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’ INTRODUCTION

Self-assembly of amphiphilic block copolymers has been a
basic tool in constructing nanostructures of organic and inor-
ganic materials: e.g., mesoporous silica,1 nano-ordered ceramics,2

metal nanoparticles,3 supramolecular capsules,4 and polymeric
nanocarriers for drugs.5 In particular, when a block copolymer
has a balanced structure of hydrophilicity and hydrophobicity,
the polymer aqueous solution exhibits a temperature-responsive
assembly behavior.6,7 Pluronic F127 ABA triblock copolymer of
poly(ethylene glycol) (PEG; A) and poly(propylene glycol)
(PPG; B) is a well-known thermosensitive polymer. The aqueous
solution of this polymer undergoes sol-to-gel transition as the
temperature increases at a concentration higher than 16.0 wt %.8

The mechanism of the transition was suggested as a micelle
packingmodel, where micelles pack together in a cubic lattice.9,10

A gel is formed when the volume fraction of micelles is greater
than 0.53.11

Herein we report that a biofunctional zwitterionic oligopep-
tide (GRGD)-conjugated Pluronic copolymer showed a unique
nanoassembly pattern as well as thermosensitive sol-to-gel transition.
RGD not only facilitates the cell adhesion and the internalization of
drugs or carriers but also contributes the enhanced permeability and
retention (EPR) of a drug carrier in the tumor tissue.12 A series of

oligopeptide-conjugatedF127 derivativeswere synthesized, and their
self-assembly patternswere investigated as a function of temperature.
The unique nanoassembly mechanism of the cell adhesive zwitter-
ionic GRGD system is suggested, and its cytocompatibility is proved
for tissue engineering application in the future.

’EXPERIMENTAL SECTION

Materials. Pluronic F127 (MW 12600), stannous octoate, N-hydro-
xysuccinimide (NHS), dicyclohexylcarbodiimide, 4-(dimethylamino)-
pyridine, triethylamine, anhydrous toluene, anhydrous tetrahydrofuran,
dimethylformamide, and ethyl ether were used as received from Sigma-
Aldrich. 4-Methacryloxyethyl trimellitic anhydride (4-META; SMC Co.,
Korea) was used as received. GRGD, GRGL, and GFGD were purchased
from Anigen Inc., Korea. Glycolide was purchased from Polysciences, Inc.
and purified using ethyl acetate prior to use. Fetal bovine serum (FBS),
Dulbeco’s Modified Eagle’s Medium (DMEM), penicillin/streptomycin,
trypsin, and phosphate buffered saline (PBS) were obtained from
GIBCO, Inc.
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ABSTRACT: Amphiphilic block copolymers can self-assemble
into micelles in water and can further form thermosensitive gels.
Here, we explored Pluronic F127 ABA triblock copolymer of
poly(ethylene glycol) (PEG; A) and poly(propylene glycol)
(PPG;B),modifiedwith telechelic ionic peptides, either anionicGly-
Phe-Gly-Asp (GFGD) or zwitterionic Gly-Arg-Gly-Leu (GRGL)
or Gly-Arg-Gly-Asp (GRGD). All block copolymers formed
micelles, but only those bearing zwitterionic peptides formed
thermoreversible nanoassembly of micellar aggregates. These
aggregates facilitate to form a gel at high polymer concentrations, thus making the sol-to-gel transition temperature lower than F127
and FGM. An increase in the sol-to-gel transition temperature and a decrease in the gel modulus have been a concern for biomedical
applications of hydrophobically modified Pluronics. Current zwitterionic modified Pluronic F127, on the contrary, decreased the sol-to-gel
transition temperature without loss of the gel modulus. The gelation, evidenced by cryo-transmission electronmicroscopy images, involves
radial growth of micelle aggregates, which is strikingly different from that of Pluronics driven by simple unimer-to-micelle transition. The
RGD-containing copolymer is of particular interest, in that it is cytocompatible and capable of binding to cell-surface adhesion receptors.
This work suggests a new platform in designing a temperature-sensitive polymer with a unique nanoassembly for tissue regeneration.
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Synthesis of F127 Derivatives. Pluronic F127 (F; 9.0 g, 0.70
mmol) was dissolved in anhydrous toluene (150.0 mL), and the solvent
was distilled off to a final volume of 30 mL. Glycolide (G; 0.41 g, 3.5
mmol) was then added to the solution, and an additional 20 mL of
toluene was distilled off to remove the residual water from the reaction
mixture. Stannous octoate (1.0 mg, 2.0 μmol) was then added to start
the polymerization, and the mixture was stirred at 130 �C for 15 h.
Diethyl ether was added to precipitate the product, which was filtered
and dried under high vacuum. The final yield was about 90%.

