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ABSTRACT: The synthesis, self-assembly behavior, and delivery properties of poly(ethylene lpxidky)-

(glycerol monomethacrylate) (PEOb-PG2MA-) drug conjugates is herein described. Double hydrophilic PEO-
b-PG2MA copolymers synthesized by atom transfer radical polymerization (ATRP), using a PEO-based
macroinitiator, were used for post-polymerization conjugation to the hydrophobic nonsteroidal anti-inflammatory
agent indomethacin (IND). IND contents ranging from 15 to 49% gwiere attached to the same polymer
precursor via Steglich esterification, leading to amphiphilic block copolyrdarg conjugates (PEG(PG2MA-

IND)). Dynamic light scattering (DLS) and transmission electron microscopy (TEM) experiments revealed that
PEOb-(PG2MA-IND) copolymer chains self-assemble into spherical nanopatrticles in water, whose hydrodynamic
size (Ry = 24—100 nm) and morphology (micelles or vesicles) are dictated by both the amount of IND and the
PG2MA block length. Interestingly, such a particular system was also proven to be able to stabilize, transport
and deliver physically encapsulated (free) IND (F-IND). The maximum F-IND loadings ranged from 13 to 20%
w/w,, thus reaching remarkable IND payloads (i.e., covalently bound B-#Nphysically entrapped F-IND) as

high as 58% w/yy. However, self-organization for F-IND loaded samples with more than 50% INW originated
vesicular morphologies instead of micelles and provoked a huge increase in the size of the objects. The release
of IND is a pH-dependent process, which is governed by intrinsic molecular characteristics of F-IND (aqueous
dissociation behavior) and pH-sensitivity of ester linkages in the conjugates. At approximately neutral pH, the
ester bound linkages are stable and the diffusion of F-IND out of the carrier is favored, whereas sustained release
with slow kinetics takes place under acidic pH conditions.

Introduction of polymers, thus allowing fine-tuning of micelle properties in
order to optimize drug delivery parameters such as loading
content (payload capacity), loading efficiency, partition coef-
ficient between aqueous environment and micelle core and
release kinetics. Indeed, the chemical nature of both core-
forming block and loaded drug has utmost implications in the
Oabove-mentioned delivery related parameters. Ideally, to achieve
very high loading into micelles, the solubility parameters of the
solubilizate (drug) and the core-forming polymer block should
be the same (i.e., the FlonHuggins interaction parameter)(
I§hould be zero). As suggested by Eisenberg &fah fact there

is no universal core-forming block, because each probe or drug
is unique. Therefore, it is important to match the probe or drug
with the core-forming polymer in order to achieve maximal
loading into the micelles. Last but not least, the block copolymer
composition and molecular weight as well as the architecture

Recent advances in controlled/living polymerization processes
have encouraged the preparation of a multitude of macromol-
ecules with controllable architecture, functionality, composition
and topologyt Often combining chemically distinct monomers
and successive polymerization techniques, well-defined poly-
mers exhibiting nanophase separation have been synthesize
Such materials can originatafter equilibrium and rather
complex preparation procedurethermodynamically stable
nano-objects in solution (micelles, vesicles, etc?)which have
been increasingly and successfully tested as nanosized containe
in many fields, and particularly in drug delivery. The use of
these assemblies as delivery vehicles is motivated principally
by their ability to incorporate and release poorly water-soluble,
hydrophobic and/or highly toxic compounds, also minimiz-
ing drug degradation and wastage, and hence increasing PSR e :
bioavailab”ity.s_g In addition, SpeCifiC drug targeting through (erXIbIIIty, I’Igldl’[y, ||nea!’, CyC“C, stars, etC.) affect remarkably
micellar drug delivery vehicles has been achieved either by the performance of delivery systems.
functionalizing the micelle surfaée'* or by designing smart Among other potent drugs showing non-negligible side effects
functions as physical or chemical stimuli-sensitivity. following administration of conventional non-formulated prod-

In this regard, poly(ethylene oxide) (PEO) and poly(2- ucts, indomethacin (IND), 1-(4-chlorobenzoyl)-5-methoxy-2-
(methacry|0y|0xy)ethy| phosphory|ch0|ine) (PMPC) have been methyl-]H-indole-3-acetiC aCid, a potent nonsteroidal anti-
preferred as corona-forming blocks of assemblies used in inflammatory drug (NSAID); causes important irritation of
biomedical applications due to their clinically proven exceptional gastrointentinal mucosa and toxicity to central nervous system
biocompatibility, in spite of the large variety of synthetic as aconsequence of high plasma levels. NSAIDs such as IND
polymers easily accessibié® Conversely, given that the inner ~ are good drug models for studying micelle formation. Leroux
core is presumably surrounded by a biocompatible shell, the €t al*® reported that 614% wiw, (weight of drug/weight of
selection of ore-forming blocks comprises much wider variety Polymerx 100) IND can be encapsulated in micelles made from

PEO and polytbutyl methacrylate) (BBuMA), poly(ethyl

* Corresponding author. E-mail: borsali@enscpb.fr. acrylate) (PEA) or polytbutyl acrylate) (RBuA) diblock

* Present address: CERMAV-CNRS, BP53, 38041, Grenoble Cedex 9, COPOlymers. Similarly, using poly(lactic acid) (PLA) as the core-
France. E-mail: borsali@cermav.cnrs.fr. forming block, Choi and Kirtf achieved IND loadings of-89%

10.1021/ma062562u CCC: $37.00 © 2007 American Chemical Society
Published on Web 02/21/2007



Macromolecules, Vol. 40, No. 6, 2007

w/w, in PEOb-PLA micelles. The use of polycaprolactone
(PCL) or poly(3-benzylt-aspartate) (PBLA) as the hydrophobic
block revealed slightly higher IND payload capacities for PEO-
b-PCL (17-42% w/w,) and PEOB-PBLA (ca. 20% wi/vy)
micelles, as reported by Lee et28F! and Kataoka et af?
respectively. In all these systems, IND molecules were physi-
cally entrapped inside the micelle core.

