemical Company (UK).

2.2. General working conditions

Nanoparticles preparation was carried out under aseptic
conditions in a laminar flow hood. Vials and flasks were
heat sterilized and all solutions were sterile-filtered before
use. All experiments including prolonged incubation steps
were carried out under conditions avoiding microbial
contaminations.

2.3. Preparation of chitosan nanoparticles

The preparation of chitosan nanoparticles was per-
formed by a method previously set up in our laboratory
[18]. Placebo nanoparticles were prepared by combining
ionotropic gelation and ultrasonication treatment. Briefly,
1 ml of TPP solution, at a constant rate of 0.5 ml/min,
was added to 2.5 ml of 1 mg/ml solution of chitosan gluta-
mate under magnetic stirring (300 rpm). Then, the nano-
suspension was ultrasonicated once under discontinuous
mode for 4 min, using an ultrasonic probe with diameter
of 3mm and a 70 W high-intensity ultrasonic processor
(GM2070 Bandelin Sonopuls, Germany) operating at
20 kHz. Nanoparticles were recovered by centrifugation
at 4°C at 12,000 rpm for 15min (Centrifuge 5417R,
Eppendorf, Germany) and resuspended in 500 pl of dis-
tilled water. Prolidase loaded chitosan nanoparticles were
prepared by dropping 250 ul of enzyme solution
(200 I.U./ml) to the chitosan solution before adding
cross-linking agent.

2.4. Characterization of placebo and prolidase loaded
chitosan nanoparticles

Nanoparticles were analyzed with transmission electron
microscopy (TEM 208 S, Philips, The Netherlands). Nano-
particle suspensions were diluted tenfold with distilled
water, an aliquot of 15 pl was then deposited on a Formvar
coated grid (300 mesg, AGAR Scientific, United Kingdom)
and stained with 1 M uranyl acetate solution as the nega-
tive staining material. The excess of reagent was removed
by means of filter paper.



60 C. Colonna et al. | European Journal of Pharmaceutics and Biopharmaceutics 70 (2008) 58-65

Mean diameter, polydispersity and Z-potential of chito-
san nanoparticles were measured using a NICOMP 380
Z1.S apparatus (Particle Sizing Systems, USA).

The amount of chitosan employed in the nanoparticles
preparation was calculated from the difference between
the total amount of chitosan used for nanoparticles prepa-
ration and the amount of free chitosan remaining in the
clear supernatant after the centrifugation performed for
nanoparticles recovery. The concentration of chitosan in
the supernatant was measured by the colorimetric reaction
between Cibacron Brilliant Red 3B-A and the free chito-
san, using UV spectrophotometer (Beckmann DU7500,
USA) at 575 nm [19].

The evaluation of encapsulation efficiency and prolidase
loading level was assessed by a spectrophotometric method
[18]. The amount of prolidase encapsulated in the nanopar-
ticles calculated by measuring the difference between the
total amount of the enzyme added in the nanoparticle
preparation solution and the amount of non-entrapped
prolidase remaining in the clear supernatant after the
centrifugation. The supernatant was analyzed for proli-
dase concentration, which accounted for the non-
entrapped prolidase, by UV spectrophotometry (Beck-
mann DU7500, USA) at 280 nm.

Prolidase loading level in nanoparticles was calculated
based on the amount of prolidase and chitosan in the
nanoparticles.

2.5. Evaluation of chitosan nanoparticles toxicity

2.5.1. Ex vivo studies on the growth of cultured skin
fibroblasts

Different amounts of placebo nanoparticles were incu-
bated with fibroblasts to determine their toxicity. Cells
were grown in Petri plates (3.5 cm diameter) containing
5% 10% cells in Dulbecco modified Eagle’s medium
(DMEM), supplemented with 10% fetal calf serum
(FCS). At confluence, the media were removed and
replaced with 2 ml of DMEM containing 1% Insulin-trans-
ferrin-sodium selenite (DMEM-+ITS+3), serum substitute,
and different amounts of placebo nanoparticles in the con-
centration range from 2.5 to 50 pg of chitosan/10,000 fibro-
blasts. After 1, 2, 5 and 12 days of incubation at 37 °C, the
cells were trypsinized, centrifuged and resuspended in a
small amount of medium (about 2 ml). Aliquots (10 ul) of
these suspensions were used to assess the cells number by
means of the Neubauer chamber.

