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Novel poly(ethylene oxide monomethyl ether)-b-poly(e-
caprolactone) diblock copolymers containing a pH-acid labile
ketal group as blocks linkage

S. Petrova,* E. Jager, R. Konefal, A. Jager, C. G. Venturini, J. Spévacek, E. Pavlova and P.
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Acidic physiological conditions trigger degradation of amphiphilic block copolymers containing a ketal
group as block linkage into biocompatible degradation products.
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DOI: 10.1039/x0xx00000x A new biocompatible and biodegradable diblock cgpudr that contains a specific acid-labile
degradable linkage (acyclic ketal group) between ligdrophobic poly-caprolactone) (PCL)
and the hydrophilic poly(ethylene oxide monometlgther) (MPEO) blocks is described
herein. A multi-step synthetic method that combinagbodiimide chemistry, a “click” reaction
and ring-opening polymerisation (ROP) was employedsuccessfully produce a series o
MPEO-h-PCL diblock copolymers (herein referred to as MREB®BPCL;; and MPEQ,-b-
PCL4s). 2-{[2-(2-Azidoethoxy)propan-2-yl]}ethan-1-ol wasbtained as a linker between thc
two blocks through a three-step synthetic approdehrthermore, a newly developedt
methoxyw-hydroxy-poly(ethylene oxide) that contains an alilile ketal linkage was
designed as a macroinitiatera a “click” reaction for the sequential controlleshg-opening
polymerisation ok-CL. The newly obtained compounds (precursors, m@aer, macroinitiator
and final diblock copolymers) were assessed usthtg NMR, ®C NMR and FT-IR
spectroscopy and SEC analysis, which are desciibbéldis manuscript. Upon dissolution in a
mild organic solvent, the MPE@b-PCL;; block copolymer self-assembled in water/PBS intc
regular, spherical, stable nanoparticles (NPs)tHarmore, the presence of the acid-labile ket~
linker enabled the disassembly of these nanopastiil a buffer that simulated acidic cytosolic
or endosomal conditions in tumour cells as evaldidby dynamic light scattering (DLS),
nanoparticle tracking analysis (NTA) and transnmussilectron microscopy (TEM) images.
This disassembly led to hydrolysis profiles thaguked in neutral degradation products.

www.rsc.org/

Introduction (drugs), whereas their hydrophilic corona createhighly
water-bound barrier that ensures colloidal stahikt reduction
Currently, the priorities for the development of lypoer in the rate of opsonin adhesion and clearance ®fptirticles
therapeutics are strictly associated with the petida of from the body® Another relevant consideration for the
biocompatible, degradable polymeric nanostructurd@®e development of core-shell NPs for drug-releaseiagpbns is
properties of these materials are defined by tse&ictures, the carriers’ ability to release their cargo drugai controlled
compositions, dimensions and functionalities. Ow#ee past manner upon arrival at the target stt€or these reasons, many
several decades, amphiphilic block copolymers (bgbilic researchers are placing special attention on thsiguleof
and hydrophobic blocks) have been extensively etifdl environmentally triggered polymeric nanoparticlesatt are
These copolymers are of great interest becauskeaf ability capable of releasing the original molecules inrthetive forms
to self-assemble in agueous media to generateusasisucture ynder various chemical and physical stimuli, sushpH, light,
types, shapes and sizes, ranging from nano- toomietres’’  temperature, enzyme concentration or redox grasif&AtpH-
It is well known that amphiphilic block copolymease able to sensitive degradable polymers have played an iategte in
form nanosized spherical micelles with a core-shefle advancement of drug-delivery technology, sush tke
architecture. The applications for these systerssaasociated delivery of protein-based vaccines and nucleic scid the
with their several unique properties, such as thesipility of treatment of acute inflammatory diseases and esihedor
controlling the release of dru§s? matrices for three- tumour targeting®?* Considering the tumour-targeting field ot
dimensional tissue regeneratithi’ diagnostic agent$™® and grug delivery, the hydrophobic guest drug molecutasst be
DNA delivery'®*’. In particular, self-assembled core-shell NRgtained in the inner particle core while in theddstream and
from amphiphilic block copolymers have attractedsiderable then be rapidly released at the specific tumouessit
attention in the development of drug-delivery syste Their Considerable research has demonstrated the associat
hydrophobic core is used as a reservoir for lippptagents petween acidic pH conditions and cancer, as theaeaiular

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1
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pH in most solid tumour sites is more acidic (ramggfrom pH caprolactone &£CL, 99%, Sigma-Aldrich) were used without
5.7 to 7.2) compared to that of normal tissuesf@vatfl at pH further purification. Thee-CL was dried over CaH with
7.4)%2" Because of these pH differences, several plentinuous stirring at room temperature for 48 K distilled
degradable polymers that contain different aciddabnkers under reduced pressure before wuse. Tin (ll) bis(2-
suitable for triggering drug release, such as g&teydrazon€® ethylhexanoate) (Sn(Osf)95%, Aldrich, 0.06 M solution in
carboxydimethylmaleié® orthoester?! imine? B- toluene) and sodium hydroxide (NaOH) were useceasived.
thiopropionaté® vinylether®* and phosphoramidaté, have MPEO (M, ~ 1800 g/mol) was purchased from Fluka.
been widely studied. In particular, acid-degradablEriethylamine (EiN) (> 99.5%, Sigma-Aldrich) was dried over
(co)polymers and NPs that contain multiple reactiv@aH, and distilled under reduced pressure.,CH (Sigma-
functionalities, such as ketal/acetal labile linkagalong the Aldrich) was dried by refluxing over a benzophensnéium
polymer backbone or as pendant groups, are of derable complex and distilled under an argon atmospherdueha
interest. Ketals and acetals have been demonstimteel more (99%, Labscan) and tetrahydrofuran (THF, 99%, Plukare
sensitive to the acidic environment of tumours phdgosomes refluxed for 24 h over CafHunder a dry argon atmosphere an-'
than esters and hydrazor?ésr\/loreover, these linkers are alsdhen distilled. All other chemicals were used a®need.

