Journal of

Materials Chemistry B

Accepted Manuscript

Journal of

Materials Chemistry B

d medicine

ROYAL SOCETY
U, OF CHEMISTRY

>

' ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

www.rsc.org/materialsB


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 33

Journal of Materials Chemistry B

Tunable thermo-responsive P(NIPAAm-co-DMA Am)-b-PLLA-b-P(NIPAAm-co-

DMAAm) triblock copolymer micelles as drug carrier

Yanfei Hu,” Vincent Darcos,” Sophie Monge,” Suming Li**, Yang Zhou, Feng Su®

* Institut des Biomolécules Max Mousseron, UMR CNRS 5247 — Equipe Biopolymeéres Artificiels,
Université Montpellier I, 15 Avenue Charles Flahault, BP 14491, 34093 Montpellier, France.

® Institut Charles Gerhardt, UMR 5253 CNRS-UM2-ENSCM-UM1 - Equipe Ingénierie et
Architectures Macromoléculaires, Université Montpellier II, cc1702, Place Eugéne Bataillon, 34095
Montpellier, France.

¢ College of Chemical Engineering, Qingdao University of Science and Technology, 266042

Qingdao, China

Correspondence to: Suming Li (E-mail: lisuming@univ-montp1.fr)



Journal of Materials Chemistry B

Abstract

Thermo-responsive triblock copolymers were synthesized by atom transfer radical polymerization of
N-isopropyl acrylamide (NIPAAm) and N, N-dimethyl acrylamide (DMAAm) using o,o-
bromopropionyl poly(L-lactide) as macro-initiator and a CuCl/tris(2-dimethylaminoethyl) amine
(MesTREN) complex as catalyst. The polymerization was realized at 25 "C in a DMF/water mixture.
DMAAmMm was incorporated in the copolymer as a hydrophilic comonomer in order to tune the lower
critical solution temperature (LCST). The LCST linearly increases from 32.2 to 39.1 °C with
increasing the DMAAm content from 0 to 24 %. The phase transition of polymeric micelles at the
LCST occurs in a narrow temperature interval below 0.5 °C. Reversible size changes are observed
when the temperature increases from 25 to 45 °C and then decreases down to 25 °C. Nano-size
micelles (37 to 54 nm) with narrow distribution were obtained by self-assembly of amphiphilic
copolymers in aqueous medium. The critical micelle concentration (CMC) ranges from 0.010 to
0.015 mg mL™. In vitro drug release studies show a much faster release at temperatures above the
LCST. MTT assay was conducted to evaluate the cytotoxicity of copolymers. Therefore, the nano-
scale size, low CMC, rapid phase transition, LCST slightly above the body temperature and thermo-
responsive drug release indicate that these copolymers could be potential candidates for applications

in targeted delivery of drugs.

Keywords: Thermo-responsive copolymer; Poly(N-isopropyl acrylamide); Poly(L-lactide)
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Introduction

Recently, smart micelles derived from stimuli-responsive polymers have drawn great attention as
drug delivery systems (DDS).'” Among them, thermo-sensitive copolymers based on poly(N-
isopropyl acrylamide) (PNIPAAm) have been widely investigated, notably to build polymeric
micelles for controlled delivery of anticancer drugs or DNA.*'® PNIPAAm could be considered as
the “gold standard” thermo-responsive polymer with a lower critical solution temperature (LCST)
around 32 °C, which is induced by a reversible hydration-dehydration transition.'"'? Variation of pH,
concentration, chemical structure or biological environment only slightly affects the LCST. However,
these copolymers are not degradable, which limits their potential applications as drug carrier.

As a biodegradable polymer, polylactide (PLA) has been extensively investigated for biomedical
and pharmaceutical applications such as controlled drug release systems, medical implants and
scaffolds in tissue engineering.l3'16 Block copolymers based on PNIPAAm and PLA combine both
the thermo-sensitivity of PNIPAAm and the degradability of PLA.'"* Increasing the temperature
above the LCST results in collapse of micelles and burst-like release of encapsulated drug.”' Thus
temporal drug delivery could be achieved by using thermo-sensitive and degradable polymeric
micelles based on PLA and PNIPAAm.

The PNIPAAm moiety is supposed to be soluble in the blood stream, and becomes insoluble after
accumulation in a locally heated tumor tissue. This property could be exploited for targeted delivery
of drugs.>? Therefore, polymeric micelles should be designed so as to exhibit a LCST slightly
above the body temperature. Introducing hydrophilic acrylamide comonomers such as dimethyl
acrylamide (DMAAm) in PNIPAAm chains has been used to increase the LCST of the resulting

copolymers. Most of the P(NIPAAm-co-DMAAm)-b-PLA diblock copolymers described in the
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literature were synthesized by combination of free radical polymerization and ring-opening
polymerization (ROP).””* The resulting copolymers exhibit poorly defined compositions and large
molecular weight distributions (dispersity P >2), which led to a broad phase transition at the LCST.
Later on, Akimoto et al. synthesized well-defined P(NIPAAm-co-DMAAm)-b-PLA diblock
copolymers by combination of reversible addition-fragmentation chain transfer polymerization
(RAFT) and ROP***" The terminal dithiobenzoate (DTBz) groups were reduced to thiol groups and
reacted with maleimide (Mal). In aqueous media, the resulting copolymers formed surface-
functionalized thermo-responsive micelles, hydrophobic DTBz-surface micelles demonstrating a
significant lower LCST (30.7 °C) than Mal-surface micelles (40.0 °C). The LCST of micelle
mixtures can be varied by changing the ratio of DTBz/Mal end-functional diblock copolymers.** The
authors also studied thermally controlled intracellular uptake of copolymer micelles.>® Li et al.
reported similar maleimide end-functional P(NIPAAm-co-DMAAm)-b-PLA and P(NIPAAm-co-
DMAAm)-b-PCL copolymers with LCST of 39 °C and 40.5 °C, respectively.’’ Both the adriamycin
release and the intracellular uptake was enhanced at 40°C as compared to 37 °C. However, precise
tuning of the LCST could not be achieved by modification of endgroups or mixing two copolymers
with different endgroups.