2.5.2. Ex vivo studies on the metabolism of cultured skin
fibroblasts

The effects of chitosan nanoparticles on cell viability
were assessed with the 3-(4,5-dimethyl-2-thiazolyl)-2,5
diphenyl-2H-tetrazolium (MTT) assay [20], using 96
Well Cell Culture Cluster with 10,000 fibroblasts plated
in contact to different amounts of placebo nanoparti-
cles corresponding to chitosan amounts from 0.625 to

5pg.

Briefly, fibroblasts were cultured in wells in DMEM sup-
plemented with FCS for 6 h at 37 °C, then media were
removed and fresh DMEM with the different amounts of
nanoparticles was restored. After 40 h, 25 ul of MTT work-
ing solution (5 mg/ml in DMEM) were added into wells.
Cells were incubated for 2 h at 37 °C to allow MTT oxida-
tion by mitochondrial dehydrogenase in viable cells. After
2 h, a suitable detergent was added to dissolve the resulting
blue formazane crystals. The results can be read on a mul-
tiwell scanning spectrophotometer (Microplate Reader
Model 680, Bio-Rad Laboratories, USA). The absorbance
was measured at 595 nm with 655 nm as reference wave-
length. Cell viability was calculated as the percentage of
untreated cells (control).

2.6. Synthesis of FITC-labelled chitosan, preparation of
fluorescent nanoparticles and uptake studies

FITC-labelled chitosan was synthesized by adding 5 ml
of methanol followed by 2.5ml of FITC in methanol
(2mg/ml) to 5ml of chitosan (1% w/v in 0.IN
CH;COOH). The reaction was run for 3 h in the dark at
room temperature. Then the labelled polymer was precipi-
tated in 0.5 M NaOH (till to pH 10). The precipitate was
recovered by centrifugation at 25,000 rcf (10 min) and
washed in methanol/water (70:30 v/v). The washing and
the pelletization were repeated until no fluorescence was
detected in the supernatant (Perkin-Elmer Luminescence
Spectrophotometer LS 55, USA). The labelled chitosan
was then dissolved in 0.1 N CH;COOH and dialyzed in
the dark against water for 3 days. Finally, the FITC-
labelled chitosan was freeze-dried. The effective grafting
of the polymer with FITC was assessed by 'H NMR anal-
ysis (Avance™ Ultra Shield 400 working in FT, Bruker,
Germany), and the labelling efficiency (% FITC/FITC-
labelled chitosan, w/w) was determined by measuring the
fluorescence intensity of the FITC-labelled chitosan solu-
tion against standard solution of FITC.

Fluorescent nanoparticles were prepared with FITC-
labelled chitosan (1 mg/ml in 0.1 N CH;COOH) and char-
acterized following the procedure described in Sections 2.3
and 2.4, respectively.

For the confocal microscopy studies, 40,000 fibroblast
cells were seeded onto Will Co-Dish and cultured in 2 ml
of DMEM supplemented with 10% FCS at 37 °C in the
incubator. After 24 h of culture, 8 ul of FITC-labelled
nanoparticles (corresponding to 2.5 pg of chitosan/10,000
fibroblasts) were added to the medium. After different time
of incubation (4, 6, 8, 24 h), the culture medium was
removed. The cell monolayers were washed with PBS and
fixed with 70% ethanol for 10 min and stained with
300 pl of DAPI (1 pg/ml) in order to highlight the cells
nucleus. The specimens were examined under an inverted
confocal laser scanning microscope (Leica TCS SP2, Leica
Instruments, Germany). Each uptake experiment was per-
formed in triplicate and six images of each time point were
analyzed.
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2.7. Ex vivo evaluation of prolidase activity on cultured skin
fibroblasts from PD patients incubated with prolidase loaded
nanoparticles

Fibroblasts (1 x 10°) from two PD patients were plated
in T75 flasks containing DMEM supplemented with 10%
FCS. After 24 h, the initial medium was changed with
DMEM-+ITS+3 supplemented with different amounts of
prolidase loaded nanoparticles suspension from 25 to
200 pl: the corresponding amounts of prolidase incubated
with PD cells are expressed as the amount (umol) of sub-
strate Gly-Pro hydrolyzed/min at 37 °C (1.U.) and reported
in Table 1.