more stable under physiological conditions (at pH.4) than

the other aforementioned linkag€dn addition, pH-responsive Synthesis of compounds 1-5

systems containing acid-labile bonds that are dkdrie under Compounds 1,445 246 345 445 and 5% were synthesised

mild acidic conditions, such as those of tumouessifiead t0 4ccording to previous procedures, which are desdrib detail
tuneable hydrolysis profiles, which ultimately rtsn neutral , the Supplementary Information.

degradation products that can be easily excretbdreby

avoiding accumulation and inflammatory resporiS@dthough  Synthesis ofz-methoxy--hydroxy-poly(ethylene oxide)

novel and _efﬂment pH-sensitive carriers that_ @omt containing a ketal group (compound 6)

ketal/acetal linkages have great potential for ddedivery,

synthetic challenges have limited the applicatimisthese The coupling of 2-{[2-(2-azidoethoxy)propan-2-yhein-1-ol

systems. (4) (0.18 g, 7.78 x 16 mol) with a-methoxyew-alkyne-
Herein, we report the synthesis of a novel classvell- Poly(ethylene oxide)5) (1.4 g, 7.09 x 18 mol) bearing the

defined biocompatible and biodegradable acid-labifdkyne was performed in a glass reactor contaidiygTHF (8

poly(ethylene oxide monomethyl ether) (MPE®poly(e- mL). Cul (0.015 g, 7.87 x T®Omol) and trlethylamlne_(0.0l

caprolactone) (PCL) diblock copolymers that cont&etal mL, 7.91 x 1 mol) were added to the polymer solutlo_n anc

groups as block linkers. The PEO and PCL polymeesew aII_owed to react at 35 °C fpr 4_h. Subs_equently_-, riaction

selected as building blocks because of their spedierest for Mixture was exposed to air, diluted with THF, anassed

environmental, biomedical and pharmaceutical apfibos3*#! through a neutral alumina column to remove the eopp

PCL is a aliphatic hydrophobic polyester with grpatential as catalysts. The macroinitiator was recovered by two

a biomaterial due to its unique combination of leigchdability Precipitations in cooled diethyl ether. The prod{6} was

and biocompatibility? and PEO is a hydrophilic and very€covered as a white solid. Yield: 1.30 g, 93%.

flexible biocompatible polymer that is non-toxic darasil

eliminated fromp the bc?d‘)‘%/ For the synthesis, an eﬁici)éntSynthesis of MPEOb-PCL diblock copolymer containing a ketal

multi-step pathway was employed, which resultedém block group (compound 7)

copolymers with reasonable yields. Different syfitheoutes |n a typical synthesis, 0.127 g (5.7 x°1@ol) of a-methoxy-
(i.e., carbodiimide chemistry, “click” reaction anidg-opening hydroxy-poly(ethylene oxide)} containing a ketal group was
polymerisation) were applied for the preparation lofv- ntroduced into a 50 mL glass reactor equipped withagnetic
molecular-weight compounds as precursors for coosirg the  stir bar. The macroinitiator was dissolved in dojuene and
acid-labile  ketal group of the MPEDPCL diblock dried three times by azeotropic distillation. Ateém amount of
copolymers. In addition, the amphiphilic diblockpodymers  freshly distillede-CL was added, and after heating, 0.1 mL o
self-assembled into regular spherical NPs in agsiesmiution .06 M Sn(Oct) was rapidly injected through a septum. The
and under buffer-simulated physiological conditipsl ~ 7.4). polymerisation was carried out for 48 h at 110 8e reactor
These nanoparticles were found to degraded intotoxio  was cooled to room temperature, and the reactioune was
compounds under buffer-simulated acidic cytosoli¢  @jissolved in toluene. The copolyme¥) (was collected by

endosomal conditions in tumour cells (pH ~ 5.0neaing precipitation in cooled diethyl ether, filtered andried
their potential as systems that could find appitcet, e.g., as overnight under vacuum at 40 °C.

acid-labile drug-delivery systems.
Characterisation Techniques

Experimental 'H NMR and™*C NMR spectra (300 and 75 MHz, respectively®
) were recorded using a Bruker Avance DPX 300 NMRK
Materials spectrometer with CDGlas the solvent at 25 °C. The chemica!

