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ORIGINAL ARTICLE

pH- and thermo-induced morphological changes of
an amphiphilic peptide-grafted copolymer in solution

Meng Yu!, Tang Tang?, Akinori Takasu? and Masahiro Higuchi!

A pH-responsive amphiphilic poly(N-isopropylacrylamide) (PNIPAm) was synthesized by grafting on a peptide (Leu-Lys)g. The
grafted content of the copolymer was 12 mol%. We investigated the pH- and thermo-induced conformational and morphological

changes of the grafted copolymer and found small globular aggregates below and above the coil-to-globule transition
temperature of the main chain under acidic conditions. However, under basic conditions, the peptide graft chains formed a
stable p-sheet structure above the transition temperature. Under basic conditions and at high temperature, the main chains
formed a globular conformation, and the deprotonated peptides formed intermolecular hydrogen bonds between the copolymer
chains. This pH- and thermo-induced conformational transition resulted in the formation of large aggregates. These results
imply that the morphology of this grafted copolymer can be controlled by multiple stimuli.
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INTRODUCTION
In the last decade, various fields have focused considerable attention
on stimuli-responsive polymers.' These polymers can be used in drug
delivery, tissue engineering, biosensing and separation processes
because of their sensitivity to environmental changes.>™* There are
many possible stimuli, such as temperature, pH, light and electric
fields; most intensive investigations have focused on temperature- and
pH-responsive polymers for biomedical applications.>® To date, most
dual thermo- and pH-sensitive polymers are prepared by
incorporating pH-responsive ionic components such as carboxyl
and amino groups into thermosensitive polymers. Thermosensitive
polymers exhibit a lower critical solution temperature in aqueous
solution, below which the polymers are water soluble and above
which they become insoluble.  Poly(N-isopropylacrylamide)
(PNIPAm) and its copolymers are the most extensively studied
lower critical solution temperature-type thermosensitive polymers.
Polymers exhibiting lower critical solution temperature properties
have potential applications for ‘intelligent’ or ‘smart’ materials. The
thermoresponsive nature of these polymers has led to applications in
drug delivery,” bioengineering® and nanotechnology® and suggests a
promising future for applications in the areas of biosensors and
membranes.

Helices and f-sheets are the major secondary structural motifs
organizing the three-dimensional geometry of proteins. The con-
formational and morphological changes of proteins and peptides

induced by chemical and/or physical stimuli have attracted attention
not only because of the functional regulation owing to their
characteristic structure!® but also because of their association with
neurodegenerative diseases'! such as Alzheimer’s and Creutzfeldt-
Jacob’s. In previous studies,’*'* we reported that a simple
amphiphilic copolymer, hydrophilic peptide-grafted polyallylamine,
formed amyloid-like fibrils in aqueous solution under acidic
conditions. The pH-induced reversible conformational transition
was also observed.!” Studies on the structural regulation for
peptides forming a f-sheet may be important not only for
understanding the pathogenesis and therapeutics of certain diseases
but also for providing useful information for the development of
nanobiomaterials with a wide range of applications, such as in
nanodevices.

Peptide-conjugated PNIPAm systems have been widely studied.'®!”
Mezzenga and co-workers!'® used poly(N-isopropylamide) conjugated
with peptide to form biocompatible hydrogels, but these polymers
were only responsive to single stimuli. In this paper, we describe
the pH- and thermo-induced conformational and morphological
changes of (leucine-lysine)s-grafted PNIPAm in aqueous solution. In
combining the pH-sensitive PNIPAm (Leu-Lys)g with the
temperature-responsive PNIPAm, we demonstrated the creation of a
multi-stimuli-responsive polymer system. Under acidic conditions,
the amino group of the Lys moieties of the (Leu-Lys)g graft chain was
protonated, and the electrostatic repulsion disturbed the formation of
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the ff-sheet structure. However, under basic conditions, the
deprotonated (Leu-Lys)g graft chain could form f-sheets via
intermolecular hydrogen bonding. However, below the coil-to-
globule transition temperature of the main chain, the inter-
molecular hydrogen bonding among the (Leu-Lys)g graft chains was
disturbed owing to the coil conformation. The (Leu-Lys)g graft chain
took a stable f-sheet structure only under basic conditions and above
the transition temperature. The fS-sheet conformation induced the
formation of large aggregates of the peptide-grafted copolymers. This
multi-stimuli-responsive polymer system could be useful for various
applications, such as drug delivery and membrane separation.