The tetraglycolic acid end-capped F127 (FG; 8.0 g, 0.61 mmol) was
dissolved in anhydrous toluene (150 mL), and the solvent was distilled off
to a final volumeof 50mL.To the solutionwere added 4-META(M;0.45 g,
1.46 mmol), 4-(dimethylamino)pyridine (0.074 g, 6.1 mmol), and triethy-
lamine (87 μL, 0.61 mmol). After 15 h of stirring at room temperature, the
product was isolated by precipitation in diethyl ether. The polymer (FGM)
was filtered and dried under vacuum. The final yield was about 80%.

Oligopeptide-grafted FGM (FGM-OligoP) copolymer was synthe-
sized in two steps:13-15 (1) NHS activation of carboxyl groups of FGM
and (2) addition of oligopeptides. FGM (3.0 g, 0.22 mmol) and NHS
(0.78 g, 6.6 mmol) were dissolved in anhydrous THF (20 mL). To the
solution were added dicyclohexylcarbodiimide (1.38 g, 6.6 mmol) and
4-(dimethylamino)pyridine (5.5 mg, 0.045 mmol). The mixture was
stirred at room temperature for 15 h. Dicyclohexylurea byproduct was
removed by filtration, and the remaining solution was poured into
diethyl ether to precipitate the product. The polymer was redissolved in
THF and then precipitated by slow addition of diethyl ether. The
product was filtered and dried under vacuum. The final yield was
about 70%.

The NHS-activated FGM (1.5 g, 0.11 mmol) and GRGD (110 mg,
0.275 mmol) were dissolved in N,N-dimethylformamide (10 mL) and
stirred at room temperature for 24 h. The final product (FGM-GRGD)
was precipitated by adding chilled methanol (100 mL). Other oligope-
pitdes, GRGL and GFGD, were similarly conjugated to NHS-activated
FGM. The final yield was about 60%.
Instrumentation. 1H NMR (200 MHz NMR; Varian) was used to

calculate the polymers composition. 13C NMR (500 MHz NMR;
Varian) spectra of the polymer aqueous solution were investigated as
a function of temperature in a range of 10-50 �C by a step of 10 �C. The
polymer solution was equilibrated for 20 min at each step. The FTIR
measurements were performed using a JASCO615 FTIR spectrometer
in the frequency range 400-4000 cm-1 with a resolution of 4 cm-1. The
MALDI-TOF mass spectra of polymers were obtained by a mass
spectrometer (Voyager-DE STR; Applied Biosystems, Foster, CA)
equipped with a nitrogen laser emitting pulsed UV light at 337 nm
and operated at an acceleration voltage of 20 kV in the reflector mode. 5
μL of polymer matrix solution (1.0 mg/mL) consisting of R-cyano-
4-hydroxycinnamic acid solution (4.0 mg/mL) of 60/40 (v/v) acetoni-
trile/water mixture containing 0.1% trifluoroacetic acid was deposited
on the MALDI-TOF plate and air-dried at room temperature. All
measurements were performed in a linear mode. Dynamic light scatter-
ing (DLS) and zeta potential of polymers in DI water were measured by
a Malvern Nano ZS model using a He-Ne laser (633 nm), with data
analysis by the automeasure software. The instrument was calibrated
with an aqueous polystyrene dispersion of particles of 60 nm.
Micellization Study. Critical micelle concentration (CMC) and

