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This paper describes the production and characterization of nagtruct
levodopa (LD) co-drugs (PD), named PDA (3,4-diacetylo;
co-drug), PDC (lipoic acid-3,4-diacetoxy-dopamine co-dru,

NLC. In vitro studies showed that the LDPD

) lipid carriers (NLC) containing four different
acid co-drug), PDB (lipoic acid-dopamine
eric LD co-drug containing an alkyl linker),

good stability up to two months from preparation.
bstantial differences between unloaded and co-drug loaded
ovided a controlled drug release. Moreover, the enhance-
foetal calf serum (FCS) esterases or in the presence of lipases
sence of esterases PDA-NLC and PDD-NLC showed half-lives
us micellar solution. In the case of PDB-NLC it was found that
at NLC represent good strategies to encapsulate lipophilic LD

© 2016 Published by Elsevier Ltd.

s [6]. Complications are associated with LD long-term therapy
]
Miller et al. confirmed that catecholamines, including dopamine
and LD, are subjected to autoxidation [8]. This process is enhanced
by the presence of neuromelanin in dopaminergic neurons, with pro-
duction of potentially cytotoxic reactive oxygen species (ROS) [9].
Indeed ROS have been hypothesized to play a role in the progressive
and selective loss of nigrostriatal dopaminergic neurons that occurs in
neurodegenerative disorders such as Parkinson's disease [10]. This
hypothesis suggests that the inhibition of catecholamine's autoxida-
tion and the scavenging of ROS produced by such oxidation are im-
portant strategies for preventing or slowing down the progression of
aging and aged-related neurodegenerative disorders.

Starting from these data, Di Stefano and colleagues, using both
the direct- and linker co-drug strategies, synthesized several co-drugs
obtained by joining antioxidant molecules to therapeutic compounds
as potential tools for the treatment of neurodegenerative disease such
as Parkinson's and Alzheimer's diseases [11—13]. In this context, they
also developed dimeric prodrugs in which two identical molecules
were joined together through a dicarboxylic chain that, after adminis-
tration, underwent to metabolism guaranteeing a sustained release of
the drug [14].

In this study four LD co-drugs (PD), namely PDA, PDB, PDC,
and PDD, previously synthesized by Di Stefano and colleagues
[11,13,14], were selected and subjected to further study (Table 1).
PDA was synthesized through the interaction of 3,4-diacetyloxy-
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Table 1
Chemical structure and some physico-chemical characteristics of LDPD used in the
present study.

Anax Log  Melting point
Drug Structure MW  (nm) P °C)
PDA 4292 254 229 140
- I/" N N
PDB /| 3413 282 365 80
PDC |- . 3974 220 340 60
N N ~
[
PDD | 6303 220 092 170

L-dopa methyl ester hydrochloride with caffeic acid. Preliminary in
vitro and in vivo studies evaluated chemical and enzymatic properties
of this molecule and showed that PDA is stable in aqueous solutions
and improves the release of LD and dopamine in the brain [11].

PDB and PDC were obtained by linking dopamine to (R)-a-lipoic
acid, a well-known antioxidant and iron-chelating agent. PDB and
PDC were synthesized by classical synthetic methodology through
the interaction of (R)-o-lipoic acid with 2-(3,4-dihydroxy)-
phenylethylamine and 2-(3,4-diacetoxy)-phenylethylamine, respec-
tively. These multifunctional co-drugs could represent useful
dopaminergic agents devoid of the pro-oxidant effects associated
with the presence of the catechol moiety [13].

Finally, PDD, prepared by coupling reaction between 3,4-diacety-
loxy-L-phenylalanine methyl ester hydrochloride with hexanedioyl
dichloride, showed chemical stability in aqueous, acid, and physio.
logical solutions [14]. However, all LD co-drugs, reported in t
study, showed poor water solubility.

To date, many nanotechnology-based approaches were devgifiy
to increase solubility, reduce plasma fluctuations, and imp @
blood brain permeability of drugs [15]. Solid lipid nanopart
celles, liposomes are currently used to enhance solubili
and to protect drugs by enzymatic degradation thus i
bioavailability and guaranteeing tissue-targeted delive

.

