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ABSTRACT: In order to investigate poly(N-vinyl pyrrolidone) as an alternative to poly(ethylene glycol) in
preparing a biomedical polymer, we synthesized a series of reverse thermogelling poly(N-vinyl pyrrolidone-
b-alanine) (PVP-PA). The amphiphilic polymers consisting of the hydrophilic PVP block and the hydro-
phobic PA block formed micelles in water and the micelles aggregated as the temperature increased. FTIR
spectroscopy, circular dichrosim spectroscopy, and 13C NMR spectroscopy showed that the aggregation
behavior accompanied a change in PA conformation as well as a decrease in the molecular motion of PVP-
PA. The sol-to-gel transition temperature decreased as the PA block length increased, PVP block length
decreased, and L-alanine/DL-alanine ratio of PA increased. This paper suggests that PVP can be a promising
alternative to poly(ethylene glycol) in designing a reverse thermogelling biomaterial.

Introduction

Poly(N-vinyl pyrrolidone) (PVP) was used as a plasma expan-
der during World War II under the trade name of Periston or
Kollidon. However, the storage of the nonbiodegradable PVP
with a highmolecular weight (Mw>30000) in the organism raised
a significant question about its use as a plasma expander.1 The low
molecular weight PVP and its copolymers have been investigated
for drug conjugation,2 liposomes,3 micelles,4 gene carriers,5 and
nanoparticles.6 In particular, several examples below suggest the
importance of PVP as an alternative to poly(ethylene glycol)
(PEG). PVP (Mn∼ 6000 Da) conjugated tumor necrosis factor-R
(TNF-R) showed a higher antitumor activity and prolonged
plasma half-life than TNF-R and PEG conjugated TNF-R.2

PVPylated liposome prepared from PVP conjugated lipids ex-
hibited a prolonged circulation time after intravenous injection.3

Poly(N-vinyl pyrrolidone-b-DL-lactide) (PVP-PDLLA) nanopar-
ticles, where the molecular weight of PVP was in the range 2500-
4800 Da, exhibited a greater extent of opsonization and was
swiftly taken up by Kuffer cells, and thus had a shorter plasma
circulation time than the PEG-PDLLA system.6 In addition, PVP
showed excellent cryoprotective properties and was used as a
cryoprotectant for cells and lyoprotectant for proteins.7,8

As a minimally invasive injectable system, reverse thermal
gelling biodegradable polymer aqueous solutions have been
extensively sought during the past decade.9-11 They are low
viscous aqueous solutions at a low temperature and undergo sol-
to-gel transition as the temperature increases. The in situ formed
hydrogel depot containing pharmaceutical agents acts as a
sustained release system of the incorporated drug. The reverse
thermal gelation comes from the delicate balance between hydro-
philicity and hydrophobicity of a polymer. Polyesters, polysac-
charides, polyphosphazenes, poly(N-(2-hydroxypropyl) metha-
crylamide-oligolactate)s, polycarbonates, polycyanoacrylates,
polypeptides, etc have been used as a biodegradable hydrophobic
block, whereas poly(ethylene glycol) has been used as a hydro-
philic block in most cases.12-19

Here, we are reporting PVP conjugated polyalanine, so-called
PVPylatedpolyalanine (PVP-PA), as anew thermogellingpolymer.

The sol-to-gel transition mechanism was investigated by various
instruments. The structure-property relationship of sol-to-gel
transition was investigated by varying PVP molecular weight, PA
molecular weight, and the ratio of L-alanine to DL-alanine.

Experimental Section

Materials. N-vinyl pyrrolidone, 2-aminoethanethiol, azobis-
(isobutyronitrile) (AIBN), 2-anilinonaphthalene, and benzene
were used as received fromAldrich.N-Carboxy anhydrides of L-
alanine and N-carboxy anhydrides of DL-alanine (M & H
Laboratory, Korea) were used as received. Toluene was dried
over sodium before use. Chloroform and N,N-dimethylforma-
mide (anhydrous) were treated with anhydrous magnesium
sulfate before use.

