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ABSTRACT: The well-defined nonlinear multiresponsive, multi-
hydrophilic block copolymers (MHBCs), poly(IN-isopropylacry-
lamide),— [poly(N-vinylpyrrolidone)-b-poly(acrylic acid)],
((PNIPAAM),(PNVP-b-PAA),) and poly[N-isopropylacryla-
mide-b-(acrylic acid) |,—poly(N-vinylpyrrolidone), ((PNIPAAM-
b-PAA),(PNVP), ), were successfully synthesized via a combination
of single-electron transfer living radical polymerization (SET-LRP)
and reversible addition—fragmentation chain transfer (RAFT)
polymerization techniques. All the final miktoarm star block copo-
lymers were characterized by GPC and "H NMR spectra. Interest-
ingly, the hydrogen bonding interactions have a great effect on the
water solubility of PAA chains, and the nonlinear MHBC:s solutions
showed sharp phase separation at pH = 7.0. The novel water-soluble
nonlinear MHBCs consisting of pH-responsive PAA segments,
thermoresponsive PNIPAAM segments, and hydrophilic, non-
charged and biocompatible PNVP segments tend to self-assemble
into three different types of micellar aggregates and umimers, which
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can be reversibly controlled by pH value and temperature of aqueous solution of these copolymers.

B INTRODUCTION

In the past decade, stimuli-responsive double hydrophilic
block copolymers (DHBCs) have received ever-increasing inter-
est due to the fact that DHBCs can exhibit the so-called
“schizophrenic” aggregation behavior in aqueous solution con-
trolled by the solution external environment, such as pH,
temperature, and light irradiation.'” External stimulus renders
the high-order aggregates in aqueous solution to reversible
change in properties, dimensions, structure, and interactions.
Many different kinds of DHBCs have been investigated for their
potential use as a platform to deliver a drug in a highly efficient
and a well-controlled behavior. As for linear DHBCs, previous
studies showed that the characteristic parameters of the micelles
are influenced by many factors, such as chemical nature, molec-
ular weights of each block, concentration, and solution
conditions.'®”"” Recent advances in polymer synthesis techni-
ques facilitated the preparation of the well-defined stimuli-
responsive polymers with complex architectures. Most recently,
some nonlinear DHBCs with more complex chain architectures
have been successfully achieved. The results indicated that the
chain architectures (topology) of block copolymers had great
effects on their self-assembling behaviors in both organic solvents
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and aqueous solution.”"*'**°~>* Hammond et al.>® successfully
prepared the amphiphilic linear—dendritic block copolymer
consisting of poly(amidoamine) and poly(propylene oxide),
and the solution-phase behavior of the block copolymer can be
tuned by changing genetations, pH, or ionic strengths. Liu et al.
also reported the synthesis and self-assembly of nonlinear
DHBCs with more complicated topological structures, such as
AB,’ A,BA,** A,BA,** and ABC types.6’7 It is valuable to note
that the special alkylnyl- or azide-functional resin should be used
to remove the remnant linear polymers to obtain the high-purity
miktoarm copolymers in some cases. To the best of our knowl-
edge, the fabrication and “schizophrenic” micellization behavior
of multiresponsive, nonlinear multihydrophilic block copolymers
(MHBCs) has been quite limitedly studied because the synthesis
of these well-defined complex copolymers is relatively difficult.
Poly(N-isopropylacrylamide) (PNIPAAM) is a typical rever-
sible temperature-responsive polymer, which has a lower critical
solution temperature (LCST) at around 32 °C.** It is well-known
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that the tunable phase transition behavior of PNIPAAM-
containing copolymer has potential application in biomaterials.
On the other hand, poly(acrylic acid) (PAA) is one of the typical
reversible pH-responsive polymers. PAA becomes soluble in
water when pH values are above the pK, (4.7). However, the
previous studies indicated high water solubility of PAA critically
restricts its application as a mucoadhesive drug carrier, since it
may be dissolved before the drug is delivered across the
membrane.*® Solving this problem is highly desirable in drug
delivery systems. In addition, poly(N-vinylpyrrolidone) (PNVP)
is a water-soluble polymer, which hold great promise due to its
unique properties, such as the well solubility in water and organic
solvents, very low toxicity, good biocompatibility, and high
complexation ability.”’>® However, the synthesis of the well-
designed PNVP-containing block copolymers and application of
these block copolymers were rarely reported because the polym-
erization of NVP is relatively difficult to be well controlled. Up to
date, the polymerization of NVP was easy to be controlled by the
RAFT technique using xanthate as RAFT agent.’*** Recently,
the hydrogen bonding between interpolymer, interchain, and
intermolecular has a very important effect on the formation of the
uncertain aggregates, which has attracted more interest.>* On the
other hand, the results of our previous research indicated that the
acid aqueous solution can decrease the hydrophilicity of PNI-
PAAM chain resulted from the destruction of the hydrogen
bonding between the PNIPAAM chains and water molecules.*
In current research, we believe that fabrication and controlled
self-assembly of the water-soluble nonlinear MHBC:s, possessing
tunable phase transition behavior of PNIPAAM chain, pH-
responsive, relatively low water solubility of PAA chain, and
good biocompatibility of PNVP chain, would be much more
interesting due to the complicated competition of interchain
hydrogen bonding (hydrophilic chains and hydrophilic chains)
and intermolecular hydrogen bonding (hydrophilic chains and
water).

