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Highlights
e Dextran-covered poly(lactic acid) nanoparticles were loaded with n-alkyl gallates
e Emulsion/solvent evaporation (E/SE) and nanoprecipitation (NP) were compared
e The amount of encapsulated drug by E/SE was about twice that encapsulated by NP
e Drug release showed no burst effect and was controlled by diffusion in polymer core

e Diffusion of drug was slower within nanoparticles prepared by E/SE as compared to

NP

ABSTRACT

PLA nanoparticles loaded with n-alkyl gallates (AGs) were prepared either by
nanoprecipitation (NP) or by O/W emulsion/solvent evaporation (E/SE). A nonionic
hydrophobically modified polysaccharide was used for surface coverage and for ensuring
colloidal stability. Different parameters were systematically assessed to enhance the drug
incorporation, with the aim of obtaining monomodal and narrow particle size distributions.
The nanoparticles were characterized by *H NMR, transmission electron microscopy (TEM)
and laser light scattering granulometry. The colloidal stability of suspensions was evaluated
after incubation in NaCl solutions and was maintained up to 1 M NaCl. The mean particle
diameter and the width of size distribution were found very similar for both processes
(slightly lower diameters when using E/SE) with various drug loadings. The amount of
encapsulated AG by E/SE was about twice that encapsulated by NP. The in-vitro release of
AG was evaluated under sink conditions and no burst effect was observed. Release curves
were successfully modeled using the Fick diffusion model with a constant diffusion

coefficient and assuming non-swellable particles. Diffusion coefficients of AG loaded in



nanoparticles prepared by NP were higher than those found in nanoparticles elaborated by

E/SE.
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1. INTRODUCTION

There have been a lot of examples of formulations in which substances of interest among
which hydrophobic molecules should be incorporated into mainly aqueous media [1,2]. A
very common way to solve this difficulty has been encapsulating the hydrophobic active
substance (AS) into polymeric nanoparticles [3-10]. Such nanoparticles could be dispersed
into the aqueous phase and acted as reservoirs of hydrophobic ingredients increasing their
available quantity per unit of volume by several orders of magnitude, much above their
solubility limit in pure water. This formulation allowed continuous release of AS within the
surrounding aqueous medium. Amongst physico-chemical properties, that should be
considered for the encapsulation of AS into nanoparticles, several were deeply investigated: i)
the size distribution and morphology of particles, ii) the drug loading, i.e. the amount of AS
incorporated into nanoparticles (in weight fraction for instance), iii) the efficiency of
encapsulation, i.e. the fraction of loaded drug that was included into the final particles, iv) the
colloidal stability of the suspension of nanoparticles during the preparation of the formulation
and under the conditions of application, v) the kinetics of release of AS out of the particles
under the conditions of application, vi) the interactions between the surface of the particles
and the surrounding medium (for instance for cell targeting strategies). Although a great deal
of work has been reported about physico-chemical parameters controlling previous
performances, less studies focused on the importance of the process of elaboration of

suspensions [11-24]. This aspect appeared extremely important since the choice of the process



could have significant consequences both on the characteristics of nanoparticles and on the
possibility of scaling up the production from lab scale to pilot scale [25,26]. The chemical
characteristics of the surface of the particles may be controlled by covering the surface with
defined sequences or functional groups via covalent attachment or physical interactions. In
our laboratory, we particularly investigated the possibility of covering the surface of the
particles by physically adsorbed or covalently linked layers of polysaccharides [27-32]. The
polysaccharide layer, in addition to its biocompatibility and its contribution to colloidal
stability, offered the possibility of further functionalization via covalent attachment of specific
groups. In some instances polysaccharide layer was by itself selectively recognized by
biological receptors [33].

Gallic acid and its esters, n-alkyl gallates (AGs), were well-known antioxidant molecules with
various applications in many fields like medicine, cosmetics... [34,35] According to the
nature of the alkyl group, AGs exhibited very different polarities and water solubilities [36-
42]. Freeze dried microencapsulated sunflower oil and block copolymer micelles had been
shown to allow encapsulation and release of gallic acid, and AGs covering a wide range of
polarity [39,43]. Other strategies involved surface adsorption of gallic acid onto human serum
albumin nanoparticles or polymer functionalization with gallic acid [44,45]. Nevertheless, to
the best of our knowledge, encapsulation of AGs into polymeric nanoparticles had not been
reported.

In that work, we investigated the encapsulation of two hydrophobic AGs, octyl gallate (OG)
and nonyl gallate (NG), into nanoparticles of polylactic acid (PLA) covered by physical
adsorption of hydrophobically modified dextran (Figure 1a). We particularly focused on the
comparison of two physico-chemical processes of preparation: emulsion / solvent evaporation

(E/SE) on the one hand and nanoprecipitation (NP) on the other hand. The effects of the



process on the particle size distribution, drug loading, efficiency of encapsulation and release

kinetics have been studied experimentally following a systematic approach.

