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ABSTRACT

Purpose To study the impact of the size and the structure of
the nano-assembly on the drug/particle association, determin-
ing the intrinsic partition coeflicient, in order to better master
the encapsulation and release properties of the carrier.
Methods An experimental methodology is proposed to char-
acterize the drug/nanoparticle association by mean of a par-
tition coeflicient between the PLA-PEG nanoparticles and the
suspending aqueous medium, referred to as Ki,. The determi-
nation was made from apparent values (referred to as K,*)
measured in the presence of solubilizing agents (albumin and
hydroxypropyl-feyclodextrin) and extrapolation to zero con-
centration. The structure of nanoparticles was investigated by
Transmission Electron Microscopy and static light scattering.
Results Depending on the manufacturing process and the
PEG length of the copolymer, the nanoparticles structured
either as aggregates of copolymer chains or micelles exhibiting
significantly different K, values.

Conclusion The methodological tool described here showed
that the difference in cabazitaxel/nanoparticle association be-
tween aggregates and micelles could be attributed to the dif-
ference in PLA-PEG chains packing.
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ABBREVIATIONS

a Length of the lactide monomer repeat unit
nm

a Excluded volume of the particle nm®

Ci;gs/; Concentration of albumin in the external

phase mol/L

cie Cloncentration of drug bound to the solubi-
lizing agent mg/mL

Cﬂ,-;“sg Concentration of drug solubilized in water
and associated to the solubilizing agent
mg/mL

clee Cooncentration of free drug in the external
phase mg/mL

cdre Total concentration of drug mg/mL

CS/_UIEEC b Concentration of HPBCD in the external
phase mol/L

CNaboc Cloncentration of sodium deoxycholate
mg/mL

CZL,;?; FEG Concentration of PLA-PEG in the suspen-
sion mg/mL

ChA-PEC Concentration of PLA-PEG in acetone
mg/mL

e Concentration of PLA-PEG in methylene
chloride mg/mL

CﬁZISL,'Jb Cloncentration of solubilizing agent in the
suspension mol/L

D Coefficient of diffusion of nanoparticle nm?/s

dyy Hydrodynamic diameternm

dn/dc Specific refractive index increment of the
PLA-PEG nanoparticles mL/g

dpiarec Bulk density of solid PLA-PEG g/ cm?®

n Viscosity of the dispersed medium of nano-
particles Pa.s

g Correlation function of diffusion

Lol Intensity of light scattered from a toluene so-
lution, used as a reference

Inp Intensity of light scattered from the dispersion
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K’ Optical constant mol.cm®/g”

Ky Dissolution constant mol/L

Ko Partition coefficient between nanoparticle
and water

Ko*P Partition coeflicient between nanoparticle
and aqueous phase, containing the solubiliz-
ing agent

MA, Second Virial coefficient cm®/g

g;i%ps Mass of encapsulated cabazitaxel mg

M, PAPEG Average molecular weight of PLA-PEG
g/mol

M, Average molecular weight of nanoparticles
g/mol

Na Avogadro’s number mol”!

Nagg Aggregation number of nanoparticle

Npeg Number of monomer units on PEG

Npia Number of monomer units on PLA

Ntol Refractive index of toluene

PDI Polydispersity index

q Scattering vector nm '

Reore Clore radius of PLA-PEG micelle nm

R, Radius of gyration of PLA-PEG nanoparti-
cles nm

Ry Hydrodynamic radius of PLA-PEG nano-
particles nm

Reol Rayleigh ratio of toluene cm ™'

Scaba, b Maximal solubility of cabazitaxel in solubi-
lizing agent pg/mL

Vot Volume of the external phase mL

Vit Total volume of nanoparticles mL

VA PEG Volume occupied by one PLA-PEG chain
inside the nanoparticle nm®/molec

INTRODUCTION

While cancer is still 2 major cause of mortality, nanomedicines
appear as a promising approach to decrease the toxicity to-
wards healthy tissues associated to conventional chemothera-
peutic treatments (1). As far as the intravenous route is con-
cerned, the design of polymeric nanoparticles exhibiting (i) a
prolonged systemic circulation to favor tumor accumulation,
by the Enhanced Permeation and Retention (EPR) effect and
(i) a controlled delivery of the drug in the vicinity of the dis-
cased cells, is one of the most reviewed nanotechnology-based
anticancer strategies (2,3). Among the nano-objects already
tested in clinic, (4) nanoparticles made of PLA-PEG di-block
copolymers have some advantages in addition to their long
circulating properties (5,6). In preclinical experiments, the
PLA was shown to be biodegraded through hydrolysis after
intravenous administration within few days, (7) while low mo-
lecular weight PEG (M,, <10 kDa) is thought to be eliminated
by renal clearance (8). From an industrial standpoint, the

synthesis of the copolymer by ring-opening polymerization is
well-documented and can be performed at multi-gram scale
with satisfying purity (9). Finally, the accumulated knowledge
of the biopharmacy and the physico-chemistry of these nano-
assembled copolymers is another advantage of PLA-PEG
nanoparticles. In particular, the density of PEG chains was
shown to be critical from a pharmacokinetic (6) and a safety
(10) standpoints, while the length of the PLA block was related
to the structure of PLA-PEG nanoparticles (11).