EXPERIMENTAL PROCEDURE
Materials
The pH- and thermo-responsive graft copolymer (Leu-Lys)g-grafted PNIPAm
(LKNIPAm) was prepared as shown in Scheme 1. The sequence (Leu-Lys)g was
chosen as a pH-dependent, f3-sheet-forming element. It is well known that
sequential alternating amphiphilic peptides take a f-sheet conformation, and
pH-induced conformational transitions of peptides have been reported.'®
First, the peptide chain (Leu-Lys)g-vinyl was synthesized with a vinyl group
at the N-terminal by means of the conventional solid-phase method.?
The peptide chain (Leu-Lys)s was synthesized on a CLEAR-acid resin
(cross-linked ethoxylate acrylated resin, Peptide Institute, Osaka, Japan),
using Fmoc-amino-acid derivatives (3 equiv), 1-hydroxy-7-azabenzotriazole
(3 equiv) and 1,3-diisopropylcarbodiimide (3 equiv) in N,N-
dimethylformamide for coupling and using piperidine (25vol%)/N,N-
dimethylformamide to remove the Fmoc. The acrylic acid was then attached
to the N-terminal of the peptide on the resin using the same protocol
described above. After the coupling reactions, to cleave the (Leu-Lys)g-vinyl
from the resin and remove the side-chain-protecting groups, the peptide resin
was treated with a cooled aqueous solution of 95vol% trifluoroacetic acid.
After the reaction, the mixture was filtered to separate the peptide solution
from the resin support. The trifluoroacetic acid solution of the peptide was
concentrated to a volume of approximately 1-2 ml, and then 100 ml of cooled
ether was added to precipitate the peptide. The peptide was identified by
MALDI-TOF mass spectroscopy (JMS-S3000, JEOL, Tokyo, Japan). The
observed m/z of the peptide was 2023.9. This value was in fair agreement
with the calculated value of 2024.7 [M + Na] *.
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We chose PNIPAm as the thermo-responsive hydrophilic main chain of the
grafted copolymer. (Leu-Lys)g-vinyl (20mg) and NIPAm (4.52mg) were
dissolved in aqueous solution. To remove the oxygen from the reaction
mixture, three freeze—pump—thaw cycles were performed. The copolymeriza-
tion of the (Leu-Lys)g-vinyl and NIPAm was initiated by azodiisobutyronitrile
(AIBN) through a conventional radical polymerization method. The AIBN
(0.2mg) was added to the reaction mixture, which was then stirred for 48 h at
70°C. The reaction mixture was then precipitated into excess ether. The
precipitate was dissolved in water, and the aqueous solution was dialyzed
against water using a molecular porous membrane tube (BioDesign Inc.,
Carmel, NY, USA, MWCO 3500). After the dialysis, the solution was
lyophilized to obtain LKNIPAm. The graft peptide content of 12mol% in
LKNIPAm was estimated by means of 'H-NMR spectroscopy in deuterated
trifluoroacetic acid, on the basis of the area ratio of the signal of -NH-CH-
CO- (0=4.1p.p.m.) of the peptide graft chain to that of —-CH; (6=1.3
p-p-m.) of the methyl groups of the NIPAm and Leu side chains. The
molecular weight of the obtained LKNIPAm was estimated by size-exclusion
chromatography, calibrated with polystyrene standards using a pump system
of Tosoh DP8020 with a TSK-GEL ®-3000 column (eluent; N,N-dimethylfor-
mamide, flow rate; 0.5mlmin !, temperature; 40°C). The number-average
molecular weight of LKNIPAm was 1.3 x 10* (Mw/Mn was 2.7).