critical micelle temperature (CMT) were determined by the hydro-
phobic dye (1,6-diphenyl-1,3,5-hexatriene) solubilization.16,17 The dye
solution in methanol (10.0 μL at 0.4 mM) was injected into an aqueous
solution (1.0 mL) in a polymer concentration range of 0.01-5.0 wt %.
The absorption spectra of these solutions were recorded between 300
and 500 nm at room temperature as concentration for CMC increased or
at 0.1 wt % as temperature for CMT measurement increased. The
crossing points of the two extrapolated straight lines were defined as the
CMC or the CMT of the polymers.

Sol-Gel Transition. The sol-gel transition of the polymer aqueous
solution was investigated by dynamic mechanical analyzer (ThermoHaake,
Rheometer RS 1) and the test tube inverting method.18 For dynamic
mechanical analysis, the aqueous polymer solution (20.0 wt %) was
placed between parallel plates of 25 mm diameter and a gap of 0.5 mm.
The data were collected under a controlled stress of 4.0 dyn/cm2 and a
frequency of 1.0 rad/s at the heating rate of 0.5 �C/min. For the test tube
invertingmethod, 0.5mL of the FGM-GRGD aqueous solution was put in
the test tube with an inner diameter of 10 mm. The transition temperature
was determined by flow (sol)-nonflow (gel) criterion with a temperature
increment of 1 �C per step. Each data point is an average of three
measurements.
Specimen Preparation for Cryo-Transmission Electron

Microscopy (Cryo-TEM). Specimens were prepared by applying
4-6 μL of each sample solution on a grid (quantifoil purchased from
Ted Pella, Inc., 300 mesh copper grid with 2 μm perforated holes) and
keeping the grid in the Vitrobot (FEI) for 30 min at a designated
temperature (10-50 �C) and humidity (98-100%). The grid was then
blotted with filter paper for 3-25 s and plunged immediately into the
liquid ethane solution. The vitrified specimens were then studied on a
FEI Tecnai G2 TEM at 200 kV with a Gatan cryoholder maintained
below-170 �C. Images were recorded on an Ultrascan 2K� 2K CCD
camera and were processed using the Digital Micrograph software
package.
In Vitro Chondrocyte Viability. Chondrocytes were isolated

from the knee articular cartilage of 4-week-old New Zealand white
rabbits by collagenase digestion.19 The isolated chondrocytes were
monolayer-cultured in DMEM containing 10% FBS and 1% penicil-
lin/streptomycin under 5% CO2 at 37 �C atmosphere. After the cells
were subcultured twice, they were harvested by trypsinization, resus-
pended in a fresh medium, and then seeded into 96-well culture plates at
5000 cells/well. The F127, FGM, and FGM-GRGD polymers were
dissolved in the medium with a concentration of 10.0 mg/mL in a
separate vial as the stock solutions. The solutions were sterilized by
filtration through 0.2 μm filters (Nalgene, Rochester, NY). The polymer
solutions were diluted to the specified concentrations, in a range of
0.01-10.0 mg/mL. After 24 h, the culture medium was replaced by 200
μL of F127, FGM, and FGM-GRGD solutions with a different
concentration. After incubation for 24 h, 20 μL of CCK-8 solution
(Dojindo, Kumamoto, Japan) was added to each well, and the cells were
incubated for 3 h under the conditions of 37 �C, 5% CO2, and 95%
humidity. The absorbance (A) of the medium was measured at 450 nm
relative to 600 nm with ELISA (VERSAmax, Molecular Devices,
Sunnyvale, CA). Relative cell viability (%) to control wells was calculated
by Atest/Acontrol � 100. F127 and PLL were used for comparison. Cell
viability in polymer aqueous solutions was confirmed using a Live/Dead
viability/cytotoxicity kit (Molecular Probes, Eugene, OR). Each sample
was incubated in PBS containing 2 μM calcein-AM and 4 μM ethidium
homodimer-1 for 30 min and was directly visualized by confocal
microscopy. All images were captured using a confocal laser scanning
microscope (FV1000/IX81, Olympus, Tokyo, Japan).