The control of the drug/particle association (z.e., the encap-
sulation during the manufacturing process and the release after
1.v. administration) is another key aspect of the management of
the quality of nano-objects. From an efficacy standpoint, the
drug should stay associated to the carrier to be co-delivered in
the tumor, and released according to a timescale consistent with
the inhibition of cancer cells multiplication (12,13). From a
safety standpoint, it is important to note that the biodistribution
of the nano-encapsulated drug may be significantly modified as
compared to the free drug in solution. Coonsidering that a frac-
tion of the injected dose may accumulate as nanoparticles in
undesired organs, (14) the accumulation of the drug in unde-
sired organs 1s dependent upon the drug/particle association.
Moreover, in the systemic circulation, the nano-encapsulated
and the free (released) fractions exhibit significantly different
biopharmaceutical behaviors. Accordingly, a particular atten-
tion is paid to the association of the drug to the nano-carrier,
from a regulatory perspective (15,16). Finally, the kinetics of
release depends on the dilution of the injected suspension in
the blood, the elimination of the free drug, the long circulating
properties of the particles and the affinity of the drug for plasma
proteins and for the nanoparticles.

Nanoparticles based on a PLA matrix were shown to ex-
hibit satisfactory encapsulating properties for hydrophobic
drugs such as taxanes (4,17,18). In previous experiments the
association of the drug to the particle was satisfactorily de-
scribed from the determination of a partition coefficient be-
tween the core of the nano-object and the suspending medium
(19-21). However, the comparison of published data is often
difficult considering (1) the variety of polymers used, (i1) the
variety of nano-assembly processes (prone to lead to different
nano-objects) and (i) the suspending conditions that may in-
clude surfactants exhibiting solubilizing properties (prone to
alter the partition equilibrium). Owing to the low amount of
drug available for the early development activities, the
nanoprecipitation process, easily miniaturized, is a preferred
option at this step, whereas the emulsion-evaporation process
may offer more workable options from an industrialization
standpoint. While these two processes are alternatively de-
scribed in the literature to prepare polymeric nanoparticles,
data are missing to compare the resulting products in terms of
drug/particle association. In practice, the accurate determi-
nation of the partition coefficient of hydrophobic drugs
exhibiting a satisfactory affinity for the PLA matrix is rendered
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difficult due to their poor water solubility. A solubilizing agent,
such as serum albumin, can be added to the medium, to in-
crease the apparent solubility of the drug but, in this setting,
the partition coeflicient is apparent, t.c., dependent upon the
experimental conditions (19).

The overall objective of this paper is to investigate the
association of cabazitaxel with PLA-PEG nanoparticles, pre-
pared either by nanoprecipitation or emulsion-evaporation
with two different PEG-length copolymers.

In a first step, an intrinsic partition coefficient between the
nanoparticle and the aqueous suspending buffer was deter-
mined combining the partition equilibrium to the binding
equilibrium of the drug with a solubilizing agent. Bovine se-
rum albumin and hydroxypropyl p-cyclodextrin (HPBCD)
were used as solubilizing agent considering their aptness to
significantly increase the apparent solubility of cabazitaxel.
The “true” (also referred to as “intrinsic”) partition coeflicient
was derived from the evolution of the experimentally deter-
mined “apparent” partition coeflicient, as a function of the
concentration of solubilizing agent.

In a second step, static light scattering experiments were
performed on PLAj4000-PEGogpo and PLA30000-PEGs5000
nanoparticles prepared by nanoprecipitation or emulsion-
evaporation to investigate the influence of the nano-
asssembly structure on the cabazitaxel/ PLA-PEG nanoparti-
cles association. From these experiments, it appears that the
partition coeflicient may be a satisfactory descriptor of the
drug/particle association when appropriate nano-assembly
structure is taken into account.

MATERIALS AND METHODS
Materials

PLA-PEGygp9 and PLA-PEGs polymers were synthesized
at Sanofi (Vitry sur Seine, France). The molecular weights
were determined by 'H NMR, with Bruker spectrometer op-
erating at 600 MHz (NS=128), after solubilization in CDCls:
M, PFAPEG2000_ 31 808 ¢ /mol and M, PMA-PEGI000— 3¢
248 g/mol. Cabazitaxel was synthesized at Sanofi (Vitry sur
Seine, France), (M,,=835 g/mol). Surfactant: sodium
deoxycholate (NaDoc) was from Sigma Aldrich, and hydroxy-
propyl B-cyclodextrin (HPPCD) was from Roquette
(M, PP =1500 g/mol). Bovine Serum Albumin (BSA) was
from Sigma Aldrich (M,,***=66,000 g/mol). Solvents: ace-
tone, methylene chloride and acetonitrile were from Carlo
Erba Reactifs (France).

Nanoparticles Preparation

The PLA-PEG nanoparticles were prepared either by
nanoprecipitation or emulsion-evaporation. In both cases,

@ Springer

the copolymer was dissolved into the organic phase at a 2—
10 mg/mL (nanoprecipitation) or a 30 mg/mL (emulsion-
evaporation) concentration along with cabazitaxel at a con-
centration corresponding to 5% w/w of the polymer concen-
tration. Surfactant (NaDoc) was introduced in the aqueous
phase at a 0.2 or 1 mg/mL concentration.

For nanoprecipitation, 25 mL of PLA-PEG/Cabazitaxel
acetone solution was added to 75 mL of aqueous phase at a
5 mL/min controlled rate using a HPLC pump, under blade
stirring (300 rpm).

For emulsion-evaporation, 100 mL of PLA-PEG/
Cabazitaxel methylene chloride solution was emulsified in
300 mL of aqueous phase, using an Ika® Ultra-turrax®
(working at 1500 rpm) over ice for 5 min and 15 cycles of
High Pressure Homogenizer (M-110S Laboratory
Microfluidizer®, Microfluidics).

For both processes, the solvent was then evaporated using a
rotary evaporator (pressure was carefully scaled down to
20 mbar and water bath was heated at 35°C). The complete
removal of solvent was verified by gas chromatography.
Purification and concentration steps were done immediately
after preparation by tangential flow filtration (polyethersul-
fone membrane, M,,.=100 kD, Pall) and by ultracentrifuga-
tion (Optima Max, Beckmann Coulter) for 1 h at 59,573 G for
emulsion-evaporation and by filtration-centrifugation
(Hydrosart®, stabilized cellulose membrane, M,,.=10kD,
Amicon Vivascience) for nanoprecipitation. After purification,
nanoparticles were suspended in water.