Spectroscopic measurements

The pH-induced conformational changes of (Leu-Lys)g-vinyl and the peptide
graft chain of the LKNIPAm in aqueous solution were investigated by means of
circular dichroism (CD). CD spectra were recorded on a J-820 spectro-
photometer (JASCO, Tokyo, Japan) under a nitrogen atmosphere. Experiments
were performed in a quartz cell with 0.1-cm path length from 190-250 nm at
ambient temperature. The pH of the solution was adjusted with 0.1 HCI or
0.1 M NaOH.

The thermo-induced changes in the secondary structure of the peptide graft
chain in LKNIPAm were estimated by transmittance Fourier transform
infrared spectroscopy. The transmittance Fourier transform infrared spectra
were measured with a Perkin-Elmer Spectra 2000 (reduction: 4 cm ~!, number
of scans: 32, Perkin-Elmer, Waltham, MA, USA). The LKNIPAm aqueous
solutions at various pH concentrations and temperatures were quickly frozen
in liquid nitrogen, and then the frozen samples were lyophilized to obtain
LKNIPAm powder. The pellets for transmittance Fourier transform infrared
measurements were prepared by mixing the LKNIPAm powder with KBr. The
weight fraction of the LKNIPAm was fixed at 1 wt%.
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Scheme 1 Synthetic route of the amphiphilic peptide-grafted copolymer, LKNIPAm.
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The thermo-induced turbidity changes of the LKNIPAm aqueous solution
were investigated by means of their transmittance changes. The transmittance
at 450nm of the LKNIPAm aqueous solutions was measured with the J-820
spectrophotometer equipped with a temperature control accessory (PTC-423L,
JASCO). The transmittance values at 450 nm were obtained by the conversion
of the high-tension voltage at 450 nm.

Transmission electron microscopy

The morphology of LKNIPAm in aqueous solution at various pH concentra-
tions and temperatures was directly observed by transmission electron
microscopy using a freeze—fracture—etching replica technique.?> An aliquot
of the LKNTPAm solution at the designated pH and temperature was placed on
a thin gold plate, and this sample was rapidly plunged into liquid nitrogen
(EM-19510SNPD, JEOL). The sample was stored in liquid nitrogen until it
fractured. Freeze fracturing was carried out with a freeze-etching system (JFD-
II, JEOL) at —170°C and 3.4 x 107> Pa, and then freeze-etching was
performed at —120°C and 3.5 x 10> Pa for 15min. To prepare the replica,
platinum-carbon and pure carbon were evaporated at angles of 60° and 90°,
respectively, to the specimen surface. Electron microscopy was carried out
using a JEOL 22500 electron microscope operating at 200 kV.

RESULTS AND DISCUSSION

pH-induced conformational changes of (Leu-Lys)g

The secondary structure and morphology of f-sheet peptides have been
widely studied. Sequential alternating amphiphilic peptides composed
of hydrophobic and hydrophilic amino acids have been shown to take a
p-sheet structure and form fibrous assemblies under specific
conditions, such as a certain pH and/or solvent composition.!%?3-23
The pH-induced conformational changes of (Leu-Lys)g-vinyl were
characterized by CD. The concentration of (Leu-Lys)g-vinyl was fixed
at 0.8 mm. Figure 1 shows the pH-induced CD spectral changes of
(Leu-Lys)g-vinyl in aqueous solution when the pH of the solution was
increased (Figure la) and decreased (Figure 1b). Under acidic
conditions, (Leu-Lys)g-vinyl showed a negative maximum at 198 nm,
indicating a random coil conformation. Under basic conditions, the
CD spectra of (Leu-Lys)g-vinyl changed to a typical f-sheet pattern,
which shows a negative maximum at 215 nm. We obtained the fraction
of the second-order structure using a quantitative curve-fitting analysis
of the CD spectrum according to a linear combination of typical CD
spectra for dispersed a-helical, f-sheet and random coil conforma-
tions.?® The turbidity of the peptide solution increased slightly under
basic conditions, owing to the formation of the f-sheet assembly. The
transmittance at 450 nm at pH 9.5 was 97.9%; this value was slightly
lower than the value at pH 3.0 (98.8%).