2. MATERIALS AND METHODS

2.1. Materials

D,L-poly(lactic acid) (PLA, M_W = 55,000 g/mol) and Dextran T40® (manufacturer data:
weight average molar mass Mw 35-45,000 g/mol) were purchased from Sigma-Aldrich. The
other chemicals were also purchased from Sigma-Aldrich. Dialysis membrane Spectra/Por
(MWCO: 12-14 KD) was obtained from Spectrum laboratories Inc.

The hydrophobic derivatives of dextran (DexCe-t) were prepared as described previously
[28]. The modified dextran was recovered by freeze drying and analyzed by *H NMR in
DMSO-ds in which a few drops of DO were added. The substitution ratio t (expressed in
mol%) was defined by © = 100 x y/(x + y) where x was the number of moles of unmodified
repeat units and y was the number of moles of covalently attached hydrocarbon tails
contained in the polymer sample (Figure 1a). For substitution ratios up to 21 %, the solubility
of dextran derivatives in water at 25 °C has been showed to exceed 100 g/L [46]. This was
much higher than the concentration used in that work (10 g/L). The solubilities of AGs in
water at 25 °C were determined experimentally (14 mg/L of OG and 8.6 mg/L for NG), by *H
NMR in D20 using phenol as reference. AGs were fully soluble in acetone and ethyl acetate

within the range of concentrations explored in that work (up to 20 g/L).

2.2. Processes for the preparation of nanoparticles (Figure 1b)
2.2.1. O/W emulsion - solvent evaporation
An aqueous solution of DexCe-t (10 mL), was added into a solution of PLA + AG in ethyl

acetate (EA, 2 or 5 mL). The concentration of DexCe-t in the aqueous phase was kept equal to



10 g/L for all experiments. The concentration of PLA + AG in EA was varied between 10 and
150 g/L. The mixture was pre-emulsified for 1 min using a vortex, then sonicated (pulsed
mode, 50% active cycle) in an ice bath using a Bioblock Scientific vibracell 600W. The
organic solvent was evaporated at 37°C in a ventilated oven for 1h30 min. Finally, the
resulting suspension was centrifuged (25,000 g, 45 min), and the collected nanospheres were
re-suspended in water then centrifuged again in order to remove the non-encapsulated AG and
the non-adsorbed DexCe-t. The procedure was repeated 3 times. After freeze drying, the
particles were analyzed by *H NMR in DMSO-ds, in which a few drops of DO were added
(in order to suppress signals from hydroxyl groups of sugar repeat units), to determine the
amounts of adsorbed DexCe-t and encapsulated AG per g of PLA. In order to calculate the
weight fraction of AG in nanoparticles the area of the peak of aromatic protons of AG (at 6.9
ppm) and the area of the proton from PLA repeat unit (at 5.2 ppm) were used (Figure 1S

Supplementary Material). The relative uncertainty of this determination was + 10 %.

2.2.2. Nanoprecipitation method

The solid mixture of PLA + AG was dissolved in 5 mL acetone. The concentration of PLA +
AG in acetone was kept equal to 10 g/L for all experiments. Then the organic solution was
added by mean of a syringe into 10 mL of an aqueous solution of DexCe-t (the needle was
immersed into the aqueous solution). The concentration of DexCs-t in the aqueous phase was
kept equal to 10 g/L for all experiments. The dispersing aqueous phase was magnetically
stirred at 500 rpm. The particles were washed and characterized as described above for

emulsion / solvent evaporation method (section 2.2.1).

2.3. Miscibility of AGs and PLA



Mixtures of PLA and AG were dissolved in 2 mL acetone. The solvent was evaporated in a
ventilated oven at 37°C and the obtained solid samples were dried under vacuum for 24 h.
The thermal transitions of PLA + AG solid mixtures were characterized by modulated
differential scanning calorimetry (mDSC). The mDSC thermogramms (3 cycles) were
recorded using a Q2000, TA Instruments apparatus. The heating rate was 5°C/min while the
cooling rate was (10°C/min) under nitrogen, and the temperature was varied from -25°C up to
200°C. First MDSC cycle was used to remove all thermal history from the sample. Analysis

of the data was performed using Universal® Analysis 2000 (version 4.5A) software.

2.4. Particle characterization
2.4.1. Size distribution and DexCe- 7 surface coverage

Particle size distribution was determined by laser light scattering (Mastersizer 2000© Malvern
Instruments-Cellule: Hydro 2000up) experiments. The laser granulometer used two laser
sources with wavelengths equal to 633 nm and 466 nm. Light detectors were placed around
the central point with a spatial arrangement following to a log-spaced array. Detectors
covered an angular range between 0.015 and 144 degrees. Measurements were carried-out at
20 °C.

The broadness of the size distribution was qualified by the mean range of particle size (Span,

Equation (1))

~d(0.9)-d(0.2)
~ d(5)

Span (1)

where d(0.9), d(0.5) and d(0.1) were the particle diameters at 90%, 50% and 10% cumulative
volumes, respectively.

To the best of our knowledge, no universal interval has been adopted for Span values
corresponding to a “monomodal” or a “multimodal” particle size distribution although it has
been admitted that these two concepts (one quantitative and one qualitative) were related.
Regarding the experimental results reported in that work, it appeared that monomodal
distributions corresponded to Span values lower than 1.2. This limit was used for the

discussion of the experimental results.