[19], and formulation of LD loaded microspherd
developed with the aim to prevent drug degradati
tained release of the intact compound enl
rat brain affected by Parkinson's disease.
Here we describe a possible strate
solubility of our co-drugs based on
(NLC), that have attracted signific,
application as matrixes able to i
molecules [16,21]. Moreover, 14§
proposed for the therapy of brain
advantages such as reductiqg of drug@losage and side effects, in-
creased drug viability, and im ient quality of life [25]. Par-
ticularly, an emerging approach eniployed to circumvent the blood
brain barrier (BBB) is the use of colloidal carriers [26—29], which al-
low brain penetration to non-transportable drugs by masking their
physico-chemical characteristics. Ubiquinone-, apomorphine-, and
idebenone-loaded nanostructured lipid carriers were developed as

red lipid carriers
ue to their potential
10availability of active
stems have been recently

drug delivery systems for the treatment of neurodegenerative patholo-
gies [30-31]. Taking account of these assumptions, the present paper
will describe the preparation, characterization, in vitgg studies and
preliminary in vivo evaluation of NLC containing fgfr different PD
with therapeutic potential in Parkinson's disease.

2. Materials and methods

2.1. Materials

provided by Fluka
Olic triglycerides (tr-
itten, Germany).

Tristearin, stearic triglyceride (tristg
(Buchs, Switzerland). Miglyol 812N, db
icaprylin) was a gift of Cremer Oleo
Lutrol F 68, methyl-oxirane polyyg : poloxamer 188) was a
gift of BASF ChemTrade Gmb @ pocim, Germany). Capry-
locaproyl macrogol-8 glyceridcSQgglgfasol) was purchased form Gat-
tefossé (France).

2.2. NLC preparation

NLC were prepared by stirring®ollowed by homogenization or ul-
Wyf lipid mixture was heated at 70 °C. The

tion (Microson™, Ultrasonic cell Disruptor) at
min and cooled down to room temperature by plac-
mpin a watel bath at 22 °C. NLC dispersions were stored at room
. Each LDPD-containing NLC (NLC-PD) was prepared

aracterization of NLC

"1. Photon correlation spectroscopy (PCS)

Submicron particle size analysis was performed using a Zetasizer
3000 PCS (Malvern Instr., Malvern, England) equipped with a 5 mW
helium neon laser with a wavelength output of 633 nm. Glassware
was cleaned of dust by washing with detergent and rinsing twice with
water for injections. Measurements were made at 25 °C at an angle of
90°. Data were interpreted using the “method of cumulants” [32].

2.3.2. Cryo-transmission electron microscopy (cryo-TEM)

For cryo-TEM studies, a sample droplet of 2 ul was put on a lacey
carbon filmed copper grid (Science Services, Munich), which was
hydrophilized by air plasma glow discharge (Solarus 950, Gatan, Mu-
nich, Germany) for 30 s. Subsequently, most of the liquid was re-
moved with blotting paper leaving a thin film stretched over the lace
holes. The specimens were instantly shock frozen by rapid immersion
into liquid ethane cooled to approximately 90 K by liquid nitrogen in
a temperature-controlled freezing unit (LEICA EM GP, Germany).
The temperature was monitored and kept constant in the chamber
during all the sample preparation steps. The specimen was inserted
into a cryotransfer holder (CT3500, Gatan, Munich, Germany) and
transferred to a ZeisssLEO EM9220mega EFTEM (Zeiss Mi-
croscopy GmbH, Jena, Germany). Examinations were carried out at
temperatures around 90 K. The TEM was operated at an acceleration
voltage of 200 kV. Zero-loss filtered images (DE = 0 eV) were taken
under reduced dose conditions (1001000 e/nm?). All images were
registered digitally by a bottom mounted CCD camera system (Ultra-
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scan 1000, Gatan, Munich, Germany) combined and processed with a
digital imaging processing system (Digital Micrograph GMS 1.9,
Gatan, Munich, Germany).

