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ABSTRACT: We report the synthesis of temperature- and redox-responsive multiblock copolymers by reversible
addition—fragmentation chain transfer (RAFT) polymerization. Well-defined-bis(dithioester)-functionalized
poly(N-isopropylacrylamide) (PNIPAM) and poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) were
prepared using 1,4-bis(thiobenzoylthiomethyl)benzene and 1,4-bis(2-(thiobenzoylthio)prop-2-yl)benzene as RAFT
agents, respectively. Dually responsive multiblock copolymers were synthesized in a single aminolysis/oxidation
step from thea,w-bis(dithioester)-terminated PNIPAM and PDMAEMA. The copolymers and their stimulus-
responsive behavior were characterized by size exclusion chromatography, NMR, light scattering, and atomic
force microscopy. Because of the presence of redox-sensitive disulfide bonds between the blocks, the copolymers
were readily reduced to the starting polymer blocks. The presence of temperature-responsive PNIPAM blocks
provided copolymers with the ability to assemble into eeskell nanostructures with hydrophobic PNIPAM as

the core and cationic PDMAEMA as the stabilizing shell when above the phase transition temperatures of PNIPAM.
The temperature-induced assembly of the copolymers also showed substantial pH sensitivity. The phase transition
temperature increased with decreasing pH, while the molecular weight of the assemblies decreased.

Introduction corresponding polyamide-polyester multiblock copolyni@rs.

Multiblock copolymers consist of two or more different Eolymerizatiqn of bis(chloro)formates of carboxylated polylgc-
blocks of monomers arranged in a random or alternating tide (PLA) with polyf-caprolactone) (PCL) produced multi-
sequence. The interest, both theoretical and experimental, inPlock copolymers of PLA and PCE. Copolymerization of
multiblock copolymers stems from their widespread applications fluoro-terminated poly(2,5-benzophenone) and phenoxide-
as adhesives, emulsifiers, barrier materials, impact modifiers, terminated disulfonated poly(arylene ether sulfone) formed an
and materials for gene and drug delivéry® Moreover, the amphiphilic multiblock copolymer via aromatic nucleophilic
experimental and theoretical studies of these systems show thasubstitution'® Oxidation of thiol-terminated poly(ethylene oxide-
multiblock copolymers often can provide more advantageous b-propylene oxides-ethylene oxide) furnished thermogelling
properties as compared to corresponding diblock or triblock poly(ethylene oxidés-propylene oxides-ethylene oxide) multi-
copolymers:® In particular, multiblock copolymers with com-  block copolymerg?

bined responsiveness to different biologically relevant stimuli Alternatively. multiblock copolvmers can be prepared b
represent promising materials for a variety of biomedical Y, poly prep y

applications. Hence, expanding the portfolio of easy methods many of thg a\{ailable living _polymerization technique.s..llior
for the synthesis of functional multiblock copolymers is of ©€*@mple, Higaki etal. synthesized a polyurethane macroinitiator
significant interest. conta!mng alkoxygmlne |q|t|at|ng groups in the main chain and
A general approach to synthesize multiblock copolymers is USed it to synthesize multiblock copolymers of polystyrene and
to prepare an,w-bifunctional prepolymer and condense it with  POly(p-t-butoxystyrene) by nitroxide-mediated free radical po-
anothera,w-bifunctional prepolymet—18 For examplea,w- lymerization? In another recent report, multiblock copolymers
dihalo-poly(methylphenylsilane) (PMPS) was condensed with could be easily prepared by a stepwise insertion reaction of
bis(hydroxy)-terminated poly(ethylene oxide) (PEO) to yield a monomers into the backbone of trithiocarbonate- or dithioester-
multiblock copolymer of PMPS and PE®.Condensation of containing polymerd? Huang et al. reported the synthesis of
o,w-dihydroxy-poly(2-vinylpyridine) (P2VP) witho,w-dihy- novel ABCB-type ternary amphiphilic multiblock copolymers
droxy-PEO in the presence of potassium hydroxide yielded a by stepwise insertion of monomers into the trithiocarbonate-
multiblock copolymer of P2VP and PE®.The condensation  functionalized PEG! Koning et al. have reported that multi-
of a,w-diamino-polyamide wittw,w-dicarboxy-polyester led to  block copolymers can be synthesized by emulsion polymeri-
zation or aqueous dispersion polymerization using a multi-
* Corresponding author. Tel.: (313) 993-7669; fax: (313) 577-2033; functional RAFT agent:22 Atom transfer radical polymerization
e-mail: oupicky@wayne.edu. . and cationic polymerization have been used to prepare multi-
Department of Pharmaceutical Sciences. .
g block copolymers of methyl methacrylate, styrene, and isobu-