Ethylene glycol (99%, Sigma-Aldrich), trimethyl botacetate shifts are relative to TMS using hexamethyldisiloga
(99%, Aldrich), p-toluenesulphonic acid monohydré26.5%, (HMDSO,5 =0.05 and 2.0 ppm from TMS fiti NMR and**C
Fluka), 2-chloroethanol (99%, Aldrich), sodium azi@9%, NMR spectra) as the internal standard. Mgof compounds
Fluka), tetrabutylammonium bromide (TBABr, 99%, ka), 57 were determined b{H NMR spectroscopy. For compounu
pyridinium p-toluenesulphonate (PPTS, 99%, Fluk&), 5,theM,was calculated according to Eq. 1:

hexynoic acid (97%, Aldrich), 4-dimethylaminopymei

(DMAP, 99% Sigma-Aldrich), N,Ndicyclohexylcarbodiimide Manmr) = [(16/4)/(142)] X 44 + 31 + 95 (1)

(DCC, 99%, Fluka), CuBr (98%, Fluka), 2-methoxypeop

(98%, Aldrich), molecular sieves (5 A, Sigma-Aldrjcande-

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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where |, and | represent the integral values of the peaks=at avalanche photodiodes operating in the pseudo -carsslation
3.63 ppm (-CH-CH,-O- of the PEO repeating unit) anddat mode. The samples were filtered through uAbPVDF membranes
4.22 ppm (-CH-CH,-O-C(0)), respectively. The values 31 an¢Millex-HV, Millipore ®) loaded into 10 mm diameter glass cells and
95 represent the molecular weights of the two fienetl groups maintained at 25 or 37 + 1 °C. The data were catbatsing the
at the chain ends GHD- and -C(O)-C(CHis-C=CH, ALV Correlator Control software, and the counting diwas 30 s.
respectively. TheM, of the macroinitiator @ was calculated To avoid multiple light scattering, the samples evdiluted 100-fold

according to Eq. (2): before the measuremerifs.The measured intensity correlation
functions g,(t) were analysed using the algorithm REPES
Mnivr) = [(1/4)/(14/2)] X 44 + 31 + 284 2) (incorporated in the GENDIST prograff), resulting in the

distributions of relaxation times shown in an equatea
where |, and |, represent the integral values of the peaks=at representation asA(z). The mean relaxation time or relaxation
3.63 ppm (-CH-CH,-O- of the PEO repeating unit) anddat frequency { = r'}) is related to the diffusion coefficienb) of the
2.76 ppm (-O-C(O)-CH-CH,-CH,-), respectively. The valuesnanoparticles as r , where ,_ 47nnsin(8/2) s the scattering
31 and 284 are the molecular weights of the twoctional o :y a= A
groups at the chain ends ¢B- and -O-C(O)-(Ch)s-triazole  yector withn representing the refractive index of the solverd @
ring-(CH,),-OC(CH),-O-(CHy)>-OH, respectively. TheM, of  representing the scattering angle. The hydrodynaadius R.) or
the MPEOB-PCL diblock copolymers7) were determined by the gistributions oR,, was calculated using the well-known Stokes:

'H NMR using Eqg. (3) Einstein relation:
Mnrnmr)(MPEOD-PCL) = [(I/2)/(1/4)] X DPupeo x 114 + _ kgT
Mnnmry(macroinitiator) 3) Ry = 6777 D “)

where |} and |, represent the integral values of the methylen . .
protons of PCLI() (Fig. 2., top) and of the methylene protonswenerekB is the Boltzmann constarni, is the absolute temperature.

. . and  is the viscosity of the solvent. The NTA analysesre
of PEO ). The value 114 is the molecular weight of th€L erformed using the NanoSight LM10 & NTA 2.0 Anityl

e e e e e o nSoftuare (NanoSight, Amesbury, Engiand). The sasmpere
‘ N(NMR) diluted (4000 x - Milli @ water or PBS ~ 7.4 and 5.0) and injectea

weight of the macroinitiator. Infrared spectra weetained . . h
. . : s into the sample chamber with a syringe (25 °C). N apparatus
using a PerkinElmer Spectrum 100 equipped with iweusal combines light scattering microscopy with a lasedd (635 nm)

ATR (attenuated total reflectance) accessory witiaanond . ! O .
camera charge-coupled device, which allows vieveind recording

: 1
crystal. In all cases, the resolution was 4-camd the spectra of the NPs in solution. Each video clip was cagusger 60 s. The
were averaged over 16 scans. The samples wererpdepathe NTA software is able to identify and track indivadiNPs (10 - 1000
form of KBr pellets. The number-average moleculaights - - . : .
nm), which are in Brownian motion, and relate thparticle

(Mn), weight-average — molecular weights M), and movement to a sphere with an equivalgpt as calculated using the

polydispersity indices M,/M,) of the prepared macromer, e . - . LS
macroinitiator and block copolymers were determitfadugh Stokes-Einstein rel_atlon (4The size dlstrl_butlon was expressed by
the Span value, which was calculated using Eqg. (5).

size exclusion chromatography (SEC). The analysesew
performed using an SDS 150 pump (Watrex, Czech Rapu d —d
equipped with refractometric (Shodex RI-101, Japam) UV Span=—) Y (5)

(Watrex UVD 250, Czech Republic) detectors. Theasaion dos)

system consisted of two PLgel MIXED-C columns (Pogr

Laboratories) and was calibrated with polystyretendards whered g, di.1) anddgs) are the diameters at 90%, 10% and 509.
(PSS, Germany). THF was used as the mobile phaadlatv cumulative volumes, respectively.

rate of 1.0 mL.mift at 25 °C. Data collection and processing

were performed using the Clarity software package. Transmission electron microscopy (TEM)
. . TEM observations were performed on a Tecnai G2itSpivin
Nanoparticle preparation at 120 kV (FEI, Czech Republic). The NPs were didul00-

