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Chapter 1

Introduction

Stimuli-responsive polymers are defined as polymers that undergo relatively large
and abrupt, physical or chemical changes in response to small external changes in the
environmental conditions. These polymer systems might recognize the stimuli’s as
signals, judge the magnitude of the signals, and then change their chain conformation
in direct response'. There are many different stimuli to modulate the response of
polymer systems. These stimuli could be classified as either physical or chemical
stimuli. Chemical stimuli, such as pH, ionic strength and chemical agents, will change
the interactions between polymer chains or between polymer chains and solvents at
the molecular level. The physical stimuli, such as temperature, electric or magnetic
fields, and mechanical stress, will affect the level of various energy sources and alter
molecular interactions at critical onset points. These responses of polymer systems are
very useful in bio-related applications such as drug delivery”*, biotechnology™’,
chromatography®’, nanotechnology®’ and a promising future for applications in the
areas of biosensors and molecular separate membranes. Among these stimuli
responsive polymers, temperature and pH responsive polymers have been the most
intensively investigated in various laboratories and industries due to their relatively
effective control in vivo as well as in vitro and their versatile application range.

Temperature is the most widely used stimulus in environmentally responsive
polymer systems. The change of temperature is not only relatively easy to control, but
also easily applicable both in vitro and in vivo. One of the unique properties of the
temperature-responsive polymers is the presence of a critical solution temperature.
Critical solution temperature is the temperature, at which the phase of polymer and
solution is discontinuously changed. If the polymer solution has one phase below a
specific temperature, which depends on the polymer concentration, and are
phase-separated above this temperature, the polymer generally have a lower critical
solution temperature (LCST). These polymers are usually composed of hydrophilic

segment and suitable hydrophobic segment, and are mostly block copolymers. The



polymer solution having LCST shows the phase-separation upon heating due to the
decrease of hydration of the hydrophilic segment and increase of the hydrophobic
interaction among the hydrophobic segments. Up to date, poly(N-isopropylacrylamide)
(PNIPAm) and its copolymers have been some of the most extensively studied LCST
polymer. The reason for PNIPAm had so widely studied in all of polymer science due
in most part to the readily accessible LCST of 32°C in water, just below physiological
temperature (37°C). Moreover, the LCST of PNIPAm can be tuned by controlling the
molecular weight or via incorporation of hydrophilic or hydrophobic groups'®.

A pH-induced conformational change is common behavior in biopolymers. The
pH-responsive polymers consist of ionizable pendants that can accept and donate
protons in response to the environmental changes in pH. As the environmental pH
changes, the degree of ionization in a polymer bearing weakly ionizable groups is
dramatically altered at a specific pH that is called pK,. This rapid change in net charge
of pendant groups causes an alternation of the hydrodynamic volume of the polymer
chains. The transition from collapsed state to expanded state is explained by the
osmotic pressure exerted by mobile counterions neutralizing the network charges''.
The polymers containing ionizable groups in their backbone form polyelectrolytes in
the aqueous system. There are two types of pH-responsive polyelectrolytes; weak
polyacids and weak polybases. The representative acidic pendant group of weak
polyacids is the carboxylic group. Weak polyacids such as poly(acrylic acid) accept
protons at low pH and release protons at neutral and high pH'?. On the other hand,
polybases like poly(4-vinylpyridine) is protonated at high pH and positively ionized at
neutral and low pH'". Therefore, the proper selection between polyacids and
polybases should be considered for the desired application.

Synthetic polypeptides, consisting of amino acids bearing ionizable pendant groups
such as cysteine (pK,=8.4), aspartic acid (pK,=3.9), glutamic acid (pK,=4.1), histidine
(pK.=6.0), lysine (pK,=10.5), or arginine (pK,=12.5)"*, might undergo a pH
responsive conformational transition at around their pKa. For example, poly(glutamic
acid) has carboxylic groups in its side chains and undergoes a sharp phase transition

by helix to coil conformational change at a pH a little bit higher than its pK,.
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Some systems have been developed to combine two or more stimuli-responsive
mechanisms into one polymer system. Some workers have reported that two or more
signals could be simultaneously applied in order to induce response in so-called dual
responsive polymer systems. The hierarchical structures of the stimuli-responsive
block copolymers formed via self-assemblies are generally dependent on the structure
and property of each segment, composition, and chain length, in addition to external
stimuli such as pH, ionic strength, and temperature. For the precise manipulation of
the dual-responsive properties and stimuli-induced self-assembling behaviors, such as
normal and reversible micelle formation, it is important to create block polymers
composed of two stimuli-sensitive segments, each of which should possess narrow
chain length distributions with controlled molar mass and composition. The design
and synthesis of novel block copolymers derived from peptides are attracting
significant attention because of their assembled structures through intra- and
interchain associations via noncovalent bonds and their potential applications as
biodegradable and biomedical polymers'*"’. In peptide based block copolymers, the
nature of amino acids and the chirality and amphiphilicity encoded in their primary
structures play crucial roles in determining their ordered structures and various
functions.

In our thesis, we based on the thermal-sensitive poly(N-isopropylacrylamide)
design a dual-responsive polymer. We introduce the amphiphilic graft chain peptide,
which was sensitive to the pH condition, to the PNIPAm chain. The novel copolymer
was sensitive to both temperature and pH, we also investigated the application of this

copolymer.
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Chapter 2

Design and Synthesis of Amphiphilic Peptide

2-1 Introduction

In nature, the amino acids are combined to give proteins with hundreds or even
thousands of amino acids in each one. Small assemblies of amino acids are known as
peptides. With increased research in the areas of molecular and biological chemistry,
the need for an efficient and simple method of peptide synthesis became apparent. In
1963 Merrifield" developed the method which called solid phase peptide synthesis
(SPPS) provided the revolution for this demand. This technique utilizes an insoluble
solid support of polystyrene copolymer beads as an anchor for the synthetic peptide
chain. The terminal amino acid is bound to the resin support and the protected amino
acids are added individually in a sequential series of manual or automated steps. The
completed peptide is then cleaved from the resin. Principally, peptide synthesis relies
on the appropriate combination of protecting groups and an efficient method for the
activation of the carboxyl group prior to reaction with the amino group for growth of
the peptide chain in the C-to-N direction. Thus, a general solid-phase peptide
synthesis scheme includes a N-amino protecting group (temporary protecting group),
side-chain protecting groups (permanent protecting groups) and a linker, a specialized
protecting group that attaches the peptide to the support.

Design and synthesis process of the peptide used in this study are described in this
chapter. To prepare the dual-responsive polymer, few kinds of amphiphilic peptide
were synthesized. These peptides could form well-defined secondary structure, and
we investigated the conformational changes induced by pH conditions. In this study,
peptides were synthesized by the solid-phase method using standard Fmoc-strategy on

CLEAR-Acid resin.