In a previous paper, we reported, for the first time, the synthesis of thermo-sensitive PNIPAAm-
b-PLA-b-PNIPAAm triblock copolymers by atom transfer radical polymerization (ATRP) using o, ®-
bromopropionyl poly(L-lactide) (PLLA) as macroinitiator.”® Excellent control over the molecular
weights was achieved under mild conditions. The kinetics of polymerization and the self-assembly
behavior of the resulting copolymers were investigated. However, the LCST of the copolymers

ranges from 32.1 to 32.8 °C, i.e. much lower than the body temperature.
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In this work, thermo-responsive and biodegradable P(NIPAAm-co-DMAAm)-b-PLLA-b-
P(NIPAAm-co-DMAAm) triblock copolymers were prepared via combination of ROP and ATRP.
DMAAmM comonomer was introduced in order to tune the LCST slight above body temperature for
targeted drug delivery in tumor tissue. The resulting copolymers were fully characterized by 'H
NMR, SEC and DOSY NMR. The physico-chemical properties of copolymer micelles were
investigated in aqueous media. MTT assays were carried out to evaluate the cytotoxity of
copolymers. The drug release behavior of micelles containing an antimicrobial agent, Amphotericin

B, was investigated below and above the LCST.

Experimental Methods
Materials

L-lactide was purchased from Purac Biochem (Goerinchem, The Netherlands). Stannous 2-ethyl
hexanoate (Sn(Oct);), 1,4-benzene dimethanol, 2-bromopropionyl bromide, tris(2-dimethyl
aminoethyl) amine (MesTREN), copper (I) chloride (CuCl), N,N-dimethyl formamide (DMF) and
Amphotericin B were obtained from Sigma-Aldrich (St-Quentin Fallavier, France), and were used
without further purification. Dichloromethane and toluene from Sigma-Aldrich were dried over
calcium hydride for 24 h at room temperature and distilled under reduced pressure. NIPAAm and
DMAAm were obtained from Sigma-Aldrich and purified through a basic aluminum oxide column.
Triethylamine (Sigma-Aldrich) was dried over potassium hydroxyde for 24 h at room temperature
and distilled. Ultrapure water with a conductivity of 18MQ was produced using a Millipore Milli-Q
water system.

a, ®-bromopropionyl PLLA (Br-PLLA-Br) was prepared as previously reported.®
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Typical synthesis of P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAm) (Run T4,
Table 2)

Triblock copolymers were prepared using standard Schlenk technique. Typically, 100 mg Br-
PLLA-Br (30.4><10'3 mmol, M, yyr= 3300 g mol'l), 572 mg NIPAAm (5.06 mmol), 1.07 mL
DMAAm (1.03 mmol) and 6.0 mg CuCl (60.8x10° mmol) were dissolved in 3 mL DMF in a
Schlenk tube. 0.6 mL H,O was then added. After five freeze-pump-thaw cycles, 16uL MesTREN
(60.8x10” mmol) was added under argon atmosphere. The mixture was stirred at 25 °C for 1 h. The
reaction was stopped by precipitation in diethyl ether, and the crude product was dissolved in 10 mL
chloroform. The diluted polymer solution was allowed to pass through a basic aluminum oxide
column to remove the catalyst complex, concentrated under reduced pressure, and precipitated again
in diethyl ether. The final product was dried under vacuum at room temperature for 24 h.

'H NMR (300 MHz, CDCl3) (Fig. 1) & (ppm)=7.28 (s, 4H,,), 5.20 (m 1H,), 4.00 (m, 1H.), 2.90 (d,
3H,), 2.09 (t, 1Hg+a°), 1.78 (d, 2Hc+e’), 1.58(d, 3Hy), 1.13(d, 3Hy)

M, xyx=20000 g mol™, M, szc=24000 g mol™, P=1.13.

Drug release studies
Amphotericin B (AmpB, 2.5 or 5 mg) and copolymer T4 (20 mg) were dissolved in 2 mL
DMSO. The solution was then dropped into 40 mL ultrapure water. After 30 min stirring, the
solution was introduced into a dialysis tube (MWCO 3500) and dialyzed against water for 48 hours.
The dialyzed solution was filtered with 0.45 um syringe filter to remove excess drug and then
lyophilized. Blank copolymer micelles were prepared using the same procedure without AmpB.
The drug content and loading efficiency were determined by UV spectroscopy. 5 mg AmpB-

encapsulated polymeric micelles were dissolved in DMSO. UV measurements were realized at 388
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nm. The concentration of AmpB was determined using a calibration curve obtained with a series of
standard AmpB solutions in DMSO. The drug loading content and loading efficiency were calculated

using the following equations:

Drug content (wt %) = 100 x Weight of drug in micelles / Weight of drug loaded micelles (1)

Loading efficiency (wf %) = 100 x Weight of drug in micelles / Weight of feeding drug (2)

