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A double hydrophilic ABC triblock copolymer, poly(2-(diethylamino)ethyl methacrylatpply(2-(dimethylamino)-

ethyl methacrylatep-poly(N-isopropylacrylamide) (PDEA-PDMA-b-PNIPAM), containing the well-known
pH-responsive PDEA block and thermoresponsive PNIPAM block, was synthesized by atom transfer radical
polymerization via sequential monomer addition using ethyl 2-chloropropionate as the initiator. The obtained
triblock copolymer exhibits interesting “schizophrenic” micellization behavior in aqueous solution, and
supramolecularly self-assembles into three-layer “onion-like” PNIPAM-core micelles at acidic pH’s and elevated
temperatures and PDEA-core micelles with “inverted” structures at alkaline pH’s and room temperature. In both
cases, dynamic laser light scattering (LLS) and optical transmittance reveal the presence of near-monodisperse
micelles, and the micelle formation/inversion process is fully reversible. Novel shell cross-linked (SCL) micelles
with pH-responsive PDEA cores and thermoresponsive PNIPAM coronas were then facilely fabricated from the
PDEA-b-PDMA-b-PNIPAM triblock copolymer by cross-linking the PDMA inner shells with 1,2-bis(2-iodoethoxy)-
ethane. The reversible pH-dependent swelling/shrinking of PDEA cores and thermosensitive collapse/aggregation
of PNIPAM coronas of the obtained SCL micelles were investigated in detail by dynamic LLS, optical transmittance,
and transmission electron microscopy. As the structurally stable SCL micelles possess pH-controllable core
swellability and thermo-tunable corona permeability, the release profile of a model hydrophobic drug, dipyridamole,
initially loaded within the hydrophobic PDEA core, can be dually controlled by both the solution pH and the
temperature. This represents the first report of SCL micelles with multiresponsive cores and coronas, which may
find practical applications in fields such as drug delivery and smart release.

