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Abstract

Three hydrophilic model drugs with different chdeaistics and molecular weights, namely
protamine sulphate, diclofenac sodium arfédyclopentyladenosine (CPA), were nano-
encapsulated in poly(D,L-lactide-co-glycolide) (PAJAusing a novel “in-oil nanoprecipitation”
method recently developed for the purpose. Althaihghsame settings were used for all three
model drugs, the drug loading efficiency was gseddpendent on their chemical-physical
characteristics, being considerably higher for@manhe (roughly 93%), intermediate for diclofenac
(roughly 50%), and very low for CPA (roughly 7%hdresulting particle size and drug release
rates were also strictly model-drug dependenthénattempt to improve the characteristics of the
CPA-loaded nanoparticles, the respective effectdding an excipient (lauric acid) and
substituting PLGA with poly(D,L-lactide) polymerl(R) were investigated by measuringvitro
drug release and drug degradation kinetics in hunwtaoie blood. The results indicate that the
proposed method seems promising for the nanoenledipsuof hydrophilic drugs in hydrophobic
polymers, and easily modifiable to suit moleculest @are difficult to incorporate into a polymeric

matrix.

Keywords: Poly(lactic/glycolic) acid (PLGA, PLA); Nanoprgxiation; Diclofenac Sodium;

Protamine; R-Cyclopentyladenosine; Lauric acid.

Chemical compounds: Diclofenac sodium (PubChem CID: 5018304§:Gyclopentyladenosine

(PubChem CID: 657378); Poly(glycolide-co-lactideubChem CID: 7139).
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1. INTRODUCTION

Polymeric nanoparticles are promising drug deliv&rstems, being able to cross biological
barriers and release their contents in a contrddedion. Furthermore, nanoparticulate systems are
able to induce sustained drug release kineticgreoré favourable drug accumulation in tumours
and the CNS with respect to traditional delivergtsyns [1-3].

One of the most widely used polymers in nanopddteuwdrug delivery systems is
poly(lactic-co-glycolic acid) (PLGA), a biodegradalpolyester that has been approved for human
administration by the FDA. Formulated as biodegbéelaolloidal particles, PLGA is an excellent
carrier, not only for drugs, but also for genest@ins and various other macromolecules [4-6]. As
it is soluble in several organic solvents, PGLA haen prepared by various nanoparticle
formulation methods, including nanoprecipitatiorsimple technique relying on rapid diffusion of
organic solvent into a non-solvent phase, resultirtge precipitation of small colloidal particles
[7]. Nanoprecipitation is generally performed usatgtone as the water-miscible solvent and water
as the non-solvent [8], and the hydrophobic nabfifLGA molecules makes this nanoparticle-
loading method very efficacious for lipophilic comymds, including several anticancer and
neuroactive drugs [9-15]. However, the PLGA naeojpitation method does present significant
limitations in terms of encapsulating water soluila@ecules, mainly due to the hydrophobicity of
the polymer and the rapid partitioning of hydromhdrugs in the aqueous phase, a phenomenon
that is extremely difficult to prevent [16-19]. Theéore, despite the unquestionable advantages of
the nanoprecipitation method, including ease otetien, fast processing time and high batch-to-
batch reproducibility, its poor applicability to dnpphilic molecules makes further amendments a
necessity [20, 21].

Hence, modifications to the standard nanoprecipitanethod have been proposed,

including: (i) incorporation of salt additives,)(pH variation and (iii) alternative solvents.
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Although these do induce significant improvementsncapsulation efficiency and, consequently,
drug loading [17, 22, 23], most of these adaptatiware designed for specific drugs with particular
chemical-physical features and, therefore, canaatdmsidered universally applicable to all types
of hydrophilic drugs. Indeed, this high specificisyone of the main shortcomings of polymeric
nanoparticle methods, as the different encapsulgtiocesses are liable to vary in efficiency,
depending on the water solubility, molecular wei@¥V) and/or octanol/water partitioning
coefficient (Log P value), etc., of the drug in gtien [24].

In order to widen the range of applicability of nancapsulation, therefore, and to expand
the somewhat scarce literature on the topic, wenthcproposed “in-oil nanoprecipitation” (ION),
a method based on the use of a mixture of cottahskand Tween-80 as the non-solvent phase.
This technigue enabled the incorporation of a paléghtly hydrophilic, anti-ischemic model drug,
NC-Cyclopentyladenosine (CPA), in the hydrophobicypmric matrix of PLGA nanoparticles [25].