Nanoparticles Composition

Cabazitaxel loading: the concentration of cabazitaxel was
determined by HPLC using a Luna C18 Phenomenex,
3 um column, thermostated at 40°C, after dissolution of
nanoparticles in ACN (10 to 50 times dilution of suspen-
sions). The elution flow rate was 1 mL/min and the
injected volume was 20 pL. The mobile phase was a 65/
35 mixture of ACN/water+0.1% w/w TFA, used in an
1socratic mode. Elution was monitored by UV detection at
230 nm. The retention time for cabazitaxel was 5.2 min.
The reference samples of cabazitaxel in ACN were pre-
pared to plot the calibration curve and the linearity was
assessed over a concentration range 5—100 pg/mL (y=
922436x, 1 =0.9998). The accuracy of cabazitaxel concen-
tration determination was evaluated to be CV=2% (re-
peatability of reference sample at 31 pg/mlL).

Polymer: the concentration of polymer was determined by
Size Exclusion Chromatography (SEC) using a
Phenomenex Phenogel 5 um 10°A column, thermostated
at 35°C. Aqueous suspensions obtained from concentra-
tion or lyophilisates were dissolved in ACN. The elution
flow rate was 1 mL/min and the injection volume was
20 pL. The injections were performed in duplicate.
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Elution in ACN was monitored by UV (230 nm) and RI
detections. The accuracy of polymer concentration deter-
mination was evaluated to be CGV=5% when C"-PEC
>2 mg/mlL. The signal to noise ratio was increased using
PLA-PEG samples concentrated after drying by freeze-

drying.

Physico-Chemical Characterization

The hydrodynamic diameter (dg) and polydispersity index
(PDI) of nanoparticles were measured by quast elastic light
scattering, using a Zetasizer Nano ZS instrument (Malvern,
France). Suspensions were diluted in water for injection.
Measurements were performed in duplicate at 20°C, at a
173° angle to avoid multiple scattering. The counting time
was set automatically. The analysis was performed using the
Cumulant method.

Transmission Electron Microscopy was performed using a
Jeol operating at 80 kV. Uranyl acetate was added to the
nanoparticles as negative stain and the suspension (5—
10 mg/mlL) was deposited on grid.

Static Light Scattering measurements were performed in
Laboratoire Léon Brillouin (LLB, Saclay, France) using a
homemade spectrometer, which consisted in a linear polar-
ized laser with a wavelength of Ag=515 nm and a correlator
Correlator.com. Suspensions were filtered through 0.45 pm
and placed in a cylindrical glass cell (2X 10 cm) kept at room
temperature. Three successive dilutions were performed in
the same cell by introducing 0.22 pm filtered water. The scat-
tering intensity was measured for 1 min at 20 angles to the
incident beam in the 20°-150° range.

According to the Rayleigh-Gans-Debye equation:

Inp(q) R

qQRQ
EEEAYAC e VA (T S (1—2MA2 QPLAPEG | )
It()[(q)K, C;’;Jl;{ PG ’ 3

susp
(1)

where

ol 1s the intensity of light scattered from a toluene
solution, used as a reference (I,,;=1032)

NP 1s the intensity of light scattered from the
dispersion (corrected for the scattering from the
solvent)

M, 1s the average molecular weight of nanoparticles
(g/mol)

MA; is the second Virial coeflicient

C{:{f ~PEC i the concentration of PLA-PEG nanoparticles
in the suspension (mg/mL)

Rq 1s the radius of gyration of PLA-PEG nanopar-
ticles (nm)

q is the scattering vector.

The optical constant K’ or contrast was given by:

I{/ _ 477.'2”;0[2 <@>2 (2)
NA/lgRlol de
where

Nol and Rtol

are the refractive index and Rayleigh ratio
of toluene

Na 1s the Avogadro’s number

dn/dc 1s the specific refractive index increment

of the PLA-PEG nanoparticles,
dn/dc=0.108 mL/g (11).

Using Guinier approximation, in diluted regime
(qR4<<1), for a given concentration of nanoparticles:

qQRQ
Iynp(q) = Toexp (‘ 3 g) (3)

The smaller measurable R, was expressed as:

ldl /3
R min — — X ™ (4')
¢ 1 qun(Lt

With 5% experimental error on intensity at qua.=
0.03 nmfl, this resulted in Ry in =13 nm.

Extrapolation to zero angle of observation of Eq. 1 resulted
n:
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Dynamic light scattering experiments were performed in

the same set of experiments. The correlation functions (g)

obtained at different angles versus tq® overlaid, confirming

the diffusive motion of nanoparticles in suspension. The coef-
ficient of diffusion, D, was deduced from the equation:

g = P.exp(—2Dtq’) + 1 (6)

Then, the hydrodynamic radius of nanoparticles, Ry, was

given by:
kT
= 7
7)) ()

Where 1 is the viscosity of the dispersed medium of nanoparticles.
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Partition Coefficient Determination

Unbound NaDoc was removed from PLA-PEG nanoparticles
suspensions by ultracentrifugation and the nanoparticles were
re-suspended in water for injection. When the nanoparticles
were too small to be separated by ultracentrifugation and re-
suspended in water, the concentration of NaDoc was de-
creased by filtration-centrifugation at a level below the critical
micellar concentration of NaDoc (i.e., CN*P° = mg/mL) (22)
so that drug solubilization by Nadoc was not likely.