Most recently, an approach of combinations of various
mature techniques, such as controlled free radical polymeriza-
tion (CRP), ring-opening polymerization (ROP), click chem-
istry, and living anionic polymerization (LAP), have been
successfully emgloyed to synthesize the miktoarm star block
copolymers.***° Our previous results indicated that combina-
tion of single-electron-transfer living radical polymerization
(SET-LRP) and reversible addition—fragmentation chain
transfer (RAFT) polymerization techniques is a simple, effi-
cient, and versatile strategy to prepare various kinds of mik-
toarm star smart copolymers.*”*' Herein, we further reported
the design and synthesis of the well-defined nonlinear multi-
responsive MHBCs consisting of acid-responsive PAA, tem-
perature-responsive PNIPAAM, and biocompatible and water-
soluble PNVP chains via combination of SET-LRP and RAFT
polymerization techniques. This polymer tends to self-assem-
ble into three different types of micellar aggregates and unimers
reversibly controlled by controlling pH value and temperature
of aqueous solution.

B EXPERIMENTAL SECTION

Materials. N-Isopropylacrylamide (NIPAAM, TCI Co., 97%) was
purified by recrystallization from a mixture of toluene and hexane.
N-Vinylpyrrolidone (NVP, Alfa Aesar Co., 99%) and tert-butyl acrylate
(tBA, Alfa Aesar, 99%) were distilled under a reduced pressure and keptina
refrigerator at — 15 °C for short-time store. 2,2"-Azobis(isobutyronitrile)

(AIBN) (Shanghai Chemical Reagent Co. Ltd., China, 99%) was recrys-
tallized three times from ethanol. N,N,N',N”,N"-Pentamethyldiethylene-
triamine (PMDETA) (Jiangsu Liyang Jiangdian Chemical Factory, Liyang,
China, 98%) was dried with 4 A molecular sieve and distilled in vacuum.
Trifluoroacetic acid (Shanghai Chemical Reagent Co. Ltd., China, 99%),
pentaerythritol (Shanghai Chemical Reagent Co. Ltd, China, 98%),
potassium ethyl xanthate (Alfa Aesar Co., 98%), and copper powder
(Cu(0), <75 um, Aldrich, 98%) were used as received. Tetrahydrofuran
(THF), N,N-dimethylformamide (DMF), and acetone (analytical reagent,
Shanghai Chemical Reagent Co. Ltd., China) were dried by 4 A molecular
sieve. The initiator (xanthate,-Br,) was synthesized according to our
reported method.*"** Unless otherwise specified, all other chemicals were
purchased from Shanghai Chemical Reagents Co. Ltd., China, and used as
received without further purification.