Introduction temperaturé? Zhang et al. reported the schizophrenic micelli-
zation of PEOb-P4VPbH-PNIPAM; the presence of PEO
Water-soluble double hydrophilic block copolymers (DHBCs) provides additional stabilization of the P4VP-core and PNIPAM-
exhibit intriguing “schizophrenic” micellization behavior, self-  core micelles formed under a combination of pH and temper-
assembling into two or more types of micelles with invertible aturel®
structures under a combination of external stimuli such as pH, However, the practical applications of various self-assembled
temperature, and ionic strengths® Poly(N-isopropylacryla- aggregates of DHBCs were limited by their structural instability
mide) (PNIPAM$416.17and poly(propylene oxide) (PPO)8 upon dilution or changes of external conditions. The approaches
have been frequently used as the thermosensitive componentspf core cross-linking =26 or shell cross-linking’—3° of micelles
while poly(2-(diethylamino)ethyl methacrylate) (PDER)L14.18 were then developed to maintain their structural integrity. The
poly(acrylic acid) (PAA)>17poly(methacrylic acid) (PMAAJ?2 latter approach was originally reported by Wooley et al. for
and poly(4-vinyl pyridine) (P4VP)6 can act as the pH-  amphiphilic block copolymer¥:—33 Armes and co-workers then
responsive blocks. Various diblock copolymers based on applied this method to the structural fixation of DHBC mi-
combinations of the above stimuli-responsive blocks have beencelle$*35and further developed the triblock copolymer approach
extensively studied. for the preparation of shell cross-linked (SCL) micelles at high
Recently, growing attention has been paid to schizophrenic solids, taking advantage of steric stabilization of the soluble
triblock copolymers, providing enhanced structural versatility block located in the outer coronas of three-layer “onion-like”
and additional aggregation mod€€920Armes and co-workers ~ micelles36-38
synthesized a poly(ethylene oxidepoly(2-diethylamino)ethyl However, all of the previously reported SCL micelles of
methacrylate-poly(2-hydroxyethyl methacrylate) (PE®- DHBCs possessed neutral coronas such as ¥Ebpoly(oligo-
PDEA-b-PHEMA) triblock copolymer and further converted the  (ethylene glycol) methyl ether methacrylate) (POEGMA),
PHEMA block into poly(2-succinyloxyethyl methacrylate) —poly(N,N-dimethylacrylamide}? or poly(glycerol monomethacry-
(PSEMA) by esterification with succinic anhydride. The ob- late) (PGMA)#* although the micelle cores were pH- or
tained PEOB-PDEA-b-PSEMA triblock copolymer can self-  thermoresponsive. In practical applications such as targeted drug
assemble into a “trinity” of micellar aggregates in aqueous delivery, tunable release, recyclable catalysts, and smart separa-
solution simply by adjusting the solution pH at ambient tion, SCL micelles possessing stimuli-responsive coronas would
be highly desirable.
* Author to whom correspondence should be addressed. E-mail: ~ 1ang etal. investigated the pH-induced micellization behavior
sliu@ustc.edu.cn. of PEOb-PDMA-b-PDEA, where PDMA is poly(2-(dimethyl-
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amino)ethyl methacrylate). They also solubilized a model bpy (156 mg, 1.0 mmol), and IPA (3.5 mL). The flask was degassed
hydrophobic drug, dipyridamole (DIP), within the PDEA cores by three freezepump-thaw cycles, back-filled with i and then
and found that the release kinetics of DIP can be triggered by placed in an oil bath thermostated at 4D. After ~5 min, CuCl (49
the pH, leading to reversible micelle formation/disintegrafion. mg, 0.5 mmol) was added to start the polymerization under,a N
However, the burst release of DIP at low pH’s due to micelle atmosphere. After 6 h, the DEA conversion reach@8%, as judged
dissociation may be unfavorable in certain cases. Moreover, theby *H NMR sampled at time intervals. An aliquot of the reaction
issue of micelle stability during circulation in the blood mixture was withdrawn for subsequent gel permeation chromatography
compartments, typically accompanied by a large dilution, should (GPC) analysis before the introduction of a degassed mixture of DMA
also be considered. monomer (5.50 g, 35 mmol) and IPA (6.0 mL) via a double-tipped
In terms of the practical applications such as drug delivery needle. After.5 h, the.reactiorj flask was quenched in quu.id nitrogen,
and controlled release, this novel type of intriguing nanocarrier €xposed to air, and diluted with 10 mL of IPA. After passing though
with pH-triggered releasing ability can be further developed @ silica gel column to remove the copper ca_talysts and removing a_II
based on the following principles. First, shell cross-linking can the solvent by a rotary evaporator, the residues were dissolved in
maintain the structural integrity of micelles, while keeping the tetrahydrofuran (THF) and precipitated into caechexane ¢-70 °C)
encapsulation capacity of the hydrophobic PDEA cores. It t© remove residual monomers. After the supernatant solution was
should be noted that shell cross-linking can also partially discarded, the product was collected as colorless and viscous solids. It
modulate the release of guest molecules. Second, if we replaceVas then dried in a vacuum oven overnight at room temperature. The
the neutral PEO outer corona of the obtained SCL micelles with ©Verall yield was-80%. GPC analysis of PDEA-PDMA-CI revealed
a stimuli-responsive one, such as PNIPAM, the permeability @1 Mn of 16 700 and a polydispersiti./My, of 1.21. The PDEA
of the corona can be tuned by the reversible thermal phasecontent in the diblock copolymer was determined to be 32 mol % by
transitions above or below its lower critical solution temperature -1 NMR. Thus, the degrees of polymerization (DPs) of PDEA and
(LCST). The solvation or collapse/aggregation of the PNIPAM PDMA blocks were estimated to be 31 and 66, respectively. The diblock
corona will then retard or accelerate the diffusion of guest COPOlymer was thus denoted PDﬁ’q‘"PDMA%"CI'
molecules out of the nanocarriefs!” Finally, the combination _Preparation of PDEA-b-PDMA-b-PNIPAM Triblock Copolym@he
of pH-controlled swellability of the PDEA core and thermo-  triblock copolymer was synthesized by ATRP polymerization of
induced corona permeability can exhibit dual control over the NIPAM monomer using PDE4A-b-PDMAse-Cl as the macroinitiator.
release profiles of guest molecules, leading to more sophisticated® typical procedure was as follows. NIPAM (1.47 g, 13 mmol),Me
Herein, we report the synthesis of a novel double hydrophilic &1d 2-Propanol (4 mL) were charged into a 25 mL reaction flask. The
triblock copolymer, poly(2-(diethylamino)ethyl methacrylate)- "éaction mixture was degassed by two freegamp-thaw cycles and
b-poly(2-(dimethylamino)ethyl methacrylate)poly(N-isopro- back-filled with No. After the reaction mixture was warmed to room
pylacrylamide) (PDEAB-PDMA-b-PNIPAM) via sequential temperature, CuCl (10 mg, 0.1 mmol) was introduced into the reaction
atom transfer radical polymerization (ATRP). It can self- flask under the protection of Nflow. After polymerization at room .
assemble into PDEA-core micelles at alkaline pH's and room temperature under fatmosphere for 10 h, the flask was quenched in
temperature and PNIPAM-core micelles at acidic pH's and liquid nitrogen, exposgd to air, and. .then diluted with 5 mL of
elevated temperatures. The PDEA-core micelles possess a three? Propanol. After passing through a silica gel column to remove the
layer onion-like structure, with PDMA and PNIPAM blocks copper catalysts and removing all of the solvent, the obtained solids
forming the inner layers and outer coronas, respectively. Cross-"/¢'¢ thoroughly washed with an excessnefiexane and ethyl ether
linking of the PDMA inner layer leads to the formation of Successively to remove the possible presence of residual NIPAM
structurally stable SCL micelles, which possess pH-responsive Mo oe! and unreacted PDEAPDMA macroinitiator, respectively.
PDEA cores and thermoresponsive PNIPAM coronas. Using The obtained colorless product was dried in a vacuum oven overnight
DIP as a model hydrophobic drug, we successfully demonstrate®! "0 temperature. The overall yield wa%p%. The residual copper
that the release of encapsulated guest molecules within the'" PD.EAb'PDMA'bPNIPAM was determ'ne.d to be-15 ppm by
PDEA core of SCL micelles can be dually controlled by solution atomic absorption spectrometry. GPC analysis of the obtained PDEA-
pH and temperature. The latter two factors can finely tune the b-PDMA-b-PNIPAM triblock copolymer revealed &, of 31 200 and

. L .o anMw/M, of 1.29. The actual DP of the PNIPAM block was determined
extent of swelling/shrinking of PDEA cores and the permeability . .
. to be 106 by*H NMR analysis in CDG. The triblock copolymer was
of PNIPAM coronas to model drugs, respectively.

then denoted PDEA-b-PDMAgs-b-PNIPAM; g6
Preparation of Micelles and SCL MicelleAt room temperature,
Experimental Section the PDEAb-PDMA-b-PNIPAM triblock copolymer was dissolved in
) ) ) water at a concentration of 10.0 g/L and pH3. The solution pH
Materials. 2-(Dimethylamino)ethyl methacrylate (DMA, 99%, Al-  was adjusted to 9.0 with the slow addition of concentrated NaOH

drich) and 2-(diethylamino)ethyl methacrylate (DEA, 99%, Aldrich)  aqueous solution to induce the formation of PDEA-core micelles.
were dried over calcium hydride, vacuum-distilled, and then stored at