Drug release studies were carried out at two different temperatures. Briefly, 5 mg lyophilized
polymeric micelle was reconstituted in 5 mL ultrapure water and then introduced into a dialysis tube
(MWCO: 3500). The dialysis tube was placed in 20 mL ultrapure water in oven at 37 or 38 °C. At
preset time intervals, the release medium was recovered for analysis and renewed with fresh
ultrapure water. The drug concentration was determined by UV spectroscopy at 388 nm.
Cytotoxicity

The cytotoxicity of polymers was evaluated by MTT assay. After sterilization by UV for 5 h, the
copolymer T4 was dissolved in Dulbecco’s Modified Eagle’s Meduim (DMEM, Hyclone products)
at a concentration of 6 mg mL™". Then the solution was transferred to 96-well plates (Corning costar,
USA), 100 uL per well. The wells were placed in an incubator (NU-4850, NuAire, USA) at 37 °C
under humidified atmosphere containing 5 % CO, for 24 h. After incubation, the copolymer in the
form of a hydrogel was used as cell culture substrate.

Mouse cardiac myocytes (MCM) and mouse embryonic fibroblasts (MEF) in logarithmic growth
phase were harvested and diluted with DMEM medium (10 % calf serum, 100 pg mL™" Penicillin,

100 pg mL™" streptomycin) to a concentration of 1x10° cells mL™". 100 pL cellular solution was added
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in hydrogel containing wells which were then placed in the same incubator at 37 °C under humidified
atmosphere containing 5 % CO,. 100 pL fresh medium was used as the negative control, and 100 pL
solution of phenol and water as the positive control. After 2, 3 and 4 days culture, 20 pL 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) at 5 mg mL’ were added. The
medium was removed after 6 h incubation, and 150 pL dimethylsulfoxide (DMSO) was added. After
15 min shaking, the optical density (OD) was measured by using a microplate reader (EIx800,
BioTek, USA) at 490 nm.

The relative growth ratio (RGR) was calculated by using the following equation:

RGR (%)=(ODest sample/ ODnegative Controt) X100 (3)

The cytotoxicity is generally noted in 0-5 levels according to the RGR value as shown in Table 1.

Table 1. Relationship between the RGR value and cytotoxicity level

RGR (%) >100 75-99 50-74 25-49 1-24 0

Level 0 1 2 3 4 5

The cellular morphology was observed using an Olympus CKX41 inverted microscope. After 3
days seeding, the test medium was replaced with 150 puL neutral red staining solution (NR) for 10
min at room temperature. The plates were rinsed 3 times with warm phosphate-buffered saline
(PBS), and the morphology of cells adhered to the hydrogel surface was immediately observed under

microscope.

Characterization
'H NMR spectra were recorded on a Bruker spectrometer (AMX300) operating at 300 MHz.
Chemical shift was referenced to the peak of residual non-deuterated solvents.

DOSY 2D NMR measurements were performed at 300 K on a Bruker Avance AQS600 NMR

8
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spectrometer operating at 600 MHz and equipped with a Bruker multinuclear z-gradient inverse
probe head capable of producing gradients in the z direction with strength of 55 G cm™. The DOSY
spectra were acquired with the ledbpgp2s pulse program from Bruker topspin software. All spectra
were recorded with 32 K time domain data points in t, dimension and 32 t; increments. The gradient
strength was logarithmically incremented in 32 steps from 2 % up to 95 % of the maximum gradient
strength. All measurements were performed with a compromise diffusion delay A of 200 ms in order
to keep the relaxation contribution to the signal attenuation constant for all samples. The gradient
pulse length 6 was 5 ms in order to ensure full signal attenuation. The diffusion dimension of the 2D
DOSY spectra was processed by means of the Bruker topspin software (version 2.1). The DOSY
maps were obtained with the Bruker topspin software (version 2.1).

SEC measurements were performed on a Varian 390-LC equipped with a refractive index detector
and two ResiPore columns (300%7.5 mm) at 60 °C at a flow rate of 1 mL min”. The eluent was DMF
containing 0.1 wz % LiBr. Calibration was established with PMMA standards.

The CMC of the copolymers was determined by fluorescence spectroscopy using pyrene as a
hydrophobic fluorescent probe. Measurements were carried outon an RF 5302 Shimadzu
spectrofluorometer (Japan) equipped with a Xenon light source (UXL-150S, Ushio, Japan). Briefly,
an aliquot of pyrene solution (6x10° M in acetone, 1 mL) was added to different vials, and the
solvent was evaporated. Then, 10 mL aqueous solutions at different concentrations were added to the
vials. The final concentration of pyrene in each vial was 6x107 M. After equilibrating at room
temperature overnight, the fluorescence excitation spectra of the solutions were recorded from 300 to
360 nm at an emission wavelength of 394 nm. The emission and excitation slit widths were 3 and 5

nm, respectively. The excitation fluorescence values /337 and [333, respectively at 337 and 333 nm,
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were used for subsequent calculations. The CMC was determined from the intersection of linear
regression lines on the I337/1333 ratio versus polymer concentration plots.

The lower critical solution temperature (LCST) was estimated from the changes in the
transmittance through copolymer solutions at a concentration of 3.0 mg mL"' as a function of
temperature. The measurements were carried out at a wavelength of 500 nm with a Perkin Elmer
Lambda 35 UV-Visible spectrometer equipped with a Peltier temperature programmer PTP-1+1. The
temperature ramp was 0.1 °C min™.

DLS measurements were carried out with a Malvern Instrument Nano-ZS equipped with a He-Ne
laser (A = 632.8 nm). Polymer solutions at a concentration of 1.0 mg mL'were filtered through a
0.45 pm PTFE microfilter before measurements. The correlation function was analyzed via the
general purpose method (NNLS) to obtain the distribution of diffusion coefficients (D) of the solutes.