NPs were prepared using the nanoprecipitation pobtoA fold, and 2uL of the aqueous solution was dropped onto a
preheated (40 °C) acetone solution (5 mL) contginthe copper TEM grid (300 mesh) coated with thin, electr
MPEO--PCL block copolymer (10 mg) was added drop-widgansparent carbon film. The solution was remowgdioliching
(EW-74900-00, Cole-Parm@rinto a pre-heated (40 °C) Milli- the bottom of the grid with filter paper. This rdgiemoval of
QP water solution (10 mL, pH ~ 7.4). The pre-formefisNwere the solution was performed after 1 min to minimise
allowed to self-assemble, and then the solution tnassferred oversaturation during the drying process; this stap found to
to a dialysis tube (MWCO = 3500) and dialysed agfafnL of be necessary to preserve the structure of the NiesNPs were
water (pH ~ 7.4) for 24 hours. The final concentratwas negatively stained with uranyl acetate 2 of a 1 wt.%
adjusted to 1 mg.mt using phosphate-buffered saline (PBS) ablution dropped onto the dried NPs and removeet 4f s in

pH ~ 7.4. the same manner described above). The sample \itasole
completely dry at ambient temperature and then rokdevia
Nanoparticle characterisation TEM using bright-field imaging. Under these conalits, the

The NPs were characterised using DLS and NTA. THes D Micrographs displayed a negatively stained backyfowith
measurements were performed using an ALV CGE lgseiometer Pright spots, which correspond to the investigdiés.
consisting of a 22 mW HeNe linearly polarised lasperating at a

wavelength { = 632.8 nm), an ALV 6010 correlator, and a pair dResults and discussion

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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A new synthetic pathway was developed to obtair-defined reaction with DCC chemistry and ROFRScheme )1 This
amphiphilic copolymers that contain acid-labile,gielable strategy provides new insights into the combinatadnnew
ketal linkages as block linkers that are highlyssére to pH “click” chemistry reactions with the classic syrthepathways
under physiological conditions. The synthesis ofe thn polymer chemistry.

biocompatible, biodegradable, acid-labile MPB®CL was

designed using, for the first time, the combinatidra "click"

V (e}
o) 1) pTSA, CH,CI, ,RT, 4h /lk oH
HO/\/OH + ﬁ/o\ O/\/ 1
2) H,0, 30 min.
O\
NaN
HO .
HO 110° C 18h N=N=N 2
o) 0
)k * HO o~ )k o.__O
OH . .
o > ~OSN=NENT ——— 0" X\/\NzN:N 3
pTsOH
o)
/U\ o_ _O . NaOH/MeOH, RT
O7TTIOYTUONENEN 3 HO/\/O><O\/\N:N=N 4
deprotection

J\/\/\
HO N

o 5z 5
\{‘O/\/}ﬁOH oCC. OMAR. CH.CL AT ‘[\o/\Jf \C')(\/\/

Cul, EtN

(e}
4 + 5 S +O/\/]f \'(\/\(\/N/\/OXO\/\OH 6
(0] N=N

0O
+ O/\/]fo\(\/\(\/N /\/OXO\/\[\O MO\H 7
N=N

MPEO-b-PCL diblock copolyme

Scheme 1Synthetic route for the preparation of MPB@RCL diblock copolymers.

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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Synthesis of compounds 1 to 5 & 2 g

: [ boc iaegBgh I
The compounds ethylene glycol monoaceta)&*(*® (Fig. S1), ai"bo .“*d" s f;,s lgl-f,k 1:15“
h=y I .’

2-azidoethanol 2)*° (Fig. 82)252-{[2-(_2-azidoethoxypropan-z- 5 Y —
ylloxy}ethyl acetate 3) (Fig. S3), 2-{[2-(2- 13 13
azidoethoxy)propan-2-yllethan-1-ol4){®* (Fig. S4 and a-
methoxyw-alkyne-poly(ethylene oxide)5(*’ (Fig. S5 were

synthesised according to previous reports and we

characterised usintH and**C NMR, FT-IR spectroscopy and

SEC analysis §), which are described in detail in the =
Supplementary Information.

Synthesis ofa-methoxy-w-hydroxy-poly(ethylene oxide) EDC[B d-+; . J
containing a ketal group (compound 6): . | L_L
The a-methoxy«w-hydroxy-poly(ethylene oxide) containing a 7.5 7.0 65 ao 55 5.0 45 40 35 30 25 20
ketal group §) was prepared as a macroinitiator through
“click” reaction betweern-methoxye-alkyne-PEO %) and 2-
{[2-(2-azidoethoxy)propan-2-yllethan-1-of) (seeScheme ).
The azide-alkyne Huisgen cycloaddition was perfatmrethe
presence of Cul and . After purification, the obtained
macroinitiator was characterised usiitjand**C NMR, FT-IR
spectroscopy and SEC analysis. THeNMR spectrumKig. 1,
top) confirms that the “click” reaction was completeedto the
disappearance of the characteristic signal foratkgne end-
group até = 1.96 ppm lf) (Fig. S5 and the appearance of &
new proton signal from the triazole ringé&at 7.40 ppm i) in
Fig. 1 (top). The signal observed at= 1.28 ppmij(+j’) is 14 6+7+13
assigned to the six protons of the dimethyl ketedug — l 1 = HMDSO
OC(CHy)»-O— and demonstrates that the ketal group rema 1 8 9 12 |3 l_,u 10 3 |
unaffected during the azide-alkyne Huisgen cycltimtd Lo oo 4 JCIE L L |
Furthermore, a singlet signal qttributed to 4Bt was observed ' 1p|,u ' 1«;{] ' 1]20 ' 1t[m | B]u | 8.0 ' 410 . 210 'pp:n
atd = 3.39 ppm &), and other signals were observed &t2.76
(9), 6 = 2.39 ) ands =1.96 ppm f). Additional signals located N 13
in the vicinity of the EO = 3.63 ppm) were also identified: Fig- 1 "H (top) and “C (bottom) NMR spectra of the-
= 2.85 ppm ¢ is typical signal of -Ck#CH,-O-C(0),s = 4.21 methoxyew-hydroxy-PEO containing a ketal group in CRCI
ppm ( +i') is attributed to -N-CHCH,-O-, andd = 4.47 ppm
(d) is characteristic of -CHCH,-O-C(O). The conversion of
the “click” reaction was calculated from the relatiintensities
of the signals characteristic of both -O-C(g4O- ( +j', 8 =
1.28 ppm) and —CHO-C(O) d, 6 = 4.47 ppm) groups in the
'H NMR spectrum, which gives a quantitative value-82%.