—20 °C prior to use.N-Isopropylacrylamide (NIPAM, 97%, Tokyo
Kasei Kagyo Co.) was recrystallized from a mixture of benzene and
n-hexane (1:3 (v/v)). CuCl, ethyl 2-chloropropionate (ECP), 1,2-bis-
(2-iodoethoxy)ethane (BIEE), tris(aminoethyl)amine (TREN),’-2,2
bipyridine (bpy), and dipyridamole (DIP) were purchased from Aldrich ~ Loading SCL Micelles with DIPDIP (15.0 mg) was added to 20
and used as received. Tris(2-(dimethylamino)ethyl)amine;TREN) mL of the obtained SCL micelles at a concentration of 5.0 g/L.
was prepared from TREN according to literature procedtirsmpropyl Adjusting the solution pH to 45 allows the complete dissolution of
alcohol (IPA), n-hexane, ethyl ether, and all other chemicals were DIP. After being stirred for 5 min, the solution pH was adjusted to 9.0
purchased from Shanghai Chemical Reagent Co. and used as receivedvith the addition of NaOH. The drug-loaded SCL micellar solution
Sample SynthesisPreparation of PDEA-b-PDMA-CI Macroini- was equilibrated for 20 min at room temperature and then filtered
tiator. A reaction flask with a magnetic stirrer and a rubber septum through a 0.45m Millipore filter to remove any non-encapsulated
was charged with ECP (64L, 0.5 mmol), DEA (2.97 g, 16 mmol), DIP. However, UV-vis absorbance analysis of the filtrate (after dilutierbv

Subsequent shell cross-linking of PDEA-core micelles was achieved
by the addition of BIEE. The solution mixture was stirred for 3 days
at room temperature. The [BIEE]/[DMA] molar ratio was fixed at 1:2,
targeting a 100% degree of cross-linking.
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Scheme 1. Synthesis of the PDEA3;-b-PDMAgs-b-PNIPAM10s Triblock Copolymer
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with water and adjusting back to pH 3.0) at 284 nm based on a standard Results and Discussion
curve for DIP at pH 3.0 revealed that all of the added DIP was
encapsulated within the micelle core. This is reasonable considering  Synthesis of PDEAb-PDMA-b-PNIPAM Triblock Co-
that for the encapsulation of DIP within the non-cross-linked micelles polymer. The ATRP technique is very tolerant of monomer
of PEOb-PDMA-b-PDEA the loading content can be as high as 20% fynctionalities and can be conveniently employed for the
(wiw).% preparation of a wide variety of amphiphitfc5! and double

In Vitro Drug ReleaseFour parallel time-dependent drug release hydrophilic block copolymer&®5253The controlled ATRP of
experiments were conducted at the same.tén2 mL aqueous solution DEA and DMA monomers and the facile preparation of PDEA-
of SCL micelles solubilized with 15% (w/w) DIP was transferred into  ph-PDMA block copolymers by sequential monomer addition
dialysis tubes with a molecular weight cutoff of 14 000 and then in methanol or IPA using CuX/bpy catalysts have been well-
immersed into 50 mL buffer solutions at four types of different gocumented?384244.5455However, the controlled ATRP of
conditions: pH 8.0 and 23C, pH 8.0 and 37C, pH 5.0 and 25C, acrylamido monomers including NIPAM has once been a
pH 5.0 and 37C. Aliquots (3.0 mL) of the buffer solutions were taken  chajlenge due to problems such as the deactivation of the copper
at time intervals. The solution was further diluted, adjusted to pH 3.0, catalyst through complexation with amide groups, displacement
and then monitored by U¥vis spectroscopy at 284 nm to determine of the terminal halide atom by amides groups, and low values
the rate of drug release. Meanwhile, 3.0 mL of fresh buffer was added of the ATRP equilibrium constast. Recent progress in the
after each sampling to keep the total volume of buffer solutions constant. %Ontm"ed ATRP of NIPAM was reported by ‘Ster and co-

Cumulative release is expressed as the total percentage of drug release L .
AN P - P 9 9 workers®758 The combination of more active CuCl/NEREN
through the dialysis membrane over time.

ch ration. Molecul ih d molecul iaht distrib catalysts, alkyl chloride initiator, and IPA solvent in the
_ Characterization. Molecular weights and molecular weight distribu- 51y merization system can overcome these problems, leading
tions were determined by GPC with a Waters 1515 pump and a Waters

) ) 7= to the facile preparation at room temperature of PNIPAM with
241_4 dlfferentlal.refractlve index detector (set at°8). It employs a good conversion, controlled molecular weight, and narrow
series of three linear Styragel columns HT2, HT4, and HT5 and an olvdispersit
oven temperature of 48C. The eluent was THF at a flow rate of 1.0 polydisp Y-

mL/min. A series of low polydispersity polystyrene standards was 1 NUS, & two-step approach was employed for the preparation
employed for the GPC calibration. of the PDEAb-PDMA-b-PNIPAM triblock copolymer, the

PDEA-b-PDMA diblock copolymer was synthesized in IPA at
300 MHz spectrometer. The UWis spectra and transmittance were 40°C by sequential monomer addition using CUC'/pr catalysts
acquired on a Unico UVvis 2802PCS spectrophotometer. The and ECP as the ATRP initiator, and the obtained POEA-
transmittance of the solution was measured at a wavelength of 500 nmPPMA-Cl was then employed as a macroinitiator for the ATRP
using a thermostatically controlled cuvette. polymerization of NIPAM in IPA at room temperature using