At the beginning in order to set up the best incubation
time, fibroblasts were incubated with 25 or 100 pl of proli-
dase loaded nanoparticles for 1, 2, 5, 6, 8 and 10 days. Once
assessed the best time of incubation, different amounts of
prolidase loaded nanoparticles suspension (Table 1,
NP25-NP200) were added to the flasks and let in co-incu-
bation with cells. After the period of incubation, the med-
ium was removed and stored, and the cell layers were
washed three times with phosphate saline buffer (PBS, 7.4
pH), resuspended with PBS containing protease inhibitor
(4 mM sodium ethylendiaminetetraacetic acid bihydrate,
EDTA; 10 mM benzamidine; 2 mM N-ethylenmaleimide,
NEM; 1 mM phenylmethylsulfonilfluoride, PMSF) and
Triton X-100, denaturated at 80 °C for 15 min and then
centrifuged at 8000 rpm for 30 min at 4 °C. The superna-
tant was filtered using a Microcon concentrator (Millipore,
USA) for 5 min at 6000 rpm.

The enzyme activity on cellular extracts was determined
by a capillary electrophoretic method developed in our lab-
oratory [15] and using a Beckman P/ACE 2100 system (Ful-
lerton, CA, USA) equipped with an UV detector. Samples
were injected by pressure (10 s, 0.07 MPa) onto an uncoated
fused silica capillary of 50 cm effective length x 50 pm I.D.
operating at 25 °C and applying a voltage of 25 kV. Separa-
tions were performed using 50 mM sodium tetraborate, pH
9.3, containing 30 mM cyclodextrin as the background elec-
trolyte and analytes were monitored at 214 nm. By this set up
CE method, it was possible to evidence the typical Gly-Pro
peak at its migration time (about 12 min) in cellular extracts
of PD fibroblasts.

The restored prolidase activity was determined as the
reduction of the Gly-Pro peak of the PD cellular extracts

Table 1

and it is expressed as pumol of Gly-Pro hydrolized/mg of
protein and calculated as difference between the Gly-Pro
amount (pumol) in untreated PD cells and the Gly-Pro
amount (pmol) in treated PD cells (umol Gly-Pro hydrol-
ized); this value is normalized by the amount (mg) of endo-
cellular protein determined by a spectrophotometric
method at 660 nm with Lowry Assay [21]. In order to high-
light better the efficacy of the treatment, the restored activ-
ity is expressed as specific activity (%) in terms of
percentage (%) of the total Gly-Pro amount in untreated
PD cells.

Morphological characteristics of PD fibroblasts were
studied by an optical microscope (Laborlux 11 Pol, Leitz,
Germany). The analyses were performed on samples of pla-
ted fibroblasts from PD patients and controls, and on
fibroblasts cultured after different days of incubation with
prolidase loaded chitosan nanoparticles.

2.8. Statistical analysis

Data were expressed as means + standard deviation
(SD). Comparison of mean values was performed using
one-way analysis of variance (ANOVA). A statistically sig-
nificant difference was considered when P < 0.05.

3. Results and discussion
3.1. Nanoparticles characterization

Prolidase loaded chitosan nanoparticles were prepared
by TPP ionotropic gelation combined with one cycle of
ultrasonication in controlled conditions. This preparation
method permitted to obtain nanoparticles of regular and
spherical shape (Fig. 1).

Results of the granulometric analysis revealed nanopar-
ticles with mean diameter of about 360 nm
(365.5+35.1nm) with a positive Z-potential of
17.94 £+ 0.12 mV (rn = 10). Chitosan analysis indicated that
the yield of process was quite satisfactory (54.2 + 5.7%)
and the results concerning the actual enzyme content
showed a loading efficiency of about 43% (42.6 £ 2.1%):
the composition of the nanoparticles was calculated as
19.3 £ 0.9% and 80.7 &+ 1.1% by weight for prolidase and
chitosan, respectively. Table 2 reports the main features
of placebo and prolidase loaded nanoparticles.