Preparation of Two-Armed (PNIPAAM), by SET-LRP. A
representative example for the preparation of the two-armed poly-
(N-isopropylacrylamide) is described below. NIPAAM monomer
(2 g, 17.68 mmol), xanthate,-Br, (67.0 mg, 0.0884 mmol), Cu(0)
(16.98 mg, 0.264 mmol), and acetone (4 mL) were placed in a dry
glass ampule equipped with a magnetic stirring bar. The reaction
mixture was bubbled with argon for ~10 min to eliminate the oxygen.
In succession, PMDETA (55.2 uL, 0.264 mmol) was added to the
above mixture under an argon atmosphere. Then the ampule was
flame-sealed under an argon atmosphere and placed in water bath at
25 °C. After 60 min, the ampule was opened, and the contents were
diluted with 10 mL of THF. The solution was allowed to pass through
neutral Al,O3 column to remove the copper salt and then precipitated
into 600 mL petroleum ether solution. The resulting product was
dried under vacuum at room temperature to a constant weight. This
purification process was repeated twice. The conversion of the
monomer was determined by gravimetry. The obtained two-armed
polymer was denoted as (PNIPAAM),.

Synthesis of Nonlinear DHBCs (PNIPAAM),(PNVP),. The
obtained two-armed poly(N-isopropylacrylamide) (PNIPAAM),
(Mygpey = 25100 g mol ™', My = 11400 g mol ', M,./M, =
1.27) was selected as macro-RAFT agent to mediate the polymerization
of N-vinylpyrrolidone (NVP) to prepare (PNIPAAM),(PVP),. A
typical procedure of RAFT polymerization of NVP is as follows. NVP
(2 g, 18.0mmol), (PNIPAAM), (1.026 g, 0.090 mmol), and AIBN (7.38
mg, 0.045 mmol) were dissolved in 3.0 mL of tetrahydrofuran (THF).
The above solution was purged with argon for 10 min to eliminate the
oxygen. Then the ampule was flame-sealed and placed in an oil bath held
by a thermostat at 70 °C to carry out the polymerization. After 3 h, the
ampule was cooled with ice—water and opened. The reaction mixture
was diluted with S mL of THF and precipitated into an excess of
petroleum ether (~300 mL). The above dissolution—precipitation cycle
was repeated twice. The polymer was obtained by filtration and dried at
room temperature in vacuum to a constant weight. The conversion of
polymerization was determined gravimetrically. The obtained nonlinear
DHBCs was denoted as (PNIPAAM),(PVP),.

Preparation of Amphiphilic Miktoarm Star Terpolymer
(PNIPAAM-b-PtBA),(PNVP),. The amphiphilic miktoarm star block
copolymer, (PNIPAAM-b-PtBA),(PVP),, was synthesized by SET-LRP
of tBA using (PNIPAAM),(PVP), (M,grc) = 29100 g mol *,
M, (nmr) = 19800 g mol ™ LM, /M, = 1.21) as macroinitiator. In a typical
example, tBA monomer (1 mL, 6.95 mmol), (PNIPAAM),(PVP),
(0.68 g, 0.0347 mmol), Cu(0) (6.50 mg, 0.102 mmol), DMF (1 mL),
and THF (1 mL) were placed in a dry glass ampule equipped with a
magnetic stirring bar. The reaction mixture was bubbled with argon for
~10 min to eliminate the oxygen. Then PMDETA (27.6 uL, 0.132
mmol) was added to the above mixture. The ampule was flame-sealed
under argon atmosphere and placed in the water bath at 25 °C. After 4 h,
the ampule was opened and the contents were diluted with S mL of
THF, and the solution was allowed to pass through neutral Al,O3
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Scheme 1. Synthetic Routes of Nonlinear DHBCs (PNIPAAM),(PNVP),
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column to remove copper catalysts. After that, the solution was
precipitated into 300 mL of petroleum ether. The above dissolution—
precipitation cycle was repeated twice. The polymer was dried at room
temperature in vacuum to a constant weight. The conversion of the
monomer was determined by gravimetry. The obtained miktoarm star
polymer was denoted as (PNIPAAM-b-PtBA),(PNVP),.