The average particle diameter was evaluated by the values of d(0.5) and by the surface mean

diameter (D[3,2], Equation (2)).

Zni di3
D[3,2] = )

> d?
i

In Equation (2), ni was the number of particles with diameters equal to di (nm). The value of
D[3,2] allowed calculation of the specific area of the particles (Sp, m?/g) using the following
formula: Sp = 6/(p.D[3,2]) in which p was the density of the particles (g/m®).

The surface coverage of particles by DexCs-t ( I', mg DexCs-t/m? particle) was calculated on

the basis of *H NMR results and S, values.

2.4.2. Dextran layer thickness

Electrophoretic mobility (upe) was determined in NaCl solutions as a function of ionic
strength. The experiments were carried out on a Zetasizer 4 (Malvern Instruments, Malvern,
UK). Zeta potential () was calculated from the electrophoretic mobility using the modified
Booth equation [47]. This equation allowed the calculation of zeta potential for any kx.R
values, where k! was the Debye length and R the radius of particles, whereas the classical
Smoluchowsky and Huckel’s equations were only applicable under two limiting cases, i.e.
ki.R > 100 and kn.R < 0.1 respectively. The electrokinetic layer thickness (Apz) were
calculated from the zeta potential evolution vs ku, using the Guy-Chapman equation

(Equation (3)) [48].

Ln| tanh( 28 || = Ln| tanh| 28%0 —Kky x Aoy €)
4kgT 4kgT

In Equation (3), Z was the charge of Na*Cl" ions, e was the elementary charge of electron, ks

was the Boltzmann constant, Wo was the surface potential of particle and T was the absolute

temperature.



2.4.3. Colloidal stability

The colloidal stability of latex suspensions in the presence of added electrolyte was assessed
by turbidimetry. In a typical experiment, 0.5 mL of dispersions were added to 3.5 mL of NaCl
solutions (from 10 to 4 M). The samples were allowed to stand for 1 h and their absorbance
was measured over the range 450-700 nm, at 50-nm intervals. The slope n of the straight-line
representing log (optical density) vs. log (wavelength) was taken as an indication of particle
size [49]. The occurrence of flocculation upon increasing ionic strength was evidenced by a

sharp decrease in n values.

2.4.4. In vitro AG release

Washed AG-loaded nanoparticle suspensions (about 35 mL) were separated in different
aliquots of 4 mL and dialyzed against 2 L deionized water at ambient temperature. As the
solubility of OG or NG in water was very low, the water phase was renewed three times per
day to avoid a saturation of the solution and to ensure release in perfect sink conditions. At
various intervals of time, aliquots were withdrawn and freeze dried. The amount of AG

remaining in the particles was determined by *H NMR.

2.4.5. Morphological studies

Morphological examination of nanoparticles was performed by transmission electron
microscopy (TEM) (Philips CM200, 200 KV, Institut Jean Lamour, UMR 7198, Nancy)
following negative staining with uranyl acetate. The samples were prepared as follows: 100
pL of the final latex was diluted with 1 mL of deionized water. These diluted samples were
then mounted on 400-mesh carbon-coated copper grids, a drop of uranyl acetate solution (2

wt% in ethanol) was added and the sample was then dried at room temperature.



Porosity of nanoparticles was estimated by comparing the specific surface area determined by
laser granulometry and that obtained by BET measurements. Nitrogen sorption studies were
performed using a Carlo Erba sorptomatic model 1900. Before measurements, the samples

were degassed under vacuum at 80°C for 15 hours.

3. RESULTS AND DISCUSSION

3.1. Selected processes for the preparation of AG-loaded nanoparticle suspensions

The prepared nanoparticles consisted in a polymeric core made of poly(lactic acid) (PLA)
covered by physically adsorbed polysaccharide chains (Figure 1a). The latter were prepared
by chemical modification of dextran, a non ionic bacterial polysaccharide [28]. The
corresponding polymers were named DexCe-t Where 7 was the molar ratio of attached
hydrocarbon tails to the number of repeat units and was expressed in percents. Such polymers
have been shown to ensure a dense surface coverage of PLA nanoparticles prepared by E/SE
and NP [28,50]. Hydrophobic molecules, OG and NG, were encapsulated into the PLA core.
Two processes of preparation of nanoparticles were compared, nanoprecipitation (NP) and
emulsion / solvent evaporation (E/SE), which were both divided into three unit operations
(Figure 1b). During NP, PLA and AG were dissolved in acetone, a water-miscible solvent.
The first unit operation of the NP process was the progressive addition of the previous organic
solution into an aqueous solution of DexCe-t. Upon water-acetone interdiffusion, PLA and
AG precipitated under the form of nanoparticles at the surface of which DexCe-t
macromolecules adsorbed thus preventing the formation of aggregates. In the case of E/SE,
PLA and AG were dissolved in ethyl acetate, a solvent with a limited miscibility with water
(8.3 % v/v) [51]. The first unit operation of E/SE was emulsification of the previous organic

solution into an aqueous phase containing DexCe-t by vortex mixing followed by sonication.