In different approaches, nanoparticles with improved IND
payload were designed by Bertin et#lwho synthesized block
copolymers via ring-opening metathesis polymerization (ROMP)
with sequential monomer addition afnorbornenyl indometha-
cin anda-norbornenyl hexa(ethylene glycol) monomers. The
resulting amphiphilic block copolymetdrug conjugates con-
tained a remarkably high density of covalently linked IND {30
60% wiw), however their self-assembly originated quite large
particles (136-1600 nm). Similarly, colloidal particles>(250
nm) carrying IND (5-70% wi/w,) covalently linked to their core
were prepared via dispersion ROMP by @ener et af

Within this context, we have contemplated the design of
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catalyst. The final white product was obtained by precipitation in
diethyl ether, and it was vacuum-dried overnight.

Indomethacin Conjugation. Conjugation of indomethacin (IND)
to pendent hydroxyl groups of PG2MA segments was achieved
using Steglich esterification. In a typical procedure ;OHPEQ ;5
b-PG2MA, diblock (0.40 g, 0.032 mmol, 2.56 mmol OH groups)
and IND (0.46 g, 1.28 mmol) were dissolved in 5.0 mL of dry
DMF. Subsequently, DCC (0.26 g, 1.28 mmol) and DMAP
(catalytic 10 mol % amount) dissolved in DMF (1.0 mL) were
added dropwise. The mixture was left to react at room temperature
during 72 h. Afterward, DMF was almost completely removed
under reduced pressure. Then, 10.0 mL of THF were added to
redissolved polymetdrug conjugate. The remaining solid byprod-
ucts (urea) were filtered off, and the solvent volume was reduced
to 4-5 mL. Finally, the copolymerdrug conjugate was obtained
after precipitation in a 10-fold excess of cold diethyl ether,
conditions under which free IND is soluble, thus allowing the
removal of unreacted drug. The IND amount effectively attached
to the polymer was determined biH NMR and UV-vis
spectroscopy.

Polymer Characterization. (a) *H Nuclear Magnetic Reso-

micellar nanocontainers that could show optimized performance nance {H NMR). 400 MHz'H NMR spectra were acquired using

for IND delivery (i.e., high payload and controlled release). The
herein reported approach is based on the synthesis of doubl
hydrophilic poly(ethylene oxide)-poly(glycerol monomethacry-
late) (PEOb-PG2MA) block copolymer, which exhibits pendent
hydroxyl groups in the PG2MA block, followed by its post-
polymerization conjugation to IND via Steglich esterification.
The resulting amphiphilic macromolecuidrug conjugates
(PEObH-(PG2MA-IND)) were found to self-assemble into

[S)

an Avance DPX 400 spectrometer. For PE®G2MA diblock
copolymers, RO or MeOD was used as solvent, while DN7-
was chosen for PE@-(PG2MA-IND) polymer-drug conjugates.
(b) Gel Permeation Chromatography (GPC).Number-average
molar massNl,) and molar mass distributioh,/M,) values were
determined by GPC in DMF containing 1.0 g/L LiBr at a flow rate
of 1.0 mL/min using a PLgel @m guard column and a series of
two PLgel 5 mm Mixed-C columns and Jasco 1530 RI (set at
40 °C) and 875 UV detectors. Calibration was performed using a

spherical micellar nanoparticles or vesicles in selective solvent series of near-monodisperse polystyrene (PS) standards.

(water), therefore originating a particular cetghell system in
which the core-forming block (PG2MA-IND) resembled the
drug to be physically encapsulated (IND). Hence, such micellar

nanocontainers are able to transport two or more hydrophobic

molecules-IND chemically linked to the polymer via acid-
sensitive bounds and another physically entrappeklich can

General Procedures for Sample Preparation. (a) Aqueous
Micellar Solutions. Dilute PEQ-b-(PG2MA-IND,) (here and
throughout the text, subscriptsandy refer to the mean degree of
polymerization (DP) of each block, whereastands for the number
of IND molecules attached to the PG2MA segment) aqueous
solutions C, = 1.0 mg/mL) were prepared using the volatile organic
solvent approach. Typically, 7.0 mg of polymedrug conjugate

be released either simultaneously in a pH-triggered process Ofyere dissolved in 0.3 mL of distilled THF (good solvent for both

selectively by initial passive diffusion of unbound species.

Experimental Section

Materials. a-Methoxy-w-hydroxy poly(ethylene oxide) (Cid—
PEQ—OH, Fluka, M, = 5000 g/mol,M,/M, = 1.02), a-bro-
moisobutyryl bromide (Aldrich, 98%)\,N-dicyclohexylcarbodi-
imide (DCC, Fluka, 98%), 4-dimethylaminopyridine (DMAP,
Aldrich, 98%),and indomethacin (IND, Fluka, 99%) were used as
received. Glycerol monomethacrylate (G2MA) was kindly donated
by Rthm Methacrylates.