Hydrolysis of Miktoarm Star Terpolymer (PNIPAAM-b-
PtBA),(PVP),. The miktoarm star block copolymer (PNIPAAM-b-
PtBA),(PVP), (1.0 g My(cpcy = 36000 g mol ', M, (nmr) = 34 600
g mol ™!, M,/M, = 1.27) was dissolved in the mixture of dichloro-
methane (100 mL) and trifluoroacetic acid (3.0 g). The above solution
was stirred for 1 day at room temperature. After evaporating all solvent,
the hydrolyzed copolymer was dissolved in about 5 mL of THF and
precipitated in a large amount of hexane (300 mL). The above
dissolution—precipitation cycle was repeated twice. The final nonlinear
MHBCs, (PNIPAAM-b-PAA),(PVP),, was dried at room temperature
in vacuum to a constant weight.

Preparation of Nonlinear MHBCs (PNIPAAM),(PNVP-b-
PAA),. The nonlinear MHBCs, (PNIPAAM),(PNVP-b-PAA),, was
synthesized by RAFT polymerization of acrylic acid (AA) employing
(PNIPAAM),(PVP), (My(cpc) =29 100 g mol ', My nmr) = 19800 g
mol ™!, M,,/M, = 1.21) as macro-RAFT agent. A detailed procedure is as
follows. AA (0.5 g, 6.95 mmol), (PNIPAAM),(PVP), (0.688 g, 0.0347
mmol), AIBN (5.7 mg, 0.0347 mmol), and methanol (1.5 mL) were
carefully added to one dry ampule, which was purged with argon for
10 min to eliminate the oxygen. Polymerization was performed at 70 °C
for 3 h. After repeated purification by dissolving in THF and precipitat-
ing into petroleum ether for two times, the resulting copolymer
(PNIPAAM),(PNVP-b-PAA), was obtained.

Preparation of the Micelle Solutions. The multiresponsive and
multihydrophilic miktoarm star terpolymer (PNIPAAM),(PNVP-b-
AA); (5 mg, My(apey = 28 100 g mol ', My(mry = 26 300 g mol
M, /M, = 1.22) was directly dissolved in deionized water (10 mL) or
(50 mL) (pH = 10) at the room temperature under vigorous stirring.

The pH values of solution were adjusted by the addition of the HCI or
NaOH solution. The dust particles were removed by filtering the
polymer solutions through 0.45 um pore-size membrane filters
(Millipore). The micelle solutions of (PNIPAAM-b-PAA),(PVP), were
prepared in a similar way.

Characterization. The molecular weights and molecular weight
distributions of the polymers were measured on a Waters 1515 gel
permeation chromatography (GPC) equipped with refractive index
detector (RI 2414), using a S00 A, 10 x 10° A, 10 x 10* A column
with PS standard samples, and 0.05 mol L ™" lithium bromide solution in
DMEF was used as the eluent at a flow rate of 0.8 mL min ™' operated at
30 °C. 'H and *C nuclear magnetic resonance (NMR) spectra were
recorded on an Inova nuclear magnetic resonance instrument (400 MHz
for 'H and 100 MHz for 1Z'C) with chloroform (CDCly) or dimethyl-ds
sulfoxide (DMSO-dp) as the solvent and tetramethylsilane (TMS) as the
internal standard at room temperature. The aggregate size analysis was
performed using dynamic light scattering (DLS) measurements
(Zetasizer Nano ZS: Malvern Instrument Ltd. UK) at different tem-
peratures. Ultraviolet—visible (UV—vis) absorption spectra of micelle
solutions in aqueous solutions were performed on a Shimadzu (Kyoto,
Japan) UV-240. The LCST was defined as the temperature of the onset
of decrease in transmittance. Transmission electron microscopy (TEM)
was recorded on a Tecnai G>20 TEM at a 200 kV accelerating voltage.

B RESULTS AND DISCUSSION

Preparation of Nonlinear DHBCs (PNIPAAM),(PNVP),. The
general synthetic routes of (PNIPAAM),(PNVP), are descri-
bed in Scheme 1. First, the well-defined two-armed PNI-
PAAM ((PNIPAAM),) functionalized with xanthate groups
was successfully prepared by SET-LRP employing multifunc-
tional xanthate agent (xanthate,-Br,) as an initiator. The SET-
LRP of NIPAAM was carried out in acetone at 25 °C with the
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Table 1. Summary of Structural Parameters of Polymers Synthesized in This Work

entry monomer conversion (%) M, aro) (8 mol ') M) (g mol 1) Moy (8 mol ") M,,/M,
(PNIPAAM,;,), 59.0 25100 13700 11400 127
(PNIPAAM,,),(PNVPs), 417 28100 23000 19800 121
(PNIPAAM,-b-PtBAcg)»-(PNVPsg), 63.0 36000 35900 34600 127
(PNIPAAM,-b-PAAss),-(PNVPss), 30300 28900 28100 123
(PNIPAAM,,)-(PNVPs5-b-PAA ), 562 29100 27900 26300 122