’RESULTS AND DISCUSSION

Synthesis. Starting with the commercially available Pluronic
F127, a triblock copolymer of (ethylene glycol)99-(propylene
glycol)65-(ethylene glycol)99, glycolide was polymerized on its
hydroxyl end groups using stannous octoate as a catalyst
(Figure 1).13,14 The number of glycolic acid repeating units was
controlled by the molar ratio of the monomer vs F127, and the
resulting oligo-glycolic acid moiety functions as a biodegradable
component when applied as a biomaterial. 4-META, being used as a
dental adhesive, was then coupled to hydroxyl end groups to give
both carboxylic acid and methacrylate at the same time. These
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functionalities are useful for conjugating peptides and cross-linking,
when necessary. To the resulting copolymer (FGM), oligopeptide
of GRGDwas conjugated using theNHS activation of its carboxylic
acids.14,15 Other oligopeptides, GRGL and GFGD, were then
conjugated to FGM for comparison. The final oligopeptide-con-
jugated copolymers were designated as FGM-GRGD, FGM-
GRGL, and FGM-GFGD, respectively. FTIR spectra of FGM-
GRGD showed the ester bond (CdO stretching at 1760 cm-1),
amide I (1660 cm-1), and amide II (1570 cm-1) coming from
FGM and GRGD components, respectively (Figure S1). The
conversion of F127 to FGM could be quantitatively analyzed by
the acryl peak of 4-META at 5.5-6.2 ppm (CH2dC(CH3)) and

methyl peak of poly(propylene glycol) at 0.9-1.1 ppm (CH-
(CH3)CH2O) in the 1H NMR spectra. However, the conjugation
of GRGD to FGM could not be identified by 1HNMR spectra due
to the overlap of the peaks of GRGD and FGM in the 1H NMR
spectra. MALDI-TOF spectra show the progress of the reactions
from F127 to FGM-OligoP by the increase in the number-average
molecular weights (Mn) from 12 900 Da to 14 360-14 540 Da
(Table 1 and Figure 2). The calculated Mn in Table 1 is the
molecular weights of polymers assuming thatMn of F127 is 12 600
Da, and the exact structures of each polymer are shown in Table 1.
Nanoassembly of Oligopeptide-Conjugated Copolymers.

Similar to F127, FGM and FGM-GRGD easily formed micelles in

Table 1. List of Polymers Studied

Mn

polymer compositiona calcdb MALDI

F127 F127 12 600 12 900

FGM 4-META-GA4-F127-GA 4-4-META 13 670 13 670

FGM-GRGD DGRG-4-META-GA4-F127-GA4-4-META-GRGD 14 440 14 360

FGM-GRGL LGRG-4-META-GA4-F127-GA4-4-META-GRGL 14 440 14 540

FGM-GFGD DGFG-4-META-GA4-F127-GA4-4-META-GFGD 14 420 14 360
aGA is the glycolic acid in the repeating unit. bThe calculatedMn is the molecular weights of polymers assuming thatMn of F127 is 12 600 Da, and the
exact structures of each polymer are shown in Table 1.

Figure 1. Synthetic diagram of oligopeptide-conjugated FGM (FGM-OligoP).
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deionized water at room temperature. The CMC of F127, FGM,
and FGM-GRGD was determined to be 1.5-2.0, 0.5-1.0, and
0.1-0.5 wt %, respectively, at 24 �C by the dye solubilization
method (Figure S2).17 DLS shows the average size of the particles
(dmp; most probable diameter). DLS demonstrated that FGM
underwent unimer (dmp ∼ 5 nm)-to-micelle (dmp ∼10 nm)
transition at around 35 �C (Figure 3a). The unimer-to-micelle
transition temperature and the size of FGMwere similar to those of
F127 (35 �C, dmp ∼7 f ∼16 nm), indicating that the additional
tetraglycolic acid and 4-META units did not affect the assembly
behavior of FGM, while only lowering its CMC as a result of the
added hydrophobicity. On the other hand, FGM-GRGD showed
micellar transition (dmp∼7 to∼60 nm) at 25 �C, followed by large
aggregates (dmp ∼150 nm) at 25-30 �C (Figure 3a). The large
aggregates disassembled to small micelles (dmp ∼ 20 nm) at 35-
50 �C (Table 2). The size transition was reversible during repeated
cycles of temperatures between 30 and 40 �C (Figure 3b).
To investigate the nature of the nanoassembly, zeta potential