Synthesis of PEO Macroinitiators. Bromo-terminated PEO
macroinitiators were prepared by reacting hydroxyl end groups with
o-bromoisobutyryl bromide as reported in the literatarand
described in the Supporting Information (SI). Pure white products
were obtained after three times precipitation in cold diethyl ether.

Atom Transfer Racial Polymerization (ATRP). In a typical
procedure, G2ZMA monomer (5.75 g, 36 mmol) and methanol as
solvent (15.0 mL) were charged to a dry 100 mL Schlenk flask.
After being purged with nitrogen during 30 min to remove dissolved

blocks) in a closed vial. The solution was allowed to stir for at
least 3 h. Micellization was subsequently induced by slow addition
(0.33 mL/min) of 7.0 mL of Milli-Q water. The solution was then
stirred overnight and purged gently with Nuring ca. 12 h to speed

up THF evaporationtH NMR spectra of micellar solutions recorded
before (control) and after such a procedure revealed the complete
disappearance of chemical shifts associated with protons in the THF
structure.

(b) Drug-Loaded Micelles.Drug-loaded micelles were prepared
using essentially the same procedure as described above, except
that in this case 50% wy(1.75 mg) IND was dissolved along
with the polymer-drug conjugate (3.50 mg) in THF (0.15 mL).
After micellization (induced by the slow (0.33 mL/min) addition
of 3.5 mL of Mill-Q water) and elimination/evaporation of
remaining THF, unloaded IND that precipitated out of the solution
as a white solid was removed during the micelle filtration process
using o.d.= 0.45um pore size nylon filterg® Finally, the drug
content encapsulated inside the micelle was determined by the UV
vis spectrometry as described below.

(c) Determination of Drug Loading Content in the Micelles.

oxygen, the solution was cannulated under nitrogen into another The drug content encapsulated inside the micellar carrier was

Schlenk tube, previously evacuated and filled with nitrogen,
containing CtBr (0.13 g, 0.90 mmol), Me©PEQ 15— Br macro-
initiator (4.49 g, 0.90 mmol), 2;Dipyridyl (bpy) ligand (0.28 g,

determined by the U¥vis spectrometry using the standard addition
method. For these experiments, bD aliquots of each micellar
solution were diluted in approximately 3.0 mL of THF, thus

1.80 mmol), and a magnetic stirrer. The reaction mixture became provoking demicellization of polymer chains. Afterward, the BV

immediately dark brown and progressively more viscous, indicating
the onset of polymerization. Afte3 h at 20°C, 'H NMR analysis
indicated that more than 94% G2MA had been polymerized. The

vis absorption intensity at 320 nriy(,) Was measured as a function
of known added aliquots (0, 15, 30, 45, and/89 of 1.6 mg/mL
(4.5 mmol/L) IND. Linear fitting of experimental data generated

reaction was then stopped by opening the flask to air and adding straight lines, from which the “negative volume” of added IND
40 mL of aerated methanol. The mixture was subsequently passeccorresponding to zero UWvis absorption was obtained, and

through a silica gel column in order to remove the spent ATRP

accordingly the amount of IND present in the original micellar



2150 Giacomelli et al.

solution was calculate®. The loading efficiency and the drug
content were calculated using the eqs 1 and 2, respectively.

mass of probe in micelles (g)

mass of probe used (g) .
100 (1)

loading efficiency (LE) (%)=

mass of drug in micelles (g)
- x 100
mass of micelles (g)

)

drug content (% w/y) =

(d) In Vitro Release Kinetics. Release experiments were
conducted using the dialysis method. In a typical experiment,
7.0 mL of nanoparticles solutions was sealed in a dialysis bag
(Spectrum, MWCO= 25 000 g/mol, shown in Figure S1), which
was immersed in 2.0 L of 0.025 mol/L phosphate buffer solution
at pH either 2.1 or 7.4. This buffer solution was periodically
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2% sodium phosphotungstate solution at pH 7.5, and the excess
solution was again removed prior to drying under ambient
conditions.

UV—Vis Spectroscopy.UV —vis spectra were recorded using
a Varian Cary 300 UV+vis spectrophotometer. For the measure-
ments, 3.0 mL of solution were placed in a 10 mm square quartz
cell. All spectra were recorded after baseline correction for solvent
from air-equilibrated solutions in the 36@50 nm wavelength range
at scan rate of 600 nm/min (0.1 s integration per 1.0 nm).

Results and Discussion

Synthesis of Diblock Copolymers and ConjugatesDouble
hydrophilic diblock copolymerdrug conjugates showing self-
assembly properties have been prepared as illustrated in Figure
la. First, poly(ethylene oxiddéy-poly(glycerol monomethacry-
late) (PEOb-PG2MA) block copolymers were synthesized by

changed to ensure release kinetics under nearly sink conditions. InATRP of GZMA in methanol using PEO macroinitiators and

order to follow the release kinetics, aliquots ¢d0 were withdrawn
regularly from the micellar solution, and diluted into 3.0 mL of
THF, thus causing disassembly of block copolymerug conju-

Cu/bpy catalyst, as previously described elsewhere by Armes
et al?® Block copolymers systems with narrow molecular weight
distributions M,/M, < 1.20) were obtained, as shown in Table

gates into molecularly dissolved chains. The released drug content] and in Figure S2.

was determined directly by UVvis spectrometry using typical
indomethacin absorbance maximunigt,= 320 nm, as described
above.