To build on these promising results, here we setamaompare them with those obtained by
extending the ION encapsulation technique to twth&r hydrophilic model drugs with very
different physical-chemical characteristics (cheahgtructure, MW, water solubility and Log P
values) to CPA, namely diclofenac sodium and pratamsulphate. To determine the influence of
the type of drug on the standardized ION methogl ntlain formulation parameters were kept
constant, and nanoparticles loaded with each ofribe@el drugs were compared in terms of size,
drug content and drug release. As the encapsulatimmency previously reported for CPA was
found to be relatively poor with respect to theasttwo drugs selected for this study, further
formulation and characterization was performedtestigate the kinetics and evaluate the stability

of its nanoparticles in fresh human whole blood.
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2. MATERIAL AND METHODS
2.1 Materials

N°-Cyclopentyladenosine (CPA, MW: 335.36 Da; watdulsitity: 0.67+0.04 mg/mL; log
P: 1.22 [26]. N-Cyclohexyladenosine (CHA), diclofenac sodium (M818.13 Da; water solubility
50 mg/mL, Log P as free acid: 4.21), protamine Isale (MW: 7000 D; water solubility:10
mg/mL), Tween 80 and lauric acid (LA) were obtairiein Sigma Aldrich (St. Louis, MO, USA).
Poly(D,L-lactide-co-glycolide) (PLGA 50:50; ResomieG 504, Mw 60-75 kDa) and Poly(D,L-
lactide) (PLA homopolymer; Resomer R203H MW of 18kPa) were obtained from Boehringer-
Ingelheim, (Ingelheim am Rhein, Germany). High-perfance liquid-chromatography (HPLC)-
grade methanol, acetonitrile and water were obthinem Merck (Darmstadt, Germany). The
reversed-phase column (Hypersil BDS C-18 5U ca&idolumn, 150 mm x 4.6 mm i.d.) was
obtained from Alltech Italia Srl BV (Milan, ItalyAll other reagents and solvents were of analytical

grade (Sigma).

2.2 Preparation of nanoparticles

Drug (protamine sulphate, diclofenac sodium or C2Ar 10 mg) and polymer (PLGA or
PLA, 125 mg) were dissolved in 2.5 mL of acetormefane phase) in the presence or not of lauric
acid (100 mg). Meanwhile, 2.6 g of Tween 80 wapelised at room temperature into 40 mL of
cottonseed oil (oil phase). The acetone phase essadded drop-wise into the oil phase under
mechanical stirring (900 rpm), which was continuedtil the acetone had completely evaporated
(=3 h). The nanoparticles thus formed were sepédfaden the oil phase by vacuum ultra-filtration,
using a polycarbonate holder (SM 16510; SartofBgttingen, Germany) equipped with a

polypropylene filter (cut off 0.2 um; Pall Corpdmat, Ann Arbor, Michigan, USA). The oil-free
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nanoparticles were recovered and suspended inidetbwater by two vortex cycles (30 seconds,
Zx3 , VELP Scientifica, Milan, Italy), and, finallyreeze-dried over 24 h (Lyovac GT2; Leybold-
Heraeus, Hanau, Germany). Empty nanopatrticles preggared according to the procedure

previously described, omitting the presence ofditugy.

2.3 Patrticle size measurement and morphological ahyasis

The patrticle size, size distribution and polydistgrindex were measured via photon

correlation spectroscopy (PCS) using a ZetasizesN&h(Malvern, Worcs., UK) after

reconstitution of the nanoparticles (NP) using Milwater. Each measurement was repeated three

times for each sample. The data are the resuttseeaheasurements on three batches of each type of

nanoparticle, whose shape and morphology were sedlyy scanning electron microscope (SEM)
(XL-40 Philips, The Netherlands). Before the anaslyBeeze-dried nanoparticles were purified
from Tween-80 using a vacuum ultrafiltration methiodorder to prevent interference [25]. After
purification, 10uL of each nanoparticle suspension was mountedrartal stubs and dried for 48
h. The stubs were then coated with a 10-nm thig&rlaf gold palladium alloy (Emitech K550

Sputter Coater, Emitech Ltd., Ashford, Kent, UK).