* Departments of Chemical Engineering and Materials Science an '
Chemistry. tylene in a three-step synthesfs.
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Scheme 1. Synthesis of Reducible Multiblock Copolymers by RAFT Polymerization
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Redox-responsive multiblock copolymers have been proposed(Alfa, 99%), carbon tetrachloride (Sigma-Aldrich, 99%), tetrahy-

as promising carriers in drug and gene deliv&rys They utilize

the redox-potential gradients that exist between intracellular and
extracellular environment for improved efficiency of delivery.
Although these methods provide robust tools to synthesize
different types of multiblock copolymers and have been used
recently to synthesize several types of reducible disulfide-
containing copolymer&;-30 multiblock copolymers that respond
dually to redox-potential gradients and another stimulus have
been seldom studied until now.

Reversible additionrfragmentation chain transfer (RAFT)
polymerization is an extremely versatile, controlled free radical
polymerization technique for the synthesis of well-defined
polymer architecture¥:-36 The RAFT process is applicable to
a wide range of monomers and can be performed under a broa
range of conditiong337-3° The use of difunctional RAFT agents
provides an easy route to homobifunctional dithio-poly-
mers31:36:46-42 Previously, we used the oxidation of thiol-
terminated peptides and polymers prepared by RAFT polym-
erization to form disulfide-containing reducible polymers, which
could be reversibly cleaved using mild reducing agéntd:4

drofuran (VWR, 99%), anhydrous diethyl ether (EMD, 99%),
hexane (EMD, 98.5%), dithiothreitol (DTT, Sigma-Aldrich99%),
1 M phenylmagnesium bromide in THF (Sigma-Aldrich), and
dibromop-xylene (Fluka,>98%) were used as received. DMAE-
MA (Acros, 99%) was passed through a column of activated basic
alumina to remove the inhibitor and stored af®© before use.
NIPAM was recrystallized before use from a mixture of hexane/
benzene (70:30). The following reagents were synthesized using
previously described procedures: dithiobenzoic 4eitl4-bis(2-
(thiobenzoylthio)prop-2-yl)benzene (BTBTPH),and 1,4-bis-
(thiobenzoylthiomethyl)benzene (BTBTMB).The reagents were
characterized byH NMR (400 MHz) and®*C NMR (100 MHz).
Instrumentation. H NMR and3C NMR spectra were recorded

on a Varian spectrometer (400 MHz). The number-averagg (

nd weight-averageM,) molecular weight and polydispersity index
PDI, My/M,) of the polymers were determined by size exclusion
chromatography (SEC) using a Shimadzu LC-10ADVP liquid
chromatograph equipped with a column oven and Polymer Labs
PL gel 5um mixed C column (300 mnx 7.5 mm, lineaM,, range
200-2 000 000). The system was equipped with Wyatt miniDAWN
multiangle laser light scattering detectdr € 690 nm, 30 mW)
and a Wyatt Optilab DSP interferometric refractometer{ 690