The nanoparticles were diluted in the range of concentra-
tion C{Z}f ~PEC = 0.5-10 mg/mL in solutions of hydroxypro-
pyl B-cyclodextrin (ng)ecn = 3.3,6.67 and 13.3 mM) or albu-
min (C5 = 0.303, 0.606, 0.909 and/or 1.21 mM) in Tris-
buffer. The samples were incubated under mild stirring at
37°C for 2.5 h. The drug was present in different forms: (i)
the drug encapsulated in the nanoparticle, (i1) the drug solu-
bilized in water, (iii) the drug associated to the solubilizing
agent and (iv) the precipitated drug (Fig. 1).

At the equilibrium, the partition coefficient, K, and disso-
lution constant, K4 were defined as:

drug drug ~solub
K, = Mencaps ad K — Cf?‘ee C&wp (8)
r— Cdrug ] d = Cdmg
‘free ¥ il bound

where

mf,’;iﬁx is the mass of encapsulated cabazitaxel (mg)

C;’Z‘f is the concentration of free cabazitaxel in the external
phase (mg/mL)
e s 1s the concentration of cabazitaxel, bound to the
solubilizing agent in the external phase (mg/mL)

C'le,';b is the concentration of solubilizing agent in the
suspension (mol/L)
Vint is the internal volume of nanoparticles (mL).

The dissociation constants of cabazitaxel in albumin,
KdBSA and HPBCD solutions, KdHPﬁCD, were determined

= Avoid precipitation if Ci7u8 < cirue

susp “sat
— e
.\

Drug
K, H
Ky _
@+ — @

Fig. 1 Schematic representation of the cabazitaxel forms.
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experimentally from the maximal solubility of cabazitaxel
(*S?Zbﬁ;zub) in BSA and HPBCD solutions of varying concentra-
tions Cf;{;}b and the Eq. 9:

Scaba Smba 1 Cj;:lx’;b
wm solub — “in water + I{d (9)
S:::b;lmm =8 :ug / mL

The determination led to:

K¥Y = 6.8 10 mol / L

KMPCD = 10.35 10 'mol /L.

The accuracy for K4 was determined analytically to be
AK/Ky=8%.

The amounts of the cabazitaxel forms (encapsulated,
bound to the solubilizing agent and free) can be summed up
according to the law of mass conservation:

( Vint + Vext) C?Z?g = KP C}lmg Vim‘ + Cdmg Vext ( 10)

ree ' free

+ VGt Cod /Ky

Where Ciréis the total concentration of cabazitaxel (mg/mL).

Introducing the apparent partition coefficient, K,*,
as the partition coefficient between the nanoparticle
and the aqueous phase, containing the solubilizing agent

and Cé= i+ Gt

drug
m )
I{u[} _ encaps ( 1 1)

b

CZZ‘;Q Vi
o Rl (12)
2 solub

K d + C.fu.r]}

Assuming the suspension was diluted, V;,<<V, the law
of mass conservation can be written as:

(ine PLA-PEG
=4 K —— (13)
s dpra-pEG

where

C‘:I,ZL; ~ ¢ s the concentration of polymer in the suspension

(mg/mL), measured by SEC after dissolution of
nanoparticles in ACN as described above

is the bulk density of solid PLA-PEG. It was
assumed to be the same for all types of
nanoparticles and equal to the reported value of
PLA amorphous solid: 1.25 g/cm” (23).

dpiapeG
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After reaching the thermodynamic equilibrium, the fraction
of cabazitaxel released from the PLA-PEG nanoparticles (z.e.,
free and bound to the solubilizing agent, referred to as C7%%),
was separated from the encapsulated cabazitaxel fraction by
ultracentrifugation (50 000 rpm to 90 000 rpm 30 min) and
quantified by HPLC using the method described above, where-
as PLA-PEG concentration was determined by SEC.

The apparent partition coefficient, K,*" for various con-
centrations of HPBCD and BSA, were determined from the
plot of C,/%/ Cgiss versus 3,,{;? PG oy a— PG according to
Eq. 13, while the plot of K" versus K/ (Kg+ H”L{% leads to

K, according to Eq. 12.

RESULTS
Nanoparticles Preparation and Characterization

The size, PDI and composition of PLA-PEG/cabazitaxel
nanoparticles prepared either with PLA-PEGyq9 or PLA-
PEG;000, by nanoprecipitation, using different PLA-PEG
concentrations in acetone (Cﬁf;f,,;PEG), or emulsion-evapora-
tion, were reported in the Tables I and II.

For all manufacturing conditions, slight aggregation of
nanoparticles was noticed. For nanoprecipitation, the size of
nanoparticles varied from 27 to 54 nm and was mostly depen-
dent on the type of polymer. The nanoparticles were homo-
geneous in size as denoted by low PDI (PDI<0.20). The nano-
particles prepared by emulsion-evaporation were bigger, as
compared to nanoprecipitation, from 126 to 155 nm, and
the PDI was low (Table II).

For nanoprecipitation and emulsion-evaporation, the ex-
perimental drug loadings were determined (Tables I and II)
and compared to the targeted 5% w/w loading, adjusted from
the initial ratio of €/ A.,f\.“/f_PEG
Methods”). For nanoprecipitation, the experimental drug
loading varied from 4.9% w/w to 6.0% w/w, as a function

(see “Materials and

of the copolymer and the manufacturing conditions. The
higher values of experimental drug loading, as compared to
targeted value (5% w/w), can be explained by the loss of

Table I Characterization of PLA-PEG;000 and PLA-PEGspgp Nanoparti-
cles, Produced by Nanoprecipitation, Using Different Formulation Conditions
Nanoprecipitation ~ Chapnet® CNaPee 4, PDI  Loading™®?