Synthesis. Amine-terminated PVP was synthesized by free-
radical polymerization ofN-vinyl pyrrolidone in the presence of
2-aminoethanethiol.4c-e For example, to prepare the PVP-II
in Table 1, N-vinyl pyrrolidone (106.6 mL; 1.0 mol), benzene
(250 mL), and 2-aminoethanethiol (5.01 mL; 0.049 mol) were
added in a round-bottom flask. Nitrogen was purged for 1 h
to eliminate the oxygen in the reaction system. AIBN (6.08 g;
0.037 mol) was added under nitrogen flow, and the polymeri-
zation was carried out for 24 h at 70 �C. The reaction mixtures
were precipitated into diethyl ether. The residual solvent in the
precipitate was eliminated under vacuum.

PVP-PA (PIII) was prepared by ring-opening polymerization
of the N-carboxy anhydrides of L-alanine and N-carboxy anhy-
drides of DL-alanine in the presence of amine-terminated PVP
(PVP-II).20,21 PVP (PVP-II) (15.0 g ; 0.012 mol; MW 1240 Da)
was dissolved in toluene (100 mL) and the residual water was
removed by azeotropic distillation to a final volume of about
20mL.Anhydrous chloroform/dimethylformamide (65mL; 12/
1 v/v), N-carboxy anhydrides of L-alanine (2.61 g; 0.0227 mol),
and N-carboxy anhydrides of DL-alanine (6.09 g; 0.0530 mol)
were added to the reaction flask and were stirred at 40 �C for
24 h. The reaction mixtures were precipitated into diethyl ether,
and the residual solvent in the precipitate was eliminated under
vacuum. The polymer was further purified by dialysis (cutoff
molecular weight of membrane was 1000 Da) for 24 h. The
remaining polymer aqueous solution in the dialysis bag was
freeze-dried to produce the white powder form of the polymer.*Corresponding author. E-mail: bjeong@ewha.ac.kr.
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The yield was about 60%. Other polymers with different
composition and block length were similarly prepared. Table 1
summarizes the list of polymers studied in this paper.

MALDI-TOFMass Spectroscopy. The matrix assisted laser
desorption and ionization-time-of-flight (MALDI-TOF) mass
spectra of PVP and PVP-PA were obtained by a mass spectro-
meter (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. Then, 5 μL of a polymer matrix solution
(1 mg/mL) consisting of R-cyano-4-hydroxycinnamic acid solu-
tion (4 mg/mL) of 60/40 (v/v) acetonitrile/water mixture con-
taining 0.1% trifluoroacetic acid was deposited on the
MALDI-TOF plate and was air-dried at room temperature.
All measurements were performed in a positive ion mode.

1H and 13CNMRSpectroscopy. 1HNMR spectra of the PVP-
PA (inCF3COOD) (500MHzNMRspectrometer; Varian)were
used to determine the composition of the polymer. 1H NMR
spectra of PVP-PA (PIII) (in D2O) were compared with the
spectra in CF3COOD at 20 �C to prove the core-shell structure
of the polymer in water.22,23 13C NMR spectral changes of the
PVP-PA (PIII; 12.0 wt % in D2O) were investigated as a
function of temperature. The solution temperature was equili-
brated for 20 min at each temperature.

Phase Diagram. The sol-gel transition of the polymer aqu-
eous solutionwas investigated by the test tube invertingmethod.24

The aqueous polymer solution (1.0 mL) was added into a vial
with an inner diameter of 11 mm. The transition temperature
was determined by flow- (sol-) nonflow (gel) criterion with a
temperature increment of 1 �C each step. Each data point is an
average of three measurements.

Dynamic Mechanical Analysis. Changes in modulus of the
polymer aqueous solutions were investigated by dynamic rheo-
metry (Thermo Haake, Rheometer RS 1).25 The aqueous poly-
mer solution was placed between parallel plates of 25 mm
diameter and a gap of 0.5 mm. To minimize the water evapora-
tion during experiment, the plates was enclosed in a water
saturated chamber. 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.