The apparent equivalent hydrodynamic radius (R, ) was determined from the cumulant method

using the Stokes-Einstein equation:

kT . kT
" 6phG 1 6phD,

4

Where k,, is Boltzmann constant, 7 is the temperature, G is the relaxation frequency, g is the wave
vector, £ is the viscosity of the medium, and D, is the translational diffusion coefficient at finite
dilution. Mean radius values were obtained from triplicate runs. Standard deviations were evaluated
from hydrodynamic radius distribution.

TEM experiments were carried out on a JEOL 1200 EXII instrument operating at an acceleration
voltage 120 kV. The samples were prepared by dropping a polymer solution at a concentration of 1.0
mg mL™ onto a carbon coated copper grid, followed by air drying.

The residual copper content in the copolymers was quantified using a ThemoFinnigan Element XR
10
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sector field ICP-MS (inductively coupled plasma-mass spectrometry) previously calibrated using
copper solutions in water. Typically, ICPMS samples were prepared by dissolution of the copolymers
in nitric acid. The solution was then heated to fully decompose the polymer until no precipitate was
visible. After that, the samples were dissolved in 10 mL deionized water before analysis to determine

the copper concentration. Each sample was analyzed four times.

Results and discussion
Synthesis of P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAmMm)

Amphiphilic thermo-sensitive triblock copolymers, namely P(NIPAAm-co-DMAAm)-b-PLLA-b-
P(NIPAAm-co-DMAAm), were synthesized by ATRP of NIPAAm and DMAAm using Br-PLLA-

Br as macroinitiator (Scheme 1).

HOHZC@CHZOH
H3CIOfO
0707 CH,

0 0
HO—{CIZH—&—O+mCH2*©>CH2{-O—IC]3—9H’;OH
CH,

Sn(Oct),, 80°C

CHy o
c_ Br
8- ch TEA, DCM, RT
o) o CHs o 0
1 I I 11
Brngfcfo{ngc—o}CHzQCHzJrofcfcle +0-C~CH-Br
m
CHs CHs CHs CHs
HZCZQH H2C=QH
L boo | 1.CuCIMeTREN
i 2.DMF/H,0 RT
L HCTCH
HsC™~ ~CHs
f Lofon-d-of fo-8-cnko-E
Br QH—CH2];[<I:H—CH2{»"9H—C—O CH-C-OfCH, CH,10-C~CH mo—c—qH{CHz—gHHCHz—thBr
c=0 c=0 CHs CHs CHs, CH, c=G Cc=0
_N. NH NH N
HeG" eHs | L g€ CHg
_CH_ LCH_
HSC CH3 3C CH3

P(NIPAAm-co-DMAAmM)-b-PLA-b-P(NIPAAmM-co-DMAAM)
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Scheme 1. Synthesis of P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAm) triblock

copolymers via combination of ROP and ATRP

In the first step, ring opening polymerization of L-lactide was carried out using 1,4-benzyl
methanol as initiator to yield o,m-hydroxy PLLA (HO-PLLA-OH). The targeted degree of
polymerization (DP) of PLLA was 40 which corresponds to a theoretical Mn of 2900 g mol™. The
M,, of HO-PLLA-OH determined by 'H NMR was 3000 g mol™, i.e. very close to the targeted value.
Moreover, the polymer exhibited a very low dispersity (P=1.03), in agreement with a good control
of the reaction. In a second step, HO-PLLA-OH reacted with 2-bromopropionyl bromide in the
presence of triethylamine, yielding a,®-bromopropionyl PLLA (Br-PLLA-Br). The incorporation of
bromopropionyl moiety was evidenced by 'H NMR, and the anchoring proved to be quantitative. 'H
NMR and SEC analyses of Br-PLLA-Br (M, nmr= 3300 g mol'l, D= 1.04) showed a slight increase
of molecular weight and unchanged dispersity (P) compared to the starting HO-PLLA-OH,
indicating that no chain cleavage occurred during the esterification reaction.

Then, o,m-bromopropionyl PLLA was used as macroinitiator for ATRP copolymerization of
NIPAAm and DMAAm at 25 °C in a DMF/water mixture using CuCl/MesTREN complex as
catalytic system (Schemel). A series of amphiphilic triblock copolymers were prepared by varying
the NIPAAm to DMAAm ratio, but using a constant ratio of monomers to PLLA (200 equivalents)
to yield copolymers with similar molecular weights (Table 2). This should allow to elucidate the
influence of NIPAAm to DMAAm ratio on the LCST since the effect of hydrophobic to

hydrophiphilic ratio is discarded. The conversion of NIPAAm was found to be around 70 %, while

12
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the conversion of DMAAm is almost complete. This finding indicates that DMAAm exhibits higher
reactivity than NIPAAm.**
Table 2 Characteristics of P(NIPAAm-co-DMAAm)-b-PLLA4p-b-P(NIPAAm-co-DMAAm) triblock

copolymers

[PLA40]/NIPAAm/ DPpA/DPxipaAm [NIPAAm] My i’ M, sec”

Run Pe
DMAAM* /DPpMasm’ /[DMAAm]* g mol™! g mol!
Tl 1/200/0 40/172/0 100/0 22500 27000 1.10
T2 1/182.1/17.9 40/128/17 88.2/11.8 19500 25000 1.13
T3 1/172.6/27.4 40/116/25 82.8/17.2 19400 25700 1.15
T4 1/169.5/30.5 40/124/31 80.2/19.8 20000 24000 1.13
TS 1/164.6/35.4 40/112/34 76.9/23.1 19000 24000 1.18
T6 1/162.9/37.1 40/116/37 76.0/24.0 20000 23600 1.17

Conditions of ATRP: [M]y=1.69 M, T=25 °C, [initiator]/[CuCl]/[MesTREN]=1/2/2, solvent mixture
DMF/water=5/1.