2.4 HPLC analysis of CPA

HPLC was used to quantify CPA in all samples gerédray the experimental procedures
[25]. The chromatographic apparatus consistedbdular system (Model LC-10 AD VD pump
and Model SPD-10A VP variable wavelength UV-Visat#or; Shimadzu, Kyoto, Japan) and an
injection valve with 2Q4L sample loop (Model 7725; Rheodyne, IDEX, CA, USAhe detector

was set at 269 nm. Separation was performed at teowperature on ajgm Hypersil BDS C-18
6
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column (150 mm x 4.6 mm i.d.; Alltech Italia Srl,l&h, Italy), equipped with a guard column
packed with the same Hypersil material. The magblilase consisted of a ternary mixture of
acetonitrile, methanol and 10 mM acetate buffer g)Hdt a ratio of 5/50/45 (v/v/v). The flow rate
was 0.8 mL/min, and the retention times of CPA @ktA were 4.5 and 6.4 min, respectively. CHA
was employed as an internal standard for blood EnpOuL of samples were injected into the
HPLC system for CPA quantification.

Data acquisition and processing were carried aaguSlass-VP software (Shimadzu) on a
personal computer . The chromatographic preci©ioiCPA and CHA water solutions were
evaluated by repeat analysis (n=6) of the same Iganvpich yielded R.S.D. (relative standard
deviation) values of 1.55, 1.69 and 1.65 for 0.86nL (1 uM ) CPA, 3.3ug/mL (10uM) CPA
and 3.49ug/mL (10 uM) CHA, respectively. A calibration cussef peak areagersus
concentration of CPA solution was generated on ssmanging from 0.5 to 10 uM; in this range
the calibration curve was linear (n = 6; r > 0.989;0.0001). The LOD for CPA solutions was

0.0012ug/mL (3.6 nM - 0.012 ng/injection) with a signaHtoise ratio of 3:1. The LOQ value was

0.004pg/mL (12.0 nM - 0.040 ng/injection) with a sigrtaknoise ratio of 10:1.

2.5 Drug loading analysis

Drug loading was determined by dissolving an adelyaveighed amount of nanoparticles
(about 5 mg) in dichloromethane (500 uL) and ad&mgL of deionized water to solubilize the
drugs. Loading analysis was performed on the sap@nh after evaporation of the dichloromethane
phase (2 h), and centrifugation (14,000 x g forib,lBeckman Microfuge 18 Centrifuge, Minchen,
Germany). To quantify CPA loading, 10 pL of the suqatant was injected into the HPLC system.

Preliminary experiments indicated that concentratiof CPA in water solutions were not altered
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by the presence of a 10% (v/v) of &, after vortex and centrifugation processes bothén

absence and in the presence of equivalent amofiotdaaded nanoparticles.

For protamine-loaded and diclofenac-loaded nanmbest drug quantification was
performed by UV-vis spectroscopic analysis of thpesnatant at 276 nm for diclofenac, and by
Bio-Rad DC Protein Assay (Bio-Rad laboratories,avijlItaly) at 750 nm for protamine. The
absorbance of the drug containing solutions wasedad to the amount of drug on specially
prepared standard calibration curves constructed) tise supernatants of the corresponding

unloaded nanoparticles (n=6), in order to elimiraatg possible interference in the measurements.

Drug loading was determined as [27]:

mass of drug in nanoparticl

= %100

Drug loading =

mass of nano particles

Percentage encapsulation efficiency was calculasd@8]:

_entrepped amount of drug per g nancparticles

EE % = x 100

theoretical amount of drug per g nanoparticles

2.6 “In vitro” drug release studies

For the release of CPA, an accurately weighed atnafumanoparticles (about 0.6 mg) was
added to 15 mL of deionized water and immediatedpetsed by sonication. The samples were
maintained at 37°C, and stirred mechanically (&imin). Aliquots (200 pL) were withdrawn at
fixed time intervals, filtered upon centrifugatian13,000 xg, using Microcon filter devices (YM
30, Millipore Corporation, Bedford, MA, USA), andjected (10 uL) into the HPLC apparatus for

CPA quantification.
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To quantify the release of protamine and diclofesacEppendorf tubes of each, containing
5 mg of nanoparticles resuspended in 1 mL of deamhivater, were prepared and pre-warmed to
37° C. Atfter being thoroughly sealed, the Epperslasére placed in a thermostat bath at 37° C and
maintained in vigorous agitation. One Eppendoath sample was taken at predetermined time
intervals (15, 30, 60, 180, 240 minutes and 24 $jpand the content subjected to centrifugation
(14,000 x g for 5 min, Beckman Microfuge 18 Cenigié, Minchen, Germany); the supernatant
was used for the quantitative determination, asrd®s=d in the previous paragraph.