A commercial spectrometer (ALV/DLS/SLS-5022F) equipped with CUCVM%TREN cataly§ts (Scheme 1). o
a multi-tau digital time correlator (ALV5000) and a cylindrical 22 mw ~ During the preparation of the PDEB-PDMA-CI macroini-
UNIPHASE He-Ne laser {o = 632 nm) as the light source was tiator, the DEA monomer was polymerized first, and the

employed for dynamic laser light scattering (LLS) measurements. mMonomer conversion was monitored Hy NMR. After 6 h,
Scattered light was collected at a fixed angle of 8fF a duration of the DEA conversion was greater than 98%. GPC analysis of

10 min. Distribution averages and particle size distributions were samples withdrawn at this stage revealed a monomodal and
computed using cumulants analysis and CONTIN routines. All data symmetric peak with amM, of 6100 and arvi,/M, of 1.17
were averaged over three measurements. (Figure 1). A degassed mixture of DMA monomer and IPA
Transmission electron microscopy (TEM) images were recorded Was then transferred into the reaction flask to start the chain
using a Philips CM120 electron microscope at an accelerating voltage €xtension of the second block. After 5 h, the polymerization
of 200 kV. TEM samples were prepared by placingd0 aqueous was stopped, and residual monomer was removed by precipita-
solutions of SCL micelles (0.2 g/L) on copper grids coated with thin tion of the product from THF into cold-hexane. In comparison
films of Formvar and carbon. No staining was required. to the GPC trace of the first PDEA block just before addit'BBV

All *H NMR spectra were recorded in,D or CDC} using a Bruker
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Figure 1. THF GPC traces of (a) PDEA precursor (M, = 6100, My/
M, = 1.17), (b) PDEA-b-PDMA-CI macroinitiator (M, = 16 700, M,/
M, = 1.21), and (c) PDEA-b-PDMA-b-PNIPAM triblock copolymer (M,
= 31200, Mw/M, = 1.29).
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Figure 2. 'H NMR spectra of the PDEA-b-PDMA-b-PNIPAM triblock
copolymer in D;O: (a) at pH 5.0 and 25 °C; (b) at pH 9.0 and 25 °C;
(c) at pH 5.0 and 40 °C.

of the DMA monomer, the elution peak of PDEHAPDMA-CI
clearly shifted to a larger molecular weight, with &y of

16 700 and am, /M, of 1.21 (Figure 1). Moreover, there is no
tailing at the lower-molecular-weight side, indicating a suc-
cessful chain extension of the second PDMA block. The PDEA
content in the PDEA-PDMA-CI diblock copolymer was
determined to be 32% biH NMR in CDCls. The DPs of the
PDEA and PDMA blocks were estimated to be 31 and 66,
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The obtained PDE#A-b-PDMAg6-Cl diblock copolymer was
then employed as a macroinitiator for the ATRP polymerization
of the NIPAM monomer in IPA at room temperature, employing
the CuCl/M@TREN catalysts, leading to the preparation of
PDEA--PDMA-b-PNIPAM triblock copolymer. ThéH NMR
spectrum of the purified product in)D at pH 5.0 (Figure 2a)
reveals the presence of characteristic signals of all three blocks.
The DP of the PNIPAM block was determined to be 106y
NMR, based on the integral ratio of resonances at 3.9 ppm (d
and 4.4 ppm (c and f), characteristic of PNIPAM and PDMA/
PDEA blocks, respectively.

Most importantly, in comparison to the GPC trace obtained
for the PDEAb-PDMA diblock precursor, there is a clear shift
to a higher molecular weight for the PDBAPDMA-b-
PNIPAM triblock copolymer (Figure 1c). The elution peak of
the triblock copolymer is also symmetric and shows no tailing
at the lower-molecular-weight side, suggesting a high initiating
efficiency of the macroinitiator for the polymerization of
NIPAM and a successful preparation of the target triblock
copolymer. GPC analysis revealedMpof 31 200 and a,,/

M, of 1.29.

Schizophrenic Micellization of PDEA-b-PDMA-b-PNIPAM.
Both PDMA and PDEA are weak polybases, and their conju-
gated acids haveky's of 7.0 and 7.3, respectivef§:59-62 At
room temperature, the PDMA homopolymer is water-soluble
over the whole pH range with a slightly lower water solubility
at pH > 9-10. In contrast, the PDEA homopolymer is water-
insoluble at neutral or alkaline pH’s. Below pH-8, it is soluble
as a weak cationic polyelectrolyte due to the protonation of
tertiary amine groups. However, the PNIPAM homopolymer
dissolves in cold and dilute aqueous solutions but becomes
insoluble above~32 °C due to the LCST phase behavior. Thus,
it was quite expected that the PDHAPDMA-b-PNIPAM
triblock copolymer will exhibit thermo- and pH-responsive
schizophrenic micellization behavior in aqueous solution (Scheme
2). For the aqueous solution of PDEAPDMA-b-PNIPAM at

respectively, based on the chemical composition and moleculara concentration of 5.0 g/L, it was clear at pH 5.0 and room

weight determined from GPC.

temperature. Upon heating the solution to°@at pH 5.0 or

Scheme 2. Schizophrenic Micellization Behavior of the PDEA-b-PDMA-b-PNIPAM Triblock Copolymer in Aqueous Solution (Top) and the