Dynamic Light Scattering (DLS). DLS measurements were
performed using an ALV laser goniometer, which consists of a
22 mW HeNe linear polarized laser operating at a wavelength of
632.8 nm and an ALV-5000/EPP multiptedigital correlator with
125 ns initial sampling time. The copolymer solutions were
maintained at a constant temperature of 2%00.1 °C in all
experiments. The accessible scattering angles range from 15%0 150

In the following step, the pendent hydroxyl groups of PG2MA
blocks were used for post-polymerization conjugation to the
hydrophobic drug IND by Steglich esterification (Figure 1a),
which is a mild reaction allowing the conversion of sterically
demanding systems. In contrast to the quite simple organic
chemistry implied in esterification reactions between hydroxy-
lated and carboxylated small molecules, analogous polymers
frequently require forcing conditions to achieve the desired
degree of modificatioR? Table 2 shows the molecular charac-

The solutions were placed in 10 mm diameter glass cells. The teristics as assessed Byl NMR and UV-vis (Supporting

minimum sample volume required for DLS experiments was 1 mL.
Data were collected using ALV Correlator Control software and
the counting time varied for each sample from 300 to 900 s. The
relaxation time distributionsi(t), were in the sequence obtained
using CONTIN analys®& of the autocorrelation functiorC(q,t).

The relaxation frequency; (I' = 771) depends generally on the
scattering angle, and in the case of a diffusive particle, this
frequency isg>-dependent® Consequently, the apparent diffusion
coefficient Oapp at a given copolymer concentratiotCy is
calculated from

r
q2 |q~0

Dapp

®)

whereq is the wavevector defined as

sin(g)

andA/ is the wavelength of the incident laser beam (632.8 nm) and
0 is the scattering angle. The hydrodynamic radi&g)((or
diameter, Ry) is calculated from the Stoke<instein relation
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wherekg is the Boltzmann constant; is the temperature of the
sample, and; is the viscosity of the medium.

Transmission Electron Microscopy (TEM). TEM images were
recorded using a CM 120 Philips microscope operating at 120 kV,
and equipped with a USC1000-SSCCD R2k2k Gatan camera.
To prepare the TEM samples&b of an aqueous solution of block

Information, section 3) of amphiphilic block copolymeiirug
conjugates synthesized and hereinafter investigated. Satisfactory
agreement between results collected using NMR or UV was
observed, and UV analysis was chosen to discuss the data due
to its good analytical reliability. The coupling was also
confirmed in all cases by GP@JV analysis (data not shown).

As can be observed in Table 2, the conversions typically
remained in the range of 24 72%, whereas a slight decrease
apparently occurred upon the increase in the molecular weight
of PG2MA block. The incomplete reaction is most probably
explained by the sterical hindrance imposed by first grafted IND
bulky molecules and the difference in the reactivity of primary
and secondary hydroxyl groups in the PG2MA strucfiré.
These results are in good agreement with other reports on the
esterification of hydroxyl substituted macromolecule%

The final drug content clearly depended, however, on the
targeted IND/OH molar ratio. As a result, distinct drug amounts
were covalently attached to the same polymer precursor, yielding
block copolymetdrug conjugates in which the volume fraction
of G2MA-IND (¢c2ma—inp) Varied from 0.22 to 0.68. Besides,
samples exhibiting fairly similapcoma—inp Values but different
PG2MA block lengths were synthesized. It is also meaningful
to note the weight percentage (wt %) of IND in the polymer
indomethacin conjugates, which varied between 15 and 49%.
These values are fairly comparable to those reported by Bertin
et al?® and Quenener et al?* who polymerized norbornenyl-
modified indomethacin monomers.

The self-assembly of block copolymers has been the subject
of comprehensive theoretical and experimental stutfiead it
is nowadays well-established that the volume fractigh df

copolymer micelles was dropped onto a carbon-coated copper grid,8ach constituting segments is a major driving ferang with

which was rendered hydrophilic by UV/ozone treatment. Excess
micelle solution was gently removed using absorbent paper.
Samples were then negatively stained by adding 8roplet of

'the overall degree of polymerization (DP) and Fletyuggins

interaction parameteyJ—that defines the thermodynamic-stable
morphology. Roughly, spherical corghell micelles are favored
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Figure 1. Synthesis (a) and solution behavior (b) of amphiphilic PE@G2MA-IND) polymerdrug conjugates and their precursors: (i)
o-bromoisobutyryl bromide, BN, toluene, overnight, room temperature; (i) G2MA, CuBr/bpy, MeOH 0 (iii) indomethacin, DCC/DMAP,
DMF, 72 h, room temperature.

Table 1. ATRP of G2MA in MeOH at 20 °C Using CuBr/bpy as Catalyst, and Characteristics of Resulting PEG-PG2MA Diblock Copolymers

diblock time convn M (target} M, (theo) M, (NMR)©

PEQ-b-PG2MA, (h) (%) (g/mol) (g/mol) (g/mol) My/Mpd
113-40 4.0 96 11 400 11 200 11 400 1.10
113-65 2.0 62 19 400 14 000 15 500 1.12
113-85 5.0 91 19 400 18 200 18 600 1.16

a At quantitative monomer conversiohCalculated based on the conversion estimatedH}{MR in MeOD. ¢ Determined by*H NMR measurements
in D20 using the initiator methoxy moiety as reference (Supporting Information, Figure! B&jermined by GPC measurements in 1.0 g/L LiBr DMF at
60 °C with PS standards.