The amounts of nanoparticles and deionized watee al@osen in order to ensure sink
conditions for release studies on all samples.rélease of each sample was evaluated in triplicate,

and data are expressed as means * standard deviatio

2.7 Kinetic experiments in human whole blood

Compounds were incubated at 37° C in three mL p&hrized fresh whole blood obtained
from healthy volunteers (final CPA concentratiohd® uM). The concentration of nanospheres
was 1 mg/mL. The samples were shaken continuoastyat regular time intervals 100 pL was
taken, haemolysed, and extracted twice with 90@{thyl acetate, after the addition of 50 pL of
3 M sodium hydroxide, 50 pL of internal standar@ (M CHA), and 200 pL of dichloromethane.
The organic layer was evaporated to dryness byoM. 100 puL of mobile phase was added, and,

after centrifugation 10 pl was injected into thelldPsystem for CPA and CHA detection.

The accuracy of the method was determined by reg@sgeriments. In particular, the
percentage recoveries of 10 uM CPA and 10 uM CH#Aewalculated by comparing the peak areas
of the compounds extracted from test samples (hwith those obtained by an equivalent

concentration of the analytes dissolved in the tegihase. The average recovetieS.D. of CPA

and CHA were 63.Z 2.5 and 71.3 2.7%, respectively. The CPA concentrations weeeetiore
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referred to peak area ratios of CPA and 10 uM CeétAployed as an internal standard. The

precision of the method based on peak area ratare@@mesented by an R.S.D. value of 1.5.

The calibration curve of peak area ratessus concentration of CPA was generated with blood

samples ranging from 0.5 to 10 uM; in this rangeas linear (n = 6; r > 0.998; p< 0.0001).

The half-life of CPA was calculated from an expdredrdecay plot of the peak-area ratio
between the compound and internal standard, exqesspercentagegrsus incubation time,

using the computer programme GraphPad Prism (Geahl#an Diego, CA, USA).

2.8 Statistical analysis

The statistical significance was assessed by @t bt one-way ANOVA (GraphPad

PrismProgram). Differences were considered to ¢paifszant at a level of P < 0.05.

3. RESULTS

3.1 Physical-chemical characterization of drug-loa€ld nanoparticles

A summary of the characteristics (size, PDI, daeging and encapsulation efficiency) of
the drug-loaded PLGA nanopatrticles formulated ugieglON method are shown in Table I. As a
yield of between 90 and 98% was obtained in eash,¢harough purification under the same
conditions by a 0.am filter, the amount of small particles able tog#wough the filter can be
considered negligible. However, under the same titation conditions, the resulting nanoparticles
were of considerably different sizes (from 190 8& 2m), depending on the drug in question.
Specifically, the particles prepared from protantiad the largest diameter (about 290 nm),
regardless of the initial drug amount, while CPAded and diclofenac-loaded nanoparticles were

10
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very similar in size (about 190 nm). CPA data whatamed from our previous study [25], and is
reported in Table | for comparison.

Two samples of each model drug (5 or 10 mg) wemaddated, but the size of the
recovered nanoparticles appeared to be dependé¢he aype of drug rather than on the amount
employed during the formulation process. Indeettgasing the amount of drugs in the formulation
processes induced no significant variations in Pallies, which appeared to be highO(33) for all
preparations reported in Table |, despite the mauahparticle size distribution (data not shown).
As shown in Figure 1, which reports the unloadedl @RA-5-PLGA samples as representative
examples, the particles were not spherical and ivesgular in shape.

An increase in the initial amount of the drug ie tbrmulation phase did, however, lead to
an increase in drug loading, albeit accompanied dyall reduction in the EE% (Table I), as
expected from previous reports in the literature2fd. This reduction in EE% appeared to be
dependent on the greater loss of drug during thmadtation phase since, as already observed, the
size of the particles did not increase with théahamount of drug, and the loading capacity
remained constant. Nevertheless, the initial amotidtug being equal, the model drugs were
incorporated to very different extents. In fact,lelprotamine was incorporated with a very high
EE (roughly 93%), diclofenac displayed lower EEues (47-55%), and CPA very low indeed

(about 7%).