The resulting submicronic oil droplets were stabilized by the adsorption of DexCs-t

10



macromolecules. For both processes (NP and E/SE), the second unit operation was organic
solvent evaporation which led to solvent-free aqueous suspensions of solid nanoparticles. In
the third process step nanoparticle suspensions were centrifuged and washed so as to
eliminate non-encapsulated AG and non-adsorbed DexCe-t remaining in the aqueous phase.
Final suspensions of AG-loaded dextran-covered PLA nanoparticles were further
characterized regarding their size distribution, AG content, surface coverage, and colloidal

stability.

3.2. Influence of formulation variables on particle size distribution

Nanoparticle size had been shown to influence both the biodistribution and the Kinetics of
drug release [52,53]. Therefore, this parameter had to be perfectly controlled and described.
One aim of this work was the preparation of nanoparticle suspensions with narrow size
distributions. The size distribution of particles was characterized using the d(0.5), D[3,2] and
span values (see Experimental for details). In the case of monomodal and narrow size
distributions, we found that the Span values lied within the range 0.8-1.4. Span values higher
than 1.5 were considered as characteristic of broad size distributions, with mixtures of
submicrometric and micrometric particles.

We first investigated the effect of process and formulation parameters on the size distribution

of PLA nanoparticles.

3.2.1. Effect of DexCe-7 substitution ratio on the colloidal stability of nanoparticle
suspensions

PLA nanospheres in the size range 80-140 nm could be prepared either by NP or E/SE
methods using hydrophobically modified dextrans DexCe-t as stabilizers, with substitution

ratios between 14 and 22 % (Table 1). Except for t = 22 %, the obtained Span values were
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characteristic of monomodal and narrow particle size distributions. PLA nanoparticle
suspensions elaborated using a DexCe-t with substitution ratio higher than 20 % were not
stable in NaCl solutions, despite similar amounts of adsorbed DexCe-t (Table 1). This has
been explained by an excess of hydrophobic tails that were not in contact with the PLA
surface but accumulated within the polymeric loops extending in the external aqueous
solution [54]. These hydrocarbon groups either gave rise to attractive hydrophobic
interactions between nanoparticles, as soon as the suspension was concentrated by
centrifugation, or induced a compaction of the superficial layer when the ionic strength of the
aqueous medium was increased. Thus only the DexCs-t with substitution ratios between 14 %

and 20 % were used as stabilizers for the following experiments.

3.2.2. Optimization of conditions for the elaboration of PLA nanoparticles.

When the NP process was used, it was not possible to prepare suspensions having monomodal
particle size distributions (with Span values lower than 1.2) with PLA concentrations higher
than 15 mg/ mL in acetone (Table 1S Supplementary Material). Despite an extensive study
of NP process parameters (organic to water phase ratio, DexCe-t concentration, position of
the syringe, agitation speed...), PLA concentrations above this value led to the formation of
aggregates or films in the aqueous solution. Similar results were obtained by Legrand et al.
who systematically investigated the influence of PLA molar mass and concentration in
acetone on the average diameter of particles produced by nanoprecipitation [55]. In addition,
this concentration range was similar to that used with other polymer-solvent systems for
nanoprecipitation [12]. In the case of polymer solutions, it has been usual to distinguish dilute
domain and semi-dilute domain according to polymer concentration. For polymer
concentrations lower than the critical overlap concentration (C*), macromolecular coils

remained isolated and independent from each other. For polymer concentrations higher than

12



C*, polymer coils overlapped and entangled. It has been shown that C* was roughly inversely
proportional to the intrinsic viscosity of the polymer in the solvent. From the viscometric
measurements of Legrand et al. we could estimate that the overlap concentration of the PLA
sample in acetone was roughly 19 mg/mL. This showed that for the NP process, dilute
solutions of PLA in acetone have to be used to obtain monomodal particle size distributions.
Conversely, for E/SE process, PLA solutions with much higher concentrations (up to 150
mg/mL in ethyl acetate) could be used while keeping monomodal particle size distributions.
The upper limitation of 150 mg/mL was attributed to the viscosity of the PLA solution, on the
basis of visual observations. On the basis of literature data, the overlap concentration of our
PLA sample in EA was roughly identical to that estimated in acetone [56]. Thus, the upper
limitation of PLA concentration was about 10 times the overlap concentration, which
corresponded to the semi-dilute entangled domain [57]. As a conclusion, for E/SE process,
PLA concentration in the organic phase was limited by the viscosity range compatible with
formation of submicrometric droplets.

Consequently, the concentration of PLA in the organic phase should be much lower in case of
NP process as compared to E/SE. These results were consistent with the conclusions of Mora-
Huertas et al. who reviewed literature data about nanoparticle preparation by both processes
[12].

Finally, for all encapsulation experiments using NP, the amount of PLA and AG in acetone
was kept equal to 10 mg/mL. In the case of E/SE process, the amount of PLA and AG in ethyl

acetate was varied between 50 and 150 mg/mL.