E: (PNIPAAM-b-PfBA) , (PNVP)

D: (PNIPAAM-5-PAA) , (PNVP)

B: (PNIPAAM),(PNVP),

A: (PNIPAAM),

Elution minutes (min)

Figure 1. GPC traces recorded for two-armed (PNIPAAM), (A),
nonlinear DHBCs (PNIPAAM),(PNVP), (B), nonlinear MHBCs
(PNIPAAM),(PNVP-b-PAA), (C), (PNIPAAM-b-PAA),(PNVP),
(D), and amphiphilic miktoarm star terpolymer (PNIPAAM-b-PtBA),-
(PNVP), (E).

ratio of NIPAAM/xanthate,-Br,/Cu(0)/PMDETA = 200/1/3/3.
The polymerization results are summarized in Table 1. As
presented in Table 1 (entry 1), the well-controlled (PNIPAAM),
(Magpcy = 25100 g mol ', M,,/M, = 1.27) was successfully
obtained as evident by its sharp and symmetric shape of GPC
elution peak (Figure 1A). However, the M, value determined by
GPC was only an apparent value because PS was used as
calibration standards in GPC measurement. The actual M,, value
of (PNIPAAM), (Mn(NMR) =11400¢g mol_l) was determined by
the "H NMR spectrum (Figure S1). Our previous results con-
firmed that RAFT polymerization of NIPAAM (or tBA) did not
occur during the SET-LRP of NIPAAM (or tBA) in the presence
of the similar bromoxanthate iniferter.***' Here, the polymeriza-
tion behavior (Figures S2—S4) is similar to that of polymerization
of NIPAAM with tetrafunctional bromoxanthate iniferter
(xanthate-Br;) as an initiator and copper(0)/PMDETA as the
catalyst system. As shown in Figures S2—S4, the first kinetic
plot, the linear increase of molecular weight of PNIPAAM with
monomer conversion, and a monomodal and symmetric dis-
tribution of GPC curves of PNIPAAM, indicated that no
obvious cross-linking was detected. The results confirmed
that the RAFT agent group (xanthate) has little effect on the
SET-LRP of NIPAAM due to the decreasing chance of chain
transfer reaction at room temperature.

The double hydrophilic miktoarm star block copolymer
(PNIPAAM),(PNVP), was synthesized by the following RAFT
polymerization of NVP using (PNIPAAM), as the macro-RFAT
agent. The results are listed in the Table 1 (entry 2) and Figure 1.
The narrow molecular weight distribution ((M,gpc) =28 100 g
mol ™}, M,,/M,, = 1.21) and an unimodal and symmetrical GPC

curve in Figure 1B indicated that the (PNIPAAM), was an
effective macro-RAFT agent for RAFT polymerization of NVP.
The above results are further supported by "H NMR analysis
(Figure SS), which clearly revealed the actual degrees of polym-
erization (DP) of NVP and the actual molecular weight of
(PNIPAAM,,),(PNVPs), (M, xar) = 19800 g mol ).

Synthesis of Nonlinear MHBCs, (PNIPAAM-b-PAA),-
(PNVP), and (PNIPAAM),(PNVP-b-PAA),. The multirespon-
sive nonlinear MHBCs, (PNIPAAM),(PNVP-b-PAA),, was
prepared via RAFT chain extension experiment (Scheme 2,
pathway A) using nonlinear (PNIPAAM,,),(PNVP33), as the
macro-RAFT agent and acrylic acid (AA) as the monomer. As
shown in Figure 2, the chemical shifts at = 3.8—4.2, 6.8—7.8,
and 12.1—13.1 ppm are the characteristic peaks of the NIPAAM,
NVP, and AA units, respectively. Based on the corresponding
integration values of b and ¢, the molecular weight of
(PNIPAAM47)2(PNVP38-17—PAA45)2 (Mn(NMR) =26300 g mol_l)
was calculated, which is close to the theoretical value (Mn(th) =
27900 g mol ). As evident from Figure 1C, the GPC elution peak
of (PNIPAAM,;),(PNVP35-b-PAA,s), is quite symmetric and
showed narrow molecular weight distribution (M,/M, = 1.22),
which demonstrated that the original nonlinear (PNIPAAM,,),-
(PNVP3s), was still “living”.