CDCl

Moreover, the effectiveness of the “click” cyclodtzh
reaction to afford the 1,2,3-triazole as a produas confirmed
by FT-IR spectroscopyr{g. S7, b). Complete disappearance of
the peak corresponding to the azide group at 21062 was
observed, which indicates the completion of thectiea. The
identification of C—N stretching frequencies is geily a very
Table 1 Macromolecular characteristics of functional MPEQ difficult task because the mixing of bands is pbissin this
Comverion - region’” The absorption bands observed at 1553, 1469 a.u
%) M2’ CHNMR) M7, (SEC)  MuMy', (SEC) 1455 cm® are due to stretching vibrations between carbah ar
nitrogen atoms. The characteristic absorption bahdC-N
observed at 1361 chconfirms the formation of the triazole
macromer 87 2200 1710 124 ring. Absorption bands for the carbon-hydrogen gsowere
also observed, thus resulting in C-H stretchinggitson in the

MPEO samples

MPEO - 1800 1464 1.23

macroinitiator 82 2320 1760 131 2992 to 2700 ci region of the IR spectrum. Moreover, in the
2 Conversion was calculated by NMR spectroscopyHigs. S5and1, top). SpelCtrum of compou.nﬁl,.a Weak -C=0 stretching band at 173<
® M, was calculated bjH NMR spectroscopy according to Egs. (1) and (2). cm™ was observed, indicating the presence of a catbester
¢ M, and®™,,/M,, were determined by SEC calibrated with PS starslard group. Furthermore, distinctive bands from the etheups of

the EO repeating units at 1107 ¢rwere also observedig.
S7, b). The SEC chromatogram from the correspondiny
macroinitiator obtained after the cycloadditionatégan shows a
monomodal distribution, as indicated by the ovedaphe SEC
traces (dotted line irFig. S8. The molecular weight of the
Eesultmg product remains unchanged, except forlights
Increase in polydispersity. Nevertheless, afterremction, the
EC chromatogram from a-methoxyew-hydroxy-MPEO

The *C NMR spectrumKig. 1, bottom) of the a-methoxy-
hydroxy-PEO containing a ketal group is furtherdevice for
the successful achievement of the “click” cycloaiddi. Signals
corresponding to the dimethyl ketal groupdat 24.32 ppm
(13) and from the fully substituted carbon —OC(HHO— at
100.33 ppm 12) were clearly observed. Other significan
signals were observed at high chemical shifts at122.22 9)

ands = 146.97 ppm&), which correspond to the carbons fro .
the triazole ring —CRHCH=CH-N-, and a6 = 173.29 ppm4), containing a ketal grou) clearly demonstrates the absence of

which is attributed to the carbonyl carbon from th@H,-O side products with highévl, values that could be formed as a
C(0)-(CHy)s- group. result of alkyne homocoupling.

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5
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Synthesis of MPEOb-PCL diblock copolymer containing a ketal

: 1820
group (compound 7) a. b e .ae gah’ sl g n b
. . b d ISE7RSI0F kS em o
The MPEOb-PCL diblock copolymers7) were successfully 2 3 6 1% 113 1719 21
synthesised by ROP from tlkeCL monomer. The previously '
synthesised a-methoxyw-hydroxy-poly(ethylene oxide)
containing a ketal groupB) was used as a macroinitiator in the e lbscsk n -

presence of Sn(Ogt)as a catalyst. The lengths of the PC
blocks were controlled by regulating tlkeCL/macroinitiator
molar ratio. After purification, the MPE®G-PCL diblock o
copolymers were characterised usfityand*C NMR, FT-IR '
spectroscopy and SEC analysis. The structure angbasition
of the obtained diblock copolymers were also conéid by FT- .

IR spectroscopy. The'H NMR spectrum of the diblock cocl,

copolymer Fig. 2, top) shows characteristic signals for proton ' ‘

belonging toe-CL and EO repeating units. The signals for th J
methylene protons of theCL units were detected &t= 4.06 e e A Aaa RSScs Late Haos mans
ppm ) —CH,-OC(0)-,5 = 2.29 ppm i) —C(O)CH2-,5 = 1.58 75 70 65 6.0 55 50 45 4.0 35 3.0 25 2.0 1.5 ppm
ppm (O + p) -C(O)-CH-CH,-CH,-CH,- andd = 1.34 ppm @) —

C(O)-CH,-CH,-CH,-. The methylene protons of the EC

repeating units were observedsat 3.63 ppml§), whereas the 19
singlet signal attributed to the GID- appeared &t = 3.39 ppm P

(a). The signal observed at= 1.31 ppmj(+j') attributed to Cm!za 15 5+17

the six protons of the dimethyl ketal group —OC(LHD— and

the resonance signal &t 7.37 ppm If) assigned to the triazole 4416 14+ 21 647 413 +18

ring demonstrate that the ketal group and the dtéazing
remain unaffected following the ROP. Furthermoheré were
signals in the spectrum a = 4.57 ppm ), attributed to

methylene protons from the -GHD-C(O)- fragment; ab = HMoee
4.45 ppm (), assigned to the last monomer unit of PEO; and 2L 5
86 = 4.21 ppmi(+ i), attributed to the methylene protons fron 8§ & i5 s |