Fluorescence Spectroscopy. Critical micelle concentration of
PVP-PA (PIII) was investigated by fluorescence spectroscopy
(RF5301, Shimadzu)) at 20 �C. 2-Anilinonaphthalene solution in
methanol (10 μL at 0.01 mM) was injected into a polymer
aqueous solution (1.0 mL) in a polymer concentration range of
1.0� 10-4 to 5.0� 10-1 wt %. The excitation wavelength was
309 nm. The fluorescence spectra of the solution were recorded
from 350 to 600 nm. The band position was plotted against the
polymer concentration, and the crossing point of the two extra-
polated lines was defined as the critical micelle concentration.26

Transmission Electron Microscopy. The PVP-PA (PIII) aqu-
eous solution (0.05 wt %, 10 μL) was placed on the carbon grid
and the excess solution was blotted with filter paper. The grids
were air-dried at 20 �C for 24 h. The microscopic image was
obtained by JEM-2100F (JEOL) with an accelerating voltage of
200 kV.

Dynamic Light Scattering. Apparent size of PVP-PA (PIII)
aggregates in water (0.05 wt %) was studied by a dynamic light
scattering instrument (ALV 5000-60x0) as a function of tem-
perature. The aqueous solution was equilibrated for 20 min at
each temperature. A YAG DPSS-200 laser (Langen, Germany)
operating at 532 nmwas used as a light source.Measurements of
scattered light weremade at an angle of 90� to the incident beam.
The results of dynamic light scattering were analyzed by the
regularized CONTIN method. The decay rate distributions
were transformed to an apparent diffusion coefficient. From
the diffusion coefficient, the apparent hydrodynamic size of a
polymer aggregate can be obtained by the Stokes-Einstein
equation.

FTIR Spectroscopy. FTIR spectra (FTIR spectrophotometer
FTS-800;Varian) of thePVP-PA(PIII) aqueous solution (12.0wt%
in D2O) were investigated as a function of temperature in the range
10-50 �C by an increment of 5 �C each step. The resolution was
2.0 cm-1. The aqueous solution was equilibrated for 20 min at each
temperature. Deconvolution of the amide peak was done in the
spectral range 1600-1700 cm-1. The deconvoluted spectra were
fitted with the XPSPEAK41 program.

Circular Dichroism (CD)Spectroscopy.Ellipticity of the PVP-
PA (PIII) aqueous solution was obtained by the circular dichro-
ism instrument (J-810, JASCO) as a function of concentration at
a fixed temperature of 20 �C in a polymer concentration range of
1.0� 10-4 to 5.0� 10-1wt%. In addition, ellipticity of the PVP-
PA (PIII) aqueous solution was obtained as a function of
temperature at a fixed concentration of 0.05 wt % in the range
10-50 �C by an increment of 5 �C each step. The aqueous
solution was equilibrated for 20 min at each temperature.

Results and Discussion

The synthesis procedure of the PVP-PA is shown in Scheme 1.
First, amine-terminated PVP was synthesized by free radical
polymerization of N-vinyl pyrrolidone in the presence of
2-aminoethanethiol.4c-e The transfer of radicals generated from
AIBN to 2-aminoethanethiol produces the thioradicals that
polymerizeN-vinyl pyrrolidone to amine-terminated PVP. Then,
the N-carboxy anhydrides of alanine were polymerized on the
amine-terminated PVP to prepare the PVP-PA.20,21

The MALDI-TOF mass spectra of the PVP and PVP-PA
gave the unimodal distribution of the polymer (Figure 1). The
molecular weight of the polymer determined by MALDI-TOF
mass spectra is an absolute molecular weight. The molecular
weight of PVP was less than 3,000 Da to facilitate the rapid