Subsequent Fabrication of Multiresponsive SCL Micelles (Bottom)
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adjusting to pH 9.0 at 28C, we can clearly observe the large -
increase of light scattering and the appearance of the bluish tinge p
characteristic of colloidal dispersion (Figure 3). This apparently ;}ﬂgz n‘; c()?)d\i/sar(ie?;ii(tm ig';é’rens}lﬁﬁ'a\yvi;‘a?;mhiﬁgﬂ?:%“g:girzggil:;
indicates that the triblock copolymer can exhibit thermo- and " aq?legus olitions of POEA.bPOMA.DPRIPAM at pH 5.0.
pH-responsive micellizatiodtH NMR and dynamic LLS were (b) Variation of [R\Oand scattered light intensity as a function of pH
further employed to characterize the micelle structures. obtained for 1.0 g/L aqueous solutions of the PDEA-b-PDMA-b-
Figure 2 shows théH NMR spectra of PDEA>-PDMA-b- PNIPAM triblock copolymer at 25 °C.
PNIPAM in D,O at different conditions. At pH 5.0 and 2&,
all signals characteristic of PNIPAM, PDMA, and PDEA blocks increase with temperature, accompanied by an increase of
are visible, indicating that the triblock copolymer molecularly scattered light intensity, suggesting thermoresponsive micelli-
dissolves. Upon increasing the temperature t6@@t pH 5.0, zation above the critical micellization temperature due to the
the intensities of characteristic PNIPAM signalg)at 3.9 and thermal phase transition of PNIPAM block. Above 38,
1.2 ppm decrease to a large extent (Figure 2c), indicating thatdynamic LLS only revealed one population, aif@iCremains
the PNIPAM block becomes insoluble above its LCST. How- almost constant at-60 nm. This indicates that the thermo-
ever, the characteristic signals of the PDMA and PDEA blocks induced micellization is complete. Moreover, the formed
ato = 1.4 and 4.4 ppm are clearly evident, which is reasonable PNIPAM-core micelles are quite monodisperse, with polydis-
as these two blocks are soluble at pH 5.0 due to the protonationpersities f2/T?) typically less than 0.10 (Scheme 2).
of tertiary amine residues. On the basis of chemical intuition,  Figure 4b shows the pH dependence of dynamic LLS results
three-layer onion-like micelles consisting PNIPAM cores, for PDEA-b-PDMA-b-PNIPAM. Below pH 6-7, the triblock
protonated PDMA inner layers, and protonated PDEA outer copolymer molecularly dissolves, with very low scattering
coronas should form at pH 5.0 and %0 (Scheme 2). It should intensity. Upon addition of NaOH, micellization occurred above
be noted that the characteristic PNIPAM signals do not pH 7, as indicated by the appearance of a bluish tinge that is
completely disappear. This suggests that the PNIPAM core characteristic of micellar solutions. Above pH 8, the micelle
remains partially solvated even at 40; i.e., the micelle core  size remains almost constant, willR,(Jof ~25 nm. The size
still contains solvent molecules. This is similar to the case of distribution is relatively monodisperse, with&/T? of 0.009.
thermoresponsive micellization of PPO-containing block co- This agrees quite well with the previotid NMR results. Further
polymers$3-65 Hurter et alf® also theoretically predicted the studies indicated that the thermo- and pH-induced micellization
presence of water in the micellar core in their modeling of the of PDEA-b-PDMA-b-PNIPAM triblock copolymer is fully
thermo-induced micellization of Pluronics. reversible, and the schizophrenic micellization behavior is
Starting from the monomer state at pH 5.0 and@5signals summarized in Scheme 2.
characteristic of the PDEA block at 1.4 ppm completely  Shell Cross-Linked Micelles with Multiresponsive Cores
disappeared upon adjusting to pH 9.0 at room temperatureand Coronas.In alkaline media and at room temperature, the
(Figure 2b), while signals characteristic of PNIPAM and PDMA self-assembled three-layer onion-like micelles consist of PDEA
ato = 3.9 and 2.4 ppm, respectively, are still clearly visible. cores, PDMA inner shells, and PNIPAM outer coronas. Thus,
This indicates the formation of structurally inverted onion-like the PDEA core and PNIPAM corona possess pH- and thermo-
micelles consisting of PDEA cores, PDMA inner shells, and responsiveness. To combine these two intriguing properties and
PNIPAM coronas, compared to those formed at pH 5.0 and 40 avoid structural disintegration or inversion, the shell cross-
°C (Scheme 2). linking of the inner PDMA layer was then facilitated upon
Figure 4a shows the temperature dependence of dynamic LLSaddition of a difunctional cross-linker, BIEE. It can selectively
results for the PDEA>PDMA-b-PNIPAM triblock copolymer quaternize the DMA residues and leads to successful “locking
at pH 5.0 and a concentration of 1.0 g/L. Below 33, the in” of the micelle structure (Scheme #Y.36:38 The molar ratio
average hydrodynamic radiufR,[] is ~9—10 nm, and the of BIEE to DMA residues was 1:2, targeting a 100% degree of
scattered light intensity is quite low, confirming that the triblock cross-linking. The actual degree of quaternization of SCL
copolymer molecularly dissolves. Above 3@, [R,[starts to micelles was determined to be70% by!H NMR analysis inCDV
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Otherwise, the micelles will dissociate into unimers at acidic
1.0F o pus & a) .. . . L
o pHO ;'g 2 conditions, leading to a large decrease of scattered intensities.
0.8 1§§ However, in the pH range of 63, [Ryexhibits the most
~ i i'- P dramatic decrease. This is in agreement with tkg ymlue of
SR T I8 } the PDEA homopolymers<7.3). Further LLS studies revealed
= a4l M‘ : 3 that the pH-dependent swelling/deswelling of the PDEA cores
4 1 % is fully reversible (Scheme 2). As most of the size changes take
0.2r KRR place around physiological pH’s, this augurs well for the poten-
0.0 SRR tial applications of such structurally stable SCL micelles in the
1 1‘;{ ) 100 1000 field of nanosized drug delivery vehicles, which will exhibit
nm

h the “triggered release” of the encapsulated hydrophobic drugs.
TEM images of the SCL micelles (Figure 6) revealed the