2.3.3. Water and dispersed phase loss after NLC production

The disperse phase that was lost on the paddle of the overhead
mechanical stirrer was recovered and weighed. The dispersions were
then weighed to evaluate the water evaporation due to high tempera-
ture and rapid stirring during production. The water loss due to evap-
oration was calculated using Eq. (1).

waterloss = WTTPsol2.5%—(Wdp + Wdisp) )

where W TTP sol 2.5% is the weight of the lipidic mixture (tristearin/
tricaprylin 2:1 w/w) and the aqueous Poloxamer 188 solution, Wdp is
the weight of disperse phase lost on the paddle and Wdisp is the
weight of dispersion after production. An amount equal to the lost
water was then added to the preparation to restore the optimal condi-
tions.

2.4. Drug content of dispersions

With the aim to quantify the total drug content (free plus bonded)
of dispersions after production, a sample of dispersion was diluted
(1:4 v/v) in methanol and stirred for 3 h in order to completely extract
the drug. Then, the sample was filtered through 0.45 um membrane
pore diameter and analysed by HPLC for drug content, as detailed be-
low.

drugdetected ~ 100

Drug recovery = totaldrug @

All data were the mean of 8 determinations on different batches of|

the same type of dispersion.

The HPLC determinations were performed using a two-plung
alternative pump (Jasco, Japan), an UV-detector operating at 254
and a 7125 Rheodyne injection valve with a 50 ul loop. 40 pl
were loaded on a stainless steel C-18 reverse-phase

Alltech, USA).

Elution was performed with a mobile phase
methanol and water (60:40 v/v) at a flow rate of 0.5 m
conditions, the retention time of LD-PD was 5.4 mj

2.5. Stability studies

of dispersions
rom production
macroscopic aspect (phase separation, acroscopic vis-
cosity) under visual inspection.

To predict long-term stability,
vials at 25 °C for 2 months [33-,
determining PD content by HPL

Log (PD residual conte
slopes (m) were calculated
then substituted into the Eq. (3)
values k:

ere stored in glass
ical stability was evaluated

wcar gfression. The slope (m) was
determination of rate constant

k =m x2.303 3)

Shelf life values (the time for 10% loss, ty,) were then calculated
using the Eq. (4).

tyy = 0105/1{ (4)

2.6. In vitro studies

2.6.1. Release kinetics
In vitro release tests were carried ¢t using \e dialysis method.
P to a dialysis tube

@ Medi Cell Interna-

Zth, 5h,6h,7h,8hand 24 h, 400 ul
samples of receiving phase we ithdrawn and refilled again with
fresh medium mixtgre. Afterwards, samples were diluted with
The amount of drug released was deter-

)

(6)

M, is the drug fraction released at the time t; M,, is the to-
drug content of the analysed NLC; K, ¢ and ¢’ are coefficients cal-
by plotting the linear forms of the indicated equations.
is well known that Fick's law of diffusion describes a solute
tr¥nsport from polymeric or lipid matrices. In particular Fickian dif-
‘usion refers to the solute transport process in which the matrix relax-
ation time (tr) is much greater than the solvent diffusion time (td).
The mathematical modelling simplifies the release process and gains
insight into the release mechanisms of a specific material system.

2.6.2. Nanoparticle degradation in the presence of esterases or
lipases

Thirteen test tubes containing 100 pl of NLC-PDA dispersion or
PDA containing labrasol micelle solution were added to 100 pl of
foetal calf serum (10% v/v) aqueous solution. Afterwards they were
placed in a thermostatic bath at 37 °C. At different time intervals,
comprised between 0 and 24 h (1440 min), samples were removed
from the bath and added of 150 pl of pure methanol. Samples were
filtered with 0.22 um nylon filters (Spartan 13, Whatman, Germany)
and analysed by HPLC as described above. A kinetic curve was ob-
tained plotting the amounts of non-degraded PDA as a function of
time.