Table 2. Molecular Characteristics of PEOb-(PG2MA-IND) Conjugates and Their Self-assembled Structures

targeted achieved no. of IND
conjugate esterification esterification convri®  molecules  wt % 2R
entry PEQ-b-(PG2MA-IND,)  degree (%) degree (%) (%) perchaid® B-IND®  ¢pcoma-ino®  (NM)  u/T2€  morphology
1 113-(40-10) 25 18 72 14/10 21 0.33 24 0.10 M
2 113-(40-17) 50 25 50 20/17 33 0.49 36 0.12 M
3 113-(46-21) 50 28 56 22/21 40 0.56 64 0.08 M
4 113-(46-29) 100 52 52 42/29 49 0.68 ND ND9 ND9
5 113-(65-08) 25 08 32 11/08 15 0.22 24 M
6 113-(65-28) 50 25 50 33/28 39 0.56 80 0.15 \%
7 113-(85-10) 25 06 24 11/10 16 0.22 ND ND¢ ND¢
8 113-(85-29) 50 24 48 40/29 32 0.50 100 0.17 \

aCalculated by*H NMR in DMF-d; on the basis of the integral ratio between aromatic IND proton at 6.9 ppm and methacrylate signal of PG2MA block
between 1.6- 0.5 ppm, after purification? Determined by UV-vis spectroscopy using typical absorption maximum of INR@ at 320 nm.° Volume
fraction of PG2MA-IND in the resulting polymer drug conjugate, assuming that the polymer density is equal to 1.0 ¢/hiydrodynamic size of
self-assembled PEO{PG2MA-IND) particles, as assessed by DIE®olydispersity estimated by cumulants analysisC6d,t) autocorrelation functions
recorded at 90scattering angle.Dominant morphology of self-assemblies in solution #/micelles; V= vesicles).9 Not determined. Either the polymer
was not fully soluble in THF (entry 7) or partially precipitated during micellization (entry 4).

for 0.30 < ¢nydrophonic < 0.70, whereas vesicles are expected corresponding to steps—IV, as depicted in Figure 2. For
for @nydrophobic™> 0.703334Therefore, self-assembly into spherical instance, PEQzb-PG2MAgs is a double hydrophilic diblock
micelles is anticipated for most of the samples listed in Table copolymer and dissolves molecularly in water (unimers with
2 (see below), fulfilling the objective of preparing micelles with hydrodynamic size Ry = 6—8 nm, Figure 2a). However, it

IND-based cores. becomes amphiphilic upon conjugation to indomethacin, and
Self-Assembly Behavior of Block Copolymef= Drug the PEQizb-(PG2MAgs-IND,g) polymer—drug conjugate can
Conjugates.The solution behavior of PEG-PG2MA and PEO- then be molecularly dissolved, for example, in THF (unimers

b-(PG2MA-IND) copolymers is schematized in Figure 1b, which with 2Ry = 7 — 10 nm in THF, Figure 2b). In these two later
is based on DLS measurements carried out for solutions cases, very low scattered light intensities were recorded. The
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Figure 2. Autocorrelation function€(q,t) measured at scattering angles of &0,(90 @), and 130 (O), and distributions of the relaxation times
A(t) at 9C as revealed by CONTIN analysis for solutions corresponding to stepsih Figure 1b, as follows: 10.0 mg/mL PE@Q-b-PG2MAes

in water (a), 10.0 mg/mL PEQsb-(PG2MAgs-IND2g) in THF (b), 0.5 mg/mL PE@sb-(PG2MAss-IND2g) in water (c), and 0.5 mg/mL PEQ-
b-(PG2MAgs-IND2g) after 5 h in water at pH= 2.0—3.5 (d).

addition of a selective solvent (water at pH7.4) to situation solutions in water. The insets in Figure 3 depict the typegal
Il (Figure 1b) induces self-assembly, leading to well-defined dependence of the relaxation frequendy) (for diffusive
spherical micelles (Figure 2c), which contain a hydrophobic drug scattering particle® Thus, the Ry values discussed hereafter
linked covalently to the core through acid-sensitive ester bounds.were calculated from the Stokekinstein relation (eq 5). In
The relaxation frequency ¥-dependent (see insets) for all the general, reasonably narrow distributions of relaxation times were
systems, thus characterizing the diffusive behavior of scattering obtained ./T? = 0.08-0.17, Table 2), with a fast dominant
particles. mode corresponding to the diffusive motion of individual
The nanoparticles structure and size was found to be dictatedparticles (micelles or vesicles). For PE@b-(PG2MAgs-INDgg)
by both the length of PG2MA block and the amount of solutions (Figure 3c) a slow mode associated with the existence
indomethacin (see below). The ability of these micelles to of large aggregates (or other morphologies) was observed.
release active molecules in response to pH changes is illustratedHowever, the 6-fold difference in the relaxation frequency (and
in Figure 2d, which shows the autocorrelation function and ultimately in the particles size) between the fast and slow modes
distribution of relaxation times for the same solution as in Figure should be considered to interpret these results. Even though the
2c, but afte 5 h in anacidic environment (pH adjusted to 2.0 amplitude is higher for the slow mode than for the fast one, the
3.5). Under these circumstances, a very slow relaxation time number of particles with small size prevails because the light
appeared Ry > 2 um), which was related to very large scattered intensity strongly depends on particle mass and size,
particles in solution formed by precipitation of free indomethacin implying that DLS reports an intensity-average size. Moreover,
within the sample holding cell, thus corroborating its pH- it is important to note that the amplitude of the two relaxation
dependent release. modes (slow and fast) strongly depends on the scattering angle
Figure 3 shows typical autocorrelation functioXq,1) in DLS measurements.
measured at different scattering angles and distributions of the The size and morphology of nano-objects originated from
relaxation timesA(t) at 9C as revealed by CONTIN analysis the self-assembly of PEG{PG2MA-IND) block copolymet
for 1.0 mg/mL PEOB-(PG2MA-IND) block copolymerdrug drug solutions depended on both the amount of IND and the
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Figure 3. Autocorrelation function€(q,t) at scattering angles of 5}, 90 @), and 130 (O), and distributions of the relaxation timégt) at 9C¢
as revealed by CONTIN analysis for 1.0 mg/mL BEE(PG2MA-IND,) block copolymet-drug solutions in water: 113-(4010) (a), 113-(46
21) (b), 113-(65-08) (c), and 113-(6528) (d).