Figure 2 shows the pH-induced conformational changes of (Leu-
Lys)g-vinyl in aqueous solution. Reversible transitions between the
random coil and f3-sheet conformations were observed. However, a
considerable hysteresis was observed in the pH-induced transition.
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This pH-induced random coil/f-sheet conformational transition
behavior arises from the difference in the ionization of the side chain
in the (Leu-Lys)g-vinyl. Under basic conditions, (Leu-Lys)g-vinyl
formed a stable f-sheet through intermolecular hydrogen bonding.
Meanwhile, under acidic conditions, the amino group of the Lys side
chain was positively charged. The electrostatic repulsion among the
protonated amino groups of the Lys moieties disturbs the inter-
molecular hydrogen bonding, interrupting f-sheet formation and
leading to random coil conformation.

We compared the pH-induced conformational transition of the
peptide graft chain in the LKNIPAm with that of the free peptide
(Leu-Lys)g-vinyl. Figure 3 shows the pH-induced CD spectral changes
of LKNIPAm in aqueous solution. The CD measurements, as the pH
of the solution was increased (Figure 3a) and decreased (Figure 3b),
were carried out immediately after adjustment of the pH of the
solution at ambient temperature. The concentration of the peptide
graft chain was fixed at 0.03mm. All the CD spectra of LKNIPAm
showed a negative maximum at approximately 218 nm, which
indicates the existence of a f-sheet structure. As the graft peptide
was fixed on the PNIPAm main chain, the local concentration of
the graft peptide around the PNIPAm main chain was increased in
comparison with the same concentration of the free peptide
(Leu-Lys)g-vinyl. At equal concentrations of peptide (0.03mm),
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Figure 2 pH dependence of the fraction of the second-order structure.
O, M: o-helix, O, @: B-sheet, and A, A: random coil conformation of
(Leu-Lys)g-vinyl estimated from the circular dichroism-curve-fitting method.
The open and closed symbols denote the fraction of the second-order
structure when the pH of the solution was increased and decreased,
respectively.
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Figure 1 pH-induced circular dichroism (CD) spectral changes of (Leu-Lys)g-vinyl in aqueous solution. The CD measurements at (a) increasing pH and
(b) decreasing pH were carried out immediately after adjusting the pH of the sample solution.
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Figure 3 pH-induced circular dichroism (CD) spectral changes of LKNIPAm in aqueous solution. The CD measurements at (a) increasing pH and
(b) decreasing pH were recorded immediately after adjusting the pH of the sample solution.
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Figure 4 pH dependence of the molar ellipticity at 218 nm, [0lo18nm, for
LKNIPAm in aqueous solution, when the pH of the solution was increased
(O) and decreased (@).

[0]218 nm of LKNIPAm was larger than that of the free peptide (Leu-
Lys)g-vinyl (Supplementary Figure S1), indicating that the (Leu-Lys)g
graft chain of LKNIPAm could more easily adopt a fi-sheet structure
compared with the free peptide (Leu-Lys)g-vinyl, owing to the
increased local concentration. In other words, increasing the local
concentration of the graft peptide induces intermolecular hydrogen
bonding and the formation of a f-sheet structure. The CD spectra of
LKNIPAm could not be fitted by a linear combination of typical CD
spectra for dispersed a-helix, f-sheet and random coil conformations.
Figure 4 shows the pH dependence of the molar ellipticity at 218 nm,
[0]2180m> assigned to the [-sheet structure for LKNIPAm in
aqueous solution, as the pH of the solution was increased (O) or
decreased (@). A large hysteresis was observed in the pH-induced
conformational transition of the (Leu-Lys)g graft chains in LKNIPAm.
This result implies that the rate of the conformational transition
from stable f-sheet to random coil was slower than that of
random coil to f-sheet, when compared with the case of the free
(Leu-Lys)g-vinyl.