To test lipases effect, eight sample containing 400 pl of NLC,
400 pl of Palizsch buffer (Na,B,0; 5 mM; NaCl 18 mM; H;BO;
180 mM) and 200 pl of swine pancreatic type Il lipases were pre-
pared. The experiment was conducted in bath thermostated at 37 °C.
Samples were taken at predetermined time intervals (from 30 min up
to 8 h). Subsequently 250 ul of each sample was added to 500 pl of
methanol. Afterwards samples were filtered with 0.22 pm nylon fil-
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ters (Spartan 13, Whatman, Germany) and analysed by HPLC as de-
scribed above.

2.7. Data analysis and statistics

Statistical analysis was performed by the analysis of variance
(ANOVA), followed by SPSS 11.5. The level of significance was
taken at P-values < 0.05.

3. Results and discussion
3.1. Production and characterization of lipid dispersions

The NLC were obtained by dispersing the lipid phase in the aque-
ous phase under sonication, as previously described [36], to obtain
stable and homogenous dispersions. Particularly, it is known that the
use of the liquid oil tricaprylin in mixture with solid lipids leads to
the formation of solid carriers with homogenous lipid nanocompart-
ments [36—40]. From the evaluation of the water and dispersed phase
loss it was found that the loss of water was 0.93% while the loss of
lipid disperse phase on the vessel was around 4% w/w with respect to
the weight of lipid phase before dispersion. On the other hand the
presence of large particles was < 1% with respect to the total weight
of disperse phase. Thus the method of preparation did not heavily af-
fect the total quantity of dispersed nanoparticles and, consequently,
the encapsulation efficiency of the drug.

Four synthesized LD co-drugs, named PDA, PDB, PDC, and
PDD, were used as model drugs (Table 1). After production, nanopar-
ticles were characterized in terms of morphology and dimensions.
Size and distribution of the produced NLC were determined using the
photon correlation spectroscopy (PCS). The analyses were made im-
mediately after preparation and periodically at regular intervals for
2 months, in order to investigate the stability of nanoparticles by
time.

In Table 2 are reported the values of mean diameters and polydis
persity obtained within two months. It should be noted that in gene
no variations of the diameters occurs by time and there is no diffe
ence in size between NLC with or without the drug, exce
NLC-PDB probably linked to a lower drug encapsulation efficg

Concerning the polydispersity indexes no variations -
served indicating that LDPD-containing NLC remain g
maintaining their size over time.

Cryo-TEM allowed an investigation of the inn
nanosized formulations, empty and LDPD-containing.
cryo-TEM images of the produced NLC dj S,
NLC-PDA, NLC-PDB, NLC-PDC and NLC-PD

reports
mely

Table 2
Mean diameters of NLC as determined by PCS.

Day empty PDA PDB PDC PDD
Z ave (nm) Z ave (nm) ) Z ave (nm)
PIL PIL PIL PIL
0 191.5+3.7 197.0+2.1 188.5+2.9 194.1+2.1
0.11 0.20 0.22 0.21
10 193.8+ 1.6 193.7+2.1 n.d. 196.6 £ 1.6
0.16 0.22 / 0.21
30 192.1+5.5 1923 £0. 189.6 1.3 188.6 0.5
0.19 0.25 0.27 0.25
60 188.2+0.9 186.6 + 1.1 186.8+5.2 182.8 0.8 186.8 3.5
0.24 0.21 0.25 0.24 0.20

s.d. = standard deviation calculated after 5 determinations on different batches of the
same type of dispersion; n.d. = non determined; P: polydispersity index.

The panels show circular and elongated or irregular shaped
platelet-like particles. More or less round shaped platelets are imaged
in top view. When a platelet is tilted perpendicular, thgyside view of
the particle is visible showing dark rod-like structure times the
1] resem-
ed to some
37]. All
tilting the
eter stage.

spoon-like structures are visible
nano-brooms related to platelets in
amounts of oily lipid (i.e. tricapryjd

No differences in term of moy @

preparations.