Samples of chitosan nanoparticles incubated with PD fibroblasts for the ex vivo evaluation of prolidase activity

Sample ul of nanoparticles ug of chitosan/10,000 Total amount of Total activity of prolidase
suspension incubated fibroblasts chitosan in the sample (pg) in the sample® (1.U.)

NP25 25 0.625 62.5 0.75

NP50 50 1.25 125 1.5

NP100 100 25 250 3

NP200 200 5 500 6

# The corresponding amounts of prolidase incubated with PD cells are expressed as the amount (umol) of Gly-Pro hydrolyzed/min at 37 °C (1.U.).
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Fig. 1. TEM photomicrograph of prolidase loaded chitosan nanoparti-
cles. TEM photomicrograph (magnification 85,000x) shows the image of
few distinctive single particles, each possessing a typical spherical shape
and similar nanometric dimension.

3.2. Evaluation of chitosan nanoparticles toxicity

As a preliminary step of this study, different amounts of
placebo nanoparticles were incubated with cultured healthy
fibroblasts to verify their toxicity towards these cells. Figs.
2 and 3 and show the results obtained by the cellular
growth test and the MTT assay, respectively.

The highest nanoparticles amounts corresponding to 50
and 10 pg of chitosan incubated with cells seemed to deeply
affect the fibroblasts growth (Fig. 2); after 2 days of incuba-
tion the collected cells number was of 71,500 & 1000 and
83,000 4 750: these values represent about 63% and 55%
of the growth values of the controls. The reduction of pro-
liferation rate was better highlighted after 5 days of incuba-
tion: at this time, the growth values obtained resulted to be
about 30% and 40% of control values. By these results, it is
possible to highlight the cellular toxicity of these amounts
of nanoparticles. For the nanoparticles amounts corre-
sponding to 5 and 2.5 pg of chitosan/10,000 cells, fibro-
blasts kept the growth profiles superimposable to controls
and the collected values can be considered comparable to
control values, even if higher standard deviations are evi-
dent (Fig. 2). For this reason, the chitosan concentration
of 5 ug/10,000 fibroblasts represented the highest concen-
tration employed for the MTT test.

The viability assay (MTT test) revealed that the
amounts of nanoparticles considered in this study are not

Table 2
Main features of placebo and prolidase loaded nanoparticles
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Fig. 2. Curves of cellular growth of cultured skin fibroblasts after
incubation with placebo nanoparticles. The legend is referring to untreated
cells as control and to different amounts of nanoparticles as pg of
chitosan/10,000 cells. Data shown are means & SD (n = 6).
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Fig. 3. The influence of different amounts of placebo chitosan nanopar-
ticles on fibroblasts viability (MTT test). Data shown are means + SD
(n=06).

toxic for the fibroblasts metabolism (Fig. 3). A very narrow
reduction in the viability percentages was obtained only for
samples made of 5 and 2.5 ug of chitosan/10,000 fibro-
blasts, that obtained 85.6 &10.8% and 87.7 4+ 12.1%,
respectively.

In any case, all the studies on nanoparticles cellular tox-
icity confirmed the good nanoparticles biocompatibility up
to 5pg chitosan/10,000 cells, corresponding to sample
NP200 (Table 1) considered for the ex vivo studies of pro-
lidase activity.

3.3. Synthesis of FITC-labelled chitosan, preparation of
fluorescent nanoparticles and uptake studies

In order to highlight the cellular uptake of the chitosan
nanoparticles by confocal microscopy, the chitosan gluta-
mate was labelled with FITC. The successful labelling

Batch Mean diameter (nm)  Z-Potential (mV)

Yield of the preparation process (%)  Prolidase loading efficiency (%)

388.6+6.8
365 £35.1

16.454+0.75
17.94 +£0.12

Placebo nanoparticles
Prolidase loaded nanoparticles

554424

544+£57 42.6 +2.1

Data are reported as mean values + standard deviation (SD).
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was shown by 'H NMR spectra with the peak of the fluo-
rescein aromatic groups evident at about 7.00 ppm (unre-
ported data). The weight fraction of FITC per weight
unit of chitosan is 2.7% (w/w). The FITC-chitosan conju-
gate was successfully transformed by ionotropic gelation
with TPP into nanoparticles with a spherical shape, mean
diameter of 273.9+30.6nm and Z-potential of
10.51 + 1.2 mV. Such characteristics suitably allowed the
use of FITC-labelled particles as a model of chitosan nano-
particles for the uptake studies.