3.2 Drug release

Biphasic drug release profiles were found forlal hanoencapsulated drugs considered,
including CPA-5-PLGA and CPA-10-PLGA, as reportaaur previous study [25], (Figure 2); in
all cases release slowed down after an initialdrgpiase (burst effect). The burst releases observed
from all batches were compared (Table 1), and &mhemodel drug it was observed that the greater

the actual loading, the smaller the burst relelmskeed, protamine-loaded samples, characterized by

11
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a high level of drug loading, showed a relatively burst effect (10-30%), while CPA-loaded
nanoparticles, characterized by very poor loadshgwed a relatively high burst (about 40%).

The second phase of the observed particle-relestterps evidenced the ability of the
nanoparticles to provide controlled release ofrteecapsulated drugs. As reported in Figure 2, Pro-
5 and Diclo-5 samples released about the 60% a@f dithin 24 hours, showing similar release
patterns with respect to the parent samples Pranti(Diclo-10, respectively, even though these
patterns shifted to reflect the higher burst eftdzderved. CPA-5-PLGA and CPA-10-PLGA

profiles showed similar behaviour in the secondasé phase.

3.3 Adjustments to the formulation of CPA-loaded naoparticles

Among the model drugs chosen for our study, CPAeapg to be characterized by
relatively poor drug loading and greater burstaffeith respect to protamine and diclofenac (Table
). However, as the CPA-loading capacity of PLGAoarticles via the basic nanoprecipitation
method was nearly zero (precisely 0.01 % w/w) ], even these results were considered
promising at the time of their reporting [25]. Henge continued to study the ION
nanoencapsulation of CPA, investigating severalifitadions to the standard preparation to find a

way to improve CPA encapsulation in polymeric naartiples and/or the control of its release.

The first modification was performed on the polymmetrix, by substituting the PLGA with
PLA, which is characterized by a lower hydrophiljiciNanoparticles obtained by this process
displayed a regular, spherical shape (Figure 3a&8ahdand, as reported in Table 1, CPA-5-PLA
and CPA-10-PLA particles were the same size agethbtined using PLGA, but PDI values were
lower (<£0.2). Moreover, using PLA polymer in place of PL@®&reased CPA loading when 5 mg
of drug were used as the initial amount, doublmgEE value (from 7.1% for CPA-5-PLGA to

15.3% for CPA-5-PLA). However, this phenomenon wasobserved with 10 mg of CPA, at
12
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which CPA-10-PLGA and CPA-10-PLA EE values werepnamilar (about 7%). Concerning drug
release (Figure 4), the PLA nanoparticles obtafnem 5 mg of CPA (CPA-5-PLA) showed a
slightly larger burst effect (about 48%) with resp® the homologue sample CPA-5-PLGA (about
40%), studied previously [25]. In contrast, the Ph#&noparticles obtained in the presence of 10 mg
of CPA (CPA-10-PLA) produced a very high burst eff@bout 87%), revealing the total inability

of this nanoparticulate system to control the sdeaf CPA.

We therefore attempted a second modification osthadard formulation, keeping the
polymer (PLGA) constant, but adding a lipophilicgient, namely lauric acid (LA), to the
polymeric matrix. The aim was to limit the lossdofig during nanopatrticle formation by hindering
drug diffusion, but, although the added excipi@aiiced a small increase in the size of the CPA-
loaded nanoparticles (from 190 nm to about 220 Tabe 1l) and no change in shape (data not
shown), their drug loading ability was even lowtee EE% being slightly smaller than those
achieved for the homologue samples formulated with@. Promisingly, however, the addition of
LA to the PLGA nanoparticles loaded with CPA diduee the burst effect and slowed the release
in the second phase (Figure 4). Indeed, as report€dble Ill, the CPA-5-LA sample produced a
burst effect of about 28%, significantly lower thitwe value detected for the homologue sample
obtained in the absence of LA (CPA-5-PLGA, bur&@fabout 40%), a pattern repeated when the
initial drug amount was increased (CPA-10-LA roygh8%, CPA-10 without LA about 42%).
Furthermore, LA also produced a significantly slonetease in the second phase in both cases
(Figure 4), indicating more efficacious incorpooatiof the drug into the polymeric matrix in the

presence of this excipient.