? feed ratio. °calculated from'H NMR. ¢ determined by SEC.

The chemical structure of triblock copolymers was characterized by 'H and DOSY NMR
spectroscopy. Fig. 1 shows the '"H NMR spectrum of a copolymer in CDCls. The methyl (Hy, CH;)
and methine protons (H., CH) adjacent to the amine moiety of the NIPAAm units are observed at 1.1
and 4.0 ppm, respectively. The signal at 2.9 ppm is assigned to the methyl proton (Hg, CH3) of
DMAAm. The signals at 1.5 and 5.1 ppm are characteristic of the methyl (Hy) and methine protons
(Ha, CH) of PLLA. The [LA]/[NIPAAm]/[DMAAm] ratio was calculated from the integrations of

13
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the methine protons (-CH(CHj3)-) of lactyl units at 5.1 ppm, methine protons (-NHCH(CH3),-) of
NIPAAmM units at 4.0 ppm and methyl protons (-(CHs),) of DMAAm at 2.9 ppm (equation 5). The
DP of NIPAAm and DMAAm units, and the M, of copolymers were then obtained using following

equations:

[LAV[NIPAAm]/[DMAAm] =1, /L. / (1,/6) (5)
DPnipaam = DPLa / ([LA)/[NIPAAmY]) (6)
DPpyiaam = DPra / ([LA]J/[DMAAm]) (7)
Munmr = 72 X DPpa + 113 X DPxpaamt 98 X DPpyiaam (8)

Where 72, 113 and 98 are the molar mass of LA, NIPAAm and DMAAm units, respectively.

o 0 ca o ¢ dcd
Br{—gH—cHZHgH—CHthl:H—c—oJ[g:H—c—o}EHQQCHAO—C—ngT"o—c—gHJFCHZ—gHHoHQ—thBr

c=0 " =0 CHs CHs CHy CHs =0 =0
N NH NH N.
HC T CH L b L, HiCCH,
HyC™™ “CH, ch’e “CH, e
f

Fig. 1 'H NMR spectrum of P(NIPAAm-co-DMAAm)-b-PLLA-b-(PNIPAAm-co-DMAAm)

triblock copolymer in CDCl;

14
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The efficiency of polymerization was also evaluated by DOSY NMR, one of the powerful tools to

characterize block copolymers.” DOSY NMR is a two dimensional NMR technique in which the

signal decays exponentially due to the self-diffusion behavior of individual molecules. This leads to

two dimensions: the first dimension (F,) accounts for the conventional chemical shift and the second

one (F;) for self-diffusion coefficients (D). Thus, each component in a mixture can be virtually

separated, based on its own diffusion coefficient on the diffusion dimension. Fig. 2 shows the DOSY

pattern of copolymer T4 in dilute DMSO-ds. The "H NMR spectrum exhibits signals corresponding

to PLLA (6=5.1 and 1.5 ppm), NIPAAm (65=3.9 ppm) and DMAAm (6=2.7, 2.8, 2.9 and 3.0 ppm).

As shown on the DOSY pattern, the 'H NMR signals of PLA and P(NIPAAm-co-DMAAmM) present

the same diffusion coefficient D=2.291X 10" m”s?, in agreement with efficient copolymerization of

NIPAAmM and DMAAm on the Br-PLLA-Br macroinitiator. No free PNIPAAm was observed since

the diffusion coefficient of PNIPAAm in dilute DMSO-ds was found to be D=5.248 X 10" m?s2.

| (]
— | J\ J\ JIMJMJ) \ i
D 1,=2.291x1011m?2-g2 |
oottty e e e B “*.@_LL ______________ s

2 >

{_-, i Cx)n {_ 9 + “{. 9 al— (u) c d C
Br u‘Hqu_?];{(I:H ~CH}-cH—C-0tcH-C-0 "(EHZQCHZ 0-C-CH mo—c—gHJ[CHz—gH};[uHrthBr
c=0 ¢=0 CHs CHs Cli|)3 CHs c=0 C=0
HaC'N‘CHz: NC': ¢ ! 2: HgC’N “CH
HaC™ ~CHs : HyC” 6‘0;3 g

F2 [ppm]

Fig. 2 DOSY NMR spectrum of P(NIPAAm-co-DMAAm)-b-PLLA-P(NIPAAm-co-DMAAmM)

triblock copolymer in DMSO-dj.
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Fig. 3 shows the GPC traces of the copolymers T1 and T4 in comparison with the Br-PLLA-Br
macroinitiator. All the polymers exhibit narrow and monomodal molecular weight distributions.

Furthermore, a shift of the copolymer traces towards higher molecular weights is observed as

compared to Br-PLLA-Br, indicating successful synthesis of block copolymers.