As shown in Scheme 2 (pathway B), the miktoarm star
terpolymer (PNIPAAM-b-PtBA),(PNVP), could be prepared
via SET-LRP method employing (PNIPAAM,,),(PNVP3), as
macroinitiator and tert-butyl acrylate (tBA) as the monomer.
Subsequently, the target multiresponsive nonlinear MHBCs,
(PNIPAAM-b-PAA),(PNVP),, could be obtained by selectively
hydrolysis of the PtBA block. As shown in Figure 1B,E,D,
all the polymers ((PNIPAAM,,),(PNVPss), (M,/M, =
1.21), (PNIPAAM-b-PtBA),(PNVP), (M,,/M, = 1.27), and
((PNIPAAM-b-PAA),(PNVP),) (M,/M, = 1.23) showed the
narrow molecular distributions and quite symmetric GPC curves.
"H NMR analysis (Figure S6) proved that the degree of the
hydrolysis reaction was complete and the successful preparation
of the targeted polymers with determined structures. The above
results demonstrated that pathway B is an efficient way to
prepare the well-designed (PNIPAAM,;-b-PAAsg),(PNVP3s),
(Mynmr) = 28 100 g mol ™', M,,/M,, < 1.23).

Optical Transmittance. PNIPAAM is one of the extensively
studied thermoresponsive polymers; the balance between seg-
ment—segment interactions and segment—water intermolecular
interactions can be shifted by temperature change.”> PNIPAAM
possessed reversible thermal phase separation above a critical
temperature due to a lower critical solution temperature (LCST)
at about 32 °C. The well-adjusted LCST of PNIPAAM offers
new appealing opportunities for biomaterials. In this work,
the LCST of aqueous solutions of the resulting nonlinear
MHBCs, (PNIPAAM,,),(PNVPsb-PAA,), and (PNIPAA
M_7-b-PAAsg),(PNVPs3g),, were also investigated as presented in
Figure 3. Figure 3 shows the temperature-dependent optical
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Scheme 2. Synthetic Routes of Nonlinear MHBCs, (PNIPAAM),(PNVP-b-PAA), (Pathway A) and (PNIPAAM-b-PAA),-

(PNVP), (Pathway B)
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transmittance at 700 nm obtained for 0.5 mg mL ™" micelle solution.
For (PNIPAAM,;),(PNVP3g-b-PAA,s),, the transmittance of aqu-
eous solutions remained almost constant below 34 °C; however, the
transmittance of aqueous solutions slowly decreased with the tem-
perature above 34 °C. It is known that the copolymer of NIPAAM
containing hydrophilic unit would increase the LCST of PNIPAAM.
So the relatively high LCST value of the nonlinear MHBCs,
(PNIPAAM,;),(PNVP55-b-PAAs), (34 °C), should be ascribed
to the existence of hydrophilic segments of both PAA and PNVP
chains. Compared with the (PNIPAAM,;),(PNVP35-b-PAA,s)-,

the other nonlinear MHBCs, (PNIPAAM,-b-PAAsg),(PNVPs5),,
have possessed relatively high LCST (36 °C) due to the existence of
relatively much PAA chains.