3.3. Optimization of conditions for the elaboration of AG-loaded nanoparticles.

We first studied the miscibility of octyl gallate (OG) and nonyl gallate (NG) with PLA by

examining the thermal transitions of PLA + AG solid mixtures by m-DSC (see Experimental).
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Both AGs were miscible with PLA up to OG weight fractions (Wog) ~ 30 % (w/w) and NG
weight fractions (Wng) ~ 25 % (w/w). Within that range of AG weight fractions, solid
mixtures exhibited a single thermal transition characterized by one glass transition
temperature (Tg). In addition, the T4 of the PLA + AG mixtures decreased upon increasing
Wac which was attributed to the plasticizing effect of AGs (Figure 2S Supplementary
Material). Experimental T4 were compared to estimations based on Fox equation (Equation
(4)) [58].

1 Whia " Wac

g mixture Tg PLA Tg AG

T (4)

In Equation (4), Tgmixture, TgrLA, and Tgac Were the glass transition temperatures (K) of PLA-
AG mixture, bulk PLA and AG, respectively, WpLa and Wac were the weight fractions of
PLA and AG in PLA + AG mixture, respectively. Experimental values of Tgac were not
available and were estimated from the melting temperatures of AGs (Equation (5)). This
equation had been shown to provide reasonable estimations for molecular liquids as well as
for polymers [59,60].

2
Tyac = 3 Tac (5)

In Equation (5), Tmac Was the melting temperature of AG (K).

For mixtures with Woc < 30 % or Wne < 25 %, the estimated Ty values were in good
agreement with experimental values (Figure 2S Supplementary Material), which supported
the idea of molecular dispersion of AGs within PLA chains giving rise to plasticizing effect.
To the best of our knowledge, this is the first report about plasticizing effect of AGs.

For PLA + AG mixtures containing Wog > 30 % or Wng > 25 % fusion endotherms of AGs
were observed, and a significant deviation of experimental T4 values from estimations with
Equation (4) was observed (Figure 2S Supplementary Material). These results were

interpreted as a consequence of phase separation between an amorphous PLA-rich phase and

14



a crystalline AG phase. Similar results have been reported about mixtures of poly(DL-lactide)
and citrate esters [61].

The effect of formulation parameters on the size distribution of OG- and NG-loaded PLA
nanoparticles obtained by NP or E/SE was systematically investigated (Table 2a, 2b and 2c).
When Wag in the load was higher than 20 % (resp. 30 %) w/w in case of E/SE (resp. NP)
process, the particle size distributions became significantly broader (the Span increased
dramatically) after the centrifugation and washing steps. The same phenomenon was observed
when the amount of PLA + AG in the organic phase was increased at a given weight ratio (as
illustrated for E/SE process in Table 2b). In addition, the surface coverage by DexCe-t did
not significantly vary for all the explored conditions and for both processes. These results
showed that limited aggregate formation occurred during the centrifugation and washing steps
despite the superficial layer of DexCe-t when the solid content of the suspension was higher
than 1 wt% (NP) or 10 wt% (E/SE) and when the loaded amount of AG exceeded 20 wt%
(E/SE) or 30 wt% (NP) compared to the total PLA + AG amounts. The latter effect was
attributed to the plasticizing effect of AG which led to particles with soft cores and favored
the formation of aggregates during centrifugation steps. As a conclusion, for both processes,
regarding the loaded amount and the composition of the PLA + AG mixture in the organic
phase, the main limitation concerned aggregation phenomena during centrifugation and
washing steps and not the two preceding unit operations (particle elaboration and solvent
evaporation).

The performances of encapsulation of OG and NG in nanoparticles by both processes were
characterized by determining the drug loading (in mg of AG/g PLA in final particles), and the
encapsulation efficiency (EE, fraction of loaded AG present in final particles) for all explored
conditions (Figure 2). The EE was lower than 25 % in case of NP and between 18 and 70 %

in case of E/SE. These rather low values of encapsulated AG were attributed to the increased
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solubilities of OG and NG in the aqueous phase, due to the presence of DexCe-t in the
aqueous phase. For both processes, when increasing Wag in the organic phase, the EE
decreased while the drug loading increased as well as the Span of size distribution of final
particles. In the case of E/SE process, increasing the loaded amount of PLA + AG in ethyl
acetate led to an increase of EE as well as drug loading into final particles. Nevertheless, the
Span of particle size distribution also increased (Table 2b).