Table 1. List of Polymers Studied

polymer PVP-PAa PVP-PAb
L/DL

c Mn
a Mw/Mn

a

PVP-I 970 970 1.2
PVP-II 1240 1240 1.1
PI 970-510 970-650 30/70 1480 1.1
PII 1240-350 1240-510 30/70 1590 1.1
PIII 1240-580 1240-720 30/70 1820 1.1
PIV 1240-880 1240-950 30/70 2120 1.2
PV 1240-540 1240-700 20/80 1780 1.1
PVI 1240-520 1240-660 40/60 1760 1.1

aDetermined by MALDI-TOF mass spectra. bDetermined by 1H
NMR (CF3COOD) spectra. The ratio of the number of repeating unit of
N-vinyl pyrrolidone (m) to that of alanine (n) was determined by the
equationA4.7-4.9/A2.6-3.0 = n/(2mþ 4). The A4.7-4.9 andA2.6-3.0 are the
integration area of 1H NMR at 4.7-4.9 ppm and 2.6-3.0 ppm, respec-
tively. The 1HNMR spectra of PVP-PA are shown in Figure S1. TheMn

of the molecular weight of PVP was given by MALDI-TOF mass
spectra. cThe L-alanine/DL-alanine ratio of PVP-PA was determined by
themonomer feed, assuming that the reactivityofN-carboxyanhydrideof
L-alanine is the same as the N-carboxy anhydride of DL-alanine.

Scheme 1. Synthetic Scheme of PVP-PA
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clearance by the kidney when applied in the in vivo system.1 The
molecular weight of PVP-PA was also calculated by 1H NMR
spectra (CF3COOD) (Supporting Information: Figure S1). The
methine peak of PA at 4.7-4.9 ppm (-NHCOCH(CH3)-) and
the methylene peak of PVP at 2.6-3.0 ppm (-NCH2CH2-
CH2CO- in the pyrrolidone ring) were used to calculate the
composition of the PVP-PA block copolymer.4,4c,27 The compo-
sition of L-alanine and DL-alanine was given by the feed ratio
during the polymerization by assuming the same reactivity of the
N-carboxy anhydride of L-alanine and the N-carboxy anhydride
of DL-alanine. Table 1 lists the polymers discussed in this paper.
The differences in molecular weight determined by 1H NMR
spectra and MALDI-TOF mass spectra might come from the
phase error in the integration of the 1H NMR spectra. However,
the trends were well correlated with each other. The molecular
weights and the molecular weight distributions of the PVP-PA
were in a range of 1400-2200 Da and 1.1-1.2, respectively.

PVP-PA aqueous solutions underwent sol-to-gel transition as
the temperature increased. The phase diagram of PVP-PA (PIII)
aqueous solution determined by the test tube inverting method is
shown inFigure 2a.As the polymer concentration increased from
4 to 13 wt% the sol-to-gel transition temperature decreased from
64 to 30 �C. Below 4.0 wt %, an increase in viscosity was
observed, however, the solution was not rigid enough to stop
themass flow at high temperature. Above 14.0wt%, the polymer
aqueous solutions existed as a gel phase and sol-gel transition
was not observed in a temperature range of 10 - 80 �C.The sol-to-
gel transition of the PVP-PA aqueous solution involved a
significant increase in the storage modulus (G0) and loss modulus
(G0 0). The crossing of the G0 over G0 0 suggests that the elastic
component dominates the viscous component at or above the sol-
to-gel transition temperature. On the other hand, there is no
significant change inG0 andG0 0 of the PVP aqueous solution and
G0 0 is larger than G0 over the temperature range studied
(Figure 2b).

PVP-PA consisting of hydrophilic PVP and hydrophobic PA
self-assembled in water. 1H NMR spectra of PVP-PA (PIII) in
CF3COOD and in D2O were compared (Figure 3). 3-(Tri-
methylsilyl)propanoic acid and tetramethylsilane were used as
reference peaks of 0.0 ppm in D2O and in CF3COOD, respec-
tively. The 1HNMRpeaks of PVP-PA (PIII) in CF3COODwere
0.2-0.3 ppm downfield shifted from those in D2O. This might
result from the difference in the reference peaks, and hydrogen
bonding between CF3COOD and amide bonds of PVP and PA.
Inparticular, the sharpmethyl peakofPA (-NHCOCH(CH3)-)
at 1.5-1.8 ppm in CF3COODwas significantly collapsed in D2O
whereas the methylene peak of PVP (-NCH2CH2CH2CO-) at
3.3-3.8 ppmkept its shape. This behavior suggests that PVP-PAs
form a core-shell structure in water where the hydrophilic PVPs
form a shell and hydrophobic PAs form a core.22,23