of FGM-GRGD (0.1 wt %) was measured as a function of
temperature and compared with those of F127 and FGM. F127 is
neutral, and its zeta potential was close to zero in a temperature
range of 10-50 �C. FGM has two carboxylic acid groups that
ionize in deionized water, and hence its zeta potential was negative,
-23 mV at 10 �C, and ranged between -23 and -24 mV when
heated to 50 �C, suggesting that the degree of ionization was not
significantly changed in a temperature range of 10-50 �C.However,
the zeta potential of FGM-GRGD varied as the temperature
increased from 10 to 50 �C: -13 mV (10 �C), -7 mV (30 �C),
and-11 mV (50 �C) (Figure 3c). These significant changes might
be related to the nanoassembly of copolymers. Surface charge with
both cations and anions could interact in an ion-pair forming
mechanism, thus compensatively neutralize the surface charge to
form large aggregates. The decrease in the apparent negative charge
facilitates the nanoassembly as the temperature increases from 10 to
30 �C. As the temperature increases above 35 �C, the negative charge
develops and the large aggregates disassemble into micelles.
Similar to FGM-GRGD, zwitterionic FGM-GRGL under-

went unimer (dmp ∼ 8 nm)-to-large aggregate (dmp∼ 160 nm)-
to-micelle (dmp ∼ 20 nm) transitions, whereas anionic FGM-
GFGDunderwent unimer (dmp∼ 7 nm)-to-micelle (dmp∼ 20 nm)
transition only as the temperature increase (Figure 3d). The
differences in assembly patterns might result from the different
charge interactions of the conjugated oligopeptides.
To further understand the charge effects of the oligopeptides,

polymer assembly was examined as a function of pH. The pH of
the solutions was adjusted by the addition of HCl or NaOH in
deionized water where the polymer was dissolved.Wemonitored
the apparent sizes of the polymers by DLS at pH = 1.5, 6.0, and

12.5 (Figure 3e). At pH = 1.5, the FGM-GRGD with a net
positive charge formed a large assembly (dmp∼ 1.1 μm) at 25 �C.
At pH = 6.0, where the FGM-GRGD exists in a zwitterionic
form, a large assembly (dmp ∼ 250 nm) was observed over a
temperature range of 25-35 �C. However, when the pH was
increased to the pKa of the guanidinium group of GRGD (pKa =
12.5),20 thereby reducing the number of guanidinium groups of
GRGDs to a deprotonated form, no large aggregates were found and
only showed unimer (dmp ∼ 7 nm)-to-micelle (dmp ∼ 20 nm)
transition. The large aggregate formation at pH = 1.5 might come
from hydrogen bonding between carboxylic acid groups of oligopep-
tides and ethylene oxide or propylene oxide groups of FGM as in
poly(styrene-co-maleic anhydride)-graft-poly(ethylene glycol).21 At
pH = 6.0, only zwitterionic oligopeptide modified FGM developed
large aggregates. A similar trend in pH dependence was observed for
the zwitterionic FGM-GRGL. However, FGM-GFGD with no
zwitterionic character underwent unimer-to-micelle transition in a
pH range of 1.5-12.5 (Figure S3). To conclude, the ionic interac-
tions between zwitterions play an important role in the large aggregate
formation. When the ionic interactions and hydrophobicity of
copolymers are in a delicate balance, micelle aggregation occurs
and the aggregates can grow as large as 250 nm in size.
Thermosensitive Sol-to-Gel Transitions. Sol-to-gel transi-