Figure 4. TEM images of unloaded PE®-(PG2MA-IND,) assemblies: 113-(4610) (a) and 113-(6528) (b). Scale bar is 100 nm.

PG2MA block length. For the shortest polymer precursor varying from 24 to 64 nm were obtained with increasing IND
(PEO113b-PG2MAy0), spherical micelles with diameter R3) contents (2140 wt %) (Table 2, entries-13). According to
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Table 3. Loading Results for IND Encapsulation by Nanoparticles Made from PEOB-(PG2MA-IND) Conjugates

conjugate Co added F-IND LE2 F-INDP B-IND total IND payload
entry PEQ-b-(PG2MA-IND) (mg/mL) (mg/mL) (%) (% wiwp) (% w/wp) (% wiwp)
1 113-(46-10) 1.0 0.5 40 20 21 41
2 113-(46-21) 1.0 0.5 36 18 40 58
3 113-(65-08) 1.0 0.5 27 13 15 28
4 113-(65-28) 1.0 0.5 44 15 39 54

aoading efficiency calculated by eq 1Free IND content encapsulated inside the nanoparticles, as determined-byisJspectroscopy: F-IND +
B-IND.

static light scattering (SLS) measurements (Supporting Informa- for these systems, being indeed confirmed by entries 1 and 3
tion, section 4), such a behavior is, besides the volume occupiedin Table 3, which shows loading results for selected samples at
by the drug, in part due to an increase in the respective constant polymer and added IND concentrations. In these cases,
aggregation numbeNggg of the micelles in a process favored the increase in B-IND from 15 to 21% wjws accompanied
by hydrophobic interactions. These results are in very good by a parallel increase in F-IND from 13 to 20% w/wAs for
agreement with other reports, which suggest that the length andother micellar drug carriers, the loading capacity is obviously
the hydrophobic character of the core-forming block determine finite, and a limitation of encapsulation F-IND there appears to
the micelle dimension®3¢ and consequently the loading exist as B-IND further increases (entries 2 and 4). The amounts
efficiency, drug release profile, partition coefficient, bioavail- of unbound or free IND (F-IND) effectively encapsulated by
ability, and biodistribution of the carrier systefirhe morphol- PEOb-(PG2MA-IND) micelles as prepared in this work are
ogy of these nanoparticles was confirmed by TEM experiments, comparable with those reported for other IND micellar delivery
which are shown in Figure 4 for selected samples. In general, systems tested so far:—®% w/w, for PEOb-PLA;° 6—14%
narrowly distributed nanosized spherical micelles were clearly w/w, for PEOb-poly(alkyl (meth)acrylates)® 20% w/w;, for
identified as depicted in Figure 4, panel a, for REf- PEOD-PBLA;?2 17—42% wiw, for PEObH-PCL20:2!
(PG2MA4-IND,) samples. Most importantly, however, is the remarkable total IND
Very surprisingly, however, was the occurrence of kinetically payload (i.e., covalently bound INB- physically entrapped
stable vesicular structures with an average wall thickness of IND) achieved using micellar nanocontainers formed by self-
12 nm by TEM for sample PEQsb-(PG2MAgs-INDg) (Figure assembly of PE@-(PG2MA-IND) block copolymetdrug
4, panel b), which presentgsoma—ino = 0.56. Normally, the conjugates. IND contents ranging from 28 up to 58% wv/w
formation of micelles is expected at this volume fraction of the (Table 3) were systematically obtained by this facile approach,
hydrophobic segmeri:34 The origin of such an observation being entirely comparable with reports by Bertin e?%a30—
surely relies on the polymeidrug conjugate structure. It can  60% w/w,) and Quenener et af* (5—70% w/wp,).
be noted that in spite of the hydrophobic character of this sample Interestingly, it has been observed that self-organization for
due to the presence of linked IND, it contains a number F-IND loaded samples with more than 50% wAMD payload
unsubstituted OH groups in the PG2MA block, thus generating (Table 3, entries 2 and 4) either originated vesicular morphol-
an additional, and very important constraint during the micel- ogies instead of micelles or provoked a huge increase in the
lization that might favor a transition from spheres to vesicles. size of vesicles. The distributions of the hydrodynamic diameter
During such a transition, an intermediate elongated or cylindrical (2R4) determined by DLS for unloaded and F-IND loaded REO
morphology is usually observed for block copolymers systems b-(PG2MA-IND,) nanoparticles revealed a remarkabte3{
either in organic or aqueous medf&’ In the present case, a fold) increase in their size (for example, frorR2= 64 nm to
few cylinders can indeed be identified in Figure 4, panel b, as 2Ry = 160 nm for PE@Qzb-(PG2MA4-IND2;) and from Ry