Here, we report an easy method to synthesize redox-responsivédm). N,N-Dimethylformamide (DMF) was used as an eluent at a

multiblock copolymers based on temperature-responslve
isopropylacrylamide (NIPAM) polymer blocks and cationic
2-(dimethylamino)ethyl methacrylate (DMAEMA) polymer
blocks. Different from the previously reported method of
preparing reducible polymers via RAPT#244the aminolysis

of the o, w-dithioester-functionalized polymer and the oxidiza-
tion reaction were carried out in a single step without the need
to isolate thex,w-dithio-functionalized polymers. The synthe-
sized multiblock copolymers were reduced to the original
building blocks, exhibited a temperature and pH dependent
phase transition, and formed cerghell nanoparticles with the

flow rate of 1.0 mL/min and temperature of 36. SEC data were
analyzed using Astra 5.3.1.4 software from Wyatt Technology.
Refractive index increments) of the polymers were determined
by the Optilab interferometric refractometer/at= 690 nm and
used in the SEC analysis.

General Procedure for Synthesis ofa,w-Bis(dithioester)-
Functionalized Polymers.All polymerizations were performed in
ampoules under homogeneous conditions. In a typical procedure,
DMAEMA (2.0 g, 1.3 x 1072 mol), AIBN (0.010 mg, 6x 10°°
mol), and the BTBTPB RAFT agent (0.080 g, 1.¥110~“ mol)
were dissolved in THF (3.0 mL) and added into an ampule. The
mixture was thoroughly deoxygenated, sealed under vacuum, and

cationic blocks as shells. These copolymers show promise asPlaced in a thermostated water bath at60for 60 h. The ampule

gene delivery carriers with combined responsiveness to redox-
potential gradients, pH, and temperature.

Experimental Procedures

Materials. 2,2-Azobis(2-methylpropionitrile) (AIBN, Sigma-
Aldrich, 98%), hexylamine (Sigma-Aldrich, 99%), 1,4-diisoprope-
nylbenzene (TCI), sulfur (EMD, 99%), anhydrous methanol (EMD,
99.8%), sodium methoxide (Alfa, 25 t830%), benzyl chloride

was then opened, and the polymerization was quenched by lowering
the temperature to 0C. The resulting polymer was obtained by
precipitation and filtration (81% yieldW,, = 7780, PDI= 1.18).
Synthesis of Reducible Multiblock Copolymers.In a typical
synthetic procedureq,w-bis(dithioester)-functionalized poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA, 50 mg) and
poly(N-isopropylacrylamide) (PNIPAM, 50 mg) were added into
a flask containig 2 N ammonia solution in methanol (2.0 mL),
followed by an addition of a few drops of hexylamine. The reaction
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Figure 1. 'H NMR spectra of BTBTPB in CDGI(a) and ofa,w-bis(dithioester)-terminated PDMAEMA in CDE(b).

mixture was stirred under Jor 24 h. The solution color changed
from pink to light yellow during the reaction. After removing the
solvent, the residue was dissolved in THF and precipitated into
hexane (71% yieldM,, = 180 000, PDI= 5.1).

Cloud Point Determination. The optical transmittance of the
multiblock copolymer solutions at various temperatures was
measured at 360 nm with a U\Wis spectrophotometer (VARIAN
CARY50). The sample cell was thermostated with a circulating
water jacket from 5 to 50C. The temperature was gradually
increased with a maximum heating rate of @@min. The reading
was taken 5 to~10 min after each temperature increase.

Light Scattering. The determination of hydrodynamic radius
(Ry) and¢ potential of the multiblock copolymers was performed
by dynamic light scattering using a Brookhaven Instruments
ZetaPlus particle size arilpotential analyzer. The measurements
of the particle size an@ potential were performed at15 and
25 °C using 1.0 mg/mL solutions of the copolymers. The mean
hydrodynamic radius was calculated from the size distribution by
weight, assuming a log-normal distribution using the supplied

intensity of the light scattered from solution and the copolymer
concentratiorc in g/mL. The refractive index increments of the
copolymers were calculated as weight-average values usifgwm
=0.194 mL/g anppmaema = 0.178 mL/g‘.‘7v48