2-2 Design of Amphiphilic Peptide



Based on the purpose of our study, we need a kind of amphiphilic peptide which
could responsive to external pH changes. Considering the previous work®” of our
group, we designed three kinds of peptides. The sequences of peptide (LK)g-vinyl,

(LKLQ)4-vinyl and (LELK)4-vinyl were shown in Fig. 2-1.
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Fig. 2-1. Chemical structures of amino acids and sequence of synthesized peptides.

2-2 Peptide synthesis

The peptides were synthesized according to the conventional solid-phase method®.
Take the peptide (LK)s-vinyl as example, the peptide chain was synthesized on a
CLEAR-acid resin (cross-linked ethoxylate acrylated resin, Peptide Institute), using
Fmoc-amino acid derivatives (3 equiv), 1-hydroxy-7-azabenzotriazole (HOAt) (3

equiv), and 1,3-diisopropylcarbodiimide (DIPCDI) (3 equiv) in



N,N-dimethylformamide (DMF) for coupling and using piperidine (25 vol%) / DMF
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

CLEAR-Amide Resin

N Piperidine/DMEF(20%)
I ‘ - AY /
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 _— T
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yd AN
/ AN
) N\
/ N\
[ \ _ .
! \ Fmoc-amino acid
| 16 Cvycles | .
| y | —+
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7/ ™~ e 41 N
/ S~ e ! OH
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yic acid| \ ,
1 e . ' T .
B \ allsopropylcarbodiimide
N=C=N
HOAt (DIPCDI)
DIPCDI Cleave 2C C

process C—(Amino Acid);s—CONH,

Fig. 2-2. Scheme of solid phase peptide synthesis

reactions, to cleave the (Leu-Lys)s-vinyl from the resin and to remove the side-chain
protecting groups, the peptide-resin was treated with cooled aqueous solution
containing 95 vol% trifluoroacetic acid (TFA). After the reaction, the mixture was
filtered to separate the peptide solution from the resin support. The TFA 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 synthesis process was shown

in Fig. 2-2.

2-3 Characterization of peptide

Identification of synthesized peptides were performed by Matrix Assisted Laser
Desorption Inoization-Time of Flight Mass Spectroscope (MALID-TOF-MS)
(JMS-S3000, JEOL).

The pH-induced conformational changes of peptides in aqueous solution were

investigated by means of circular dichroism (CD). CD spectra were recorded on a
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J-820 spectrophotometer (JASCO) under a nitrogen atmosphere. Experiments were
performed in a quartz cell with 0.1 cm path length from 190 to 250 nm at ambient

temperature. The pH of the solution was adjusted with 0.1 M HCl or 0.1 M NaOH.

2-4 Result and Discussion

Sequential alternating amphiphilic peptides composed of hydrophobic and
hydrophilic amino acids have been shown to take a -sheet structure and form fibrous
assemblies under specific conditions, such as a certain pH and/or solvent
composition’®. The pH-induced conformational changes of peptides were
characterized by CD. The concentration of peptide was fixed at 0.8 mM. Fig. 2-3
shows the pH-induced CD spectral changes of peptides in aqueous solution.

It is clearly showed in Fig. 2-3 that these three peptides show different
conformation transition behavior as pH increased from acidic to basic. At acidic
condition, the CD spectrum of peptide (LK)s-vinyl show a negative peak at 198 nm
indicated a random coil conformation. Under basic conditions, the CD spectra of
(Leu-Lys)s-vinyl changed to a typical fS-sheet pattern, which shows a negative
maximum at 215 nm. This could be explained that at acidic condition, the amino
groups of lysine were protonated and the electro static repulsion disturbed the

formation of intermolecular hydrogen bond led to the random coil structure. However,
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Fig. 2-3. CD spectrum of 0.8 mM synthesized peptide a); (LK)g-vinyl, b);
(LKLQ)4-vinyl, c¢); (LELK)4-vinyl in aqueous solution at ambient temperature. The
curves under various pH conditions were arranged according to the arrow

direction.

at basic condition the amino groups of the Lys moieties were deprotonated and
[-sheet structure formed because of intermolecular hydrogen bond.

For the peptide (LKLQ)4-vinyl, the CD spectrum always show a negative peak at
215 nm and a positive peak at 196 nm, which means this peptide formed f-sheet
pattern under both acidic and basic conditions. However, the negative valus of [0],;5
was decrease with pH increasing. This implies that the f-sheet conformation was
decreased under the basic condition. The distinction of conformational behavior under
the acidic condition between the (LK)g-vinyl and (LKLQ)s-vinyl could be explained
as follows. The electro static repulsion among the protonated amino groups of the Lys
moieties in the case of (LKLQ)4-vinyl was lower than that of (LK)g-vinyl. So that the
(LKLQ)4-vinyl formed p-sheet structure under the acidic condition. Furthermore, the
amide side chains of the glutamine residues have a strong tendency to form hydrogen

9-11

bond with each other”™ . The hygrogen bond among the amide side chains of the

deprotonated (LKLQ)s-vinyl led to the formation of disordered assembly of the
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(LKLQ)4-vinyl. As a result the f-sheet structure ratio was decreased as pH increased,
especially when pH was higher than 7.0 the fS-sheet structure has an obviously
decrease (Fig. 2-3b). The (LELK)s-vinyl took a random coil conformation under the
both acidic and basic conditions. The CD spectra in Fig. 2-3c¢ of (LELK)4-vinyl
showed typical CD spectra assumed random coil conformation with a negative peak
around 197 nm. We think the complementary ionic bridge is still the reason for this
phenomenon. The ionic bridge was formed between amino group of lysine residue
and carboxyl group of glutamic acid residue both intermolecular and intramolecular.
The ionic bridge resulted to the formation of disordered aggregate of the
(LELK)4-vinyl in aqueous solution. This suppose was supported by the high tension
voltage (HT) data. The high value of HT means high turbidity which indicated the
formation of the aggregate. The CD spectrum only slightly changed as pH increased
from 3.0 to 11.4. Similar examples were seen in oligopeptides (i + 4) E,K and (i + 4)
K,E where a change of pH had little effect on their stability'*.