13
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3.4 Degradation in human whole blood

In our previous study we found that timevitro release properties of CPA-10-PLGA
nanoparticles allowed for significant drug stalaitinn in the blood [25]. In light of the promising
results mentioned above, in this study we setmirvestigate the ability of LA to influence CPA
release from PLGA nanopatrticles, and to furthedpthe degradation kinetics of CPA (free or
encapsulated in PLGA or PLA, and in the presenabeence of LA) in human whole blood. As
shown in Figure 5, which also reports previousborded data on representative sample CPA-10-
PLGA [25], in the absence of LA, CPA-5-PLA displayine ability to reduce the CPA degradation
rate, in agreement with its ability to improve trohof the release of the drug with respect to €CPA
10-PLA. Free CPA was degraded according to adnger kinetic with a half-life of 21.8 + 2.4
min, confirming the values obtained in previousdggds on CPA pharmacokinetics [25, 33].34
The degradation profile was not altered by theqames of unloaded nanoparticles (data not shown),
suggesting their good biocompatibility. Followirtgs kinetic pattern, free CPA appeared to be
totally degraded in human whole blood after 3 hpbws the degradation of the drug encapsulated
in the nanopatrticles was significantly reducedekd after three hours, the degradation of CPA-5-
PLGA was about 48%, and CPA-10-PLGA showed a simdigggradation pattern (roughly 46% at 3
hours), in accordance with their similar CPA reke@rofile in water [25]. Although similar
degradation values were also seen at 3 hours gubltven LA was added in the case of CPA-10-
LA (42%), a significantly lower degradation rate<(8.05) was registered at this time-point for

CPA-5-LA (28%).

Among the CPA degradation results it is importantemark that after three hours of
incubation of the CPA-5-PLA sample in human whdteold, about 40% of the loaded drug was

still detectable, indicating the superiority of #i@N method in terms of controlling the release of

14
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CPA in whole blood, in addition to the greater eystdation efficiency of the corresponding

nanoparticles produced by this technique (rougbBs vith 0.61% drug loading) .

4. DISCUSSION

The entrapment of hydrophilic drugs in the hydrdghgolymeric matrix of nanoparticles
currently constitutes an important challenge, tive dirug polymer affinity and the small size and
large surface area of the particles being the ri@@itors contributing to the loss of the drug irtie t
agueous phase [8, 22]. Indeed, the submicron $imarmparticulate systems can often induce the
loss of either encapsulation efficiency or theigbtb control the release of drugs [35]. In thegper
the efficacy of an original nanoprecipitation meththe “in-oil nanoprecipitation” technique
(ION), in encapsulating water-soluble drugs wadweatad on the model drugs protamine and
diclofenac sodium, comparing them with results pmesly obtained for CPA [25].

Protamine is a small cationic protein extractednfisalmon sperm that has been FDA-
approved for parenteral administration to inhibi nticoagulant activity of heparin. It consists o
32 amino acids, 21 of which are arginine, and sitrsea nuclear protein that helps DNA packaging
in sperm cells, it is also used as transfectiomlacator in the gene delivery [36].

Diclofenac sodium, on the other hand, is a potentsteroidal anti-inflammatory drug
(NSAID) that acts as non-selective inhibitor of loyoxygenase (COX). Due to its anti-
inflammatory, analgesic and anti-pyretic effedt$ias a wide range of clinical applications.
Moreover, alongside other COX inhibitors such asodénamic acid, it is currently being studied
for its application in Alzheimer’s disease (AD) [38].

The final model drug studied,’Nyclopentyladenosine (CPA), is a potent and seect
agonist of adenosine;Aeceptors [39], whose activation depresses caetidmeuronal excitability

[40], inducing ischemic tolerance and protectiom@uronal and cardiac tissues. However, CPA-
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selective Aagonists appear to be poorly adsorbed into the p4di], and can be quickly degraded
invivo or in whole blood [42, 43].

Hence, an effective strategy for nanoencapsuldtiage hydrophilic model compounds in a
biodegradable polymeric matrix constitutes a priglary step towards both increasing the stability
of water soluble drugs in physiological fluids aadgeting specific body compartments. To this end
we show that the ION technique enabled the incatpmr of the model drugs in the polymeric
matrix of nanoparticles, thanks to their low soliipin oil after the diffusion of acetone in the
outer oil phase. As oil is more viscous than waldfusion of acetone in the oil phase takes place
more slowly than the diffusion of acetone in théeowvater phase occurring in classic
nanoprecipitation [44], and, as a consequencendheparticles obtained when PLGA was
employed in their formulation were not perfecthhepgcal. In contrast, PLA encapsulation resulted
in nanoparticles characterized by a more regulapsh presumably due to the lower viscosity of
the PLA polymer—acetone solution (60—75 kDa vs.2BokDa). The irregular and asymmetrical
shape of PLGA nanoparticles could explain theihipglydispersity index, registered by PCS
analysis. Indeed, the calculation model used mtipe of measurement is based on the equivalent
principle, in which each particle is viewed as bhese, meaning that an irregular shape can have a
noticeable influence on the findings [45].