Atomic Force Microscopy. The copolymer was deposited on
mica using dip-coating at 2% or 4°C. Freshly cleaved mica was
immersed in the solution for 30 min, rinsed with deionized water,
and dried with N. AFM imaging was conducted using a Nanoscope
11l MultiMode AFM equipped with a piezoelectric scanner type E
with a maximum scan range of 10n (X andY) and 2.5um (2)
from VEECO/Digital Instruments. Ex situ AFM imaging of samples
was conducted in the tapping mode (oscillation frequer@p0
kHz) in ambient atmosphere using etched silicon probes (TESP,
VEECO) with a nominal radius of curvature of less than 10 nm. In
situ AFM imaging was conducted in aqueous solution of copoly-
mers in the liquid tapping mode (oscillation frequene® kHz)
using silicon nitride probes (NP, VEECO) with a radius of curvature
of 20 nm and a cantilever spring constant of 0.38 N/m as provided
by the manufacturer. The copolymer sample was imaged @40

algorithm, and the results are expressed as a mean of three runsof water, and then 1@L of 100 mM DTT aqueous solution was

The ¢ potential was calculated from measured velocities using the

directly injected into the liquid cell.

Smoluchowski equation, and the results are expressed as a mean ) )
of 10 runs. The static light scattering measurements were performedResults and Discussion

with a Wyatt DAWN EOS light scattering instrument equipped with
a 30 mW linearly polarized GaAs laseér £ 690 nm). The analysis

of the copolymer solutions was conducted at an angular rérrge
22.5-147 in 20 mL glass scintillation vials. The static light
scattering data were analyzed by a first- or second-order Debye fit
(R(0)/Kc versus sii0/2) to obtain the apparent weight-average
molecular weight M,,2°9) and z-average of the root-mean-square
radius (radius of gyratiorRs) of the copolymer assemblieK. is

Use of disulfide-containing polymers in drug and gene
delivery is based on the existence of consistent redox-potential
gradients between extracellular and intracellular space and an
easy reversibility of disulfide bond8.Polyelectrolyte complexes
of reducible polycations and DNA exhibit increased DNA
availability for transcription and reduced cytotoxicity as com-
pared to non-reducible complexes. Evidence suggests that a

the optical constant that includes the square of the refractive index combination of different functions within a single polymer can

increment ¢); R(0) is the Rayleigh ratio, proportional to the

contribute to an overall improvement of carrier efficieriéy®
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a 50,000 2 polymerization kinetics study (Figure 2a). The results show that
1 r the number-average molecular weight of PDMAEMA increased
g‘ 40,000 18 linearly with monomer conversion. Moreover, the polydispersity
£ 30,000 ] i 6 index va_Iue_s rer_nai_ned_ below 1.2 throughout th_e course of the
® ’ TS polymerization, indicating that BTBTPB is an efficient transfer
5 20000 4 L 14 = agent for the polymerization of DMAEMA. Overall, these
3 R ° I results demonstrate thaiw-bis(dithioester)-functionalized PD-
S 10000 o L 12 MAEMA was obtained via RAFT polymerization using BT-
00 o of BTPB as the RAFT agent.
0 — T T T 1 Successful polymerization of NIPAM with a difunctional
0 25 % 7 100 RAFT agent was reported previously using trithiocarbonate
Conversion compoundgl51 Because of the incompatibility of trithiocar-
b 40000 2 bonates with a single aminolysis/oxidation step, we attempted
- I the polymerization of NIPAM with the same RAFT agent used
S 30000 - 18 previously with DMAEMA. The polymerization of NIPAM was
£ i 16 = also carried out at 60C; however, no polymer was obtained
g 20.000 | P even after several days of reaction, indicating that BTBTPB is
5 ' L 14 = not an efficient RAFT agent for the polymerization of NIPAM.
§ 10000 o) o L We therefore synthesized BTBTMB as a possible alternative
g ' o © - 1.2 to BTBTPB. RAFT polymerization of NIPAM was carried out
)l - at 60°C using BTBTMB as the RAFT agent. As compared to
0 T T T T 1 RAFT polymerization of DMAEMA using BTBTPB, the rate
0 25 50 75 100 of polymerization of NIPAM using BTBTMB was much lower,
Conversion and a pronounced induction period was observed at the early
Figure 2. Evolution of number-average molecular weigf (®) and time points. The polymerization kinetic results, however, show
?é’ggr'fnﬁﬁf&tybylﬁ'w,\”"vﬁ% gfﬁit%m[')n,\ﬁgE?\%’Asé)c)ar“’gm”(;?Anl\‘/’ler(i')on that the number-average molecular weight of PNIPAM increased
polymerization. linearly with monomer conversion (Figure 2b). The polydis-