Considering the purpose of our study that we need a pH-responsive amphiphilic
peptide, so we choose peptide (LK)s-vinyl as the pH-sensitive part of the grafted
polymer. So we further investigated the pH-induced conformational transition of
(LK)s-vinyl. Fig 2-4 was the CD spectra of (LK)g-vinyl for the reversibility pH
changes, when the pH of the solution was increased (Fig 2-4a) and decreased (Fig
2-4b). From the spectra we could found out that the pH-induced conformational
changes were reversible, when the pH increased from acidic to basic condition the
peptide transformed from random coil to S-sheet conformation; meanwhile, as pH

decreased from basic to acidic the secondary structure of peptide revised from fS-sheet
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Fig. 2-4. CD spectrum of peptide (LK)s-vinyl as pH increased (a) and decreased (b)

to random coil conformation. The fraction of second-order structure was calculated
using a quantitative The fraction of second-order structure was calculated 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
conformations'®. The percentages of each structure under various pH conditions were
marked in Fig 2-5. The reversibility of the conformational transition could be

obviously observed. However, a considerable hysteresis was observed in the
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Fig. 2-5. pH dependence of the fraction of second-order structure. [1, B: a-helix, O, @:
B-sheet, and A, A: random coil conformation of (Leu-Lys)8-vinyl estimated from the
CD-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.

pH-induced transition.

2-5 Conclusion

In this chapter, we synthesized three kinds of 16-residue amphipilic peptides,
(LK)s-vinyl, (LKLQ)4-vinyl, (LELK)s-vinyl. The secondary structure of each peptide
under various pH conditions was characterized by the Circular Dichroism spectrum.
From the investigation we found that only (LK)s-vinyl has the responsibility to pH
conditions, which changed from random coil conformation under acidic condition to
f-sheet tructure under basic condition. Moreover, the pH-induced conformational
change of this peptide was also reversible. According to the purpose of our study, we
chose the peptide (LK)s-vinyl as the pH-sensitive part of the dual-responsive grafted

polymer.
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Chapter 3
pH and Thermo-induced Morphological Changes of the
Amphiphilic Peptide Grafted Copolymer Assembly in

Solution

3-1 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 due to their sensitivity to
environmental conditions”*. 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 thermo-sensitive polymer.
Thermo-sensitive polymers exhibit a lower critical solution temperature (LCST) 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 LCST-type thermo-sensitive polymers. Polymers exhibiting
LCST properties have potential applications for “intelligent” or “smart” materials.
The thermo-responsive 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 p-sheets are the major secondary structural motifs organizing the
three-dimensional geometry of proteins. The conformational 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

. 11 . . . 1214
diseases’ such as Alzheimer’s and Creutzfeldt-Jacob’s. In previous studies =, we
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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 of the structural regulation for peptides forming a S-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 uses in nanodevices.

Peptide-conjugated PNIPAm systems have been widely studied'®'’. Mezzenga'®
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 poly(N-isopropylacrylamide) in aqueous solution. In
combining the pH-sensitive (Leu-Lys)s with the temperature-responsive PNIPAm, we
demonstrated the creation of a multi-stimuli responsive polymer system. Under acidic
conditions, the amino groups of the Lys moieties of the (Leu-Lys)g graft chains were
protonated, and the electrostatic repulsion disturbed the formation of S-sheet structure.
However, under basic conditions, the deprotonated (Leu-Lys)g graft chains could form
[S-sheet via inter-molecular 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 f-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.

3-2 Experimental Section

3-2-1 Preparation of Peptide Grafted Copolymer

The sequence (Leu-Lys)s-vinyl was chosen as a pH-dependent, f-sheet forming
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element. The processes of peptide synthesis and pH-induced conformational
transitions of peptides have been reported in Chapter 2.

The peptide was identified by MALDI-TOF mass spectroscopy (JMS-S3000, JEOL).
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]".

We chose PNIPAm as the thermo-responsive hydrophilic main chain of the grafted
copolymer. The pH- and thermo-responsive graft copolymer, (Leu-Lys)s-grafted
poly(N-isopropylacrylamide)  (LKNIPAm), was  prepared as  followed.
(Leu-Lys)s-vinyl (20 mg) and NIPAm (4.52 mg) were dissolved in aqueous solution.
To remove the oxygen from the reaction mixture, three freeze-pump-thaw cycles were
performed. The copolymerization of the (Leu-Lys)s-vinyl and NIPAm was initiated by
AIBN in a conventional radical polymerization method. The AIBN (0.2 mg) 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. of New York, MWCO 3500). After the dialysis, the
solution was lyophilized to obtain LKNIPAm. The graft peptide content of 12 mol%
in LKNIPAm was estimated by means of '"H-NMR spectroscopy in deuterated TFA,
on the basis of the area ratio of the signal of -NH-CH-CO- (6=4.1 ppm) of the peptide
graft chain to that of -CH; (6=1.3 ppm) of the methyl groups of the NIPAm and Leu
side chains. The molecular weight of the obtained LKNIPAm was estimated by size
exclusion chromatography (SEC), calibrated with polystyrene standards using a pump
system of Tosoh DP8020 with a TSK-GEL a-3000 column [eluent; DMF, flow rate;
0.5 mL/min, temperature; 40 °C]. The number average molecular weight of

LKNIPAm was 1.3x10* (Mw/Mn was 2.7).

3-2-2 Circular Dichroism (CD) Measurment
The pH-induced conformational changes of 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 spectrophotometer (JASCO) under a
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nitrogen atmosphere. Experiments were performed in a quartz cell with 0.1 cm path
length from 190 to 250 nm at ambient temperature. The pH of the solution was
adjusted with 0.1 M HCl or 0.1 M NaOH.

The thermo-induced turbidity changes of the LKNIPAm aqueous solution were
investigated by means of their transmittance changes. The transmittance at 450 nm 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.

3-2-3 Transmittance Fourier Transform Infrared (TM-FTIR) Spectroscopy

The thermo-induced changes in the secondary structure of the peptide graft chain in
LKNIPAm were estimated by Transmittance Fourier transform infrared (TM-FTIR)
spectroscopy. The TM-FTIR spectra were measured with a Perkin-Elmer Spectra
2000 (reduction: 4 cm™', number of scan: 32). The LKNIPAm aqueous solutions at
various pH and temperature were quickly frozen in liquid nitrogen, and then the
frozen samples were lyophilized to obtain LKNIPAm powder. The pellets for
TM-FTIR measurements were prepared by mixing the LKNIPAm powder with KBr.
The weight fraction of the LKNIPAm was fixed at 1 wt%.

3-2-4 Transmission Electron Microscopy (TEM) Observation

The morphology of LKNIPAm in aqueous solution at various pH and temperature
was directly observed by transmission electron microscopy using a freeze-fracture
etching replica technique.”'** An aliquot of the LKNIPAm 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 (JED-II, JEOL) at -170 °C and 3.4x10”° Pa, and then
freeze-etching was performed at -120 °C and 3.5x107 Pa for 15 min. To prepare the

replica, platinum-carbon and pure carbon were evaporated at angles of 60° and 90°,
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respectively, to the specimen surface. Electron microscopy was carried out using a

JEOL 22500 electron microscope operating at 200 kV.