IS
(=)
[

- b n presence of presumably spherical micelles~10—30 and
g 3 e 48 ~25—40 nm in diameter at pH 9.0 and 5.0, respectively. The
g \ i.;' particle sizes estimated from TEM were systematically smaller
N> L T 3 than those obtained by dynamic LLS, which werd8 and 76
& 5 ° o o = nm in diameters for micelles at p .0 and 5.0, respec-
v‘ = diameters for SCL lles at pH 9.0 and 5.0
r \ @ ively. It is well-known that diameters measured by are
28 4 ; tively. It l1-k that d t d by TEM
— &, ypically much smaller than those obtained by dynamic
. e typicall h smaller than those obtained by d LLS
24y R because the former reflects conformations in the dry state, while
0 2 4 6 3 10 12 ! the latter reflects the dimensions of both the PDEA core and
pH the stretched PNIPAM coronas. The general agreement between
Figure 5. (a) Typical hydrodynamic radius distribution, f(Ry), at pH SIZES .measured by d.ynamlc LLS and TEM suggests that t.he
5.0 and 9.0, and (b) variation of intensity-average hydrodynamic spherlcal morphologies Observeq by TEM arg present in
radius, (R[] and scattered light intensity at a scattering angle of 90° solution. The presence of spherical morphologies for SCL
as a function of pH obtained for 1.0 g/L aqueous solutions of SCL micelles at pH 5.0 further confirms that the shell cross-linking
micelles of the PDEA-b-PDMA-b-PNIPAM triblock copolymer. The has successfully fixed the micellar nanostructure.

_li i 0, .
target degree of shell cross-linking was 100%. It is well-known that the PNIPAM homopolymer undergoes

D,O (pH 9) by comparing the integration areas of signals & thermal phaie transition in dilute aqueous solution above its
chara((Eterist)ic c)>/f unqupaterngized DMAgresidueséat 2.4 pprgn LCST of N32. C.omes At temperatures below the LCST, the
to that of PNIPAM residues at = 3.9 ppm. PNIPAM cham; adopt a randomly coiled struc;turg due tq the
After shell cross-linking, the solution pH was adjusted back predominantly |ntermplecular hydrogen-bonding interactions
to pH 5.0, we can clearly observe that the bluish tinge persists between PNIPAM_ chains and water molecules. At tgmperat_ures
(Figure 3), and this apparently indicates that the shell cross- above the LC_ST' intramolecular hydrogen-bonding Interactions
linking is successful. Otherwise, the micelle dissociation at acid- cause the ch_alns to becomg compact apd collapse, reducing their
ic pH will lead to the disappearance of the bluish tinge and a water solubility. As the obt{;\lned SCL mlcelles.possess PNIPAM
clear solution. The structures of the obtained SCL micelles and °r°Nas: they should exhibit thermoresponsiveness.
the properties of multiresponsiveness of the micelle cores and Figure 7a shows the temperature dependence of average
coronas were further investigated by dynamic LLS and TEM. hydrodynamic radius{Rq[] of the SCL micelles in aqueous
Typical hydrodynamic radius distribution$(R.), of the soIL_mon at an e_xtremely low concentration (0.01 g/L, pH 9.0)
obtained SCL micelles at pH 5.0 and 9.0 are shown in Figure during the heating process. Each data point was obtained after
5a. Both size distributions are relatively narrow, withT2 ~ the measured values were stable. Upon heatlRfdecreases
values being 0.15 and 0.11 for SCL micelles at pH 5.0 and 9.0, monotonically from 24 to 18 nm in the temperature range of
respectively. Most importantly, the intensity-average hydrody- 3240 °C. The transition is relatively broad, spanning about 8
namic radiusR.J at pH 5.0 is much larger than that at pH °C. For the PNIPAM homopolymers, individual PNIPAM chains
9.0, being 38 and 24 nm, respectively. This suggests that uponfree in solution usually exhibit an abrupt decrease of sizes in
the pH increase from 5.0 to 9.0 the hydrodynamic volume of the narrow temperature range of-333 °C.%® From Figure 7b,
the SCL micelles shrinks-4 times. The size increase at low We can observe that scattered light intensity and polydispersity
pH should be due to the protonation and swelling of the PDEA indexes (/T?) of SCL micelles remain almost unchanged in
cores. The pH-induced swelling/deswelling of PDEA cores of the temperature range of 234 °C, indicating that the decrease
SCL micelles has been reported previoligl§s40 of [R,Jabove 32°C should be ascribed to the intramicellar
The SCL micelles exhibit 8R,[of ~24 nm at pH 9.0, which  collapse of the PNIPAM corona.
is almost the same as that obtained for the non-cross-linked Figure 8 shows the temperature dependence of transmittance
micelles. The polydispersity indexas(I?) of the SCL micelles at 500 nm for the SCL micelles prepared from the PDIEA-
and the non-cross-linked micelles wex®.10 at pH 9.0. The PDMA-b-PNIPAM triblock copolymer at 5.0 g/L. The transmit-
almost constanfR,Jand polydispersity values of the PDEA- tance starts to decrease dramatically abové@Z2This should
core micelles before and after cross-linking suggest that thebe due to the aggregation of SCL micelles with collapsed
cross-linking reaction takes place exclusively inside the PDMA PNIPAM coronas at relatively high concentrations. SCL micelles
inner layer and intermicellar cross-linking does not occur due with collapsed PNIPAM coronas tend to collide with each other,
to the steric repulsion imparted by the coronal PNIPAM chains. which will surely contribute to the intermicellar aggregation
Figure 5b illustrates the pH dependence of dynamic LLS because the PNIPAM corona becomes “sticky” above their
results of the SCL micelles. In the pH range of 2, the LCST. The transmittance decreases from 80% at room temper-
scattered light intensity exhibits no appreciable changes. Thisature to~20% at 40°C (Figure 3). It should be noted that at a
further confirms that the shell cross-linking is successful. concentration of 5.0 g/L there is no apparent macroscopic p&ﬁ"\?