Confocal images of fibroblasts after uptake experiments
showed as few minutes lead to the internalization of the
FITC-labelled chitosan nanoparticles and as the interac-
tion between nanoparticles and cellular membrane is kept
close up to 4 h of co-incubation (Fig. 4a). Fig. 4b shows
the FITC-labelled nanoparticles still accumulated into the
perinuclear zone after 6 h of co-incubation. A three-dimen-
sional analysis of the confocal data, in particular the recon-
struction of z-axis, confirmed that fluorescent signals are
located within the cells incubated with nanoparticles (Fig.
4c). When the incubation of fibroblasts with nanoparticles
was prolonged up to 8 or 24 h (unreported data), the col-
lected confocal images did not reveal any significant differ-
ence with the shorter times investigated, so the uptake of
the chitosan nanoparticles seemed to be a saturable event
which is involving an a-specific adsorptive endocytosis
[11,12].

3.4. Ex vivo evaluation of prolidase activity on cultured skin
fibroblasts from PD patients incubated with prolidase loaded
nanoparticles

The ex vivo experiments on cultured skin fibroblasts
from PD patients were performed in order to verify
whether the nanoparticulate drug delivery systems sug-
gested in this study could be effective in restoring the pro-
lidase activity in the cells. For this reason, based on the
toxicity data evaluated on placebo nanoparticles, 25 and
100 pl of prolidase loaded nanoparticles suspension, corre-
sponding to samples NP25 and NP100, respectively (Table
1), were added to fibroblasts flasks and at fixed times cellu-
lar extracts were collected. As stated in a previous work
[15], the cellular extracts from PD fibroblasts evidenced
the typical Gly-Pro peak by CE at its migration time of
12.0 + 0.12 min. The presence of this peak was due to the
intracellular accumulation of Gly-Pro caused by the ineffi-
cient endogenous prolidase in PD patients [22]. At the

>
Fig. 4. Confocal images of fibroblasts incubated for 4 h (a) and 6 h (b)
with 8 pl of FITC-labelled nanoparticles, corresponding to 2.5 pug of
chitosan/10,000 fibroblasts.(a) Chitosan nanoparticles are visualized as
fluorescent spots closely adhered to cellular membrane. (b) Chitosan
nanoparticles are internalized into the fibroblasts. (c) Optical section (x, y-
axis), with respective projections of x, z- and y, z-axis of fibroblasts
incubated for 6 h at 37 °C with FITC-labelled nanoparticles. The cross
points represent internalized FITC-chitosan nanoparticles.
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beginning, free prolidase solutions were added to the cul-
ture media, but no area shifts in the electrophoretic peaks
were detected: this result was not surprising since prolidase
has no specific membrane carriers, so it could not be uptak-
en by the cells in free form. Once the PD fibroblasts were
incubated with prolidase loaded chitosan nanoparticles,
the area of the recorded peaks reduced: this fact confirmed
that the delivery of prolidase across the cellular membrane
was successful and effective in restoring the hydrolytic
function of the enzyme. Given this positive standing point,
fibroblasts from PD patients were incubated with encapsu-
lated prolidase (samples NP25 and NP100, Table 1) for dif-
ferent time intervals in order to evaluate the best
incubation time. As shown in Fig. 5, the prolidase activity
detected in cellular extracts evidenced the best restored
activity after 5 days of incubation for both samples.
NP25 and NP100 (Table 1) showed very similar profile of
restored activity: prolidase was transferred to fibroblasts
since the 1st day of incubation (about 30% expressed as
umol Gly-Pro hydrolized/mg protein), but the activity val-
ues gradually increased and culminated after 5 days of
incubation when NP25 and NPI100 reached about 56%
and 66% of restored enzymatic activity, respectively.
Longer incubation times did not induce any better enzyme
replacement and the collected data showed a sensible
reduction in hydrolytic activity percentages: at 6th day of
incubation this value (about 35%) was superimposable to
data collected at the 1st day of incubation for both samples
and after 12 days the prolidase activity was quite hardly
detectable (<10%).