3-3 Results and Discussion

3-3-1 pH-induced conformational changes of peptide grafted copolymer

We compared the pH-induced conformational transition of the peptide graft chain
in the LKNIPAm with that of the free peptide, (Leu-Lys)s-vinyl. Fig. 3-1 shows the
pH-induced CD spectral changes of LKNIPAm in aqueous solution. The CD
measurements, as the pH of the solution were increased (Fig. 3-la) and

20

=Y
(%]
T

[01X10° / degscmZedmol’’
[3,]
T

10 1 R 1 1

n 1 L 1 J
190 200 210 220 230 240 250

Alnm
20 pH 9.7
b pH 8.2
15 L pH 7.2
pH5.5

pH 4.9

[01X10°% / deg.cm?.dmol™
(3]

10 1 o 1 1 : 1 1 . 1 ]
190 200 210 220 230 240 250
A/nm

Fig. 3-1. pH-induced CD spectral changes of LKNIPAm 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.

decreased (Fig. 3-1b), were carried out immediately after the adjustment of the pH of
the solution at ambient temperature. The concentration of the peptide graft chain was

fixed at 0.03 mM. All the CD spectra of LKNIPAm showed a negative maximum at
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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)s-vinyl. At equal concentrations of
peptide (0.03 mM), [0]18nm of LKNIPAm was larger than that of the free peptide,
(Leu-Lys)s-vinyl. (Fig. 3-2), indicating that the (Leu-Lys)s graft chain of LKNIPAm
could more easily adopt a pf-sheet structure compared to the free peptide

(Leu-Lys)s-vinyl, owing to the increased local concentration. In other words,
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Fig. 3-2. Conformational changes of peptide (LK)s-vinyl depend on concentration.

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. Fig. 3-3 shows the pH
dependence of the molar ellipticity at 218 nm, [0]218nm, assigned to the S-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)s graft chains in LKNIPAm. This result

implies that the rate of the conformational transition from stable p-sheet to
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Fig. 3-3. pH dependence of the molar ellipticity at 218 nm, [f]isnm, for LKNIPAm in
aqueous solution, when the pH of the solution was increased (O) and decreased (@).

random coil was slower than that of random coil to f-sheet, comparing to the case of

the free (Leu-Lys)s-vinyl (Fig. 3-2).

3-3-2 pH- and thermo- complex induced conformational changes of LKNIPAm
The conformation of (Leu-Lys)s-vinyl did not change with the temperature (from
10 to 45 °C) under acidic or basic conditions. In this research, we chose PNIPAm as
the thermo-responsive 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. Fig. 3-4 shows the thermo-induced transmittance changes at 450 nm of the
LKNIPAm aqueous solution at pH 3.0 (Fig. 3-4a) and pH 9.0 (Fig. 3-4b). 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 temperature, 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)s
graft chain in LKNIPAm at 25 °C and 40 °C by FT-IR measurements. The samples for
the FT-IR measurements were prepared as follows. The pH and temperature of

LKNIPAm aqueous solution were adjusted to the desired values (pH 3.0, pH 9.0,
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Fig. 3-4. Thermo-induced transmittance changes at 450 nm of LKNIPAm aqueous solution at
(a) pH 3.0 and (b) pH 9.0, respectively.

25 °C, 40 °C). The LKNIPAm solutions were quickly frozen in liquid nitrogen and
lyophilized to obtain measurement samples. Beforehand, we 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 FT-IR measurement of
the lyophilized peptide was in fair agreement with that obtained by the CD
measurement in aqueous solution. Fig. 3-5 shows the pH- and thermo-induced FT-IR
spectra of LKNIPAm. In the spectra, characteristic absorptions of the amide I band in
o-helix, f-sheet, and random coil conformations were observed at 1650, 1630, and

1675 cm™, respectively'”. The ratio of the integrated peak intensities assigned to the
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Fig. 3-5. FT-IR spectra of LKNIPAm prepared quickly frozen and lyophilized at a) pH 3.0,
25 °C; b) pH 3.0, 40 °C; c) pH 9.0, 25 °C; and d) pH 9.0, 40 °C respectively. Broken lines

show the peak deconvolution of the amide I band to (1) a-helix, (2) S-sheet, and (3) random
coil conformations.

individual secondary structures, which was obtained by peak deconvolution of the
amide | band, gave the percentage of the different conformations of the (Leu-Lys)s
graft chain in LKNIPAm. The results of the conformational analysis are summarized
in Table 3-1. Stable f-sheet structure formation among the (Leu-Lys)s 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)s graft chain of LKNIPAm was protonated and positively charged. The
ionized graft peptides increased the water solubility of LKNIPAm at high
temperatures, where the PNIPAm main chain forms a globular conformation.

Meanwhile, under basic conditions (pH 9.0), the (Leu-Lys)s 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
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Table 3-1. The fractions of the second order structure of (Leu-Lys)g graft chain in LKNIPAm.

H Temperature Conformation / %
P /°C a-helix [-sheet random coil
25 36 40 24
3.0
40 23 46 31
9.0 25 31 45 24
' 40 20 75 5

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 of the transmittance at 450 nm. At high temperatures
(40 °C), the PNIPAm main chain formed a globular conformation. Under these
conditions, the grafted peptide chains formed a f-sheet conformation. The S-sheet
structure of the peptide graft chains acted as bridging points among the LKNIPAms
micelles, resulting in
precipitation. Fig. 3-6 was the
photos of LKNIPAm solved in

water under various pH

. . H 3.0 H 6.5 H 9.0
conditions. It is clearly showed P P P

Fig. 3-6. Photos of the polymer solution under various
in this figure that the polymer pH at 20 °C.

solution was transparent at pH 3.0 and pH 6.5. However, at pH 9.0, the polymer did
not completely dissolved in aqueous solution and the solution was turbid. This
phenomenon proved the explanation that under the basic condition the intermolecular
[-sheet structure performed as bridge linked the PNIPAm chains. And this led to the
formation of polymer aggregations which reduced the solubility of the peptide grafted

polymer.