3190 Biomacromolecules, Vol. 8, No. 10, 2007

a) b)

Jiang et al.

L

S0nm 50

Figure 6. Typical TEM images obtained for SCL micelles of the PDEA-b-PDMA-b-PNIPAM triblock copolymer at (a) pH 9.0 and (b) pH 5.0. The
target degree of shell cross-linking was 100%.
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Figure 8. Temperature-dependent transmittance at pH 9.0 obtained
0.18F b 1o for 5.0 g/L aqueous solutions of SCL micelles of the PDEA-b-PDMA-
- b-PNIPAM triblock copolymer. The target degree of shell cross-linking
=Y was 100%.
U 0a2p - o ° 60" o {02 %
3:* ° oo - diblock copolymers of PNIPAM and poly(butyl methacrylate)
=] (PBMA) or polystyrene (PS). The hydrophobic drug, adriamycin
0.06 1018 : : :
‘ o o0 o se eeee OIS 5 (ADR), was loaded into the hydrophobic cores of micelles. As
g the micelle corona consists of thermoresponsive PNIPAM, they
0.00 . . X . 100 discovered that the releasing kinetics of ADR can be finely tuned
20 25 30 35 40 45

by temperature, exhibiting a much enhanced release rate above

Temperature / °C the phase transition temperature of the PNIPAM corona. In their

case, the micelles do not possess a stabilized structure; i.e., no
cross-linking of the core or shell was performed. Moreover, a
cosolvent approach is necessary to actuate the micelle formation,
and the complete removal of organic solvent molecules through
tedious and time-consuming dialysis is necessary. Finally, the
separation even after storage at°4Dfor 5 days. The different  micelle cores were essentially hydrophobic, and only water-
thermoresponsive collapse and aggregation behaviors at low andnsoluble drugs can be solubilized and delivered.
high concentrations (Figures 7 and 8) for SCL micelles prepared Drug Release from Shell Cross-Linked MicellesAlthough
from PDEA-b-PDMA-b-PNIPAM might be further utilized to various types of SCL micelles have been reported, very few
control the local concentrations and sizes of drug nanocarriersstudies concerning the drug release behavior have been re-
after being delivered to the target sites. ported® It has been observed that the shell cross-linking can
Theoretically, the thermal phase transition of the PNIPAM partially modify the release profile, but not that prominently,
corona of SCL micelles at elevated temperatures will lead to probably due to the fact that the guest molecules are typically
changes of the permeability of the corona to guest molecules.much smaller than the pores of the cross-linked network within
Okano and co-worket%4” prepared polymeric micelles from  the shell. Thus, more controlling functions or components FEBQ/

Figure 7. Variation of (a) intensity-average hydrodynamic radius,
[(Rn[Jand (b) scattered light intensity and polydispersity index (u2/T?)
as a function of temperature at pH 9.0 obtained for a 0.01 g/L aqueous
solution of SCL micelles of the PDEA-b-PDMA-b-PNIPAM triblock
copolymer. The target degree of shell cross-linking was 100%.
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Figure 9. Cumulative DIP release from SCL micelles of PDEA-b-
PDMA-b-PNIPAM solubilized with DIP within the PDEA cores (initially

at pH 9.0) to buffer solutions: (a) at pH 8.0 and 25 °C; (b) at pH 8.0
and 37 °C; (c) at pH 5.0 and 25 °C; (d) at pH 5.0 and 37 °C.

to be introduced into SCL micelles to realize more sophisticated

and smarter control over the release kinetics of encapsulated

guest molecules.

We can expect that the SCL micelles fabricated from PDEA-
b-PDMA-b-PNIPAM should prove to be excellent drug nano-
carriers due to the following advantages. First, the structure of
the nanocarrier is permanently stable, due to the introduction
of shell cross-linking. Thus, the large dilution typically ac-
companying the administration process, the variations of pH,
temperature, and ionic strengths, etc., will not disintegrate the

micelle structure. Second, as the SCL micelles possess pH-
responsive PDEA cores, the encapsulation and subsequen

triggered release of drugs is possifieé? Finally, the thermo-
responsive PNIPAM corona of the obtained SCL micelles can
be utilized to act as additional tuning parameters for the

controlled and smart release of guest molecules, which is made

possible by the smart changes of corona permeability upon
thermal phase transitiod&*”7+74 We then tested the drug
release profile at different pH’'s and temperatures after solubi-
lizing a model hydrophobic drug, DIP, within the hydrophobic
PDEA cores of SCL micelles fabricated from PDEEARDMA-
b-PNIPAM.

After mixing DIP with SCL micelles in aqueous solution at
pH 4-5, DIP can be facilely loaded into the hydrophobic PDEA
core of the SCL micelles upon adjusting the solution pH to 9.0
with NaOH. The drug release profiles at different pH’s and
temperatures were monitored using a conventional dialysis
method. The amounts of released DIP in the external buffer
solutions were determined based on a standard curve of DIP a
a fixed pH of 3.0.