As regards the encapsulation efficiency, in PLGAaparticles CPA showed loading values
one order of magnitude lower that the satisfact@yes observed for protamine and diclofenac.
Indeed, CPA is classified as a slightly hydrophiliag (Log P = 1.21 [26]) characterized by a great
ability to diffuse out of hydrophobic matrixes dugithe formation of particulate systems,
remaining adsorbed on their external surface [30;38s phenomenon could explain the high burst
values registered for CPA-loaded nanoparticles vasipect to those loaded with the other two
model drugs. That being said, all PLGA samples detrated the ability to provide controlled

release of their encapsulated drugs. As evident tiee second phase of particle release patterns
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reported in Figure 2, only roughly 40% of the daugounts included in the nanopatrticulate
powders had been released after 24 hours.

As ION loading of CPA in PLGA nanoparticles wasatelely poor with respect to that of
the other model drugs, we extended the investigatist by adding a lipophilic excipient, lauric
acid (LA), during the formulation of PLGA nanopalés, and then by encapsulating the drug in
PLA, which is more hydrophobic with respect to PLG}e also set out to verify the effects of the
ION-generated CPA nanoparticles’ encapsulationcamdrolled release in human whole blood, a
model fluid is able to degrade the drug relativaplyckly (with a half-life of about 15 min) [42].

Although initial loading was slightly reduced iretpresence of LA, probably owing to LA
acting as a filler in the nanoparticles’ polymeamatrix and thereby leaving less space for the drug,
encouragingly, the samples obtained in the presehicd, CPA-5-LA and CPA-10-LA, showed a
reduced burst effect with respect to the homolodoesulated without LA, followed by a very
slow release. This behaviour, perhaps ascribalileetemall weight of the drug molecule, appears
to be different to that previously observed in éimeapsulation of proteins in the presence of
additives previously employed as loading enhanjgs47].

Encapsulation of CPA in PLA rather than PLGA resdlin an increase in drug loading
capacity, but, interestingly, this failed to incsedurther when the initial drug amount was
increased, indicating the existence of a drug-loggilateau. Moreover, whereas the CPA-5-PLA
sample appeared to provide controlled release @f, @7en though less markedly so with respect to
the PLGA homologues, the CPA-10-PLA sample provideduch control. Hence, although
increasing the initial amount of CPA in the prepiaraof PLA nanoparticles did not influence the
guantity of drug recovered in the samples, it dgidse a total loss of control over drug releases Thi
reflects a similar phenomenon we previously obskmdON-generated PLGA nanoparticles, in
which CPA ratios higher than 10 mg per 125 mg o&RLinduced an unremarkable increase in

drug loading, but a significantly higher releaseha drug [25].
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The degradation profiles of the nanoparticulate@amanalysed in whole blood indicate
that the drug stability of CPA encapsulated in BLiGA and PLA nanoparticles can be modulated

in @ manner consistent with the respective relpasie patterns of the model drugs.

5. CONCLUSIONS

The ION method enabled the nanoencapsulation inAPaiGlifferent kinds of hydrophilic
drugs, but with different extents of drug loadii@e results indicate that particle size is influsshc
mainly by primary and secondary operating pararsetenile the final drug load depends strongly
on the nature of the drug in question. The typdraf also affected the release pattern, but this ma
be successfully modulated by the addition of them&nt lauric acid. However, before a simple,
universal protocol for nanoprecipitation that paes precise and reproducible control over the key
nanoparticle characteristics, enabling its indakapplication, can be developed, it is necessary t
ensure the method is applicable to a wider rangkuggs of different physical-chemical

characteristics.
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Table |

Size, polydispersity index (PDI), actual loadinglamcapsulation efficiency values forthe

encapsulation of model hydrophilic drugs in PLGAoparticles. Data are reported as the mean *

SD of three independent experiments.