As indicated in Table 2, j Q. noticed that the nanoparticle
diameter is slightly affect e pr¥ence of LD derivatives. In-
deed in some cases th ncreased the percentage of larger
nanoparticles as demonstra the polydispersity index. However,
the polydispersity indexes remaMquite stable during the length of
time considered [3 he small size (< 200 nm) of the prepared
nanoformulationsgfould p&@nit them to cross the blood brain barrier
and reach the d
ease [44,45].
could esca

e ev1dent for the shown

Ficuloendothelial system [46] guaranteeing
resistance and consequently prolonged

half-lifef th rugs.

3.2. @fic

of drug encapsulation

for the preparation, was evaluated by high-performance
atography (HPLC) using a reversed-phase column as de-
the Experimental section. As reported in Table 3, drug re-
after NLC production was higher than 70% as compared to
tal amount used for the preparation, except for PDB. Indeed, the
encapsulation was 72.91% in the case of NLC-PDA, 75.31% in

e case of PDC, and 81.87% in the case of NLC-PDD dispersions.

LC-PDB showed a drug incorporation of 24.57% + 5.89, probably
due to the loss of the active substance during the preparation proce-
dure, especially during the addition to the lipid phase to the polox-
amer aqueous solution.

Shelf life stability was calculated plotting Log (PD residual con-
tent, % with respect to drug content at time 0) against time, obtaining
first order kinetics (data not shown). From the slopes (m), obtained
by linear regression, shelf life values (ty), i.e. the time at which the
drug concentration has lost 10%, were calculated and reported in
Table 3.

It was found that PDB shows 90% of PD stability for 3 days, PDA
for 35 days, PDC for 74 days and PDD up to 82 days.

3.3. In vitro experiments

In order to obtain information on drug release from NLC and to
compare them, the dialysis method was used. The obtained results are
summarized in Fig. 2. It can be observed that all the produced NLC
formulations provide a controlled release of the encapsulated drug. In
particular, after the first hour NLC-PDA and NLC-PDB released the
20% of total drug content, while NLC-PDC and NLC-PDD released a
higher amount being 25-30%. In all cases, after 24 h, the drug re-
leased reached almost 70% of total drug content. These data suggest
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Fig. 1. Cryo-transmission electron microscopy (cryo-TEM) images of the produced NL

NLC-PDD (panel C). Bar indicates 200 nm.

Table 3
PD content in NLC as a function of time.
PDA PDB PDC PDD
PD recovery (%)*
ty 7291 +5.45 24.75+5.89 75.31£6.68
t3 68.04 +3.67 10.18 £2.28 72.48 £6.32
teo 61.07 +£3.25 3.424+1.88 69.20 = 3.94
Shelf life values
K 0.00295 0.03299 0.00141
too (days)®  35.54 3.18 74.44

The reported results represent the average of four independent
2 As a function of initial CLO content.
b Time at which the drug concentration has lost 10%.

lease and the targeting of the entrapped L
The theoretical release curves mimggki

fusive model were determined accordin

(4) and (5), respectively [33].

from the above reported equati
tained for NLC are reported. Table
from the produced NLC.
The obtained R and R values 1 that the experimental curves
are superimposable to the theoretical ones referring to dissolutive ki-
netics, apart from PDC-NLC characterized by a diffusive kinetic
(R = 0.96557). The similarity of R values obtained by Egs. (4) and
(5) suggests that both mechanisms could occur together resulting in a

v

LC-PDA (panel A), NLC-PDB (panel B), NLC-PDC (panel C) and

ease of dissolutive and diffusive type. The slight prevalence
f ongy over the other could be tentatively attributable to the strength
of #€ interaction of the LDPD with the lipid matrix.

3.3.1. Effect of esterase and lipases

It is well known that a co-drug (being a prodrug) is an inactive (or
significantly less active) molecule that once administered is
metabolised in vivo into an active metabolite [47-49]. Taking into
consideration this definition, this study evaluate the quantity of
co-drug non-degraded, and thus the quantity of the LDPD released
after in vitro activity of esterases/lipases used to mimic the in vivo
metabolisation. Moreover this experiment could allow us to possibly
estimate if the inclusion of LDPD in NLC induces an enhancement in
the stability of LDPD as compared to a labrasol solution on the hy-
drolysis catalysed by foetal calf serum (FCS) esterases or in the pres-
ence of lipases.