3-3-3 pH- and thermo-induced morphological changes of LKNIPAm in aqueous
solution

The pH- and thermo-induced morphological changes of LKNIPAm owing to the
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conformational transitions of the main chain (PNIPAm) and peptide graft chains
(Leu-Lys)s 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 were quickly frozen, and then the replicas
were prepared by the freeze-fracture-etching technique. Fig. 3-7 shows the TEM

images of LKNIPAm in aqueous solution. Under acidic conditions (pH 3.0), the

Fig. 3-7. pH- and thermo- induced morphological changes of LKNIPAm in aqueous solution
observed by TEM using freeze-fracture-etching technique at a) pH 3.0, 25 °C, b) pH 3.0,
40 °C, ¢) pH 9.0, 25 °C, d) pH 9.0, 40 °C respectively.

(Leu-Lys)s graft chain of LKNIPAm was positively charged and took a random coil
and a-helical conformation with a considerable amount of S-sheet structure (Fig. 3-5a
and 3-5b). 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 f-sheet structure of the grafted peptides bridged the main chains of LKNIPAm.
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In Fig. 3-7a, nanoparticles with a diameter of 3 nm - 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)s
graft chains of the LKNIPAm were charged, and the formation of the S-sheet structure
was disturbed by the electrostatic repulsion between the graft chains. The morphology
of the LKNIPAm in this case was a maintained dispersed particle with a diameter of
10 nm - 60 nm (Fig. 3-7b). In basic solution (pH 9.0) and at low temperature (25 °C),
LKNIPAm formed relatively larger particles compared to those formed under acidic
conditions (Fig. 3-7c, diameter 30 nm — 150 nm). In this case, the PNIPAm main
chain took on a water-soluble coil conformation, and the peptide graft chains were
neutral. However, the formation of the f-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 f-sheet structure (Fig. 3-7d). Fig. 3-7d 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 LKNIPAm, whose main
chain was a shrunken globule, through the formation of bridging f-sheets of the

grafted peptide chains.

3-4 Photo-initiated Peptide Grafted PNIPAm

3-4-1 Preparation of Peptide Grafted Copolymer

Because of the environmental friendly requirement, we also synthesized the peptide
grafted PNIPAm by photo polymerization. (Leu-Lys)z-vinyl (20 mg) and NIPAm (4.5
mg) were dissolved in aqueous solution. The oxygen was removed through three
freeze-pump-thaw cycles. The copolymerization of the (Leu-Lys)s-vinyl and NIPAm
was initiated by water soluble photoinitiator

2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (photocure 2959) under the
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UV irradiation for 1h. The products were dissolved in water, and the aqueous solution
was dialyzed against water using a molecular porous membrane tube. After the
dialysis, the solution was lyophilized to obtain LKNIPAm. The graft peptide content
of 27.2 mol% in LKNIPAm was estimated by means of 'H-NMR spectroscopy in
deuterated TFA, on the basis of the area ratio of the signals same as before. We could
found that the peptide content was higher than thermal-initiated because of the high

initiation efficiency and homogeneous phase of the monomer solution.

3-4-2 Characterization of Photo-initiated Copolymer
The photo-initiated peptide grafted PNIPAm was characterized by the CD spectrum
to characterize the conformational changes induced by pH, and the morphology

changes were observed by the transmission electron microscope.
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Fig. 3-8. pH-induced CD spectral changes of photoinitiated LKNIPAm in aqueous solution
as pH increased.

The conformational changes of photoinitiated LKNIPAm was exhibited in Fig. 3-8.
The conformational changes of peptide chains seem samiliar to the thermal initiated
polymer. The negative peak at 218 nm indicated the S-sheet structure. The molar
ellipticity at 218 nm increased with the increasing of pH, this means the f-sheet
structure of peptide graft chain was increased as pH increased. Especially when pH

changes from acidic to basic condition, the f-sheet content had a dramatically
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increase because of the coil to f-sheet transition of peptide (LK)s.
TEM images under pH 3.0 and pH 9.0 at 20 °C were showed in Fig. 3-9. The

polymer formed small particles at pH 3.0 (Fig. 3-9a) and the morphology of polymer

at 20 °C.

transformed to fiber structure at pH 9.0 (Fig. 3-9b), which was formed by the S-sheet
structure assembly. From these simply characterization, we believe that the
polymerization method did not influence the properties of the peptide grafted
PNIPAm.

3-5 Conclusions

In conclusion, the amphiphilic copolymer, (Leu-Lys)g-grafted
poly(N-isopropylacrylamide), shows pH- and thermo-induced conformational and
morphological transitions in aqueous solution. Schematic pictures of the proposed
pH- and thermo-induced structural changes of LKNIPAm are illustrated in Fig. 3-10.
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 low temperature below the transition temperature of the main
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Fig. 3-9. Schematic picture of pH- and thermo- induced structural changes of LKNIPAm in

aqueous solution.

chain, LKNIPAm formed a micellar structure. Only at high temperature above 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 of 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. Because of
environmental friendly and high initiation efficiency, we chose photopolymerization

to synthesis the polymers for the investigation of further applications.
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Chapter 4
pH- and Thermo-induced Specific Permeability of Chiral
Amino Acids through the Peptide Grafted

Poly(N-isopropylamide) Network Membrane

4-1 Introduction

Chirality plays an important role in the function of biological processes._The
different enantiomers of a chiral drug usually exhibit different pharmacological
activities, metabolic effects, metabolic rates, and toxicities due to the high degree of
stereoselectivity'>. In some cases, only one of the enantiomers of a chiral drug
contributes to its pharmacodynamic behavior, while the other shows no or a much
weaker effect as well as side-effects or even toxicity®. Besides the use of single
enantiomers in the pharmaceutical industry, enantiomerically pure compounds are
becoming significant in the production of other chemical products increasingly, such
as agrochemicals, fragrances, and foods.” Currently, separation of racemic mixtures is
typically performed by column chromatography®, preferential crystallization’ or
kinetic resolution®. These methods have various advantages but also disadvantages,
including high energy consumption, high cost, low efficiency, and discontinuous
operation. Low-cost, continuous, high-efficiency separation technology is clearly
needed for commercial-scale preparation of enantiomerically pure substances.
Membrane technology, fortunately, fulfils this need very well because of its high
efficiency, low energy usage, simplicity, convenience for up- and/or downscaling, and
continuous operability. Enantioselective membranes include liquid membranes and
solid membranes that can achieve enantioseparation by binding the two enantiomers
with different affinities. Solid membranes are usually long-term stable because of
self-supporting structure or attached on base membranes’. Among solid membranes,
polymer membranes containing amino acid have widely studied'®'. But these

. . . . . 14
membrane systems were not responsive to external stimuli. In our previous studies ,
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we have reported a functional molecular membrane composed of peptide which is
sensitive to pH conditions.