In order to evaluate the effects of the process and of the AG structure on the performances of
encapsulation, we plotted the amount of encapsulated AG (in mg / g PLA) as a function of the
non-encapsulated AG remaining in the aqueous phase before washing (in mg / g of aqueous
phase) which was calculated on the basis of a simple mass balance (Figure 3S
Supplementary Material). We observed reasonably linear variations for both AGs and both
processes. The slopes of the curves were used for quantitative comparison of encapsulation
performances and were assimilated to “overall partition coefficients” (noted K,, Table 3).
Indeed, we assumed that during nanoparticle elaboration, AG exchanges between organic
phase and aqueous medium were stopped when solid nanoparticles formed. In the case of NP,
the formation of solid nanoparticles corresponded to the co-precipitation of AG and PLA
upon acetone-water interdiffusion and in the case of E/SE this took place during ethyl acetate
evaporation. Thus the value of K, was indicative of the partition of AGs between inner
particle core and outer aqgueous medium. All values were found between 31 and 46 except for
NG during E/SE process for which the value was 69, showing a significantly more efficient
encapsulation. In the case of NP process, OG and NG exhibited similar values of K, which
indicated similar affinities for PLA. For the encapsulation of OG, NP and E/SE exhibited
similar efficiencies regarding the loss of non-encapsulated active substance into the external

aqueous phase. Nevertheless, for NG, the use of E/SE was more efficient than NP. The use of
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ethyl acetate favored the partition of NG into the PLA-rich core as compared to the co-
precipitation which occurred during NP process.

The amount of OG and NG that could be encapsulated in particles prepared by E/SE was
approximately two times higher than the amount of OG and NG which could be encapsulated
in particles prepared by NP. The higher drug loading, as determined by H NMR for
monomodal particles, were 55 mg/g PLA, +10% for OG3-NP, 38.8 mg/g PLA, £10% for
NG3-NP, 101 mg/g PLA, £10% for OG4-E/SE and 84 mg/g PLA, £10% for NG3-E/SE. This
was explained on the basis of the previously discussed partition phenomenon and by the fact
that more concentrated PLA + AG organic solutions could be used for preparing well-defined
nanoparticles by E/SE than those used in the NP process.

Finally, we carried out a direct comparison of NG encapsulation using either NP or E/SE
process with exactly the same formulation parameters except the nature of the organic solvent
(Table 2c). Particles produced by NP process exhibited slightly higher diameters and lower
EE, as compared to those obtained by E/SE process. The result about EE was consistent with
previous discussion about K, values. Other properties were characterized, surface coverage by
DexCe-18, thickness of DexCe-18 layer as well as colloidal stability, and were found very
similar for nanoparticles produced by both processes. TEM images of both types of
nanoparticles confirmed that the obtained particles had uniform and spherical shape. Average
diameters estimated from TEM images were in agreement with data obtained by laser
granulometry (Figure 4S Supplementary Material). Laser granulometry, provided d(0.5)
value of 96 nm which corresponded to the PLA hard core surrounded by the soft dextran layer
whose thickness was of the order of 10 nm. The TEM images showed particles with diameters

between 60 and 90 nm, which were fully consistent with the results of laser granulometry.

3.4. In vitro release
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The release profiles of OG and NG from nanoparticles elaborated by E/SE and NP under
similar conditions were compared (Figure 3a and 3b). The profiles did not show any burst
release effect. A power-law equation (Equation (6)) was applied to the first 60 % fractional
release [62].

M,
—t _kt® 6
M ©)

0

In Equation (6), M: and M. were the masses (g) of drug released at instant t and after infinite
time, respectively. k was a constant and « was the diffusional exponent which was
characteristic of the release mechanism. We found a rather satisfactory agreement between
experimental and calculated curves with o = 0.43 (Figure 3a and 3b, inset), which had been
shown to characterize release out of isometric spheres through Fickian diffusion [62].

Consequently, the release profiles were modeled using the Fick diffusion model under the
assumptions of perfect sink initial and boundary conditions and constant diffusion coefficient

(D) (Equation (7)) [63].

Dnzﬂ'zt} )

M 6 «— 1
M_;Zl_?n;?em{_ R?
In Equation (7), D was the diffusion coefficient of AG (m?/s), t was the time (s), R was the
radius of the nanoparticles (m) and n was an integer.

We preferred to use a single model for all experiments so that one physical parameter like
diffusion coefficient could be extracted and compared according to particle preparation rather
than using several fitting equations so as to improve curve fitting for each data series
separately.

Diffusion coefficients of both AGs from nanoparticles at different drug loading and prepared
by NP or E/SE were calculated (Table 4a). The found values of diffusion coefficients were

between 0.1 102! and 6.5 102! m?/s, which was consistent with previously reported values for

the release of hydrophobic substances out of PLA particles prepared either by NP or by E/SE
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(Table 4b). Three main tendencies could be evidenced from calculated values of diffusion
coefficients. First, for similar drug loadings, diffusion coefficient of OG was higher than that
of NG. This could be attributed to less favorable interactions between NG and PLA matrix as
compared to OG. Other data would be necessary for a more detailed discussion of that point.
Secondly, for particles prepared by the same process (NP or E/SE), the diffusion coefficient
did not vary significantly with the drug loading. This was an indication that OG and NG were
uniformly distributed within the PLA matrix, with no accumulation near the particle surface.
Finally, for similar drug loadings, the kinetics of release of OG and NG out of nanoparticles
prepared by NP led to higher values of diffusion coefficients than those found for the release
out of nanoparticles prepared by E/SE. These results about faster release from nanoparticles
produced by nanoprecipitation as compared to E/SE were consistent with other observations
about release of hydrophobic drugs as well as hydrophilic drugs (for which double emulsion
evaporation process was used) [16,18,19]. BET isotherms were established with freeze-dried
samples of suspensions of nanoparticles prepared either by NP or by E/SE process. These
experiments showed that all samples were macroporous materials and thus, whatever the
process of preparation, no porosity within the nanoparticles could be evidenced. Thus the
effect of the process of preparation on the diffusion coefficient was not a consequence of the
formation of pores and might result from differences at the scale of macromolecules (like free

volume for instance).