To support this, the LDPD with lowest log P were considered,
namely PDA and PDD. Fig. 3 reports the comparative effect of FCS
esterases on the selected LDPD in NLC and in micellar solution
(labrasol 5% w/v) during 24 h. The values of half-time degradation
were extrapolated by graphs and reported in Table 5. It is noteworthy
that both PDA-NLC and PDD-NLC showed half-lives > 3-fold
higher (i.e. 3.40 and 3.02, respectively) as compared to the corre-
sponding aqueous micellar solution. These data confirm that the
nanoformulations, protecting the entrapped LD co-drugs by plasma
esterases, could ensure prolonged half-life and tissue-targeted deliv-
ery of the LD co-drugs.
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Fig. 2. Dialysis release of LDPD from NLC (black symbols) and as free form
PDD (triangles). Data are the mean of 6 independent experiments =+ s.d,

PDA-NLC the half-time degradation is almost s
of esterases, while for PDD-NLC the increase
that of esterases. Notwithstanding, in the

ince it exceeds
their analogue
C and PDC-NLC

the 19 h (1156 min). Moreover, as ¢
chemical structure, the effect of lipases
was very similar (Fig. 5).

4. Conclusions

The low solubility of L in aqueous solution repre-
sents one limitation for oral a on. To ameliorate it, signifi-
cant amounts of surfactants have to be used resulting in a possible in
vivo toxicity [50-52]. In this view, the chance to administrate LD de-
rivatives using lipid nanoparticles could be very useful and interest-
ing. It was demonstrated that the inclusion of LDPD within lipid
nanoparticles could improve the solubility allowing for a reduction of

time (hours)

ymbols). Panel A: PDA (circles). Panel B: PDB (squares). Panel C: PDC (diamonds). Panel D:

the dosage. Moreover, in a previous study performed using
NLC-PDA as model formulation, we demonstrated the potential use-
fulness of this type of formulation [38]. In vivo tests demonstrated
that NLC-PDA replicated the therapeutic benefit of LD, with a
slightly reduced maximal effect but a longer lasting action (up to
24 h) [38]. Moreover, the small size, a high entrapment efficiency,
and the resistance to esterases of these nanoformulations could ensure
other advantages such as improved capacity to cross the blood brain
barrier, prolonged half-life, and tissue-targeted and controlled deliv-
ery of the entrapped LD co-drugs. Thus, NLC represent an intriguing
tool to encapsulate lipophilic LD co-drugs, although further studies
aimed to deeply evaluate anti-parkinsonian effects in vivo have to be
carried on.
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Table 4 Table 5
Release kinetic parameters of drug release from the produced NLC. Effect of the esterases and lipases towards the codrugs encapsulated on NLC (half-time
degradation).
Equation LD K c,c’
s Esterases Lipases
M/M,, =Kt + ¢’ T % (min) s.d. T % (min) s.d.
PDA —0.3848 4.4953
PDB —0.3931 4.83 PDA-NLC 296 3 288 4
PDC —0.5022 4.5 . PDA-solution 87 2 n.d. n.d.
PDD ! —0.5019 4. 5 0.93132 PDB-NLC n.d. n.d. 1156 5
1-M/M, =¢ Kdisstye PDD-NLC 275 4 568 3
PDA 38.842 0.99513 PDD-solution 91 2 n.d. n.d.
PDB 35.971 : . 0.99206 h " H 3 - T
PDC 34.276 } 0.94519 e reported results represent the average of 3 independent experiments + s.d. The

codrugs were dissolved in water in the presence of labrasol 5% w/v. n.d.: not

PDD 33.939 B 0.96557 0.93232 >
determined.

otting the linear forms of the

indicated equations; R — Regression coefficie — SqQuared regression coefficient.
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