Figure 9 shows the time dependence of cumulative DIP
release from drug-loaded SCL micelles into buffer solutions at
different pH’s and temperatures. When the drug-loaded SCL
micelle solution was placed in a pH 8.0 buffer at 25, only

~25% of the loaded drug can be released even after 60 h. This

is due to the fact that the PDEA core still remains hydrophobic,
which can well solubilize the hydrophobic drug. This indicates
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Approximately 60% of loaded DIP was released within 8 h.
Okano and co-worket%also observed that the release of ADR
can be accelerated at elevated temperatures when the drug was
loaded into the hydrophobic PBMA core covered with PNIPAM
coronas. They ascribed this to the structural deformation of
PBMA-core micelles. In the current case, dynamic LLS experi-
ments of an extremely dilute aqueous solution (0.01 g/L) of
the SCL micelles revealed that micelle radius decreases from
24 to 18 nm upon heating from 25 to 4Q (Figure 7). The 6

nm size decrease should be due to the collapse of the
thermoresponsive PNIPAM corona, leading to a much thinner
micelle corona. Moreover, the collapse of the PNIPAM layer
may also lead to the formation of pores or channels throughout
the corona layef? Both of these two factors will contribute to
the enhanced permeability of the PNIPAM corona to guest
molecules, leading to faster release of DIP.

When the buffer solution was at pH 5.0 (Figures 9c¢ and 9d),
even faster drug release can be typically observed. Depending
on the solution temperature80—90% of the loaded drugs were
released within the initial 10 h. At pH 5.0, the tertiary amine
residues of the PDEA core were almost completely protonated,
and the core is becoming hydrophilic, leading to its extensive
swelling (Figure 5). Thus, the pH decrease of the buffer solution
leads to the type of ‘triggered’ release of guest molecules.

A closer examination of Figures 9c¢ and 9d tells us that at
pH 5 the release rate at 3T is considerably faster than that at

5 °C, which could be due to the thermal phase transition of
he PNIPAM corona, leading to enhanced permeability to drug
molecules.

On the basis of the above discussion, we successfully
established that the SCL micelles fabricated from PDOEA-
PDMA-b-PNIPAM can act as excellent drug nanocarriers, the
structural integrity of which was endowed with the shell cross-
linking. Moreover, as the SCL micelles possess pH-controllable
core swellability and thermo-tunable corona permeability, the
release profile of encapsulated guest molecules can be dually
controlled by solution pH and temperature. In practice, most
pathological processes exhibit either a slight increase in tem-
perature or decrease in pH. For instance, contrary to the normal
blood pH of 7.4, extracellular pH values in tumorous tissues
are determined to be around 6.8.0. Moreover, drug nano-
carriers can enter living cells via endocytosis, and the intrac-
ellular environment is typically acidic (pH-55). As the reported

tmultiresponsive SCL micelles possess excellent structural

stability and exhibit uniquely dual control (pH and temperature)
of the drug release profile, they should act as suitable drug
nanocarriers with more sophisticated and smarter controlled-
release behavior in real-world clinical applications

Conclusion

The well-defined PDEA-PDMA-b-PNIPAM triblock co-

that the PDEA core possesses a relatively high partition polymer was successfully synthesized via ATRP. The triblock
coefficient for DIP, as compared to that of the external buffer copolymer can self-assemble into PNIPAM-core micelles at
solution. Tang et &° reported the release kinetics of DIP loaded acidic pH’s and elevated temperatures and PDEA-core micelles
within the PDEA core of the non-cross-linked micelles of PEG- at alkaline pH’s and room temperature. Dynamic LLS results
b-PDMA-b-PDEA. In a buffer solution at pH 7.4;-45% of indicated the presence of nearly monodisperse micelles in both
the loaded drug was released within 3 h. Two factors may cases, and the micellization was fully reversible. Novel SCL
contribute to the slow release observed in the current case. Wemicelles with pH-responsive PDEA cores and thermosensitive
used a buffer solution of 8.0, in which the PDEA core is PNIPAM coronas in aqueous solution were then fabricated by
becoming more hydrophobic. However, the shell cross-linking cross-linking the inner PDMA shells of the PDEA-core micelles.
may also partially retard the drug release. The reversible pH-dependent swelling/deswelling of PDEA
In a buffer solution at pH 8.0 and 3TC, a much enhanced cores and thermoresponsive collapse/aggregation of PNIPAM
release rate of DIP can be observed compared to that @25  coronas of the resultant SCL micelles were investigated in seB\e/
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detail. These SCL micelles can act as drug nanocarriers: loading (35) Butin, V.; Lowe, A. B.; Billingham, N. C.; Armes, S. Rl. Am.
the DEA cores with a hydrophobic drug, followed by change Chem. Socl999 121, 4288-4289. ,

of solution pH and temperature, dually controlled rate of drug (36) BBi‘Ifil:‘n’th';‘ V,\\/Ia%g’. i'rmsé; dg FF),a.Z ?ﬁgzrz’i\ﬂﬂéc\gm%?géﬂlsggbgd L
release of drug-loaded SCL micelles. This represents the first 33, 19_3_ T T T

report of the preparation of multiresponsive SCL micelles, which

(37) Liu, S.Y.; Weaver, J. V. M.; Save, M.; Armes, S.LR_Rngmuir2002
could lead to more sophisticated, controllable, and smarter 18, 8350-8357.
nanocarriers.

(38) Liu, S.Y.; Weaver, J. V. M.; Tang, Y.; Billingham, N. C.; Armes,
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