4. CONCLUSION

Alkyl gallate-loaded nanoparticles of poly(lactic acid) have been prepared by two processes,
nanoprecipitation and emulsion/solvent evaporation. For both processes, the surface of
nanoparticles was covered by dextran loops via the use of hydrophobically modified dextran

derivatives as stabilizers during the formation of nanoparticles. Processes were compared
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regarding particle size distribution and performances of encapsulation and release of octyl
gallate and nonyl gallate. In both cases very similar nanoparticles were produced in terms of
size distribution, surface coverage, and colloidal stability as a function of ionic strength. In
addition, both processes were limited regarding the maximum drug content in the load, which
was attributed to aggregation during washing operations. Nanoparticles with higher drug
loadings could be obtained using the emulsion/solvent evaporation process. Release kinetics
was satisfactorily described by Fickian diffusion mechanism for both drugs and for particles
prepared by both processes. Nevertheless, drug release was faster for nanoparticles prepared
by the nanoprecipitation process.

Current work explores the surface functionalization of nanoparticles for targeting active

substances.
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Figure captions

Figure la: Chemical structure of DexCe-t, alkyl gallates, PLA, and targeted structure of

nanoparticles.

Figure 1b: Nanoprecipitation and emulsion/solvent evaporation processes used for preparing

nanoparticles.

Figure 2: Encapsulation data of OG and NG in nanoparticles prepared by NP (a, b) and E/SE
(c, d). Black bars: Drug loading (mg/g PLA). White bars: Encapsulation efficiency (%). See
Table 3 and 4 for the conditions of preparation. Each experiment was repeated between 2 and
3 times (n = 2 to 3, + SD with SD between 8 and 10 %).

Figure 3a: Release profiles of OG and NG from OG2-E/SE (e) and NG2-E/SE (A) particles.
Curve fit: see text. Each experiment was repeated between 2 and 3 times (n =2 to 3, £ SD
with SD between 6 and 9 %).

Figure 3b: Release profiles of OG and NG from OG2-NP (e) and NG2-NP (A) particles.
Curve fit: see text. Each experiment was repeated between 2 and 3 times (n = 2 to 3, £ SD

with SD between 8 and 10 %).
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Figure la

Hydrophobically-modified dextran
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Figure 1b

Moderate stirring (low energy step)
Water-Acetone interdiffusion

‘ PLA + AG + Acetone }7

| Intermediate control |
h 4 | i
Nanoprecipitation I of size distribution |
N v I
Solvent > Centrifugation
DexC6-1 + H,0 ———— : ,
‘ 2 evaporation and washings
Emulsification v
Aqueous suspension of
dextran-covered AG-loaded

‘ PLA +AG + Ethyl Acetate PLA nanoparticles

Sonication (high energy step) ,,,,,,,,,,,,,,,,,,,,I,,,,,,,,,,,,,,,,,,,,,
Ethyl Acetate-in-Water nanoemulsion

o 1

Final size distribution \
Surface coverage :
Colloidal stability |

i

|

i

Encapsulation efficiency
Kinetics of release



Figure 2
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Figure 3b
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Table 1: Characteristics of nanoparticles prepared by both processes as a function of the

substitution ratio (t) of DexCe-t dissolved in the initial aqueous phase (10 g/L). All

experiments were repeated between 2 and 3 times.

T d(0.5)* D[3,2]° 0.5 CCAd
Process? Span

(%) (nm)  (nm) (mg/m?) (M)

14 148 127 1.1 2.3 <1M

16 143 130 1.0 2.2 <1M
NP

17 158 139 1.0 2.5 <1M

21 141 130 0.9 2.8 <102M

16 96 94 0.9 34 <1M
E/SE 20 93 83 1.1 3.3 <1M

22 116 112 1800 nd <102M

2 NP: nanoprecipitation (organic phase 5 mL acetone, PLA 10 g/L and aqueous phase 10 mL DexCeg-t 10 g/L).

E/SE: emulsion/solvent evaporation (organic phase 2 mL AcOEt, PLA 50 g/L and aqueous phase 10 mL DexCe-

110 g/L).

b The relative uncertainty on particle diameter was + 10 %.

¢ Surface coverage of particles by DexCe-t.

dNaCl critical concentration of particle aggregation.
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Table 2a: Effect of loaded AG amount in the initial organic phase on the size distribution of AG-loaded PLA nanoparticles obtained by NP,

before and after the centrifugation and washing steps. All experiments were repeated between 2 and 3 times.