persity of the PNIPAM was generally higher than that of
To this end, we seek to find methods to prepare synthetic PDMAEMA, but it was maintained below 1.4, suggesting that
reducible multiblock copolymers that would combine the redox- BTBTMB can efficiently control the RAFT polymerization of
responsive behavior with another type of stimulus-responsive NIPAM. The NMR spectra in Figure 3 confirm the synthesis
behavior. In this study, we describe the synthesis of multiblock of the desired polymer by the presence of the terminal dithioester
copolymers responsive to redox-potential gradients and tem-groups at 7.8-8.0 ppm (Figure 3b). The unassigned signals
perature. correspond to the methine and methylene protons of the acrylate

The detailed procedure for preparing the reducible multiblock packbone.

copolymers is outlined in Scheme 1. First, two difuctional RAFT
agents (BTBTMB () and BTBTPB R)) were synthesized and
used in the AIBN-initiated RAFT polymerization of DMAEMA
and NIPAM. The polymerization then yielded,w-bis-
(dithioester)-functionalized PDMAEMAZ)>° and PNIPAM @).
Treatment of the mixture of the twaot,w-bis(dithioester)-
functionalized polymers with a methanolic solution of ammonia
and hexylamine in the presence of oxygen provided reducible
multiblock copolymers of PDMAEMA and PNIPAMB]. The
susceptibility of thiol-terminated polymers to oxidation makes
their isolation and purification difficult. As compared to - X
previously reported methods of preparing reducible polymers ©Nn the basis of the molecular weight of each bloesi8000),

via RAFT polymerization, the method reported here eliminates W& ¢an estimate that the multiblock copolymers contaif-
the isolation of dithiol-terminated polymers due to the aminolysis 20 PDMAEMA and PNIPAM blocks. The representatitd

and oxidization reactions being carried out in a single step. NMR spectrum of the multiblock copolymer in Figure 4 shows
RAFT polymerization of DMAEMA was carried out at the specific signals of both PNIPAM and PDMAEMA, as well
60 °C using BTBTPB as the RAFT agent and AIBN as an @as the signal of the centrally located phenylene residues from
initiator, producing PDMAEMA with dithioester groups at both ~ the RAFT agents~+7.05 ppm). The absence of signals from
termini as shown in Scheme 1. The synthesized-bis- the terminal phenyl units of the startingw-bis(dithioester)-
(dithioester)-functionalized PDMAEMA was characterized by functionalized polymers clearly suggest that the aminolysis of
SEC, NMR, and UV spectroscopy. Figure 1 shows#&IMR dithioesters and oxidation of the resulting thiols has occurred
spectra of the BTBTPB RAFT agent and the synthesized successfully. The aminolysis was additionally confirmed by the
PDMAEMA. The presence of the terminal phenyldithioester disappearance of the characteristic dithioester absorption at 305
groups and the centrally located phenylene group in PDMAEMA nm (Figure 5a). The SEC traces shown in Figure 5b also
is confirmed by the signals at 7.0 ppm (Figure 1). The  document the shift to higher molecular weights after oxidation.
signals at 0.8 1.3 ppm in Figure 1b are assigned to the methyl Moreover, the molecular weight of the synthesized multiblock
protons, and the signals at 3.0 ppm are assigned to the copolymers was reduced after treatment with DTT (Figure 5b),
methylene protons in polymer backbone. The living nature of confirming their reducible nature. All the previous results
the polymerization was confirmed by the data from the demonstrate that reducible multiblock copolymers with tem-

