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ABSTRACT: We are reporting end-capping of the amino groups of a polypeptide block copolymer by hydrophobic
alkyl groups including methyl, ethyl, and propyl group. The end-capped polymer aqueous solution undergoes
sol-to-gel transition as the temperature increases in a physiologically important temperature range of 10-40 °C,
whereas the unmodified polymer does not show the transition. In addition, secondary structure of the polypeptide
changed from random coils to �-sheets and the assembled pattern changed from spherical micelles into cylindrical
nanofibrous structures in water by the hydrophobic end-capping of the polymer. The enhanced hydrophobic
interactions by the alkyl end groups recruit the hydrophobic polypeptides in a more organized way to drive such
a conformational change of polypeptides.

Introduction
End-capping of a polymer significantly affects the physico-

chemical properties of the polymer, thus it has been extensively
applied for specialty plastic production.1-5 For example, poly-
(oxymethylene) end-capped by ethylene oxide units results in
the stabilization of the polymer by blocking the unzipping
reaction of the polymer.3 Recently, the end-capping method has
also been applied for the preparation of biomedical polymers.
The end-capping of poly(lactic acid) by acetic anhydrides slow
down the degradation rate of the poly(lactic acid).6 The lower
critical solution temperature of poly(methyl vinyl ether) de-
creases from 40 to 15 °C in water by capping the hydroxy end
groups with hydrophobic bromoalkyl groups.7 Compared with
polycaprolactone, phosphatidyl choline end-capped polycapro-
lactone shows an improved antiadsorption of the platelet and
prolonged thromoboplastin time.8 Sol-gel transition tempera-
tures of poly(lactic acid-co-glycolic acid)-poly(ethylene glycol)-
poly(lactic acid-co-glycolic acid) and poly(lactic acid-co-
caprolactone)-poly(ethylene glycol)-poly(lactic acid-co-caprola-
ctone) triblock copolymers were controlled through modifying
hydroxyl end groups of the polyester by alkyl group.9-11

8-armed star-shape poly(ethylene glycol)-poly(lactic acid) end-
capped by cholesterol shows reverse thermal gelation at as low
as 3 wt %.12 They suggested that sol-to-gel transition is
facilitated by the association of the hydrophobic alkyl groups.

Here, we are reporting that capping the amino end groups of
a polyalanine block copolymer by alkyl groups (1) changes a
secondary structure of the polyalanine from random coils to
�-sheets in water, (2) changes a self-assembled pattern from
spherical micelles to nanofibrous cylinders in water, and (3)
induces reverse thermal gelation of the polymer aqueous
solutions.

Experimental Section

Synthesis. Poly(alanine)-(propylene glycol)1.75-(ethylene glycol)15.5-
(propylene glycol)1.75-poly(alanine) (PA-PLX-PA; 470-900-470:

C0) was prepared by ring-opening polymerization of the N-carboxy
anhydrides of alanine in the presence of R,ω-diamino-(propylene
glycol)1.75-(ethylene glycol)15.5-(propylene glycol)1.75 (PLX).13,14

PLX (6.0 g, 6.7 mmol; MW 900 Da; Aldrich) was dissolved in
toluene (100 mL) and the residual water was removed by azeotropic
distillation to a final volume of about 10 mL. Anhydrous chloroform/
dimethyl formide (60 mL; 2/1 v/v), N-carboxy anhydrides of
L-alanine (2.0 g, 17.3 mmol), and N-carboxy anhydrides of DL-
alanine (6.0 g, 52.0 mmol) were added to the reaction mixtures.
They were stirred at 40 °C for 24 h. The polymer was purified by
repeated dissolution in the chloroform, followed by precipitation
into diethyl ether, three times. The yield was 67%. The PA-PLX-PA
(470-900-470: C0) (3.0 g; 1.63 mmol) with amino end groups
reacted with acetyl chloride (0.45 mL; 6.36 mmol) in chloroform.
Triethylamine (0.66 mL; 4.74 mmol) was used as a catalyst. The
reaction mixture was precipitated into diethyl ether. Propionyl
chloride and butyryl chloride were similarly reacted to prepare C1,
C2, and C3 end-capped PA-PLX-PA.

1H and 13C NMR Spectra. 1H NMR spectra in CF3COOD (500
MHz NMR spectrometer; Varian) was used to determine the
composition of the polymer. 13C NMR spectral changes of the
R-PA-PLX-PA-R (R ) C2; 6.0 wt % in D2O) were investigated
as a function of temperature in a range of 10-50 °C with an
increment of 10 °C each step. The solution temperature was
equilibrated for 20 min at each temperature.