Particle size Actual Encapsulation Drug released
Sample Drug (hm) £ SD PDI loading . in initial burst
- efficiency (%)
(%, wiw) (%)
Unloaded
- + { _
PLGAND 253+33 | 0.442
Pro-5 Proamine | 596426 | 0.391| 3.9+04 94315 | 10504
(5 mg)
Pro-10 | Loamine | oe123 | 0412] 7.4:03 92513 | 303%13
(10 mg)
. Diclof
Diclo-5 Colenac | 194430 | 0.460] 2.2+0.2 5503 | 21409
(5 mg)
Diclo-10 | Diclofenac | 195130 | 0512| 3.8+01 47807 | 36415
(20 mg)
CPA-5- CPA 20.0 £4.0
+ + - T4
LA 5mo) 194+32 | 0.328| 0.27+0.01 | 7.10£0.02
CPA-10- CPA 121138
+ + -4 9.
Lo (10 mg) 193+58 | 0.430 | 0.50+0.03 | 6.980.04

®Data reported from [25]

26




Table I

Size, polydispersity index (PDI), actual CPA loagiencapsulation efficiency, and burst effect
values for CPA encapsulation in PLGA and PLA namtigas in the presence or absence of lauric

acid (LA). Data are reported as the mean + SD @etindependent experiments.

Particl Actual brug
CPA . artcie ctua Encapsulation| released in
Sample Polymer | size (nm)x | (PDI) loading . —
amount efficiency (%) | initial burst
SD (%, wiw)
(%)
Unloaded
PLA-Np - PLA 220+37 0.298 - - -
CPA-5-LA 5 mg PLGA 206 £ 45 0.405| 0.19+0.02 4804 28.0 £ 3.3
CPA -10-LA | 10 mg PLGA 245+ 25 0.407 0.39+ 0.03 5.6+ 0.6 28.1+35
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Figure Legends

Figure 1. Scanning electron microphotograph (SEM) of unloade@A nanoparticles [A] and
CPA-loaded nanopatrticles formulated via the IONhudtin the presence of 5 mg of the drug

(PLGA-5-CPA) [B] after removing the excess of Tweh

Figure 2. Release profiles of protamine (Pro), diclofenac(®iand N-cyclopentyladenosine
(CPA) from PLGA nanopatrticles formulated via theN\@hethod in the presence of 5 mg (Pro-5,
Diclo-5 and CPA-5 PLGA) or 10 mg (Pro-10, Diclo-408d CPA-10-PLGA) of the model drugs.

Data are reported as the mean £ SD of three indipe®xperiments.

Figure 3. Scanning electron microphotograph (SEM) of CPA-&xh&LA nanoparticles after
removing the excess of Tween-80. The loaded natiolegrwere formulated via the ION method

in the presence of 5 mg [A] or 10 mg [B] of CPA.

Figure 4.[A] Release profiles of CPA from PLGA (CPA-5-PLGEBPA-10-PLGA, CPA-5-LA,
CPA-10-LA) and PLA nanoparticles (CPA-5-LA, CPA-18y) formulated via the ION method in
the presence or absence of lauric acid (LA). [Bpra in of plot [A] with expanded X-scale (time)

from O to 3 hours. Data are reported as the mestanidard error of three independent experiments.

Figure 5. Degradation kinetics of free and nanoencapsulai8l @ON method) in human whole

blood. Data are reported as the mean + SD of ihdpendent experiments.

28



v A WN PR

10

11

12

13

14

15

16

17

18

19

ACCEPTED MANUSCRIPT

Figurel




O 00N O WU

10

12
13
14

Drug released (%)

100

80

[*2]
o

S
o

20

=0=CPA-5-PLGA
—e—CPA-10-PLGA
——Diclo-5
—a—Diclo-10

—0=Pro-5

—a—Pro-10

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Time (min)

Figure?2




10

11

Figure3




10

11

12

Released CPA (%)

O T T T T T T T T
0 200 400 600 800 1000 1200 1400

Time (min)

=_=CPA-5-PLGA =—@=CPA-10-PLGA =rw=CPA-10-LA =ate=CPA-5-LA =S=CPA-10-PLA ={=CPA-5-PLA

3 100 -{F % 4 4§

80 -
p—
X
60
&
(@]
T 40
2 —i—
©
2 20
(V)
o
OI T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180
Time (min)
Figure4




10

11

12

13

14

15

16
17

T — T T T T Y T Y
30 60 90 120 150 180

Time (min)

vV Free CPA
—— CPA-5-PLA
—+— CPA-10-PLGA
—o— CPA-5-PLGA
—a— CPA-10-LA
—e— CPA-5-LA

Figure5