Multiblock copolymers containing temperature-sensitive
PNIPAM blocks and cationic PDMAEMA blocks connected
by reducible disulfide linkages were obtained simply by treating
the mixture of the synthesizat w-bis(dithioester)-terminated
PNIPAM and PDMAEMA in ammonia methanol solution with
hexylamine in the presence of oxygen. The reaction was carried
out using different ratios between PNIPAM and PDMAEMA
blocks, and the time course of the reaction was studied for 1:1
copolymers (Table 1). High molecular weight copolymers with
rather high polydispersities were obtained from all the reactions.
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Figure 3. 'H NMR spectra of BTBTMB in CDJ (a) and ofa,w-bis(dithioester)-terminated PNIPAM in CDO(b).

Table 1. Oxidation Reaction Conditions and Molecular Parameters of the Multiblock Copolymers

wt ratio of PNIPAM Ry above cloud ¢ above cloud
sample to PDMAEMA®? reaction time (h) My (x10%) Muw/MrP point (nm) point (mV)
1 1:1 4.5 73 3.0 55.1 18
2 1:1 6.0 180 5.1 41.7 40
3 11 7.0 130 7.0 50.5 15
4 11 24.0 125 3.9 41.8 44
5 3.7 7.0 167 2.8 53.9 30
6 7:3 7.0 80 5.9 840 7

aPNIPAM (Mn = 7860,My/M, = 1.24) and PDMAEMA M, = 7780,M/M, = 1.18) were used From SEC.

perature-sensitive PNIPAM blocks and cationic PDMAEMA the multiblock copolymers have the phase transition at signifi-
blocks have been successfully prepared. cantly lower temperatures than the parent PNIPAM. When

The effect of temperature on the properties of the multiblock measured in deionized water, the prud point temperatures were
copolymers was investigated because of the known lower critical 0bserved around 2’C (the cloud point of the PNIPAM blocks
solution temperature (LCST) behavior of both PNIPAM and bPefore aminolysis was-15 °C). This low LCST is most likely
PDMAEMA. The LCST behavior of PDMAEMA is strongly the relsult.of a cqmblned effec.t of the hydrophobic phenylene
dependent on the ionization of the dimethylamino groups. Here, and disulfide residues separating the short PNIPAM blocks in
we found that under conditions employed in our studies, no the copolymer structuré.

LCST associated with the PDMAEMA blocks was observed  We first studied the association of the multiblock copolymers
below 40°C 5253 Thus, all the temperature-responsive behavior above their phase transition temperatures using dynamic light
reported here can be ascribed to the PNIPAM blocks. At scattering in water. As illustrated in Figure 6 on the example
temperatures below its LCST~B2 °C), the intermolecular of multiblock copolymer 2 (Table 1), the average hydrodynamic
hydrogen bonding between PNIPAM chains and water mol- radius of the copolymer was 24.5 nm atl5 °C. The
ecules is dominant, and the PNIPAM chains are soluble in water. hydrodynamic radius increased to 83.4 nm at@5Formation

At temperatures above the LCST, intramolecular hydrogen of relatively well-defined particles was confirmed by AFM
bonding between €0 and N-H groups in PNIPAM results (Figure 7). No particles were observed by AFM below the
in a transition into collapsed conformations and PNIPAM copolymer phase transition (Figure 7a), whereas particles with
insolubility in water. Preliminary experiments suggested that diameters up to 50 nm were visualized above the copolymer
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Figure 4. Typical *H NMR spectrum of a multiblock copolymer of PNIPAM and PDMAEMA in CRCI
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Figure 5. (a) UV—vis spectra of the mixture af,w-bis(dithioester)-
terminated PDMAEMA and PNIPAM in methanol before (solid line)
and after (dashed line) treatment with hexylamine and oxygen. (b) SEC