Poly(acrgrlic acid) exhibits good pH-sensitive water solubility
properties.”® When pH value is below 4.0, precipitation will occur
in aqueous solutions due to protonations of the carboxylate groups,
which renders the polymer sparsely soluble in water. In this
case, pH-responsive optical transmittance at 700 nm obtained
for 0.1 mg mL ™! micelle solution of the nonlinear MHBCs,
(PNIPAAM),(PNVP-b-PAA), and (PNIPAAM-b-PAA),(PNVP),,
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Figure 2. 'H NMR spectrum of nonlinear (PNIPAAM),(PNVP-
b-PAA), (Mygpey = 28100 g mol ', M,,/M,, = 1.23) in DMSO-ds
with tetramethylsilane (TMS) as the internal standard.
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Figure 3. Transmittance versus temperature plots for nonlinear MHBCs,
(PNIPAAM),(PNVP-b-PAA), and (PNIPAAM-b-PAA),(PNVP),, in
aqueous solution. The copolymer concentration is 0.5 mg mL .
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Figure 4. Transmittance versus temperature plots for nonlinear MHBC:s,

(PNIPAAM,,),(PNVP,¢-b-PAA,s)  and  (PNIPAAM,,-b-PAAsg),-

(PNVPs),, in aqueous solution. The concentration is 0.1 mg mL ™",

were observed (Figure 4). From Figure 4, we can see that pH = 7isan
inflection point value. In case of pH > 7, PAA chain is water-soluble
and the transmittance is close to 100%. On the contrary, the micelle
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Figure S. Temperature-induced and pH-induced reversible association
of the nonlinear MHBCs (PNIPAAM,;),(PNVP;5-b-PAA,5) measured
by DLS upon cycling between 25 and 45 °C or pH = 10 and pH = 6 at 40
min intervals. The copolymer concentration is 0.1 mg mL ™.

solution immediately become turbid for (PNIPAAM,,),(PNVP;-
b-PAA,s), and the transmittance of micellar solution is near 63%
in the case of pH < 7. However, compared with the polymer
(PNIPAAM,;),(PNVP;g-b-PAA,;s), the PAA content is much high-
er in (PNIPAAM,,-b-PAAsg),(PNVP3g),, and interchain hydrogen
bonding between the amide groups in PNIPAAM chain and carboxyl
groups in PAA chains," or the carboxyl groups in PAA chains and the
carbonyl groups in PVP chains,®*" increased significantly, which
resulted in the rapid precipitating at relatively low concentration in the
case of pH < 7. Moreover, it should be pointed out that the
precipitation phenomenon of (PNIPAAM,;),(PNVP;s-b-PAA,s)
solution will be observed at relatively high concentration due to the
much stronger interpolymer, interchain, and intermolecular interac-
tion. A similar phenomenon can be observed in poly(acrylic acid)-g-
poly(ethylene oxide) system.*

Aggregation Behavior of the Nonlinear Multiresponsive
MHBCs, (PNIPAAM),(PNVP-b-PAA), and (PNIPAAM-b-PAA),-
(PNVP),. The purpose of our design is to provide well-controlled
smart biomaterials triggered by environmental stimulis. It is quite
expected that these novel nonlinear MHBCs containing pH-respon-
sive PAA chain, thermoresponsive PNIPAAM chain, and water-
soluble PNVP chain can show multiresponsive “schizophrenic”
aggregation behaviors. By tuning the temperature or pH value
of the aqueous solution of (PNIPAAM,;),(PNVP;4-b-PAA,s)
(balance of the hydrophilic/hydrophobic), three distinct types of
micellar aggregates and unimer state can be reversible obtained. Here,
four characteristic solution conditions (Al: 25 °C, pH = 10; Bl1:
45°C,pH=10; C1:45 °C,pH = 6; D1: 25 °C, pH = 6) were selected
to investigate the behaviors of micellar aggregates. The DLS measure-
ment was employed to monitor the “schizophrenic” aggregation
behaviors. In the experiment, the hydrodynamic radius (R;,) of
aggregates increased with increasing of the temperature, or decreasing
of pH value, or both increasing of the temperature and decreasing of
pH value. Furthermore, the similar size of hydrodynamic radius can be
reobtained by reversibly returning to initial state after 40 min intervals.
So three symbols (CJ, A, M) in Figure S were overlapped. As shown in
Figure 5 (A1), at 25 °C and pH = 10, PNIPAAM, PNVP, and PAA
chain are hydrophilic; thus, miktoarm copolymers (PNIPAAM,,),-
(PNVP34-b-PAA,s), molecularly dissolves in aqueous solution as a
unimer, the average hydrodynamic radius is 8.7 nm, and the solution is
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Figure 6. Photos of the original micelle solutions (A: 25 °C, pH = 10; B:
45 °C, pH = 10; C: 45 °C, pH = 6; D: 25 °C, pH = 6). The copolymer