Poly (N-isopropylacrylamide) (PNIPAm) and its copolymers is the most
extensively studied thermo-sensitive polymer, which exhibit a lower critical solution
temperature (LCST) in aqueous solution. PNIPAm chains hydrate to form expanded
structures in water when the temperature is below its LCST, but become compact
structures by dehydration when heated above its LCST. The volume-phase transition
brings about drastic changes in the physical properties of the PNIPAm gels.

Photopolymerization has its own particular advantages'>. The most substantial
advantage is that the photochemical process is extremely fast, and no volatile organic
compounds are released in this process. Low activation energy is another advantage
of photochemical initiation; it is possible to perform photopolymerization at or below

room temperature' !’

. For all these reasons, photopolymerization represents an
ecological alternative to the thermal process. In this research, according to our
previous work we synthesized a membrane consisting of a PNIPAm network with
peptide graft chains and porous support membrane by photo-initiated polymerization.

The membrane has pH and thermo-responsiveness. The pH and thermo-response in

the permeability and permselectivity of peptides is investigated.

4-2 Experimental Section

4-2-1 Materials

N-isopropylamide (NIPAm, TCI, Tokyo, Japan) was purified by recrystallization
from hexane. NV,N -methylenebisacrylamide (BisAAM, Nacalai tesque, Kyoto, Japan)
and 2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (photocure 2959,
Aldrich, USA) were used without purification. Ultrapure water with a conductivity of
18 uS cm™ was used in all experiments. MF-millipore membrane filter (MF, thickness
180 pm, pore size 0.22 pum, porosity 75%, Millipore, USA) was used as a porous

supported membrane.
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4-2-2 Preparation of polymer membrane

The peptide (L-Leu-;-Lys)s-vinyl ((LK)s-vinyl) was synthesized by the way that we
reported'®. The typical procedure for photopolymerization was used; 10 mg of NIPAm,
20 mg of (LK)g-vinyl, and 1.5 mg (and 0.5 mg) of BisAA as a cross-linker were
dissolved in 1 ml of water and stirred in a 10 ml flask at room temperature. Then 100
puL acetone solution of photoinitiator (containing 2959 2mg) was added into the
monomer solution. Freeze-deaeration was carried out three times to remove the
oxygen. The MF membrane was immersed in the reaction mixture to impregnate the
monomer solution in the pore of the membrane. After this process, the membrane was
took out from the solution and put on a Teflon dish in glove box. The polymerization
was occurred by UV irradiation for 2h. After the polymerization, the membrane was
immersed in the pure water to remove the unreacted monomer and the crosslinking
agent. From the elemental analysis of the two crosslinked membranes, we obtained
the contents of the peptide graft chain and the crosslinker. The graft content of the
both membranes was 4 mol%. The crosslinking degrees of the membranes were 1.5%

(low-crosslinked) and 16% (high-crosslinked), respectively.

4-2-3 Characterization of the peptide grafted membrane

In this research, we synthesized

[PaV AN VaVAVa VAV, ja’ WA AN

o
the membrane without the porous \w MFmembrane

support membrane at the same !
-,.f—g—c‘—",— :ﬁg—c
condition to characterize the degree ) A,O ot g
N -rIu\H
of hydration and elongation, HC, e
ol \‘(:H; 3 He W2
composition, pKa and conformation 2,

of the peptide graft chains in

membrane. The synthesized
polymer without MF membrane was

dried in vacuum drier for 2 days.

N
CONH;

Fig. 4-1. Schematic picture of the peptide grafted
PNIPAm network membrane and the chemical
structure of the crosslinked polymer.

From the element analysis we calculated the molar ratio of NIPAM; 0.8, peptide graft

chain; 0.04, cross linker; 0.16, respectively. The schematic picture of the membrane
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was showed in Fig. 4-1. The pKa of the amino group of the lysine residues in the
membrane was determined to be 7.5 by the pH titration.

We think that the permeability through the peptide grafted PNIPAm network
membrane was influenced by the conformation of peptide graft chains and PNIPAm
main chain. The degree of hydration and elongation of the membrane are sensitive to
the structural changes of the PNIPAm main chain and peptide graft chains. Here we
use the water content of swollen membrane indicated the degree of hydration of the
membrane. The equation to calculate the degree of hydration of the membrane (H) is
as follows: H = (M — My) / M,, where M; is the weight of swollen membrane and M,
is the weight of dried membrane. The elongation of the membrane was characterized
by the USB microscope (M2, Scalar, Tokyo, Japan). The degree of elongation of the
membrane under the several conditions was obtained from the changing in the length
of the membrane. The degree of elongation value, L, was calculated as follows; L =
Ly, / Ly, where L,, is the length that measured under the several conditions and Ly is
the length of the membrane dipped in aqueous solution at pH 6.5 and 20 °C as a
standard value. The membrane was swollen in the aqueous solution under the several
conditions (pH and temperature), blotted, and weighed and measured repeatedly until
a constant weight and length were obtained. The results of hydration and elongation

were listed in Table 4-1.

4-2-4 FT-IR measurements

Secondary structural changes of the peptide graft chains in the polymer membrane
were estimated by Transmittance Fourier transform infrared (TM-FTIR) spectroscopy.
The TM-FTIR spectra were measured with a Perkin-Elmer Spectra 2000 (reduction: 4
cm’, number of scan: 32). The membranes were dipped in aqueous solutions at
various conditions (pH and temperature) and quickly frozen in liquid nitrogen, and
then the frozen samples were lyophilized to obtain the dried membrane powder. The
pellets for TM-FTIR measurements were prepared by the mixing of the membrane

powder and KBr. The weight fraction of the membrane was fixed at 1 wt%.
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4-2-5 Permeability measurements

The permeability measurements of the phenylalanine through the membrane were
carried out with a Pyrex glass permeation cell. The membrane was placed between the
two parts of the cells pressed by two pieces of Millipore supported membrane to form
the sandwich structure. A 5 mM aqueous solution of | phenylalanine or
p-phenylalanine was introduced into one side of the cell, and phenylalanine free water
was into the other side (the permeated side) of the cell. The pH of the both solution in
the cell was adjusted with 0.1 M HCI or 0.1 M NaOH. The changes in the
phenylalanine concentration with time on the permeated side was measured with an
UV-vis spectrophotometer (UV-3600, Shimadzu, Japan), from the absorbance at 256.5
nm on the basis of the molar extinction coefficient of the phenylalanine. Fig. 4-2
shows a typical example of the time-dependent changes of the .. and p. phenylalanine

concentration on the permeation side at 20 °C and pH 6.5, respectively. From the

initial slopes of the curves of Fig. 4-2 (denoted by the dotted lines), the fluxes
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Fig. 4-2. Permeation curve for - and p- phenylalanine through the peptide grafted PNIPAm
crosslinked membrane at 20 °C and pH 6.5.

of 1. and p. phenylalanine [J (mol” cm™s™)] through the membrane was calculated.
The permeate coefficients P (cm”s™) of (- and p- phenylalanine were calculated by
the equation as follow; P =J - 6 / Ac, where 9 is the membrane thickness and 4 ¢ is
the external concentration difference of - or p- phenylalanine across the membrane.
In this study, the membrane area was the area of the swollen polymer incorporated

domain in the MF-membrane for an effective permeation area. The permeability
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measurements of the ;. or p. phenylalanine were performed 3 times under the same
condition, and the P values for the ;. and p. phenylalanine were obtained as an
averaged value, P, and Pp, respectively. The permselectivity, a, of | -phenylalanine to

p-phenylalanine through the membrane was obtained as follows; a = Py / Pp.