. . L 10
the fragment between the triazole ring and thellgriaup -N- L ) ,J[ Jn,d
CHZ_CHZ_O_C(CHS)Z_O_. Low intensity Signals &f&=276 g), PRt e ko s St et wicdiisas e e _r~__| skl
2.50 ) and 2.00 ppmf} for the protons from the -OC(O)-GH 160 140 120 100 80 60 40 20 ppm

CH>-CH,- triazole ring were also present. The experiment

degree of-CL polymerisation agrees well with the theoreticatig. 2. 'H (top) and**C (bottom) NMR spectra of the MPE®-
values Table 2). The*C NMR spectrumKig. 2, bottom) of PCL diblock copolymer in CDGI

the diblock copolymers shows carbon signals thatcansistent

with the desired structure. The most important carbignals Similar bands for the characteristics peaks wewsdofor all
are highlighted, i.e., the signals that corresptndarbons from samples in the FT-IR spectriéig. S7, c).

;hueatg;?;g]%ari?gl fr%rrﬂut%eagamezgﬁgppf)(r)ngoxé)efn:t Stk;e Tgble 2. Macromolecular characteristics of MPHCRPCL
121.50 ppm 12). Other significant signals were observed &iPIOCk copolymers.

higher frequencies and slightly shifted in compamisvith the Sample M:2 (NMR) M.® (NMR) M, (SEC) M./M,%(SEC)
BC NMR spectrum from a-methoxye-hydroxy-PEO

containing a ketal6) (Fig. 1, bottom). These signals appear atwpeo.bprcL, 4000 5400 3130 1.45
8 =147.44 9) andd = 161.1 ppm &) for the triazole ring —CH

CH=CH-N- and ab = 173.58 ppm4 + 16) for the carbon from \peq, brcL, 7000 6830 7570 143

the carbonyl group —CHO-C(O)-(CH,)3- next to PEO and for
the carbon from carbonyl group in PCL. All of theher @ M,was calculated by the monomer conversith; =[M]d/[l]o X 114 +M;, a-

remaining signals are attributed to the carbon atémmm the E‘&‘nhx;gﬂg;‘é’gg’t’x"é‘;E,\?MCS”S‘s;”Cit’:gSi gg;a;gégfg?ég 0 Eq. (2).

diblock copolymer structure. ¢ M, and®™./M, values relative to PS standards.

The molecular weights and polydispersity indices tbe
synthesised MPE®-PCL diblock copolymers were
determined by SEC. The analysis clearly shows tiet
obtained curves are monomodal, confirming that kietal
group was not degraded during the ROPeeZL. A slight
asymmetry is observed at longer elution times e@SEC curve
(regular line inFig. S9, which strongly suggests that somc
unreacted MPEO is present. The molecular charatit=iof
the diblock copolymers are listed in Table 2.

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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Polymer nanopatrticles (NPs)

As a proof-of-concept, polymer NPs were prepareunfithe R
block copolymers, and their behaviours under dfifier 10
simulated physiological conditions were evaluatediétail by /\
DLS and NTA. The visual appearance of the collojuatticles {
immediately after the injection of the MPHBE®PCL block \
copolymer solutions into water was size-dependadtdid not 5
F
ST o
o 1o 1
v

o—

RAR,)

R, =99.5nm

/

©

0.8 IO

0.6 ]

change after the dilution with PBS (pH ~ 7.4) (diaté shown). 0.4 d
For MPEQb-PCL,-, the resulting colloidal solution was fully /
|

R—

transparent, whereas the solution was slightly egzant for the 0.2
MPEQ,4-b-PCL,, block copolymer. This result is a visual
indication that the particles produced by the naedpitation
protocol using the MPE£}-b-PCL,, block copolymer are larger o1 T A o0 000 10000

than the particles produced using the MRE®WPCL,; block R,(nm)

copolymer®! Fig. 3 shows the distribution d&,; for MPEO,-b-

PCL;; and MPEQb-PCLy,, block copolymer micelles after Fig. 3. Distributions ofRy for (o) MPEQu,-b-PCL;; and ©)

the dialysis process and dilution with PBS, as mueas by MPEO-b-PCLy, NPs prepared using the nanoprecipitatioi
DLS. The distribution ofRy for MPEQ,-b-PCL,; appears as protocol and diluted in PBS (pH ~ 7.4), both abbaeentration
only one single distribution d®, relative to the presence of theof 1 mg.mL*.

polymer micelles in PBS solution with an averag&gef= 32.1

nm (Fig. 3, blue circles. Furthermore, the polydispersity of théNote that thermodynamically stable polymeric NPsthwi
MPEQ,4-b-PCL,; micelles is very low as estimated through thgydrodynamic diameters R = Dy) within the range of 20 to
cumulant analysisp(/® = 0.08 * 0.007). However, for the60 nm have been shown to be ideal for tumour delyery
MPEOQO,,-b-PCLy, block copolymer, a bimodal distribution ofapplicationsr’.6 They are within the size range that enables rern!
Ry was observed with average sizesRpf= 18.5 nm and 99.5 clearance to be avoide®{ > 10 nm), thereby providing the
nm, respectivelyKig. 3, red circles). Because the ketal linkageNPs a potentially prolonged blood circulation timand,
does not affect the physico-chemical propertiethefMPEOb-  considering that their size is below the cut-offesof the leaky
PCL diblock copolymers, the main factors that cohtthe pathological vasculatured(, < 200 nm), specific accumulation
particle size and morphology in crystalline ampfiiptblock in solid tumour tissue due to the enhanced permeatind
copolymers that self-assemble in water are the goe¢jpn retention (EPR) effecf. Moreover, in addition to the role of the
methodology and the polymer properties, such asniblecular particle size in the EPR effect, another importanr
weight and the relative block lengthAlthough the study of aforementioned target in cancer therapy is thei@aeigtosolic