tions of aqueous solutions of F127, FGM, and FGM-GRGD
(20.0 wt %) were compared. The transition temperatures of
F127, FGM, and FGM-GRGD were found to be 22, 38, and
17 �C, respectively (Figure 4a). The introduction of the hydrophobic
moieties to F127 disturbs its effective micelle packing mechanism,
resulting in interference with the gel formation. Therefore, sol-to-gel
transition temperature of FGM aqueous solution was found to be
higher than that of F127. A similar increase in sol-gel transition
temperature was reported for oligolactide-conjugated Pluronic and
oligocaprolactone-conjugated Pluronic.22,23 Such an increase in sol-
to-gel transition temperature and a decrease in gel modulus by the
hydrophobically modified Pluronics have been a concern for biome-
dical applications as an injectable gel. On the contrary, currently our
FGM-GRGD has showed a significant decrease in sol-gel transi-
tion temperature in comparison to Pluronic F127, without loss of gel
modulus. In order to elucidate the phase behavior of FGM-GRGD,
cryo-transmission electron microscopy (cryo-TEM) image of the
polymer aqueous solution was studied as a function of temperature
and concentration. To compare morphologies of FGM-GRGD in
a sol and gel state by cryo-TEM, an aqueous solution (20.0 wt %) of
the polymer was incubated for 30 min at 10 and 30 �C, which are
below and above the sol-gel transition temperature of 17 �C,

Table 2. Number of Charges in Polymers and Transitions of
Polymer Aqueous Solutions (0.1 wt %)

number of chargesa

polymers cation anion

transitionsb

(10 �C h 30 �C h 50 �C)

F127 0 0 U h M h M

FGM 0 2 U h M h M

FGM-GRGD 2 4 U h MN h M

FGM-GFGD 0 4 U h M h M

FGM-GRGL 2 2 U h MN h M
aCounted based on guanidinium group of Arg, carboxyl group of Asp,
and carboxyl group of C-terminal. bU = unimer, M =micelle, and MN =
micellar nanoassembly.

Figure 2. MALDI-TOFmass spectra of F127, FGM, and FGM-OligoP.
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respectively. Cryo-TEM images of each vitrified sample revealed
that the “sol state” was composed of micelles, with 20 nm in size,
similar to F127 micelles in its sol state,24 while the “gel state” was full
of large aggregates with micrometer size which were observed as
nanoassemblies of smaller micelles (50-150 nm) (Figure 4b). On
the other hand, the micelle size of anionic FGM-GFGD (20.0 wt %)
was observed to be 30 nm at 30 �C, and it was found that FGM-
GFGD did not develop any large polymer aggregates (Figure 4c).
The radial assembly behavior of FGM-GRGD is unusual among
Pluronic derivatives, and this phenomenon occurred by fine-balan-
cing of charge interactions and hydrophobic aggregation of FGM-
GRGD. As the temperature increases to 50 �C, the large aggregates
dissociate into small micelles with 40 nm in size (Figure 4b). As the
zwitterionic FGM-GRGD concentration was increased from 0.1f
5.0 f 20.0 wt % at 30 �C, the size of aggregate increased from
110 nmf 500 nmf 1.1 μm (Figure 4d).

The relationship between temperature and hydrophobicity
was further supported by the 13CNMR spectra of FGM-GRGD
aqueous solution (20.0 wt % in D2O). The peaks of ethylene
glycol and propylene glycol repeating units observed at 71.5-
72.5 ppm were gradually broadened and downfield shifted as the
temperature increased from 10 to 50 �C. This observation suggests
that the molecular motion of the Pluronic block of FGM-GRGD
significantly decreases with temperature rise due to the dehydration
of Pluronic block at high temperature (Figure S4).18