Br-PLLA-Br

12
Elution Time (min)

Fig. 3 SEC chromatograms of Br-PLLA-Br macroinitiator and triblock copolymers (T1 and T4)

Table 2 summarizes the characteristics of the various copolymers. The [NIPAAm]/[DMAAmM]

molar ratio varies from 100/0 to 76/24 in the copolymers. DPnjpsam varies from 172 to 112, and
DPpyr4am varies from 0 to 37. The M, obtained from SEC ranges from 23600 to 27000 g mol ™! with

low dispersity (P=1.10 - 1.18). A good agreement was observed between the M, yyr and M, sgc

values although the former is slightly lower than the latter.
After polymerization, the catalyst was removed by filtration through a basic alumina column. The

copolymers recovered by precipitation in diethyl ether appeared almost colorless. ICP-MS
16

measurements showed that the copper content in the copolymers was between 1 and 3 ppm.
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Self-assembling of triblock copolymer micelles in aqueous medium

The physico-chemical properties of the amphiphilic copolymers in aqueous solution were
determined in order to evaluate their potential as drug carrier. The different copolymers are water
soluble and are able to form micellar aggregates by self-assembly in water using the direct
dissolution method. The critical micelle concentration (CMC) was determined by fluorescence
spectroscopy using pyrene as hydrophobic probe. Figure 4 shows the [337/133; ratio changes as a
function of polymer concentration. The intensity ratio exhibits a substantial increase at a particular
concentration, indicating the incorporation of pyrene into micelles. The CMC was obtained from the

intersection of the two linear regression lines of the plots.
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Fig. 4 Plots of the /33,/[33; ratio changes from pyrene excitation spectra versus the concentration of

P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAm) (T4).
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As shown in Table 3, the CMC value of PNIPAAm-b-PLLA-b-PNIPAAm (T1) is 0.010 mg mL"",
while those of P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAmM) are slightly higher.
The CMC is dependent on different factors such as the composition, the hydrophilic to hydrophobic
ratio, etc. The higher CMC value of P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAmM)
as compared to PNIPAAm-b-PLLA-b-PNIPAAm is attributed to the presence of more hydrophilic
DMAAm units. It is also noted that the CMC values of the copolymers are lower that of the diblock
copolymer with NIPAAmM/DMAAm/LA ratio of 54/29/14 (0.022 mg mL™) reported by Akimoto et
al.,34 but higher than those of the copolymers P(NIPAAmM/DMAAm);;s-PLAsy and
P(NIPAAm/DMAAmM),3-PCLg( reported by Li et al. (0.00184 and 0.00398 mg mL'l, respectively).
These findings can be assigned to the fact that higher hydrophobic content leads to lower CMC. The
very low CMC values demonstrate the strong tendency of copolymers toward formation of micelles,
which is of major importance for the long circulation of micelles in the blood stream after injection
42,43

induced dilution.

Table 3 Properties of P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAmM) micelles

Run DP.y/DPyxipasn/  [NIPAAm] ~ LCST®  CMC* Dy pDF
DPpiyiasm’ /[DMAAm]* °C mg mL™! nm

Tl 40/172/0 100/0 323 0.010 40 0.12

T2 40/128/17 88.2/11.8 35.6 - 42 0.17

T3 40/116/25 82.8/17.2 37.1  0.013 42 0.21

T4 40/124/31 80.2/19.8 378 0.014 43 0.15

T5 40/112/34 76.9/23.1 38.8 - 55 0.22

T6 40/116/37 76.0:24.0 39.1 0.015 53 0.21
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“ Calculated by NMR. ° Determined by UV spectroscopy. ¢ Determined by fluorescence

spectroscopy. 9 Determined by DLS.

Morphology and size distribution of micelles

TEM experiments were performed to examine the morphology of the self-assembling aggregates.
As shown in Fig. 5A, the micelles of copolymer T4 are spherical in shape with an average diameter
of 32 nm. The size distribution of the copolymer micelles was determined by DLS (Fig. 5B). The
micelles exhibit a monomodal and narrow size distribution with an average hydrodynamic diameter
of 43 nm and a polydispersity of 0.15. As frequently reported in the literature, the size obtained from
DLS is larger than that from TEM. This difference could be attributed to the experimental
conditions. In fact, DLS determines the hydrodynamic diameter of micelles in aqueous solution,
whereas TEM shows the dehydrated solid state of micelles. Table 3 shows the DLS data of all
copolymer micelles in water at 25 °C. The average diameter varies from 40 to 55 nm with narrow
size distribution (PDI= 0.15 to 0.22). The size of copolymer micelles increases with increasing the
content of hydrophilic DMAAm units. The nano-size of micelles should allow them to escape from
the reticuloendothelial system (RES) and preferentially accumulate in tumor tissues through the
enhanced permeability and retention (EPR) effect.™* It is noteworthy that the size of copolymer
micelles is larger than that of the diblock copolymer (23 nm) reported by Akimoto et al.,** but
smaller than those of the copolymers P(NIPAAM/DMAAm);;5-PLAs9 and P(INIPAAmM/DMAAM); 13-

PCLyo (170 and 87 nm, respectively) reported by Li et al.*’
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Fig. 5 TEM (A) and DLS (B) results of the self-assembling micelles of copolymer T4 in aqueous

medium.

Thermo-responsive behavior of micelles
Our strategy for drug release is to use thermo-sensitive copolymers to target tumor tissue under
hyperthermia. Therefore, the LCST should be slightly higher than the body temperature. Thermo-

responsive polymers become insoluble when the temperature increases above the LCST due to coil-
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to-globule transition. This phase transition can be evidenced by light transmission measurements of
micellar solution as a function of temperature.

Fig. 6 shows the transmission changes of different polymeric micelle solutions at 3.0 mg mL™
with increasing temperature. A sharp transmittance decrease is detected around the LCST. The
resulting LCST values are listed in Table 3. As expected, the LCST increases from 32.3 to 39.1 °C
with the increase of DMAAm content in the copolymers (Table 3). Moreover, a linear relationship is

obtained between the LCST and the molar fraction of DMAAm up to 24 %, as shown in Fig. 6B.