indicated. = 80 nm to Ry = 220 nm for PE@3-b-(PG2MAgs-IND 25))
The mean nanoparticles (micelles and vesicles) diameterwith a parallel augmentation in the normalized scattered light
observed in TEM micrographs (for instanc&® 2 15—20 nm intensity at a 90 scattering anglel{®N) (see insets) upon

for PEOQ13b-(PG2MA40-IND 1) (Figure 4a) and R ~ 60—70 F-IND loading, as illustrated in Figure 5. These observations
nm for PEQ1zb-(PG2MAgs-IND2g) (Figure 4b)) are slightly are in good agreement with results by TEM, which are shown
smaller than those determined by DLS measuremeiRs 2 in Figure 6 for the same systems as in Figure 5. Indeed,
24 nm for PEQ;3b-(PG2MA4x-IND 1) (Figure 3a) and Ry = micrographs taken for F-IND loaded (Figure 6, panels a and b)
80 nm for PEQi3b-(PG2MAss-IND 2g) (Figure 3d)). This is in and unloaded (Figure 6, insets in panels a and b) BEO-
part due to micelle dehydration caused by solvent evaporation (PG2MA-IND) nanoparticles confirmed the existence of a
under the high vacuum conditions employed during TEM morphology transition from spheres to vesicles (panel a) and/
imaging. However, discrepancies are also expected because DL®r an important size augmentation upon F-IND loading (panels
reports an intensity-average diameter, whereas TEM reports aa and b). Besides, slightly bluish aspects (visual inspection by
number-average diameter. Thus, for a given size distribution digital photographs, not shown) were observed for such solu-
of finite polydispersity, TEM images will usually undersize tions, suggesting the presence of relatively large objects in
relative to DLS data. Overall, the size of PEPG2MA-IND) solution. The wall thickness of 12 nm for vesicles formed by
nanodelivery system By < 100— 200 nm) is considered ideal = PEQ 13b-(PG2MAss-IND 2g) diblocks practically did not change
for avoiding the body’s defense mechanisms (the reticuloen- upon the addition of F-IND, as estimated from Figure 6, panel
dothelial system (RES). b, and the respective inset.

Indomethacin (IND) Loading. The ability of PEOb- The results above suggest that the thermodynamics and
(PG2MA-IND) micelles to physically encapsulate free IND (F- kinetics of PEOb-(PG2MA-IND) self-organization change
IND) was assessed in order to further improve their loading dramatically in presence of F-IND, possibly leading to morphol-
capacity (i.e., total drug payload), in which the compatibility ogy transitions. This is an important observation as far as the
between solubilizate and micelle core is in principle high. A structure and dynamics of block copolymer micellar drug
relationship between B-IND and F-IND can thus be anticipated delivery vehicles affect parameters such as hydrodynamic
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Figure 5. Distributions of the hydrodynamic diameterRd obtained by DLS using CONTIN analysis for F-IND loaded 1.0 mg/mL RBEO
(PG2MA-IND;) block copolymet-drug nanoparticles in water: 113-(4Q1) + 18% w/w, F-IND (a) and 113-(6528) + 15% w/w, F-IND (b).
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Figure 6. TEM images of F-IND loaded PE@-(PG2MA-IND,) assemblies: 113-(421) + 18% wi/w, F-IND (a) and 113-(6528) + 15%
w/w, F-IND (b). Scale bar is 100 nm in all images, including the insets.

diameter, molar mass, etc., therefore exerting huge implicationsfor this reason, strictly determined by its degree of protonation.
on nanoparticle biodistribution, drug loading capacity and release The solubility of F-IND in pH 1.2 and pH 7.2 buffered aqueous
kinetics? media was found to be 0.011 and 2.1 mmol/L, respecti¥ly.

In Vitro Release Kinetics. The release of drugs from block  Therefore, F-IND can be considered as a practically insoluble
copolymer nanocarriers depends upon several physical-chemicaHrug at pH 1.2 and slightly soluble at pH 7.2 buffer solutions.
parameters such as drug diffusion rate, partition coefficient The obvious difference in terms d&fs between F-IND and
between drug and hydrophobic segment, micelle/vesicle stability, F-IND~ species has been claimed by Kataoka ét td.explain
and the copolymer biodegradation rate, among others. In thethe higher release rate>(5-fold) of F-IND from micellar
case of stimuli-responsive systems, these parameters can changeanocarriers at neutral pH as compared to acidic media.
dramatically as a function of the environmental surroundings, From a drug delivery standpoint, esters, carbonates, amides,
leading to triggered release processes. and urethanes are linkers susceptible toward hydrolysis in acidic

Indomethacin release from PE®EPG2MA-IND) micelles media, yielding to the so-called passive hydrolysis, and the rate
has been anticipated as being a pH-dependent phenomenon firg¥f hydrolysis decreases in the order esterarbonate- amides
due to intrinsic molecular characteristics of F-IND, and second > uretanes?® Nevertheless, cleavage may also occur between
due to pH-sensitivity of ester linkages in the conjugate. the spacer and the polymeric backbone leading to the release
Physically encapsulated F-IND has a carboxylic acid group Of the spacerdrug moiety. The pH-dependent release of IND
whose K, is 4.52238 As a result of its aqueous dissociation Mmolecules linked to polymer chains via amide and anhydride
behavior, neutral (F-IND), and negatively charged (F-lN\D  bounds has been formerly reported elsewligré.
species coexist in solution, and the respective molar fraction In the present work, the release of IND from nanocarries
depends on the solution pH (Supporting Information, section originated from self-assembly of PE®(PG2MA-IND) block
5). The overall aqueous solubility constait)( of F-IND is, copolymer-drug conjugates was investigated as a function of
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Figure 7. Percentage of IND released as a function of time as determined by variations in the UV absorbiange=8820 nm for 1.0 mg/mL
PEQ15b-(PG2MAL-IND2;) conjugates at pH= 7.4 (a) and pH= 2.1 (b) in absence and in presence of 0.18 mg/mL F-IND, as indicated.