pH- and thermo-induced conformational changes of LKNIPAm

The conformation of (Leu-Lys)g-vinyl did not change with tempera-
ture (from 10-45°C) under acidic or basic conditions. In this
research, we chose PNIPAm?728 as the thermoresponsive part of the
multi-stimuli-responsive copolymer. We investigated the thermo-
induced turbidity changes owing to the coil-to-globule transition of
the main chain in LKNIPAm by the transmittance at 450 nm in

aqueous solution. Figure 5 shows the thermo-induced transmittance
changes at 450 nm of the LKNIPAm aqueous solution at pH 3.0
(Figure 5a) and pH 9.0 (Figure 5b). At pH 3.0, the transmittance at
450 nm did not change and remained relatively high. However, at pH
9.0, the transmittance drastically increased with increasing tempera-
ture, beginning at approximately 37°C. In this case, LKNIPAm
partially precipitated above 40 °C. We also investigated the thermo-
induced conformational changes of the (Leu-Lys)g graft chain in
LKNIPAm at 25 °C and 40 °C by Fourier transform infrared measure-
ments. The samples for the Fourier transform infrared measurements
were prepared as follows. The pH and temperature of the LKNIPAm
aqueous solution were adjusted to the desired values (pH 3.0, pH 9.0,
25°C, 40°C). The LKNIPAm solutions were quickly frozen in liquid
nitrogen and lyophilized to obtain measurement samples. We had
earlier verified that no conformational changes had occurred during
the lyophilization process. The secondary structure of the water-
soluble peptide in aqueous solution was measured by CD. The
fraction of the second-order structure obtained by the Fourier
transform infrared measurement of the lyophilized peptide was in
fair agreement with that obtained by the CD measurement in aqueous
solution. Figure 6 shows the pH- and thermo-induced Fourier
transform infrared spectra of LKNTPAm. In the spectra, characteristic
absorptions of the amide I band in o-helix, fi-sheet and random coil
conformations were observed at 1650, 1630 and 1675 cm ~!, respec-
tively.?” The ratio of the integrated peak intensities assigned to the
individual secondary structures, which was obtained by peak
deconvolution of the amide I band, gave the percentage of the
different conformations of the (Leu-Lys)g graft chain in LKNIPAm.
The results of the conformational analysis are summarized in Table 1.
Stable f3-sheet structure formation among the (Leu-Lys)g graft chains
occurred only under basic conditions at high temperature (pH 9.0
and 40°C). The observed pH- and thermo-induced conformational
transition of LKNIPAm in aqueous solution could be explained as
follows. Under acidic conditions (pH 3.0), the (Leu-Lys)g graft chain
of LKNIPAm was protonated and positively charged. The ionized
graft peptides increased the water solubility of LKNIPAm at high
temperatures, at which the PNIPAm main chain forms a globular
conformation. Meanwhile, under basic conditions (pH 9.0), the (Leu-
Lys)g graft peptides were neutral. At low temperatures, the PNIPAm
main chain forms a coil conformation. The conformation of the main
chain of LKNIPAm disturbed the f-sheet formation of the peptide
graft chain. The hydrophobic interactions among the peptide
graft chains resulted in the formation of a micellar structure.
The formation of these LKNIPAm micelles induced the decrease
in transmittance at 450nm. At high temperature (40°C), the
PNIPAm main chain formed a globular conformation. Under these
conditions, the grafted peptide chains formed a ff-sheet conformation.
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Figure 5 Thermo-induced transmittance changes at 450 nm of the LKNIPAm solution at (a) pH 3.0 and (b) pH 9.0.
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Figure 6 Fourier transform infrared spectra of LKNIPAm prepared by quick freezing and lyophilization at (a) pH 3.0 and 25°C, (b) pH 3.0 and 40°C,
(c) pH 9.0 and 25°C and (d) pH 9.0 and 40°C. Broken lines show the peak deconvolution of the amide | band due to (1) o-helix, (2) p-sheet and (3)

random coil conformations.

Table 1 The fractions of the second-order structure of the (Leu-Lys)g
graft chains in LKNIPAm

Conformation (%)

pH Temperature (°C) o-Helix p-Sheet Random coil
3 25 36 40 24

40 23 46 31
9 25 31 45 24

40 20 75 5

Abbreviation: LKNIPAm, (Leu-Lys)g-grafted poly(N-isopropylacrylamide).