(mg/ml)  (mgil)  (hm) (% wiv)
PLA-PEG;000 2 0.2 37 003 49

10 54 0.1 52
PLA-PEGs000 2 31 009 5.1

10 27 0.10 6.0
* Experimental drug loading was calculated as Cﬁgfg/cfuﬁ‘;* PEC and can be

compared to the targeted drug loading of 5% wiv

Table Il Characterization of PLA-PEG;009 and PLA-PEGsgqo Nanoparti-
cles, Produced by Emulsion-Evaporation Process in Duplicate
Emulsion-evaporation  Ch/chtc Ccheboe dy, PDI  Loading®®?
(mg/mL)  (mg/mL)  (nm) (% wiw)

PLA-PEG;000 30 I [26  0.10 4.9

55 0.17 438
PLA-PEGs0o 141 002 50

142 009 4.6
? Experimental drug loading was calculated as C?gfg/ci’ﬁ; PEG and can be

compared to the targeted drug loading of 5% wiv

polymer during the nano-assembling process, as suggested
by the aggregation observed after solvent evaporation. For
emulsion-evaporation, the experimental drug loading was
comprised between 4.6% w/w and 5.0% w/w and was not
significantly dependent on the type of PLA-PEG.

Determination of Partition Coefficient

The PLA-PEG nanoparticles, produced by nanoprecipitation
(with ¢4t 7 = 10 mg/mL) or emulsion-evaporation pro-
cess, were dispersed in BSA or HPBCD solutions, as described
in the materials and methods. The plot of CP/ G yersus

5,[;; — Gy dpra- prc obtained for each partition condition
gives a straight line (r” ranged from 0.84 to 0.999) from which
K,,*” was determined by linear regression (Eq. 13). Only PLA-
PEGoggp nanoparticles prepared by nanoprecipitation were
exemplified on Fig. 2. The same trend was observed for the
other samples.

For PLA-PEG,(o0 nanoparticles produced by
nanoprecipitation and emulsion-evaporation, the slope of
the lincar regression of the plot of K, as a function
of Ky/(Kqt C}Z@b), obtained with varying concentrations
of HPBCD and BSA, was not dependent on the solubilizing
agent (Eq. 12, Fig. 3). The fit was considered satisfactory since
for the 2 types of nanoparticles, the regression coefficients r”
were higher or equal to 0.98. Therefore, the partition coefficient
K, between nanoparticles, produced by nanoprecipitation and
emulsion-evaporation with PLA-PEGyy, and PLA-PEG;,
and water was determined from the slope of the linear regres-
sion of the plot of K, as a function of K/ (Ky+ C;ff;,b), obtained
with varying concentrations of HPBCD (Fig. 4, Table III). The
fit was considered satisfactory since for the 4 types of nanopar-
ticles, the regression coefficients r* were higher than 0.996.
Moreover, the hypothesis of partition equilibrium, which con-
siders complete release of cabazitaxel at infinite concentration of
solubilizing agent, was consistent with the null y-intercept.

For the emulsion-evaporation process, K, was equal to
9578 and 8643, for PLA-PEGyo and PLA-PEGs5, respec-
tively. Considering the analytically determined accuracy on
K, (AK,/K,=11%), K, did not significantly depend on the
type of polymer used, e.g., on the length of the PEG chain. The
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Fig. 2 Experimental points (filled circles) and linear regressions (plain curves)
for the ratio CV8/CI versus Cfbﬁf PES/dpua _ pec obtained for separate
dilutions of PLA-PEG 000 nanoparticles produced by nanoprecipitation in so-
lutions of HPBCD (in blue, CLEF" = 3.3, 6.67 and 13.3 mM) or albumin (in
red, Cox = 0.303, 0.606 and 0.909 mM).

K,, was slightly decreased when nanoparticles were formed
with PLA-PEGyqg9 by nanoprecipitation. But more interest-
ingly, K, was 1.5 times higher when nanoprecipitation was
chosen versus emulsion-evaporation for PLA-PEG500, which
denotes a higher affinity of the drug for the nanoparticle. At
the same time, PLA-PEG5(oo nanoparticles prepared by
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P
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Fig. 3 Apparent partition coefficient, K,*, versus Ky/(Kq+ C:ﬁ's';,b) obtained
for PLA-PEG,000 nanoparticles produced by nanoprecipitation (filled circles)

and emulsion-evaporation (open squares) in solutions of HPRCD (blue) and
BSA (red).
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Fig. 4 Apparent partition coefficient, K,*, versus Ky/(Ky+ C:ﬁ's':,b) obtained
for PLA-PEGy000 (light blue) and PLA-PEGsgoq (dark blue) nanoparticles pro-
duced by nanoprecipitation (filled circles) and emulsion-evaporation (open
squares) in solutions of HPRCD.

nanoprecipitation were significantly smaller (approximately
5 times), which suggests that the favored interaction between
cabazitaxel and PLA-PEG was related to the structure of the
nano-object, more precisely to a different arrangement of
PLA-PEG chains inside the smallest nanoparticles.

Structure of Nanoparticles

Therefore, the relationship between the structure of the nano-
particles and the partition coeflicient was investigated. The
PLA-PEG/cabazitaxel nanoparticles morphology was studied
in a first step by Transmission Electron Microscopy (TEM).
The spherical shape of nanoparticles was evidenced for nano-
particles prepared by both processes and the sizes evaluated
by microscopy were in good agreement with the hydrodynam-
ic diameter, dyj, measured by dynamic light scattering (Fig. 5).
Static Light Scattering (SLS) experiments were performed in a

Table Il Partition Coefficients, K, for PLA-PEG Nanoparticles of Hydro-
dynamic Diameters, dy. r> was the Regression Coefficient of Linear Equation