Gel Permeation Chromatography. The gel permeation chro-
matography system (Waters 515) with a refractive index detector
(Waters 410) was used to obtain the molecular weights and
molecular weight distributions of the polymers. N,N-Dimethylfor-
mamide was used as an eluting solvent. The poly(ethylene glycol)s
in a molecular weight range of 400-20 000 Da were used as the
molecular weight standards. An OHPAK SB-803QH column
(Shodex) was used.

CircularDichroismSpectroscopy.EllipticityoftheR-PA-PLX-
PA-R (R ) C0, C1, C2, or C3) aqueous solution (0.05 wt %) was
obtained by a circular dichroism instrument (J-810; JASCO). As
for the C2 end-capped polymer, ellipticity of the polymer aqueous
solution (0.05 wt %) was investigated as a function of temperature
in a range of 10 °C ∼ 50 °C with an increment of 10 °C each step.
The aqueous solution was equilibrated for 20 min at each temper-
ature.

FTIR Spectra. IR spectra (FTIR spectrophotometer FTS-800;
Varian) of the R-PA-PLX-PA-R (R ) C0, C1, C2 or C3)

* To whom correspondence should be addressed. Fax: 82232772384.
Telephone: 82232773411. E-mail: bjeong@ewha.ac.kr.

† Department of Chemistry and Nano Science, Department of Bioinspired
Science, Ewha Womans University.

‡ Department of Life Science, Department of Bioinspired Science, Ewha
Womans University.

3147Macromolecules 2009, 42, 3147-3151

10.1021/ma900341m CCC: $40.75  2009 American Chemical Society
Published on Web 03/31/2009



aqueous solution (6.0 wt % in D2O) were investigated. As for the
C2 end-capped polymer, spectral changes of the polymer aqueous
solution (6.0 wt % in D2O) was investigated as a function of
temperature in a range of 10-50 °C with an increment of 5 °C
each step. The aqueous solution was equilibrated for 20 min at
each temperature.

Transmission Electron Microscopy. The R-PA-PLX-PA-R
(C0, C1, C2, and C3) aqueous solution (2.0 wt %; 20 µL) at 15 °C
was placed on the carbon grid and the excess solution was blotted
with filter paper. The grids were dried at 15 °C for 24 h. The
microscopic image was obtained by JEM-2100F (JEOL) with an
accelerating voltage of 200 kV.

Dynamic Mechanical Analysis. Changes in modulus of the
polymer aqueous solutions were investigated by dynamic rheometry
(Rheometer RS 1; Thermo Haake). The aqueous polymer solution
was placed between parallel plates of 25 mm diameter and a gap
of 0.5 mm. During the dynamic mechanical analysis, the samples
were located inside of a chamber with water-soaked cotton to
minimize the water evaporation. The data were collected under a
controlled stress (4.0 dyn/cm2) and a frequency of 1.0 rad/s. The
heating rate was 0.5 °C/min.

Results and Discussion

Synthesis of the end-capped PA-PLX-PA (R-PA-PLX-
PA-R) is described in scheme 1. PA-PLX-PA (Mn ) 1840
Da by 1H NMR, Mw/Mn ) 1.3 by GPC) was synthesized by
ring-opening polymerization of N-carboxy anhydrides of L-ala-
nine/DL-alanine (25/75 by mole) in the presence of R,ω-diamino-
(propylene glycol)1.75-(ethylene glycol)15.5-(propylene gly-
col)1.75.

13,14 End-capping of the PA-PLX-PA (C0) was carried
out by reacting the polymer with acetyl chloride (C1), propionyl
chloride (C2), or butyryl chloride (C3) in chloroform. Triethyl
amine was used as a catalyst. The polymers end-capped with
alky group larger than pentyryl chloride was partially soluble
in water. Therefore, the end-capped polymers of C0 (unmodi-
fied), C1, C2, and C3 that were completely soluble in water
were compared in this study. 1H NMR and gel permeation
chromatogram of the end-capped polymer (R-PA-PLX-PA-R)
confirmed the polymer structure (Supporting Information: Figure
S1a). The methylene group next to the carbonyl appears at
2.3-2.6 ppm. The terminal methyl end group appeared at
1.1-1.7ppm.ThegelpermeationchromatogramofR-PA-PLX-
PA-R appeared at a slightly earlier retention time than the

unmodified polymer (C0), suggesting better solvation of the end-
capped polymer in dimethyl formamide than the unmodified
polymer (Supporting Information: Figure S1b).