Stated 5 days as the more suitable time of incubation,
experiments were carried out adding different amounts of
prolidase loaded nanoparticles to the culture media in
order to understand whether the enzymatic replacement
is a dose-depending phenomenon. As shown in Fig. 6,
the replaced enzymatic activity did not seem to be affected
by nanoparticles concentration up to  NP50
(52.31 +-4.95%), then it was possible to improve these
results by NP100 (65.85 +4.51%, P <0.05) and surpris-

80 -
70 - ——NP25
60 —=—NP100
50 -
5 40
30
20 -
10
0

n (%)

Hmol Gly-Pro hydrolized I mg
Prot

0 2 4 6 8 10 12
Time (days)

Fig. 5. Prolidase activity (expressed as pmol Gly-Pro hydrolized/mg
protein %) detected in the cellular extracts after different time of
incubation of PD fibroblasts with prolidase loaded chitosan nanoparticles.
The legend is referring to 25 or 100 pl of nanoparticles suspension as NP25
and NP100, respectively. Data shown are means & SD (n = 6).

-~
(=]
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=t

——t
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0 . i
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umol GlyPro hydrolized I mg
n
8

NP100
Sample

NP200

Fig. 6. Prolidase activity detected in cellular extracts of fibroblasts after 5
days of incubation with different amount of prolidase loaded chitosan
nanoparticles. The legend is referring to different volumes (ul) of
nanoparticles suspension as specified in Table 1. Data shown are
means + SD (n = 6).

ingly the activity fell to lower values when PD fibroblasts
were incubated with the higher amount of nanoparticles
(17.69 + 8.64%). For all the samples evaluated, nanoparti-
cles uptake is confirmed to be a saturable event driven by
electrostatic interaction between the chitosan nanoparticu-
late systems and the cellular membrane [23]. The decrease
in binding affinity and uptake capacity for NP200 could
be explained by an unsuitable particle concentration
gradient.

Fig. 7 shows the morphological improvement of PD
fibroblasts after incubation with prolidase loaded nanopar-

. 5 T

= iAo CE

Fig. 7. Photomicrographs (magnification 10x) of PD patients fibroblasts
before (a) and after 5 days of incubation (b) with 100 ul of suspension of
prolidase loaded chitosan nanoparticles. (a) PD fibroblasts are swollen
and disorganized. (b) PD fibroblasts have recovered a more regular shape
and morphology.
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ticles. As shown in Fig. 7(a), fibroblasts from PD patients
are swollen and disorganized. The incubation with proli-
dase loaded nanoparticles deeply affected the cellular mor-
phology: progressively fibroblasts appeared more regular
shaped and get normal nuclei, achieving the best morpho-
logical aspect after five days of incubation (Fig. 7b): this
further experimental evidence indicated that the prolidase
was delivered in its active form across the cellular mem-
brane by chitosan nanoparticles.

4. Conclusions

The formulation of prolidase into chitosan nanoparti-
cles significantly protected the enzyme against the degrada-
tion and created the chance of a suitably effective enzyme
replacement therapy for PD. In fact, because of the nano-
particles small size, the positive Z-potential and the good
biocompatibility, the internalization of the nanoparticles
by cells seemed to occur by absorptive endocytosis through
non-specific interactions between nanoparticles and cell
membranes. This phenomenon brought to the release of
the enzyme in the active form into the cytoplasm and let
to restore the prolidase activity into fibroblasts obtained
from PD patients for a prolonged period of time. Thanks
to these results, we assessed a solid base for the future
potential application of prolidase loaded nanoparticles in
topical management of the severe skin ulcerations of PD
patients.
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