Transmittance (%)

Temperature ("C)
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Fig. 6 Plots of transmittance as a function of temperature (A) and plot of LCST values as a function

(B) of DMAAm content for copolymer solutions at 3.0 mg mL™".

Therefore, the LCST can be tuned to temperatures inside tumor tissue by simply increasing the
content of DMAAmMm units in the copolymers. This finding is consistent with literature data. In fact,
Shen et al. reported that the LCST linearly increases with increasing the content of DMAAm in
P(NIPAAm-co-DMAAm) copolymers.*® The LCST of P(NIPAAm-co-DMAAm)-b-PLLA diblock
copolymers with maleimide endgroup reported by Akimoto et al. *and Li et al.”’ is about 40 °C
despite the different P(NIPAAm-co-DMAAm) to PLA ratios. In fact, diblock copolymers with
maleimide endgroup lead to surface-functional thermo-responsive micelles, and the LCST of
micelles can be tuned by mixing hydrophobic DTBz-surface micelles and Mal-surface ones.>* In our
case, the LCST of P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAm) triblock
copolymers can be precisely adjusted to above the body temperature by varying the NIPAAm to
DMAAm ratio, which presents great interest for targeted delivery of anticancer drugs.
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Moreover, introduction of DMAAm not only leads to LCST increase of copolymers, but also
leads to an extremely narrow phase transition interval within 0.5 °C. As shown in Fig. 6A, the optical
transmittance of PNIPAAm-H-PLLA-b-PNIPAAm (T1) decreases from 100% to 0 with increasing
temperature between 30.0 to 32.8 °C (AT=2.8 °C). Similar behavior was reported in literature.
Indeed, for PNIPAAm-b-PLLA diblock copolymer, a broad phase transition of AT=5 °C was
observed.'”'®** In the case of DMAAm containing copolymer T4, the transmittance decrease from
100 % to 0 occurs in the temperature range of 37.6 to 38.0 °C, with a phase transition interval
AT=0.4 °C. Narrow phase transition intervals below 0.5 °C were also observed for other DMAAm
containing copolymers as shown in Fig. 6A. Nakayama et al. reported phase transition intervals
above 3 °C for P(INIPAAm-co-DMAAm)-b-PDLLA copolymers obtained by combination of radical
polymerization and ROP.** ¥ On the contrary, Akimoto et al. reported narrow phase transition
intervals within 0.5 °C of such copolymers by combination of RAFT and ROP, which is consistent
with our work.>

The phase transition of copolymers is illustrated by DLS. Fig. 7 shows the reversible changes of
the hydrodynamic diameter distribution depending on temperature. The size of the micelles increases
from 35 to 640 nm when the temperature is raised from 25 to 45 °C. After quickly cooling down to
25 °C, the micelle size decreases to 38 nm. In fact, P(NIPAAm-co-DMAAm) chains are extended
and coil-like in water under the LCST. When the temperature approaches the LCST, dehydration of
P(NIPAAm-co-DMAAm) occurs, leading to precipitation of polymers and aggregation.

The observed phase transition is due to a coil-to-globule transition governed by cooperative
dehydration of hydrophilic chains. In the case of PNIPAAm, the hydrogen-bonding site (amido
group) is blocked by a bulky hydrophobic group (isopropyl group). The hydrophobic effect is very
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important in the LCST behavior of polymer solutions. In fact, a “water cage” is formed around the
isopropyl and amide groups in the PNIPAAm blocks. Phase transition occurs upon increasing
temperature due to complex dehydration of PNIPAAm at the LCST, excluding water molecules from
the water cage.””*’ The micelles aggregate into large size particles. When randomly distributed
DMAAm is introduced, the P(NIPAAm-co-DMAAm) chains become more hydrophilic as compared
to PNIPAAm, and the LCST transition shifts to higher temperature and becomes sharper. Sharp
transition makes the micelles more sensitive to temperature changes and favors quick release of drug

above the LCST.
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Fig. 7 Reversible changes of the hydrodynamic diameter for T4 micelles at 3 mg mL™ when the

temperature is raised from 25 ([J) to 45 °C (O), and cooled down to 25 °C (A).

In vitro drug release
When used as drug carrier, polymeric micelles are capable of encapsulating hydrophobic drugs.

Amphotericin B (AmpB), a poorly water-soluble drug for the treatment of systemic mycosis, was
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used as a model drug.’®* 2.5 or 5 mg AmpB was loaded in 20 mg polymeric micelles by nano-
precipitation. The drug loading content and loading efficiency of AmpB into polymeric micelles are
given in Table 4. When the initial drug amount increases from 2.5 to 5 mg, drug content increases

from 8.2 to 11.8 %, but the loading efficiency decreases from 83 % to 59 %, which is consistent with

literature.>®

Table 4 Drug loading content and loading efficiency of ampotericin B in polymeric micelles

Sample  Polymer  LCST Drug/polymer Drug content Loading efficiency
(°C) (mg/mg) (%) (%)
1 T4 37.8 2.5/20 8.2 83
2 T4 37.8 5/20 11.8 59
100
/Ess ‘c()
80 ﬁ/ﬁ
§38 ‘C(2)

_ /I 37°C (1)
60 §/; v37°C 2)
L

i/

. E/

Fig.8 Drug release profiles of AmpB-loaded polymeric micelles (Samples 1 and 2) at 37 and 38 °C in

Drug Release (%)

T T T T T T
6 8 10 12
Time (day)
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As shown in Fig. 8, an initial burst release of the drug absorbed on the surface of micelles is
observed in all cases. Sample 2 with higher drug content exhibits slower release, which could be
attributed to the poor solubility of AmpB. On the other hand, the in vitro drug release from polymer
micelles presents a thermo-sensitive behavior. At temperature below the LCST (37 °C), the release of
AmpB is relatively slow. After 3 days, nearly 50 % and 32 % of drug are released for sample 1 and
sample 2, respectively. In contrast, at 38 °C which is above the LCST, the release rate is much faster
with 90 and 75 % of released drug in both samples. These preliminary results suggest that drug
loaded micelles could be injected to a human body and achieve quick drug release at the tumor site
where the temperature is higher than the LCST. Thus, the drug release behavior indicates that these
copolymers could be potential candidates for applications in targeted delivery of drugs.