concentration is 0.1 mg mL %

transparent. Keeping pH value of the solution constant, when the
temperature of the solution increased to 45 °C (B1, 45 °C, pH = 10),
both PNVP and PAA chain are hydrophilic, but PNIPAAM chain is
insoluble in water; the miktoarm copolymers (PNIPAAM,;),-
(PNVP3g-b-PAA,5), can self-assembly into micelles with PNI-
PAAM-core and PNVP/PAA-corona. The aggregate sizes increased
to 42 nm, and the micellar solution became light blue and slightly
turbid. At 25 °C and pH = 6 (keeping the temperature constant,
decreasing pH value) (Figure S, D1), both PNVP and PNIPAAM
chains are in soluble states; however, PAA block is insoluble in water,
and the miktoarm copolymers (PNIPAAM,;),(PNVP35-b-PAA;),
can aggregate into micelles with a PAA-core and PNIPAAM/PNVP-
corona. The sizes of aggregates increased to 84 nm, and the micelle
solution became turbid. When both tuning the temperature and pH
values (45 °C and pH = 6, Figure S, Cl), the new aggregates
composed of a hydrophobic core (PNIAAM and PAA) and a
hydrophilic corona (PNVP) were successfully formed with 116 nm
along with the more turbid micelle solution. In addition, the results of
TEM (Figure S7) also indicated that the size and the sphere-shaped
morphology can be well controlled by precisely adjusting the solution
condition. It should be noted that three types of aggregates formed at
different temperature and pH values were completely reversible, and
the repeat experiments were measured at different time as shown in
Figure S (80—160 and 160—240 min). The tuning of external
conditions can reversibly switch the three types of aggregates and the
unimer states, and every micelle corona all possesses the biocompa-
tible PN'VP chain. We believe that this smart polymer is well suited for
potential applications in biology and drug delivery area. Figure 6 and
Scheme 3 dramatically illustrated the process of the multiresponsive
“schizophrenic” micellization behaviors. Interestingly, the similarly
revisible phase transfer between unimer, micellar aggregates, and
precipitation was also observed in the case of (PNIPAAM,;-b-
PAAsg)>(PNVPsg), (Figure S8). Similarly, PNIPAAM, PNVP, and
PAA chain are water-soluble, and the unimer can be obtained at 25 °C
and pH = 10. When increasing the temperature of the solution to
45 °C (pH = 10), the thermo-tunable PNIPAAM-core micelles could
be observed. However, when adjusting the pH value to 6 (45 °C), the
precipitation appeared. The reason may be ascribed to the different

Scheme 3. Schematic Ilustration of Multiresponsive “Schi-
zophrenic” Micellization Behaviors of the Nonlinear MHBCs,
(PNIPAAM),(PNVP-b-PAA),, in Aqueous Solution

PNIPAAM-core micelles  (PNIPAAM),(PNVP-b-PAA), PAA-core micelles

at pH 10 and 45 °C Umimer at pH 10 and 25 °C at pH 6 and 25 °C
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o
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PNVP
wnnnnnnnnns - PAA

PAA/PNIPAAM-Complex core micelles
at pH 6 and 45 °C

polymer structure and the different hydrogen bonding interactions
between the amide groups in PNIPAAM chain and carboxyl groups in
PAA chains or the carboxyl groups in PAA chains and the carbonyl
groups in PVP chains.

B CONCLUSIONS

In summary, the novel water-soluble stimuli-responsive non-
linear MHBCs, (PNIPAAM),(PNVP-b-PAA), and (PNIPAAM-
b-PAA),(PNVP),, were successfully prepared via a combination of
SET-LRP and RAFT polymerization techniques, respectively. By
precisely tuning pH values and temperatures of aqueous solution of
these two copolymers, three types of micellar aggregates and the
unimer state can undergo reversible switch on and off in size and
morphology. Moreover, hydrogen bonding interactions have a
great effect on the water solubility of PAA chain.
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