the solution pH in absence and in presence of F-IND. Figure 7 nanoparticles after 48-h incubation at pH3.0 and at 37C.
shows the percentage of IND released over time as determined\Nevertheless, our release studies indicated slower kinetics as
by variations in the UV absorbance at 320 nm (Figure S7). At compared to the hydrolysis of anhydride-bound IND in polynor-
pH = 7.4 and in the absence of F-IND (Figure 7a, open bornene colloidal particles (80% release after 48-h incubation
symbols), the amount of IND released from the nanoparticles at pH = 3.0), as reported by Queener et af
increased slightly as a function of time. After a rapid release of  The release profiles observed for IND release from REO-
ca. 10% of the initial IND payload (0.40 mg/mL) during the (PG2MA-IND) micellar nanoparticles emphasizes their excellent
initial 2—3 h period, a quite stable plateau was systematically potential as drug delivery vehicles, as judged from their
observed, suggesting that ester bound cleavage hardly occurreddistinguished capacity to transport, retain and deliver in-
This profile was interpreted as corresponding to the passive domethacin.
diffusion of a given amount (typically 2020%) of unbound )
IND that could not be completely separated during purification 4- €onclusions
by selective precipitation of block copolymer drug conjugates.  Well-defined double hydrophilic PEG-PG2MA copolymers
Essentially the same comments also apply for other samples(My/M, < 1.20) synthesized by ATRP of G2MA in methanol
listed in Table 3. On the other hand, nanopatrticles carrying both using PEO macroinitiators can be used for post-polymerization
B-IND and F-IND (Figure 7a, filled symbols) produced 5-fold conjugation to the hydrophobic nonsteroidal anti-inflammatory
faster and sustained release rate (as illustrated in Higuchi plots,agent indomethacin (IND). The pendent hydroxyl groups of
Figure S8) of their encapsulated content following an initial PG2MA segment, and carboxylic acid moiety of IND react
2-h burst release. After 21 h, nearly 50% of the total IND under Steglich conditions to produce amphiphilic block copoly-
payload (0.58 mg/mL) had been released. The undesirable burstmer—drug conjugates. Albeit quantitative conversions are not
effect normally takes place when a significant amount of the easily achievable, distinct drug contents can be covalently
drug resides at the coreorona interface or in the corona, attached to the same polymer precursor, yielding macromol-
because molecules do not have to traverse large core segmentscules in which the IND content and volume fraction of G2MA-
to exit the carrief. IND (¢c2ma—inp) range from 15 to 49 wt %, and from 0.22 to
Upon exposure to pi 2.1 solutions, PE®-(PG2MA-IND) 0.68, respectively. The resulting amphiphilic PB@GPG2MA-
micellar solutions without added F-IND (Figures 7b, open IND) conjugates self-assemble into nanometer-sized spherical
symbols) exhibited sustained release with slow kinetics. Albeit micelles or vesicles in water, whose hydrodynamic siZ&)2
it seems clear that acid medium favored acid hydrolysis of esteris dictated by both the amount of IND and the PG2MA block
bounds, only 25% of total IND payload (0.40 mg/mL) diffused length. For all the samples investigated, the size for such a
out of the nanoparticles during 21 h. Indeed, from this amount nanodelivery system &; < 100 nm) was adequate for avoiding
15% consisted in hydrolyzed B-IND while-10% is F-IND the body’s defense mechanisms. The ability of these BEO-
(Figure 7a). Likewise, much slower release rate was observed(PG2MA-IND) micelles to solubilize, transport and deliver IND
in presence of F-IND (Figure 7b, filled symbols) (30% of 0.58 can be further improved by physically encapsulating-28%
mg/mL released after 21 h). Interestingly, minor burst effect w/w, F-IND, thus reaching remarkable IND payloads (i.e.,
occurred at low pH in both cases. The pH-dependent releasecovalently bound IND+ physically entrapped IND) ranging
rate of F-IND herein characterized is in good agreement with from 28 to 58% w/w. However, self-organization for F-IND
previous reports by other research grotf®, and can be loaded samples with more than 50% w/AMND payload favor
attributed to the very different solubility of IND as a function the formation of stable vesicular morphologies instead of
of the solution pH, as mentioned above. micelles and induce a significant increase in the size of the
The passive hydrolysis of ester linkage in PEQPG2MA- objects, as was highlighted by light scattering and imaging
IND) conjugates was found to be a rather slow process (15% experiments. The IND release from PHBIPG2MA-IND)
release after 21 h exposure to pH 2.1 solutions at room micelles is a pH-dependent process. At approximately neutral
temperature), being fairly comparable with findings obtained pH the ester bound linkages are stable, and the diffusion of
by Bertin et ak® These authors determined that 20% of the unbound and negatively charged F-INQieprotonated species)
amide-bound IND was released from the block copolymer-basedout of the carrier is favored due its obviously higher water
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solubility. On the contrary, sustained release with slow kinetics
normally takes place at acidic pH conditions, in which neutral
F-IND species are much less soluble in the release medium,

meanwhile passive acid hydrolysis of ester linkages takes place,

thus allowing the release of B-IND.
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