Circular dichroism shows the increases in the negative Cotton
band at 218 nm as the end group varies from C0, C1, C2, and
C3. C2 and C3 showed a similar ellipticity (Figure 1a). The
absorption peak at 1625 cm-1 of the FTIR spectra increases as
the end group vary from C0, C1, C2 and C3 (Figure 1b). C2
and C3 were similar in absorbance. The negative Cotton band
at 218 nm (circular dichroism) and absorption peak at 1620-1630
cm-1 (FTIR) are characteristics of a �-sheet structure of
polypeptides.15-17 DL in Figure 1 is the reference unmodified

Scheme 1. Synthesis of R-PA-PLX-PA-Ra

a Key: m ) 1.75. n ) 15.5, and x ) 6.2. R is the methyl (C1), ethyl (C2), or propyl (C3) groups.

Figure 1. (a) Circular dichroism spectra of R-PA-PLX-PA-R
aqueous solutions (0.05 wt %) at 20 °C. (b) FTIR spectra of
R-PA-PLX-PA-R aqueous solutions (6.0 wt % in D2O) at 20 °C.
C0, C1, C2, and C3 indicate -NH2 (unmodified PA-PLX-PA),
-NHCOCH3, -NHCOCH2CH3, and -NHCOCH2CH2CH3 end-capped
polymers, respectively. DL indicates a reference polymer of DL-
poly(alanine)-PLX-DL-poly(alanine).
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PA-PLX-PA where the PA consists solely of DL-alanine. The
circular dichroism (small negative Cotton band at 195 nm) and
FTIR spectra (broad amide I band centered at 1640 cm-1) of
the polymer show a characteristic random coil conformation of
the DL-polyalanine. Therefore, both circular dichroism and FTIR
spectra suggest the development of �-sheet structure by end-
capping of the PA-PLX-PA. Development of the �-sheet
conformation from human proteins with random coil or R-helix
structure are reported for the major mechanism of mad cow
disease and Alzheimer’s disease.18,19 Current study might
suggest that the alkylation of a protein by toxic metabolites or
compounds might trigger a conformational change of protein
to direct a pathological protein development.20,21

The transmission electron microscopic images of the as-
sembled polymer were developed from the polymer aqueous
solution. The images show dominantly spherical micellar
structures of the C0 (unmodified) and C1, whereas the ethyl
(C2) and propyl (C3) modified polymers show coexistence of
spherical micellar structures and fibrous cylindrical structures
(Figure 2). This observation suggests that �-sheeted polypeptides
tend to form a fibrous nanostructure.22,23

13C NMR spectra (in D2O) of end-capped PA-PLX-PA
show that the PLX peak is broadened as the temperature
increases (Figure 3), suggesting that molecular motion of PLX
decreases and dehydration of PLX is involved in the sol-to-gel
transition, similar to other reverse thermogelling polymers.14,24,25

However, a negative Cotton band at 218 nm and FTIR peak at
1625 did not significantly change in a temperature range of 0
∼ 50 °C (Supporting Information: Figure S2a and Figure S2b).

An elastic component (G′) crosses over the viscous compo-
nent (G′′ ) of the complex modulus of the polymer aqueous
solutions (6.0 wt %) as the temperature increases, suggesting
that sol-to-gel transition occurs for end-capped polymers of C1,
C2,andC3(Figure4).26,27However, theunmodifiedPA-PLX-PA
(C0) did not undergo sol-to-gel transition in the same temper-
ature range of 0-50 °C. The elastic component of the unmodi-
fied PA-PLX-PA aqueous solution (6.0 wt %) was less than
0.001 Pas and did not cross the viscous component (data not
shown). The sol-to-gel transition temperature defined by the
crossover point of G′ and G′′ of C1 (24 °C) is higher than C2
(16 °C) and C3 (17 °C). Considering an increase in hydropho-
bicity and partial development of �-sheet secondary structure
of polypeptide from the random coil structure, a drastic change

in aqueous polymer solution property by end-capping the amino
end group (C0) with acetyl (C1) or propionyl (C2) group is
apparent. C2 and C3 end-capped polymer showed a similar sol-
to-gel transition temperature. The gel modulus at 37 °C increased
in an order of C1 < C2 < C3 end-capping, suggesting that both
hydrophobic interactions and secondary structure are important
in gel packing density or gel modulus. When the poly(ethylene
glycol)-poly(propylene glycol)-poly(ethylene glycol) was end-
capped by short polycaprolactone (PCL4) or poly(lactic acid)
(PLA6), the polymer decreased in gel modulus and increased
in sol-gel transition temperature.28 Ding group end-capped
block copolymers of PLGA-PEG-PLGA by methyl, ethyl, and
propyl groups.9,10 They found that an otherwise sol system
could, in water, exhibit the sol-gel transition upon increase of
temperature in the cases of methyl and ethyl capped samples,
and the propyl-ended block copolymer precipitated in water.
The present work introduced similar end groups to a different
block copolymer, and we confirmed the change from a sol to a