4-3 Result and Discussion

4-3-1 Degree of hydration and elongation of the membrane affected by external
conditions

In this research, the main component of the membrane is PNIPAm, which was
introduced to give the thermal sensitive property for this polymer membrane.
PNIPAm gels have well swollen ability and it is known that the gels shrink above
32 °C in water'’. Hydration degrees of the membrane under different conditions were

shown in Table 4-1.

Table 4-1 The degree of hydration and elongation of the polymer membrane under different

conditions
pH T/°C H/% L/%
20 96.8 95.8
3.0
40 96.5 92.1
20 98.2 100
6.5
40 97.8 96.9
20 96.8 80.9
9.0
40 96.3 77.1

The degree of hydration reached maximum 98.2% at pH 6.5 and 20 °C. This is
mainly because of the hydration of the PNIPAm main chains. At 20 °C, the PNIPAm
was hydration and formed expanded structure. But when temperature increased to
40 °C, which is higher than the LCST temperature of PNIPAm, the PNIPAm formed
compact structures by dehydration®. The crosslinking degree of the membrane was
relatively high (BisAA content was 16%). The conformational transition of the

PNIPAm main chain was disturbed and the membrane trapped the water, resulted in
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the relatively high water content. However, at pH 3.0 and pH 9.0, the degree of the
hydration slightly decreased compared with that under neutral pH condition. Under
the acidic condition, pH 3.0, the peptide graft chains were protonated. The ionized
amino groups of the Lys residues that exist in the vicinity of the PNIPAM main chains,
disturbed the hydration of the polar parts of the PNIPAM by the ionic effect’'*2. On
the other hand, under the basic condition, pH 9.0, hydrophobic interaction among the
deprotonated peptide graft chains induced the relatively lower hydration of the
PNIPAm main chain. The degree of the elongation of the membrane showed same
tendency (Table 1). At the high temperature, 40 °C, above the LCST, the PNIPAm
main chains were dehydrations and led to the shrunk of the membrane. Especially, the
degree of elongation of the membrane was clearly decreased under the basic condition
(pH 9.0). Under this condition, the peptide graft chains were deprotonated and the
hydrophobic interaction among the peptide graft chains induced the membrane
shrinking. Furthermore, this membrane shrinking was remarkable at 40 °C because of
the conformational transition of the PNIPAm main chains and the hydrophobic

interaction among the peptide graft chains.

4-3-2 pH-induced conformational transition of the peptides graft chain in the
membrane

We investigated the conformational changes of the peptide graft chains in the
membrane at 20 °C and 40 °C by the TM-FTIR measurements. The samples for
TM-FTIR measurements were prepared as follows, the polymer membrane was
dipped in the aqueous solutions, which was adjusted at designed pH and temperature.
The solutions contained membrane were quickly frozen in liquid nitrogen and
lyophilized to obtain measurement samples. Beforehand we checked that the
conformational changes did not occur during the lyophilization process. Fig. 4-3
shows the TM-FTIR absorption spectra of the polymer membranes under various
conditions. In the spectra, characteristic absorptions of the amide I band with a-helix,

[-sheet, and random coil conformations were observed at 1650, 1630, and 1675 em’™,
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Fig. 4-3. TM-FTIR spectra of peptide graft chains in the PNIPAm membrane prepared by
quickly frozen and lyophilized at a) pH 3.0, 20 °C; b) pH 3.0, 40 °C; ¢) pH 6.5, 20 °C; d) pH
6.5, 40 °C; e) pH 9.0, 20 °C ; and f) pH 9.0, 40 °C respectively. Broken lines show the peak
deconvolution of the amide I band to 1; a-helix, 2; B-sheet, and 3; random coil conformations.

respectively'”. The ratio of integrated peak intensities assigned to individual
secondary structure, which was obtained by peak deconvolution of the amide I band,
gave the percentage of conformational changes of the peptide graft chain in the
membrane. The results of conformational analysis were summarized in Table 4-2.
From this table, we could found that temperature had little effect on the

conformational changes of the peptide graft chain. The composition of secondary

Table 4-2 Thermo- and pH- induced conformation changes of the peptide graft chain in the

PNIPAm membrane.
conformation
pH T/°C
a-helix / % B-sheet / % random coil / %

20 34.9 37.2 27.9
3.0

40 36.4 37.7 259

20 333 39.2 27.5
6.5

40 30.7 40.0 29.3

20 30.3 36.4 333
9.0

40 30.6 36.1 333
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structure was merely not changed when the temperature increased from 20 °C to
40 °C. At pH 6.5, the content of S-sheet structure was slightly higher than that under
the acidic and basic conditions. This could be explained as follows; under the acidic
condition, pH 3.0, the inter-molecular hydrogen bonding to form the f-sheet structure
among the protonated peptide graft chains was disturbed owing to the electrostatic
repulsion. Under the basic condition, pH 9.0, the deprotonated peptide chains
aggregated rapidly owing to the hydrophobic interaction. The aggregation disturbed
the formation of regular structure, and resulted in the increasing of the random coil

conformation.
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Fig. 4-4 Permeation coefficients (a) and the permselectivity of (- and p- phenylalanine (b)
through the peptide grafted PNIPAm crosslinked membrane.

On the other hand, under the neutral condition, pH 6.5, the peptide graft chains
were partially protonated. The electrostatic repulsion among the partially protonated
peptide chains disturbed the rapid formation of the disordered aggregation and aided
in the formation of f-sheet structure owing to the intermolecular hydrogen bonding.
However, the degree of the pH induced conformational transition was very little. This
is because of the low graft content of the peptide chain and the high degree of
crosslinking of the PNIPAm main chain, which disturbed the formation of regular

arrangement of the peptide graft chains.