Polymer PLA—PEGZOOO PLA—PEGSOOO PLA—PEGZOOQ PM—PEG5OOQ
Process  Emulsion-evaporation Nanoprecipitation®

dg (hm) 126 141 54 27

Ko 9578 8643 8805 13772

r 0.999 0.999 0.996 0.998

# For nanoprecipitation, C;EQQHEEG =10 mg/mL

® Theoretical max loading was calculated from Eq. 19
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Fig. 5 TEM pictures of PLA-
PEG;000/cabazitaxel nanoparticles
produced by nanoprecipitation (left)
and emulsion-evaporation (right),
for magnification 50 K (scale bar
500 nm).

second step to investigate the composition of nanoparticles, in ~ expected, the smaller PLA-PEG;,y nanoparticles (Ry=

terms of number of PLA-PEG chains packed together. 13 nm; < A/20) behaved like point scatters and the corre-
The angular dependence of the light scattering intensity for ~ sponding scattering profiles were almost anisotropic (Fig. 6,
nanoparticles, produced by nanoprecipitation and emulsion-  top right). On the opposite, q-dependent scattered intensity

evaporation, with PLA-PEGyo9 and PLA-PEG;p09 was  was evidenced for the 3 other types of nanoparticles, as ex-
shown in the Fig. 6, left and right panels respectively. As  pected for interparticles interactions.

0,035 0,0005
© 41 mQ-‘mL b
0,03
*  32mg/ml ¢ 0.13mg/mL
5 = 0,0004 |
0,025
- 200 o e T
E L
= 002 x e"'o,»‘sé § o000
B x L 0 *.» k]
= 8 ° =
o XK ;i 22 ¥ g
~ 0015 ¥ -
0,0002 N . o
R o N
0.01 °
0,0001
0,005
0,005 0,01 0,015 0,02 0,025 0,03 0,035 0,01 0,015 0,02 0,025 0,03 0,035
q (om’) q(m’)
0,07 0.06
4 o ddémme
0,08 &  0.21 mgimL 005 % 0.40 mg/mL
i ¢l
¥ @
005 = s lE¥eT
'E ‘e ' Xig N .
B, 128 X %
] k] x L
0,04 x
= s < 003 x o3
2 5 3 x
= : — i
003 . ke
a 0,02 * ¥a
L " ¥R
0,02 B = ney
% 3 g 0.01 "
0,01 L - :
0 i I L I
0,005 0,01 0,015 0,02 0,025 0.03 0,035 0,005 0,01 0,015 0,02 0,025 0.03 0,035
q(nm’) q(m’’)
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The scattering profiles were fitted using Guinier approxima-
tion (Eq. 1) and the radius of gyration, R,, was determined.
Extrapolations of the scattering intensity, to zero angle of ob-
servation and infinite dilution, yielded the second virial coeffi-
cient MAy and the average molecular weight of nanoparticles
M, (Eq. 5, Table IV). The second virial coefficient, MA, is
an inter-particle interaction parameter. A positive value, for the
4 samples, denoted repulsion between nanoparticles.
Accordingly, satisfactory colloidal stability was observed, even
in stress conditions (data not shown). Values of M, were used
to calculate the aggregation number of particles, as N,q,=
MWNP/ MHPLA'PEG (using MnPLA'PEG obtained by NMR, see
“Materials” section). For emulsion-evaporation, the aggrega-
tion number was of the same order of magnitude for PLA-
PEGyng9 and PLA-PEGs5. For nanoprecipitation, the aggre-
gation number was 25 times lower as compared to emulsion-
evaporation, for PLA-PEGqqoo and 112 times lower for PLA-
PEGs000. Finally, the excluded volume of the particle, defined
as a9 =M, ~""MA,/N, and describing the intensity of repulsive
interactions, was 100 times higher for nanoparticles produced
by emulsion-evaporation as compared to nanoprecipitation,
due to the respective size of the objects. However, for a given
process, as was higher for PLA-PEG;(¢ than for PLA-
PEGygp nanoparticles. As expected, the longer the PEG
chains, the higher the steric repulsion between particles.

DISCUSSION

Influence of the Process on the Structure
of Nanoparticles

The nanoprecipitation is a spontaneous process, which does
not require energy input. It is based on the Ouzo effect,
(24,25) which occurs upon mixing of a water-miscible solvent,
containing a low amount of a hydrophobic specie (e.g., poly-
mer), to a large volume of water. Nanoparticles formation
resulted in different mechanisms: nucleation, growth and
Ostwald ripening. The resulting nanoparticle size and poly-
dispersity, drug loading and encapsulation efficiency were
shown to be dependent on experimental conditions, such as

the nature and volume fraction of water-miscible solvent, the
concentration of polymer and the relative solubility of drug in
water as compared to the solvent (26,27). In the experiments
described here, acetone was chosen as an appropriate water-
miscible solvent since it is consistent with 6 conditions for PLA,
(28) and the solubility of cabazitaxel was 10 000 times higher
in acetone than in water. The concentration of polymer,
CHEL PEC Garied from 2 to 10 mg/mL. For PLA-PEG 00,
the nanoparticles were very small and their size did not de-
JLd - PEG (Table I). We concluded that the nano-
objects were micelles made of a PLA core and a PEG shell, as
already described by Riley et al. (11) (Fig. 7a). This hypothesis
was in good agreement with the low aggregation number of
PLA-PEG;0¢ nanoparticles formed at Aﬁ;ﬁ,,; PEG =10 mg/
mL (Table IV). More specifically, considering the length of the
hydrophobic PLA block, Np; o =417 units, as compared to the
length of the hydrophilic PEG block, Npgg =114 units, the
PLA-PEG3;0o nanoparticles are most likely crew-cut micelles,

pend on

and the following relations may apply: (29)

N tggNN PLA ( 14)
Ru~aNply (15)

Where a is the length of the lactide monomer repeat unit

The theoretical core radius, Ry, of PLA-PEG5000 micelle
was 10.6 nm. The surface area occupied by one PEG5
chain was calculated by dividing the mean surface area of
the nanoparticles (4nR.,..”) by the aggregation number,
Nigg, Which led t07.0 nm”. The corresponding distance be-
tween two PEGsggg chains was dppg=2.6 nm. The PEG
chains conformation can be deduced by comparing the dis-
tance dpgg to the Flory radius of PEG in good solvent (Rp=
6.1 nm), as already done by Louguet ¢t al. (30). The distance
dpgc being smaller than Ry, suggests that the PEG chains
strongly interact with each other and were forced to stretch
away from the surface of micelle adopting a brush conforma-
tion. The hydrophilic shell formed with PEG;¢g in brush, is
related to the good colloidal stability of micelles, already illus-
trated by the high value of ay (Table IV) (31,32).