The critical micelle concentration was determined by fluores-
cence spectroscopy. 2-Anilinonaphthalene shows fluorescence
emission spectra at 350-600 nm. When the dye is located in a
hydrophobic environment, an increase in the fluorescence inten-
sity as well as a blue-shift of the fluorescence spectra occurs
(Figure 4a).26 Dye concentration was fixed at 10 μM and PVP-
PA (PIII) concentration varied over 1.0� 10-4, 5.0� 10-4, 1.0�
10-3, 5.0 � 10-3, 1.0 � 10-2, 5.0 � 10-2, 1.0 � 10-1, and 5.0 �
10-1 wt %. The band position of the fluorescence spectra of the
dye was plotted against logarithmic concentration to find the
critical micelle concentration. The crossing point of the two
extrapolated lines (insert in Figure 4a) was defined as the critical
micelle concentration, which is about 0.01 wt %.

The micelle formation was also confirmed by transmission
electron microscopy images. Spherical micelles in the range 30-
90 nm were observed (Figure 4b). Even though there might have
been some distortion during the water evaporation at 20 �C, the
spherical micelles were clearly observed.

Dynamic light scattering study demonstrated the apparent size
and size distribution of the polymer aggregates in water
(Figure 5). The polymer aggregates of 20-70 nm in diameter at
20 �C are well-correlated with the size of micelles observed by the
transmission electron microscopy image. On the other hand, the

Figure 1. MALDI-TOF mass spectra of PVP and PVP-PA.

Figure 2. (a) Phase diagram of the PVP-PA (PIII) aqueous solutions
determined by the test tube inverting method (n=3). (b) Changes in
storage modulus (G0) and loss modulus (G0 0) of the PVP-PA (PIII)
aqueous solutions (12.0 wt%) as a function of temperature.G0 0 of PVP
aqueous solution (12.0 wt %) is shown as a reference. G0 of the PVP is
less than a tenth of G0 0 over the temperature range studied (data not
shown). The data were collectedwith a heating rate of 0.5 �Cmin-1 and
a frequency of 1.0 rad/s.

Figure 3. Comparison of 1H NMR spectra of PVP-PA (PIII) in D2O
and in CF3COOD.

Figure 4. (a) Determination of critical micelle concentration (CMC) of
the PVP-PA (PIII) in water at 20 �C by fluorescence dye (2-an-
ilinonaphthalene). The polymer concentration varied over 1.0 � 10-4 to
5.0� 10-1 wt%at a fixed dye concentration of 0.1 μM. (b) Transmission
electron microscopy image of the PVP-PA (PIII) developed from a
polymer aqueous solution (0.05 wt %). The scale bar is 200 nm.
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micelles abruptly increased to a size of 100 nm or larger with a
broad distribution as the temperature increased to 45 �C. At
the higher temperature of 50 �C, polymer aggregates larger than
1000 nm were observed, suggesting that the significant aggrega-
tion of polymers occurs at high temperature.28

To investigate the change in conformation of the PVP-PAon a
molecular level, FTIR, CD, and 13C NMR of the polymer aque-
ous solutionwere investigated as a function of temperature. Even
though the carbonyl peak of the PVP homopolymer (PVP-II)
overlapped the amide I band in FTIR spectra of PVP-PA
aqueous solution (in D2O), an increase in the shoulder peak
centered at 1624 cm-1 was clearly observed as the temperature
increased (Figure 6a). The FTIR peak at 1620-1630 cm-1 comes
from the β-sheet structure of a polypeptide.29-31 To analyze the
increase in the peak centered at 1624 cm-1 in a semiquantitative
manner, the carbonyl peak was deconvoluted into two peaks by
theXPSPEAK41program (Figure 6b). FTIR spectra of Figure 6a
was replotted by the ratio of the area under the curve centered at
1624 cm-1 to the whole carbonyl peak of 1600-1700 cm-1

(Figure 6c). The ratio (fβ), a measure of the β-sheet structure,
increased from 3% to 12% as the temperature increased from
10 to 50 �C. This fact suggests that the β-sheet structure of PA is
partially strengthened as the temperature increases.