The f-sheet structure of the peptide graft chains acted as bridging
points among the LKNIPAms micelles, resulting in precipitation.

pH- and thermo-induced morphological changes of LKNIPAm in
aqueous solution

The pH- and thermo-induced morphological changes of LKNIPAm
owing to the conformational transitions of the main chain (PNIPAm)

Polymer Journal

and peptide graft chains (Leu-Lys)g in aqueous solution were
observed directly with a transmission electron microscope using a
freeze—fracture—etching replica technique. The LKNIPAm aqueous
solution at the desired pH and temperature was quickly frozen, and
the replicas were prepared by the freeze—fracture—etching technique.
Figure 7 shows the transmission electrone microscope images of
LKNIPAm in aqueous solution. Under acidic conditions (pH 3.0), the
(Leu-Lys)g graft chain of LKNIPAm was positively charged and took a
random coil and «-helical conformation with a considerable amount
of f-sheet structure (Figures 6a and b). At the low temperature of
25°C, below the coil-to-globule transition temperature, the main
chain of LKNIPAm formed a coil conformation. Under these
conditions, LKNIPAm formed water-soluble nanoparticles, in which
the partially formed f3-sheet structure of the grafted peptides bridged
the main chains of LKNIPAm. In Figure 7a, nanoparticles with a
diameter of 3—-45 nm were observed. By increasing the temperature to
40°C, above the coil-to-globule transition temperature, the PNIPAm
main chain adopted a shrunken globule form. However, the (Leu-
Lys)g graft chains of the LKNIPAm were charged, and the formation
of the f-sheet structure was disturbed by the electrostatic repulsion
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between the graft chains. The morphology of LKNIPAm in this case  (25°C), LKNIPAm formed relatively larger particles compared
was a maintained dispersed particle with a diameter of 10-60nm  with those formed under acidic conditions (Figure 7c, diameter
(Figure 7b). In basic solution (pH 9.0) and at low temperature 30-150nm). In this case, the PNIPAm main chain took on a

Figure 7 pH- and thermo-induced morphological changes of LKNIPAm in aqueous solution observed by transmission electrone microscope using the
freeze—fracture—etching technique at (a) pH 3.0 and 25°C, (b) pH 3.0 and 40°C, (c) pH 9.0 and 25°C and (d) pH 9.0 and 40°C.

Random coil peptide

Nipam main/'
chain

Scheme 2 Schematic of the pH- and thermo-induced structural changes of LKNIPAm in aqueous solution.
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water-soluble coil conformation, and the peptide graft chains were
neutral. However, the formation of the f3-sheet structure that acted as
a bridging point between the LKNIPAm polymer strands was
disturbed by the expanded flexible coil conformation of the PNIPAm
main chain. These effects resulted in the formation of relatively large
dispersed particles. At the higher temperature of 40°C, PNIPAm
adopted a shrunken globule conformation, and the (Leu-Lys)g graft
chains formed a stable f3-sheet structure (Figure 6d). Figure 7d shows
the LKNIPAm morphology at pH 9.0 and 40 °C in aqueous solution.
In this image, a large aggregate can be observed. This aggregated body
was formed by the cross-linking of LKNTPAm, whose main chain was
a shrunken globule, through the formation of bridging f-sheets of the
grafted peptide chains.

CONCLUSIONS

In conclusion, the amphiphilic copolymer (Leu-Lys)g-grafted PNI-
PAm shows pH- and thermo-induced conformational and morpho-
logical transitions in aqueous solution. Schematic pictures of the
proposed pH- and thermo-induced structural changes of LKNTPAm
are illustrated in Scheme 2. Under acidic conditions, the peptide graft
chains were protonated and positively charged, and LKNIPAm
formed nanoparticles owing to the electrostatic repulsion among
the graft chains above and below the coil-to-globule transition
temperature of the PNIPAm main chain. However, under basic
conditions, the peptide graft chains were neutral, and, at a low
temperature below the transition temperature of the main chain,
LKNIPAm formed a micellar structure. Only at a temperature higher
than the transition temperature, in which the main chain formed
shrunken globules, did the peptide graft chains form a stable f-sheet
structure. The f-sheets of the grafted chains acted as bridging points
between the LKNIPAm globules, resulting in the formation of a large
aggregated body.

We believe that these studies on the structural regulation of multi-
stimuli-responsive polymers provide useful information for the
development of novel stimuli-responsive materials with a wide range
of applications in nanotechnology.
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