Li et al. comparatively studied the release of adriamycin from maleimide end-functional
P(NIPAAm-co-DMAAmM)-b-PLA and P(NIPAAm-co-DMAAm)-b-PCL copolymer micelles under
physiological conditions (37 °C and pH = 7.3) and in simulated tumor environment (40 °C and pH =
5.3).” The authors observed that only half of entrapped adriamycin was released out within one week
under physiological conditions, while about 90 % adriamycin was released within 10 h in simulated
tumor environment. Nevertheless, faster degradation of micelles at 40 °C and pH = 5.3 could have
contributed to the faster drug release together with the LCST effect. Nakayama et al. studied the
release of doxorubicin from P(NIPAAm-co-DMAAm)-6-PCL and P(NIPAAm-co-DMAAm)-b-
P(LA-co-CL) copolymer micelles below and above the LCST.** No difference was detected in the
case of P(NIPAAm-co-DMAAm)-b-PCL at 42.5 °C and 37 °C. In contrast, the release of
doxorubicin is much faster at 41 °C than that at 35 °C in the case of P(NIPAAm-co-DMAAmM)-b-
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P(LA-co-CL). Again, degradation of micelles plays a key role in drug release because P(LA-co-CL)
degrades much faster than PCL.” In our case, the faster release of AmpB can be assigned to the
destabilization of micelles above the LCST since little difference of degradation is detected at 38 °C

and 37 °C.

Cytocompatibility

In vitro cytotoxicity is generally evaluated by MTT assay for the screening of biomaterials.>* MTT
assay is based on the reaction between MTT and mitochondrial succinate dehydrogenases in living
cells to form a purple formazan which is soluble in DMSO but insoluble in water. The OD value of

formazan-DMSO solution is considered to be proportional to the number of living cells.
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Fig. 9 Optical density values of MCM (A) and MEF (B) solutions after 2, 3 and 4 days culture in

DMEM with copolymer substrate (T4), and controls (DMEM and 5% phenol)

The effect of copolymer T4 on the growth of MCM and MEF cells is shown in Figure 9, in
comparison with controls (DMEM medium and 5 % phenol). The OD values on polymer substrate
are slightly higher than those in the culture solution, and much higher than those in phenol. The RGR

values of copolymer T4 are well above 100% during 4 days incubation with MCF and MEF cells,

corresponding to a cytotoxicity level of 0 (Table 5).

Table 5 RGR values of copolymers T4 with MCM and MEF cells during 4 days incubation

Cell RGR (%)

2 days 3 days 4 days
MCM 133.8+1.1 110.8+3.0 100.2+1.2
MEF 127.3+1.6 114.9£2.0 101.6+1.0
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Fig. 10 Microscopic images of cells stained by NR after 3 days culture in different media: (A)
Copolymer T4 substrate without cell; (B) MCM cells on polymer substrate in DMEM; (C) MEF cells
on polymer substrate in DMEM; (D) MEF cells in 5 % phenol medium

Figure 10 shows the morphology of cells after 3 days culture. Large number of cells died in the
toxic phenol medium (Fig. 10D). On the contrary, cell adhesion and proliferation are observed on the
copolymer substrate (Fig. 10B and Fig. 10C). Cells exhibit spindle, polygon or oval shapes, and the
pseudopodium of cells stretches out. Therefore, MTT assay and cell morphology observation
indicate that P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAmM) copolymers presents

outstanding cytocompatibility and could be used for biomedical applications.
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Conclusion

P(NIPAAm-co-DMA Am)-b-PLLA-b-P(NIPAAm-co-DMAAm) triblock copolymers were
prepared by ATRP using Br-PLLA-Br as macroinitiator. The resulting copolymers present well
defined molecular weights and narrow dispersities. The LCST of the copolymers linearly increases
from 32.3 to 39.1 °C with increasing the DMAAm content. Self-assembling micelles were prepared
by dissolving the copolymers in aqueous medium. The copolymers have very low CMC (10 to 15 ug
mL™) and nano-size (40 to 55 nm). The presence of DMAAmMm units in the copolymers leads to an
extremely sharp phase transition, as compared to PNIPAAm-H-PLLA-b-PNIPAAm copolymers.
Moreover, reversible size changes were observed when the micelle solutions was heated from 25 to
45 °C and then cooled down to 25 °C. Much faster drug release is detected at temperatures above the
LCST in in vitro studies. The MTT assay and cell morphology observation confirm the good
biocompatibility of these thermosensitive copolymers.

Therefore, the small size and low CMC, the LCST slightly above the body temperature, the rapid
phase transition at LCST, the thermo-responsive drug release behavior above LCST, and the good
cytocompatilibity indicate that P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAmM)

copolymers are promising candidates for applications in targeted delivery of anticancer drugs.
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