CD spectra of PVP-PA (PIII) aqueous solution were investi-
gated as a function of the concentration and temperature.

Polymer concentration varied over 1.0 � 10-4, 5.0 � 10-4,
1.0 � 10-3, 5.0 � 10-3, 1.0 � 10-2, 2.0 � 10-2, 3.0 � 10-2,
4.0� 10-2, 5.0� 10-2, 1.0� 10-1, and 5.0� 10-1 wt%at a fixed
temperature of 20 �C. As the polymer concentration increased
above 0.01 wt %, a red-shift of a negative Cotton band from
218 to 236 nm was observed (Figure 7a). Such a red-shift of the
negativeCottonbandwas also reported for poly(ethylene glycol)-
poly(L-benzyl glutamate) (PEG-L-PBG) and poly(ethylene
glycol)-poly(L-alanine) (PEG-L-PA) diblock copolymer aqueous
solutions as the polymer concentration increased.20,32 PEG did
not develop any chiro-optical property, therefore, the self-assem-
bly of the polypeptidewithR-helixes orβ-sheetswas suggested for
such a behavior. In our current study, PVP itself did not showany
chiro-optical properties and the negative Cotton band came from
the PA. Considering that FTIR spectra of PVP-PA partially
developed a β-sheet structure in water, the negative Cotton band
of PVP-PA came from the secondary structure of PA.31,33,34 As
the temperature increased at a fixed polymer concentration at
0.05 wt %, a small decrease in negative Cotton band centered at
222 nmwas observed, suggesting a small change in the secondary
structure of polypeptide (Figure 7b).

Based on the FTIR and CD spectra, we can conclude that the
PAs of the PVP-PA form a mixed structure of random coils and
β-sheets over the temperature range 10-50 �C, and the β-sheet
conformation of PA is partially strengthened as the temperature
increases.

13C NMR spectra of PVP-PA aqueous solution (in D2O) also
showed a broadening and a downfield shift of themethylene peak
of PVP (-NCH2CH2CH2CO-) at 17-18 ppm and methyl peak
of PA (-NHCOCH(CH3)-) at 16-17 ppm (Figure 8) as the
temperature increased to above the sol-to-gel transition tempera-
ture. The carbonyl peaks of PVP at 177-179 ppm and PA at
174-176 ppm showed a similar trend. The sol-to-gel transition of
the PVP-PA aqueous solution decreased themolecular motion of
both PVP and PA segments, resulting in the broadening and
collapsing of the PVP and PA peaks in the 13CNMR spectra.35,36

The structure-property relationship of sol-gel transition of
the PVP-PA aqueous solution was studied by varying PA length,
PVP length, and the composition of L-alanine/DL-alanine of the
PA.As the hydrophobic PAblock length increased, the sol-to-gel
transition temperature decreased, suggesting that sol-to-gel tran-
sition is driven by hydrophobic association (Figure 9a). At the
samePVP-PAconcentration of 8.0wt%, the sol-to-gel transition
temperature of the PVP-PA decreased from 61 to 25 �Cwhen the
PA block length increased from 350 to 880 Da. In addition,
fβ increased from 2.4 to 7.1 as the hydrophobic PA block length
increased from 350 to 880 Da (Figure 9b).

As the hydrophilic PVP block length of PVP-PA decreased
from 1240 to 970 Da, the sol-to-gel transition temperature
significantly decreased (Figure 10a). Such a trend was also
reported for polyester-based reverse thermogelling polymers.37,38

Interestingly, fβ decreased from 6.7 to 2.6 as the hydrophilic PVP

Figure 5. Apparent size distribution of PVP-PA (PIII) in water at
0.05 wt % as a function of temperature. The size was determined by
dynamic light scattering. The aqueous solution was equilibrated for
20 min at each temperature.