Table IV Size, Average Molecular

Weight and Second Virial Coeff- Process  Polymer Ra(m)  Ry(m) M/ xI077 Ny MA, % 107¢ (nm’)
cient of PLA-PEG Nanoparticles as (g/mol) (am’/g)
Determined by Static Light
Scattering EE PLA-PEG000 80 69 100 31439 402 668
EE PLA-PEGs000 73 63 8l1.7 22 539 578 784
NPr PLA-PEG;000 28 26 4.0l 1261 33 2.2
NPr PLA-PEGs000 I3 - 0.73 201 389 4.7
EE emulsion-evaporation and NPr nanoprecipitation with Chza E5° = 10 mg/mL

Ry DLS measurement of filtrated and diluted sample at 90° and using Eq. 7
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:

Fig. 7 Schematic representations of (@) PLA-PEG micelle; (b) Nano-assem-
bly of aggregated PLA and PEG chains and (c) Volume occupied by one PLA-
PEG chain.

For PLA-PEGyqg, the nanoparticles were bigger and the
size depended on the concentration of polymer in acetone
(Table I). According to the previous considerations, these
nanoparticles cannot be structured as micelles. Indeed, when
A PEC = 10 mg/ml,
the aggregation number (N,4,) was 6 times higher as com-
pared to the value obtained for PLA-PEG;y micelle and
the assemblies were 2 times bigger (Ry), while the length of
the hydrophobic PLA block (Npp4) was constant. The nano-
particles were more likely aggregates of copolymer chains
(Fig. 7b), a fraction of PEG chains being embedded in the core
of the nanoparticles, as evidenced by Karnik ¢/ al. (33).

nanoparticles were prepared with

The emulsion-evaporation process requires the use of spe-
cific equipment, such as high pressure homogenizer, with high
energy consumption and usually higher amount of surfactant,
as compared to nanoprecipitation, to avoid emulsion
destabilization, by coalescence for instance. The size and
polydispersity of nanoparticles mainly depended on the
shear force applied to the emulsion and the concentration of
surfactant. (34) In the experiments described here, the optimi-
zation of the experimental conditions led to the formation of
140 nm mean diameter nanoparticles for both PLA-PEGoo
and PLA-PEG3;g9. Methylene chloride was considered as an
appropriate solvent as the solubility of cabazitaxel was 5000
times higher, as compared to water. The partition of the drug
was therefore strongly in favor of the organic phase. The ag-
gregation numbers of resulted nanoparticles were 113 times
higher for PLA-PEG5(g0 and 25 times higher for PLA-
PEGygpo as compared to nanoparticles produced by
nanoprecipitation (Table IV). We concluded that, both poly-
mers produced, by emulsion-evaporation, nano-assembled as
aggregates of PLA and PEG chains (Fig. 7b).

Influence of the Structure on the Partition Coefficient

The volume occupied by one PLA-PEG chain inside the
nanoparticle: VPMEC (Fig. 7¢) can be calculated for nano-
particles made of aggregates and micelle from:

47 R},

PLA-PEG
Vv -
3N sge

(16)

For the three studied nanoparticles made of aggregates
Vpra-peg was similar, the corresponding values were close to
70 nm’/molecule (Table V). Consistently, Ryy/ R, was com-
prised between 1.1 and 1.2, which was close to the theoretical
value of coil (Rpg/R, =1.2). The network of PLA chains inside
nanoparticles was probably swelled with PEG chains.

For micelles, V7MPE \vas 1.6 times smaller as compared
to the nanoparticles made of aggregates (Table V). We con-
cluded that the copolymer chains were more packed in the
micelles. Unfortunately, the theoretical value of Ry/R, =1.3
of dense hard sphere could not be verified with micelle in these
experiments, since R, cannot be measured. In fact, the hydro-
dynamic radius of micelles (R =13 nm) was close to the
minimal measurable Ry by SLS (see “Materials and
Methods”). The Small Angle Neutron Scattering would be
more appropriate technique for this type of nanoparticle
(35,36). The structure of nanoparticles was then related to
the affinity of cabazitaxel for the PLA-PEG nano-object. In
this attempt, the new experimental methodology presented,
was set up to determine the partition coefficient, K,,, of
cabazitaxel between PLA-PEG nanoparticle and water, by
the intermediate measurement of an apparent partition coef-
ficient in presence of solubilizing agent. The methodology was
validated by linearity of encapsulated versus free fraction of
drug with two solubilizing agents (HPBCD and BSA). It is
worth mentioning that, this methodology could be used in
any biorelevant media, such as plasma. Considering
the parameters reported in the Table V together with
the above conclusions on nanoparticle structure, micelle
nanoparticles were characterized by a partition coeffi-
cient, K,, 1.6 times higher than aggregate nanoparticles,
suggesting that the interactions between cabazitaxel and
nanoparticle were favored. Interestingly, a correlation