Mechanism of Nanoassembly. On the basis of the above
observation, the assembly pattern of FGM-GRGD was schemati-
cally presented in Figure 5. At low temperature (10 �C), FGM-
GRGD exists as unimers or micelles; however, they form large
aggregates as the temperature increases due to the dehydration of
PEG/PPG blocks and the decrease in the magnitude of the zeta
potential that can reduce charge repulsion of GRGD block. As the

Figure 3. Changes of apparent sizes and zeta potential of polymers in water. (a) Apparent sizes of 0.1 wt % of F127, FGM, and FGM-GRGD as a
function of temperature. (b) Changes in apparent size of FGM-GRGD (0.1 wt %) assembly in a heating-cooling cycle (n = 3). (c) Zeta potential of
F127, FGM, and FGM-GRGD aqueous solutions (0.1 wt %) as a function of temperature. (d) Effect of the oligopeptide sequence on the assembly of
FGM-OligoP. Apparent sizes of FGM-GRGL and FGM-GFGD in water (0.1 wt %) were shown as a function of temperature. (e) Apparent sizes of
FGM-GRGD in water (0.1 wt %) as a function of temperature at pH 1.5, 6.0, and 12.5.
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temperature further increases (>45 �C), the large aggregates dis-
sociate into micelles due to densification of micelles through
increased hydrophobicity,25 kinetic energy,26 and the increased
charge repulsion as shown by negative zeta potential of FGM-
GRGD.At high polymer concentration at a temperature of 30 �C, the
aggregates associate to form a gel. The gel transforms to sol in

accordance with dissociation of the aggregates at both low and high
temperatures of 10 and 50 �C (Figure S5). These changes in
assembly are thermally reversible.
Cytocompatibility. In order to evaluate the biocompatibility

of the FGM-GRGD copolymer, the viability of chondrocytes in
copolymer solution was investigated. After the incubation of
chondrocytes with each polymer such as poly(L-lysine) (PLL),
F127, FGM, and FGM-GRGD for 24 h, the cytotoxicity was
analyzed using the Cell Counting Kit-8 (CCK-8) method.27 In
comparison to the negative control, PLL, FGM-GRGD has
shown high cell viability (>95%) which is similar to that with the
positive control, F127, while FGM alone showed significantly low
cell viability at high concentration (10 mg/mL) (Figure S6a),
suggesting that RGD moieties provides cells with biocompatibility
as well as its well-known cell adhesive property.28 In addition, Live/
Dead staining support the viability results in each polymer solution as
a function of concentration (0.01-10 mg/mL) (Figure S6b).

’CONCLUSIONS

To conclude, zwitterionic FGM-GRGD copolymer reversi-
bly formed a unique unimer, large aggregates, and micelles by
varying temperature from 10 to 50 �C. The thermosensitive
transition of FGM-GRGD is caused by the cooperative action of
ionic interactions and hydrophobic interactions. In addition, our
current zwitterionic modified polymer aqueous solution de-
creases the sol-to-gel transition temperature while keeping the

Figure 4. Sol-gel transition and radial growth in water. (a) Changes in the modulus of the F127, FGM, and FGM-GRGD aqueous solutions
(20.0 wt %) as the temperature increases from 10 to 50 �C. Cryo-TEM images of the FGM-GRGD aqueous solution (20.0 wt %) at 10, 30, and 50 �C
(b), FGM-GFGD aqueous solutions (20.0 wt%) at 30 �C(c), and FGM-GRGDaqueous solutions as a function of concentration at 30 �C (d). Scale bar
is 200 nm.

Figure 5. Proposed mechanism for self-assembly of FGM-GRGD as a
function of temperature and concentration.
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gel modulus. These points are distinguished from previous
hydrophobic modified Pluronics that show an increase in the
sol-to-gel transition temperature and a decrease in the gel
modulus, thus limiting the biomedical applications as a gel depot
system. This copolymer with cytocompatibility is a promising
candidate as a biocompatible material. By fine control of inter-
molecular forces in such zwitterionic oligopeptide conjugated
Pluronic, one can design an interesting assembly as well as
thermosensitive sol-to-gel transition for drug delivery and tissue
regeneration.
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