Figure 6. (a) FTIRspectraofPVP-PA(PIII) aqueous solution (12.0wt%
in D2O) as a function of temperature by an increment of 5 �C from 10 to
50 �C. FTIR spectra of PVP-II aqueous solution (12.0 wt % in D2O) at
20 �C was compared as a reference. (b) Deconvolution of the carbonyl
peak (50 �C) by theXPSPEAK41 program. The orange line is the original
carbonyl band at 50 �Cand the thick black line is the simulated curve from
the two deconvoluted peaks (black thin lines). (c) Replot of part a by the
ratio (fβ) of a peak area centered at 1624 cm

-1 to the whole carbonyl peak.

Figure 7. (a) CD spectra of PVP-PA (PIII) at 20 �C as a function of
concentration. The polymer concentration varied over 1.0 � 10-4 to
5.0 � 10-1 wt %. (b) CD spectra of PVP-PA (PIII) at 0.05 wt % as a
function of temperature by an increment of 5 �C from 10 to 50 �C. CD
spectra of PVP-II aqueous solution (0.05 wt%) at 20 �Cwas compared
as a reference.
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block length increased from 970 to 1240 Da (Figure 10b). The
longer hydrophilic block might interfere more than the shorter
hydrophilic block in the β-sheet packing of the polypeptide (PA)
by steric hindrance.39,40

L-alanine/DL-alanine ratio of the PA varied over 20/80, 30/70,
and 40/60 with a similar block length of PVP-PA. The ratio is
assumed to be the same with the feed ratio of N-carboxy
anhydrides of L-alanine to N-carboxy anhydrides of DL-alanine
in the polymerization. As the composition of L-alanine increased,
the sol-to-gel transition temperature decreased (Figure 11a). In
addition, fβ increased from 2.2 to 4.9 as the composition of
L-alanine increased (Figure 11b). As the composition of the
stereoregular L-isomer increased, the polymer was effectively
packed into a β-sheet structure, and the aggregation tendency
of the polymer by hydrophobic association increased.41 There-
fore, the sol-to-gel transition temperature decreased as the
composition of L-alanine of PA increased.

The structure-property relationship proved that the sol-to-gel
transition temperature decreased as the hydrophobic PA block
length increased, hydrophilic PVP length decreased, and the
L-alanine/DL-alanine ratio increased. Such a trend also coincided
with the tendency of β-sheet formation of the PA as shown by the
change in fβ.

The sol-to-gel transition of the aqueous solutions of PVP-PA
and PEG-PA with similar molecular weight and composition
were compared (Figure 12). The molecular weight of the com-
mercially availableR-amino-ω-methoxy PEG is limited, and thus
a molecular weight of 1000Da was used to prepare the PEG-PA.
The ratio of L-Ala to DL-Ala was fixed at 30/70 to keep
consistence with corresponding PVP-PA in current study. The
MALDI-TOF mass spectra and 1H NMR spectra of the PEG-
PA are shown in Supporting Information (Figure S2 and Figure
S3). As shown inFigure 10, an increase in themolecular weight of
hydrophilic block increases the sol-to-gel transition temperature
of the amphiphilic polymer aqueous solution, and increases the
concentration ranges that show sol-to-gel transition.9 Even
though the PVP-PA (1240-880) diblock copolymer has a higher
molecular weight of the hydrophilic block than the PEG-PA
(1000-880) diblock copolymer, the sol-to-gel transition of PVP-
PA aqueous solutions occurred at lower concentrations than
PEG-PA. At a similar ratio of hydrophobic block to hydrophilic
block, PVP-PA (1240-880) and PEG-PA (1000-720) could be
compared. The ratios are 0.71 and 0.72, respectively. The sol-to-
gel transition temperatures of PVP-PA aqueous solutions were
lower than those of PEG-PA. Therefore, PEG seems to act
significantly more hydrophilic than PVP in driving the sol-to-
gel transition of a corresponding amphiphilic block copolymer.