Table V Structure and Affinity Pa-

rameters for Different PLA-PEG Process Polymer Ry (nm) Ry Rg Nagg Structure \PA—PEG Ko
Nanoparticles (nm°/molecule)
EE PLA-PEG5000 80 [.2 31439 Aggregate NP 68 9578
EE PLA-PEGs000 73 1.2 22 539 Aggregate NP 72 8643
NPr PLA-PEG5000 28 [ | 261 Aggregate NP 73 8805
NPr PLA-PEGs000 I3 - 201 Micelle 46 13772
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Table VI Maximum Drug Loading
Calculated From the Structure and Polymer PLA-PEG2000 PLA-PEGso00 PLA-PEG2000 PLA-PEGs000
Affinity Parameters of Nanoparticles Process Emulsion-evaporation Nanoprecipitation®
dy (nm) 126 141 54 27
Ko 9578 8643 8805 13772
M. x1077 (g/mol) 100 81.7 40l 0.73
MaxL_oading™® (wiv %)P 9.9 8.3 9.7 8.4

*For nanoprecipitation, Chiaoni=® =

10 mg/mL

® Theoretical max loading was calculated from Eq. 19

between the cabazitaxel/nanoparticle interactions, evaluated
from the K, and the calculated packing of PLA-PEG chains,
evaluated from VS \vas put into evidence for both
PLA-PEG copolymers (PLA-PEGygoo or PLA-PEG500) and
both manufacturing processes (nanoprecipitation or emul-
slon-evaporation).

Application of K, to Pharmaceutical Engineering

The partition coefficient, K, is related to the theoretical drug
loading of nanoparticles by the equation:

d
dmg K P C( o Vinl

; Meoncaps o
Drug loading = : e (17)
(C;igg + Cﬁ;—PE&) V. Cup |

In agreement with the experimental conditions, for which
targeted drug loading was 5 w/w %, the approximation
SV, < m@fl “PECY  was used. According to the structure
parameters of the nanoparticles (R and M), determined

above:

. ~drug 4 RijN A
Drug loading ~K pC ﬁef W

(18)
Where Ny 1s the Avogadro’s number

Considering the Eq. 18, the maximal theoretical drug load-
ing is reached when the concentration of free drug, Cfd;j;g, is the
highest. In order to avoid external crystallization of drug
(Fig. 1), resulting in loss of drug and destabilization of the
system, % should be lower than the maximal solubility of
drug in the suspending media, 7.e., water (S, ) if the surfac-
tant does not exhibit solubilizing properties. Thus, for one
type of PLA-PEG nanoparticle and one specific drug, the
theoretical maximal drug loading is expressed as:

. ) . ATR3 N A
Maximal drug loading~EpS fn”fmm»w% (19)

The maximal drug loading of cabazitaxel ( ;Z}Zf,m =8ug/mL)
was calculated for micelle and aggregated PLA-PEG

@ Springer

nanoparticles (Table VI). The values were not significantly dif-
ferent from each other and the mean maximal drug loading was
9.1£0.9 w/w %. Interestingly, whatever the PLA-PEG copoly-
mer (PLA-PEGygg or PLA-PEGs5) or the manufacturing pro-
cess (nanoprecipitation or emulsion-evaporation) used, the en-
capsulation performance of the nanoparticles can be predicted.

The choice of one process or the other should be consid-
ered according to experimental facilities. The downside of
nanoprecipitation, for the production of larger batches of
nanoparticles is (i) the low concentration of the resulting sus-
pension and (ii) the large quantity of solvent to be evaporated.
Nevertheless, the nanoprecipitation process is very useful in a
preformulation approach, as it requires a minimum amounts
of drug substance and standard formulation equipment. At
the same time, miniaturization of the emulsion-evaporation
process, using sonication probe for example, can also be con-
sidered at the laboratory scale, before scale-up.

This methodological approach, only requiring simple de-
termination of K, and the size of nanoparticle may be helpful
to anticipate the aptness of hydrophobic drugs to be encapsu-
lated in PLA-PEG nanoparticle. Moreover it may be less drug
substance and time-consuming as compared to experimental
design (37).

CONCLUSION

The partition equilibrium of cabazitaxel between aqueous
media and PLA-PEG nanoparticles manufactured by
emulsion-evaporation and nanoprecipitation process was
studied for PLA-PEGoqgy and PLA-PEG;y00. The introduc-
tion of a solubilizing agent and its corresponding solubilization
equilibrium gave access to the particle/water partition coefli-
cient at zero concentration of solubilizing agent, which was
shown to lead to the same value for HPBCD and BSA, as
expected.

The drug/particle interaction, by mean of the partition
coeflicient K, was related to the structure of the nanoparticles.
The nanoparticles made of both PLA-PEGyo9 and
PLA-PEG;(¢ structured as aggregates formed by the
emulsion-evaporation as well as by the nanoprecipitation pro-
cess, were characterized by the lower K, values. On the
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opposite, the PLA-PEG 5 micelles, nano-assembled by pre-
cipitation in specific conditions, were characterized by a
higher K, value and denser packing of the PLA-PEG chains

VPLA'PEG). In an attempt to favor micelle formation

(eg., low
over nanoparticles made of aggregates, by nanoprecipitation,
the decrease of polymer concentration or the increase of sur-
factant concentration can be considered (38). More impor-
tantly, whatever the manufacturing process or the formulation
conditions, it was shown that the drug/particle interaction can
be related to the size and the aggregation number of the PLA-
PEG nanoparticles.

From a process engineering standpoint, the maximal drug
loading can be estimated from the K, and information about
the structure of nanoparticles in order to optimize the drug
encapsulation yield during nanoparticle formation. Moreover
K, is useful to determine the free and encapsulated fractions
of drug along the whole manufacturing process, and antici-
pate undesired release, in case of purification by extended
dilutions or addition of cryoprotectants prone to solubilize
the drug.
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