Figure 2. Transmission electron microscopic image of the R-PA-
PLX-PA-R. Polymer aqueous solutions (2.0 wt %) were air-dried at
15 °C. The scale bar is 200 nm. C0, C1, C2, and C3 indicate -NH2

(unmodified), -NHCOCH3, -NHCOCH2CH3, and -NHCOCH2CH2-
CH3 end-capped polymers respectively.

Figure 3. 13C NMR spectra of CH3CH2CONH-PA-PLX-PA-
NHCOCH2CH3 (C2) aqueous solutions (6.0 wt % in D2O) as a function
of temperature.

Figure 4. Increases in storage modulus (G′) and loss modulus (G′′ ) of
the R-PA-PLX-PA-R aqueous solutions (6.0 wt %) during the sol-
to-gel transition. G′ of C0 is negligibly small (<0.001 Pa s) and does
not cross G′ in a temperature range of 0-50 °C and is not shown in
the graph.

Figure 5. Photos of the R-PA-PLX-PA-R aqueous solutions (6.0
wt %) at 10 °C and at 37 °C. C0, C1, C2, and C3 indicate -NH2

(unmodified PA-PLX-PA), -NHCOCH3, -NHCOCH2CH3, and
-NHCOCH2CH2CH3 end-capped polymers, respectively.
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sol-gel transition from the virgin polymers to the methyl, ethyl
or propyl end-capped polymers. The gel-to-sol transition of
methyl and ethyl capped PLGA-PEG-PLGA upon decreasing
the temperature was reported, suggesting that the physical
gelation of the alkyl-group-capped PLGA-PEG-PLGA is
reversible.9,10 Whereas the present block copolymers R-PA-
PLX-PA-R take on thermogelling, the gel-sol transition is
reversible but, however, requires a long time. The present
research extends the end-capping induced sol-gel transition to
polypeptide-based block copolymers, and our polymer is unique
in that end-capping (1) increased the gel modulus, (2) decreased
the sol-gel transition temperature, and (3) triggered the
formation of �-sheets and possibly even nanofibrils involved
in the physical hydrogel.

Figure 5 shows the photos of the polymer aqueous solution
(6.0 wt %) at 10 and 37 °C. Unmodified polymer (C0) is in a
sol state both at 10 and 37 °C, whereas C1, C2, and C3 modified
polymer showed a sol state at 10 °C, and a gel state at 37 °C.
A polymer aqueous solution with such a phase behavior is
suggested to be promising as a minimally invasive injectable
system.12,25,29,30

On the basis of the circular dichroism spectra, FTIR spectra,
transmission eletron mocroscopic images, 13C NMR spectra, and
dynamic mechanical analysis, the effect of end-capping by alkyl
group of the PA-PLX-PA is schematically presented (Figure
6). As the polymer amino end groups are capped by hydrophobic
alkyl groups, the increased hydrophobic intertractions changes
the molecular assembly of the polymers from random coils to
�-sheets. As the �-sheet conformation of the polypeptide
increases, the self-assembly pattern of the polymer changes from
spherical micelles to nanofibrous structures. The nanofibrous
structure facilitates the reverse thermal gelation of the polymer,
and thus the sol-to-gel transition of the end-capped polymer
occurs in a physiologically important temperature range of
10-40 °C, even though the unmodified polymer does not show
sol-to-gel transition in this temperature range.

Conclusions

To conclude, the amino end group of a polyalanine block
copolymer were capped by hydrophobic alkyl groups. As the
alky group length increased from C0 (unmodified) to C1, C2,
and C3, the polypeptide increased the �-sheet conformation in
water and the self-assembled morphology of the polymer
changed from spherical micelles to nanofibrous structure. Such
changes drives the end-capped polymer aqueous solutions to
undergo a sol-to-gel transition as the temperature increases in
a physiologically important range of 10-40 °C. This paper
suggests that the simple hydrophobic end-capping not only
changes the secondary structure and the self-assembly pattern
of polypeptides but also induces thermosensitivity of the
polymer aqueous solution. Aside from the characteristics as a

biomaterial, current study might suggest that the hydrophobic
alkylation of a protein may trigger a conformational change of
the protein to direct a pathological protein development.
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