PVP-PA (PIII) has a powder form at room temperature, which
is thus convenient to handle andweigh, whereas above PEG-PAs
has a rather sticky morphology at room temperature. In parti-
cular, the dissolution time of PVP-PA (PIII) was about 20 min,
whereas that of previous poly(ethylene glycol)-polyalanine

Figure 8.
13C NMR spectra of the PVP-PA (PIII) in D2O (12.0 wt %)

as a function of temperature.Methyl peak of PA (-NHCOCH(CH3)-)
at 16.0-17.0 ppm andmethylene peak of PVP (-NCH2CH2CH2CO-)
at 17-18.3 ppm are shown. The carbonyl peaks of PA at 174.0-
176.0 ppm and PVP at 177.0-179.0 ppm are compared as a function of
temperature (insert).

Figure 9. (a) Effect of thePAmolecular weight on the phase diagramof
the PVP-PA aqueous solution determined by the test tube inverting
method (n=3). (b) FTIR spectra of the PVP-PA aqueous solutions
(12.0 wt % in D2O). The ratio of L-alanine/DL-alanine is fixed at 30/70
and PVP molecular weight was fixed at 1240 Da. The legends are the
molecularweight of each block. Themolecular weight of PA is shown in
fβ for simplicity.

Figure 10. (a) Effect of thePVPmolecularweight on the phase diagram
of the PVP-PA aqueous solutions determined by the test tube inverting
method (n=3). (b) FTIR spectra of the PVP-PA aqueous solutions
(12.0 wt % in D2O). The ratio of L-alanine/DL-alanine is fixed at 30/70.
The legends are molecular weight of each block. The molecular weight
of PVP is shown in fβ for simplicity.

Figure 11. (a) Effect of the L-alanine/DL-alanine ratio of PA on the
phase diagram of the PVP-PA aqueous solutions determined by the test
tube inverting method (n = 3). (b) FTIR spectra of the PVP-PA
aqueous solutions (12.0 wt % in D2O). The molecular weight of PVP
and PA were fixed at 1240 and 520-580 Da, respectively. The legends
are themolecular weight of each block and L-alanine/DL-alanine ratio of
PA. The L-alanine/DL-alanine ratio of PA is shown in fβ for simplicity.

Figure 12. Comparison of phase diagram between PVP-PA and PEG-
PA aqueous solutions. The ratio of L-alanine/DL-alanine is fixed at
30/70. The legends are the molecular weight of each block.
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(PEG-PA) or poly(ethylene glycol)-poly(alanine-co-phenylala-
nine) (PEG-PAF) took one to several hours to prepare an aque-
ous solution (1.0 mL) that underwent sol-to-gel transition.18,20

The characteristics of the powder morphology and the short
dissolution time of the PVP-PA in water indicate that the
reconstitution of a drug formulation can be facilitated.

An in situ formed PVP-PA gel prepared from an aqueous
polymer (PIII) solution (0.5 mL; 12.0 wt %) was tested for its
stability. Phosphate buffered saline (3.0 mL) at 37 �C was added
on top of the gel and the whole medium (3.0 mL) was replaced
daily.18 In vitro study showed that the PVP-PA (PIII) gel pre-
pared from an polymer aqueous solution (12.0 wt %) decreased
by less than 10% over two weeks, suggesting that it is practically
intact in water. A Pluronic F127 ((ethylene glycol)99-(propylene
glycol)65-(ethylene glycol)99) triblock copolymer hydrogel pre-
pared from an initial polymer concentration of 30.0 wt%
completely disappeared within 5 days by the same protocol.

Conclusions

To conclude, a reverse thermogelling PVP-PA aqueous solu-
tion has been developed. The amphiphilic polymers consisting of
hydrophilic PVP and hydrophobic PA blocks form micelles in
water. To investigate the mechanism and structure property
relationship of sol-to-gel transition, a series of PVP-PAs under-
going reverse thermal gelation were synthesized. CD, FTIR, and
13C NMR spectra suggest that the sol-to-gel transition is driven
by hydrophobic association and accompanies a slight increase in
β-sheet structure. As an alternative to PEG, the PVP could be a
promising hydrophilic polymer in designing a new biomaterial.
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