the particles’ morphology is far beyond the scopthe current Of endosomal conditions in tumour cells. Therefothe
investigation, some comparisons with the literatdaga could sensibility of the polymer NPs containing the akeitie ketal

be performed. Similar particle sizes were foundhiprevious group was tested by DLS in acidic media (pH ~ Spem
work for micelles of the PE®-PCL diblock copolymer with physiological conditions (37 °C) using the MPE®-PCLy,

the same block length prepared through the dialysihod®>>* block copolymer. MPEQ)-b-PCL;7 block copolymer NPs were
For the PEQs-b-PCLy, diblock copolymer, mixtures betweenchosen for evaluating the ketal linkage sensibility vitro
spherical and cylindrical micelles were found teexist after because they presented a monodisperse singléodisri of Ry
dialysis when observed by TEM. Spherical micelles with with aDy = 64.2 nm, which is within the optimal size foudr
diameters in the range of 35 + 5 nm were observéglivery applications. As shown iRig. 3, the absence of a
concomitantly with cylinders with a broad size rangreater mixture between distinct morphological structuregilftates
than 100 nm) and polydispersity. Similar resultsavebtained the experimental procedures and data analiis.4 shows the

by others authoPs by using the same block and block lengthglistribution of Ry for the MPEQ,b-PCL;;7 block copolymer
The observed bimodal size distributionRyf for the PEQ,-b- NPs at pH ~ 5.0 and 37 °C as a function of time.

PCLy, block copolymer is related to a morphological met of
at least two types of particles. According to tferementioned
literature, the most probable morphological streesuare the

o—o.
_o—

0.0

mixture between spherical micelles with an aversige ofDy 504 9

= 37.0 nm and cylindrical and/or worm-like micellegh Dy = ©
199 nm. On the other hand, for PE®-PCL;; block g 454 o ©
copolymer assemblies, single monodisperse sphamazlles CI & 500

are obtained in most cases. @ 409 A

354

30

15| oo 8789 %0 B 0 od)|
o
0 6 12 18 24
Time (hours)
25 T T T T T T T
0 3 6 9 12 15 18 21 24

Time (hours)

Fig. 4 Temporal dependence on thHe, distribution of
MPEQ,4b-PCL;; NPs at pH ~ 5.0 and 37 °C. The inset
illustrates theRy distribution as a function of time foro)
aggregate NPsp] free PEG chains and) loose aggregates.

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 7
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The results clearly show an increase in the avesage of the be explained by a combination of two effects: (iyidg sample
micellar NPs fromR, = 32.1 nm toRy 52.6 nm in 24 hours, preparation, the particles undergo dehydration raagt shrink,
which corresponds to an increaseDp of approximately 41 and (ii) scattering techniques report an intenaitgrage
nm. To obtain a thorough size distribution and to gaiore dimension, whereas TEM reports a number-averagersion.
information to accurately analyse the distributioof Therefore, TEM images generally yield smaller sizdative to
monodisperse and polydisperse samples than carbtaéned DLS data®®

through DLS®*° the MPEQ,b-PCL;; NPs were analysed gm

using NTA at 25 °C. This technique is a powerfubl tthat e
complements DLS, and it is particularly valuabler fine
detection and accurate sizing of a broad rangeogpiulation
ratios. After 24 hours, the MPE@b-PEQO; block copolymer
NPs showed mean particle sizes of 96 nm and 118mdar pH

distributions for the NPs, in which the valuedfd.1) was 64 %=
nm, d(0.5) was 92 nm and(0.9) was 128 nm (pH ~7.4) and
d(0.1) was 61 nmd(0.5) was 92 nm and(0.9) was 209 nm
(pH ~ 5.0). According to Eq. (2), these cumulatv@umes
give Span values of 0.69 and 1.57 for pH ~ 7.4 piAd~ 5.0,
respectively.

Fig. 6. TEM images of MPEQ-b-PCL;; NPs at pH ~ 7.4 (a)
and at pH ~ 5.0 (b) after 24 h.

The increases in particle size and size distriloytas shown by
both scattering techniques and TEM, are strongesmd for
micellar aggregation over time. The aggregation hmaasm
could be explained through the hydrolysis of théd-dabile
ketal linkage in the MPE£-b-PCL,; block copolymer micelles
at pH 5.0. While the hydrolysis of the ketal occuts the
interface between the PCL core and the PEG sheidiénthe
pPancie S micelles, the free hydrolysed PEG chains begingadieased