traces of mixture of,w-bis(dithioester)-functionalized PDMAEMA

. ; et Figure 7. AFM height images of copolymer 2 (0.01 mg/mL) below
and PNIPAM (a) and reducible multiblock copolymer after oxidation  ,,5qe transition (a) and above phase transition (b) acquired in dry state.
(b) and after subsequent reduction with dithiothreitol (c). Effect of reduction determined by AFM in aqueous solution of

phase transition (Figure 7b). To evaluate the effect of reduction goEolyr?’ler 2| in water before (c) and after (d) the addition of 20 mM
on the morphology of the copolymer particles, the AFM analysis ithiothreitol g-range 5 nm).

was conducted in solution to visualize the particles before and of the positively charged shell of PDMAEMA, which results
after the addition of 20 mM DTT (Figure 7c,d). The introduction in detachment of the particles from the negatively charged mica
of reducing agent to the solution resulted in particle detachment surface. It is well-known that intracellular concentrations of the
from the surface to the bulk of the solution in the AFM cell most important physiological reducing agent glutathione are in
and subsequent inability to follow the morphological changes the millimolar range and that such concentrations are sufficient
in detail. It is assumed that the reduction leads to a separationto break the disulfides in a variety of redox-responsive delivery
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Figure 8. (a) Effect of pH on the cloud point of the copolymer 2
solution. (b) Effect of pH on the apparent molecular weighit, 39
and radius of gyrationRs) of the assemblies of copolymer 2 above
the phase transition temperature in 100 mM phosphate buffers.

systems. On the other hand, disulfide reduction proceeds

inefficiently at much lower concentrations of glutathiop/)
that are found in the extracellular space.

As shown in Table 1, the hydrodynamic sizes of the particles
formed above the copolymer phase transition were almost
independent of the composition for copolymers with PNIPAM/
PDMAEMA ratios of 1:1 and 3:7. Increasing the PNIPAM/
PDMAEMA ratio to 7:3 resulted in substantial aggregation and
the formation of large particles. We propose that PNIPAM
blocks collapse to form a nanoparticle core, while the cationic
PDMAEMA blocks remain soluble and form a shell to stabilize
the nanoparticles. This hypothesis is further supported by the
potential values observed for the copolymers (Table 1). For
example, th& potential of copolymer 2 was not measurable at
15 °C due to a weak scattering of the molecularly dissolved
copolymer. At 25°C, however, thé€ potential reached a highly
positive value of~40 mV. This is most likely the result of the
association of the multiblock copolymer blocks in which charged
PDMAEMA blocks form the shell of the particles with a high
surface charge density. Tliepotential values for all the other
multiblock copolymers listed in Table 1 were positive. However,
the multiblock copolymer with 70% PNIPAM had a much lower

Dually Responsive Multiblock Copolymers8623

variations in the stabilizing effect of PDMAEMA blocks with
changes of their degree of ionization. Although little change
with pH was observed foRg of the copolymer particles,
increasing the pH resulted in a steady increasklgiP above
the phase transition temperature (Figure 8b).

Conclusion

Well-defineda,w-bis(dithioester)-functionalized PDMAEMA
and PNIPAM were successfully obtained by RAFT polymeri-
zation using two different RAFT agents. Multiblock copolymers
containing temperature-responsive PNIPAM blocks and cationic
PDMAEMA blocks connected by reducible disulfide linkages
were synthesized in a single step from the-bis(dithioester)
blocks. The multiblock copolymers could be easily reduced to
the starting polymer blocks. The copolymers assembled into
core—shell nanostructures with hydrophobic PNIPAM as the
core and cationic PDMAEMA chains as the stabilizing shell.
These dually responsive copolymers are attractive as gene
delivery carriers because of the possibility to control their
interaction with nucleic acids via two independent stimuli and
because of their easy intracellular degradability.
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