Before centrifugation & washings

After centrifugation & washings

AG? d(0.5)° D[3,2]° d(0.5)° D[3,2]° 0.5
Sample Span Span

(wt %) (nm) (nm) (nm) (nm) (mg/m?)
OG1-NP 3 140 125 11 163 162 0.7 2.2
OG2-NP 20 164 146 11 172 178 0.9 nd
OG3-NP 30 134 120 11 145 140 1.0 2.0
OG4-NP 50 131 119 1.0 173 170 90.0 2.3
NG1-NP 3 139 125 1.0 160 153 0.7 24
NG2-NP 20 124 112 11 134 118 1.2 1.9
NG3-NP 30 125 111 1.2 138 119 1.2 1.8

2 Total PLA and AG amount: 50 mg in 5 mL acetone, aqueous phase 10 mL DexCe-t, 10 g/L.

b The relative uncertainty on particle diameter was + 10 %.

¢ Surface coverage of particles by DexCe-t.
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Table 2b: Effect of loaded AG amount in the initial organic phase and AG + PLA amount on the size distribution of AG-loaded PLA

nanoparticles obtained by E/SE, before and after the centrifugation and washing steps. All experiments were repeated between 2 and 3 times.

Before centrifugation & washings

After centrifugation & washings

AG AG+PLA  d(0.5) D[3,2]? d(0.5) D[3,2]2 I%40.5
Sample Span Span

(Wt %) (mg) (nm) (nm) (nm) (nm) (mg/m?)
OG1-E/SE 3 200° 134 116 1.3 146 126 1.2 2.0
OG2-E/SE 20 50° 107 101 1.1 99 91 1.1 2.4
OG3-E/SE 20 100° 91 80 1.1 91 80 1.1 2.6
OG4-E/SE 20 200° 108 96 1.4 113 99 1.2 2.0
OG5-E/SE 20 300° 126 108 1.5 128 114 4.4 3.0
OGB6-E/SE 30 100° 96 86 1.2 120 116 158.0 2.5
OG7-E/SE 40 100° 99 90 1.2 121 110 52.0 2.5
NG1-E/SE 3 200° 126 122 0.9 117 109 1.2 2.5
NG2-E/SE 20 50°¢ 102 94 1.2 105 96 1.1 2.0
NG3-E/SE 20 100° 94 86 1.0 113 103 1.8 2.6
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NG4-E/SE 20 200° 101 89 1.2

NG5-E/SE 20 300° 128 113 1.2

193

230

196

264

6.8

36.7

4.2

4.1

2 The relative uncertainty on particle diameter was + 10 %.
®1n 2 mL EA, aqueous phase 10 mL DexCe-t, 10 g/L, saturated with EA.
¢In5 mL EA, agueous phase 10 mL DexCe-t, 10 g/L, saturated with EA.

d Surface coverage of particles by DexCe-t.
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Table 2c: Comparison of characteristics of NG-loaded nanoparticles prepared by NP and E/SE process with the same formulation parameters
except the nature of the organic solvent. The aqueous phase was 10 mL of 10 g/L DexCs-18 solution. For NP process the organic phase contained

5 mL acetone + 40 mg PLA + 10 mg NG. For E/SE process, the organic phase contained 6 mL EA + 40 mg PLA + 10 mg NG.

d(0.5)2 D[3,2]° b Drug loading® EE® CCAd Apz®
Process Span

(nm)  (nm) (mg DexCe-18/m?) (mgNG/gPLA) (%) (M) (nm)
NP 159 143 1.0 20 32.9 13.2 1 10
E/SE 104 96 1.2 25 49.4 19.8 1 10

2 The relative uncertainty on particle diameter was + 10 %.

b Surface coverage of particles by DexCe-18. The uncertainty was + 0.5 mg/m?.

¢ The relative uncertainty on drug loading and encapsulation efficiency was + 10 %.
dNaCl critical concentration of particle aggregation.

¢ Electrokinetic layer thickness of superficial DexCe-18 layer (Equation (3)). The uncertainty was + 2 nm.
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ACCEPTED MANUSCRIPT

Table 3: Values of “apparent partition coefficient” for both AGs and both processes (for

definition and discussion see text).

Process
AG

NP E/SE
0G 43 46
NG 31 69
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Table 4a: Diffusion coefficient of AG within nanoparticles prepared by NP or E/SE (See

Table 2a and 2b for conditions of preparation).

Drug loading?

D

Sample
(mg SA /g PLA) (102 m?/s)

OG1-NP 10.2 6.5
OG2-NP 28.2 5.2
NG1-NP 5.1 2.1
NG2-NP 32.0 2.0
OG1-E/SE 21.6 1.6
OG2-E/SE 43 1.1
OG4-E/SE 99.0 2.5
NG1- E/SE 16.9 0.1
NG2-E/SE 52.3 0.3

2 The relative uncertainty on drug loading was + 10 %.
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Table 4b: Reported values of diffusion coefficients of various hydrophobic molecules in PLA

nanoparticles.

Diameter of

Encapsulated D

Process nanoparticles Reference
molecule (m?/s)

(nm)

Haloperidol 220 5.11028 [64]
Lidocaine 205 7.710%° [28]

E/SE
Lidocaine 225 5.210%° [65]
4-nitroanisol 511 4.9107"° [66]

NP Tyrphostin AG-1295 170 2.0107% [67]
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