' into the media (insetrig. 4). The decrease in the density of
surface PEG chains leads to a decrease in the $iiedrance
of the particles and to an increase in the hydrbtity of the
particles, and consequently, particle aggregdtiohhe linear
relationship observed between the relaxation r@tgsand the
square of the wave vecto?] for the particles before (37 °C
and pH ~ 7.4) and after 24 hours (37 °C and pH 06) 5.
demonstrates that both NPs and their aggregatesptuerical
(Fig. S10andFig. 6), and no distinct micellar structures were
observed by DLS, NTA and TEM. Furthermore, no clesnig
the particle size distributions were observed far MPEQ-b-
PCL,; block copolymer micelle by DLS at pH ~ 7.4 duridg
hours, confirming that the particles are selective
environments with mild acidic conditions (from pH5-to ~
6.5) such as tumour tissuedid. S11). Moreover, the
degradation of the MPE@b-PCL,;; diblock copolymer was
confirmed by**C NMR spectroscopy. For the NMR study, 40-
50 mg of the MPEQ-b-PCL;; diblock copolymer was
dissolved in 0.6 mL of deuterated chloroform foledvby the
addition of 25 pl of hydrochloric acid-d (DCI). Tlhlegradation
was determined based on the disappearance ofghal §rom
the ketal linkage between the PEO and PCL blocig. $12
Fig. 5. Size distribution from NTA for the MPE@b-PCL;; Shows the°C NMR spectra of the MPE@b-PCLy; copolymer

spectra reveal the complete disappearance of t®mraignal

In addition, it is possible to verify for the MPEEh-PEQ, from the ketal group linker —OC(G)-O— ats = 121.50 ppm
block copolymer NPs the presence of only one shaak at (12 Fig. S19 after the addition of DCII@, Fig. S12, b) This
pH ~ 7.4 Fig. 5, upper) and three peaks at pH ~ 5Big. 5 Observation is strong evidence that hydrolytic delgtion
comparable increase in the size of the MRE®PEQ;; block Unfortunately, the usual degradation products tegylfrom
copolymer NPs at pH ~ 5.0Fig. 6, b) when compared to thethe acid hydrolysis of a ketal group, such as aeEito could.
NPs at pH ~ 7.4ig. 6, a)after 24 hours. The particle sized10t be detected in th&C-NMR spectrum. Their signal is
determined from the TEM images are clearly smalian those hidden under that of theCL repeating units in th&C NMR.
determined using scattering techniques. This disarey can According to the”"C NMR spectra, no changes were observed

Panic\e sae

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012



Polymer Chemistry

in the signal frome-CL repeating units after the addition of
DCI. The signals from the methylene carbons -CO-)&B-

Page 10 of 11

Notes

(17 to 21 from & = 20 tod = 65 ppm,Fig. S19 and from the it te of Macromolecular Chemistry v.v.i., Academy of Sciences of the

carbonyl group 16 at 8 = 173 ppm,Fig. S12 related to the
PCL segments remain unchanged. Moreover, no newnalsig
from side products that could derive from the hygbis of
ester bonds related to the PCL segments was detaftey the

Czech Republic, Heyrovsky Sg. 2, 162 06 Prague 6, Czech Republic.
E-mail:

etrova@imc.cas.cz; Tel: +420 296 809 296.

acid addition. However, a visible decrease in thethylene Electronic Supplementary Information (ESI) avaitbldetails of any

signal —O-(CH),-O- (2 ats = 70 ppm,S12 b) related to MPEO supplementary information available should be idehli here]. See
units was observed in tH&C NMR spectra. The decrease in thgo): 10.1039/b000000x/

signal of the MPEO units is related to the expentak
procedures. After the addition of DCI to the MPE®-PCL,,
block copolymer solution in CDgl the NMR tube was
vigorously shaken. The formation of an emulsion posed of
droplets of DO containing the MPEO blocks dissolved in
(internal phase) and the PCL blocks dissolved am dhter
phase (CDGl organic phase) spontaneously occurs. Whi?e
hydrolysis of the ketal group occurs, the reled®€d segments
are dissolved in the outer organic phase (GR@Vhereas the 3
MPEO blocks remain dissolved in the emulsion drsp(8,0)
with restricted mobility. The restriction in the tibty of the 4
MPEO chains dissolved in the,O droplets decreases the
signal intensity in thé’C NMR spectr&?

5
Conclusions 6
Through the combination of carbodiimide chemistnd &ROP -
mechanisms with a “click” reaction, novel pH-seivsit 8

amphiphilic block copolymers containing acid-labilketal
groups as block linkers were successfully syntleelsissing a
multi-step stage-by-stage synthetic strategy. Tdi@-eleavable 9
linkage in the block copolymer backbone was usedaas
junction point for the design of hydrophilic PEO dan g
hydrophobic PCL segments. For this purpose, a 232
azidoethoxy)propan-2-ylJ}ethan-1-ol compound, wétispecific
degradable linkage (acyclic ketal group), was sgsiged for
the first time. Subsequentlya-methoxyew-hydroxy-PEO
containing a ketal group was prepared as a matadmni 12
through a “click” reaction between previously sysglseda-
methoxyw-alkyne-PEO and 2-{[2-(2-azidoethoxy)propan-243
yl]}ethan-1-ol. The obtained macroinitiator was &eg@ for the
sequential controlled ROP ofCL in the presence of Sn(Oxt)
Different ratios ofe-caprolactone/hydroxyl were used to obtai
copolymers with different PCL block lengths. Gooontol, 15
purity and conversion over each obtained productrewel6
achieved without degradation of the acid-labileakegroup.
Upon dissolution in a mild organic solvent, the MBREb-
PCL;; block copolymer self-assembled in water/PBS in
regular spherical NPs, and the presence of thelabilk ketal
group linker allowed the NPs to disassemble andeggde in
buffer that simulated acidic cytosolic or endosomahditions 19
in tumour cells (pH ~ 5.0), as evaluated by DLS ahbA
analyses and TEM images. The synthesised blocklymeos
could be used in a variety of applications, e.g.pH-triggered
release drug-delivery systems.
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