4-3-3 Permselectivity of .- and p. phenylalanine induced by pH and thermal
stimuli

In the previous studies, we have been reported that the f-sheet domain in the
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peptide molecular membrane acted as a binding site of the amino acid, which have
same chirality with the peptid623, and the domain acted as a selective permeation path
through the membrane for the amino acid'*. We investigated the permselectivity of |-
and p. phenylalanine through the peptide grafted PNIPAm network membrane, whose
peptide chains consisted of |-amino acids. The typical permeation curves of . and
p-phenylalanine at pH 6.5 and 20 °C were shown in Fig. 4-2. The permeation curves
of ;.phenylalanine had a curvature. The permeability coefficient of | phenylalanine,
2.86x107 ecm” s™', was very high (self-diffusion constant: 9.0x10° cm® s™). We think
that the curvature of the permeation curve due to the cancel of the concentration
difference. On the other hand, the permeation of p.phenylalanine showed the slight
delay time owing to the dissolution of pphenylalanine into the membrane. Fig. 4-4a
shows the permeation coefficients of (- and p- phenylalanine through the membrane
under the different pH and temperature conditions. The permeation coefficients were
calculated as an averaged value of 3 times measurements. Fig. 4-4b shows the
permselectivity, o, which is the ratio of the permeability coefficient of | -phenylalanine
to that of p-phenylalanine. The permeability of both - and p- phenylalanine through
the membrane under the basic and high temperature condition (pH 9.0 and 40 °C)
were larger than that under the other conditions. Under this condition, the peptide
grafted PNIPAm was shrunk in the MF-supported membrane (Table 4-1), and the pore
was formed in the membrane. This is the reason for the relatively higher permeability
and the non-permselectivity of | - and p- phenylalanine (a=1.0, Fig. 4-4b). Under this
basic condition at low temperature, 20 °C, the membrane did not show the
permselectivity (0=1.0). Under this condition, the PNIPAm main chains were
hydration, but the peptide graft chain aggregated. The conformation of the membrane
disturbed the formation of permselectivity path for the phenylalanine.

Under the acidic condition, pH 3.0, the permeation coefficients of - and p-
phenylalanine at 20 °C and 40 °C show the same value, and the permselectivity of the
phenylalanine did not appeared. Under these conditions, the peptide grafted chains
protonated and had the negative charge (pKa of the peptide graft chain was 7.5), and

permeant, phenylalanine, was positively charged. This electrostatic repulsion between
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the membrane and permeant disturbed the specific interaction in the binding site
composed of f-sheet domain in the membrane and resulted in the same permeability
of the 1 - and p- phenylalanine through the membrane above and below the LCST.

On the other hand, under the neutral pH condition, pH 6.5, at 20 °C the
significant difference was recognized in the permeability of - and p- phenylalanine.
Under this condition, the membrane was most swollen, and the peptide graft chains
were partially protonated and formed considerable amount of f-sheet structure.
Furthermore the permeant, phenylalanine, was negatively charged (pI of
phenylalanine was 5.48). The attractive force between the negatively charged
phenylalanine and the S-sheet peptide domain which was positively charged induced
the increasing of the phenylalanine concentration at the interface. The S-sheet peptide
domain composed of -amino acids was acted as effective p-phenylalanine binding
site and relatively higher permeability of |-phenylalanine was achieved compared
with that of p-isomer (¢=2.6). Increasing of the temperature, the PNIPAm main chain
was dehydration and the polymer was shrunk in the MF-support membrane to form
the void. The void acted as the permeable path both the (- and p- phenylalanine,

which results in the non-permselectivity through this membrane.

4-4 Effect of Crosslinking Degree on the Peptide-grafted Membrane

4-4-1 effect of crosslinking degree for conformational changes of the peptide graft
chains
Table 4-3 shows pH and thermo-induced hydration degree changes of the

crosslinked membranes. The , ,
Table 4-3. Hydration degrees of crosslinked

hydration  degrees of the membranes under various conditions

. Hydration degree / %

low-crosslinked membrane were ydration degree / 7o
. Low-crosslinked High-crosslinked

obviously decreased above the
20°C 40°C 20°C 40 °C
o

main chain. On the other hand, pH 6.5 98.6 86.3 98.2 97.8
pHOO0 989 80.9 96.8 96.3

the thermo-induced hydration
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changes of the high crosslinked membrane were relatively lower than those of the low
crosslinked membrane owing to the high crosslinking density.

The conformational changes of the graft peptides of the crosslinked membranes
induced by pH and thermo-stimuli were characterized by the TM-FTIR spectra. We
obtained the fraction of conformations, a-helix, f-sheet, and random coil, from the
ratio of integrated peak intensities assigned by peak deconvolution of the amide I
band'? (Table 4-4). The graft peptides in the low crosslinked membrane took a mainly
a-helical conformation. On the other hand, in the high crosslinked membrane, the
[-sheet contents of the graft peptides were increased. It is well known that the
sequential alternating amphiphilic peptide takes a f-sheet conformation. In the low
crosslinked membrane, the mobility of the PNIPAm main chain was high owing to the
low crosslinking density compared with high crosslinked membrane. The PNIPAm
main chain disturbed the intermolecular hydrogen bonding among the graft peptides.
This resulted in the low f-sheet contents.

Table 4-4. pH and thermo-induced conformational changes of the graft peptide in the membranes

Low-crosslinked High-crosslinked
a-helix / % B-sheet/ %  Random/%  a-helix /% B-sheet /%  Random/ %

20 °C 54.8 12.9 323 349 37.2 27.9
pH 3.0

40 °C 59.6 15.8 24.6 36.4 37.7 259

20 °C 452 22.6 322 333 39.2 27.5
pH 6.5

40 °C 51.6 16.1 323 30.7 40.0 29.3

20 °C 40.0 38.2 21.8 30.3 36.4 333
pH 9.0

40 °C 41.4 34.5 24.1 30.6 36.1 333

4-4-2 Effect of crosslinking degree on the permeability changes of .- and p-Phe
We investigated the permeability of ;- and p-Phe through the peptide grafted
crosslinked PNIPAm membranes in the support films. Figure 1 shows permeability
coefficient of |- and p-Phe through the a); low crosslinked membrane, and b); high
crosslinked membrane in the support film under the different pH and temperature
conditions, respectively. In the case of low crosslinked membrane, the permeability
coefficients were very high. The order of the permeability coefficients was 10°cm? 5™

(self-diffusion constant of Phe is 9.0 x 10°® cm? s™). And the low crosslinked
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Fig. 4-5. Permeability coefficients of |- and p-Phe through the a); low crosslinked membrane and
b); high crosslinked membrane in the support film, respectively. ¢) and d) show the permselectivity
of 1 -Phe to p-Phe through the low crosslinked membrane and high crosslinked membrane in the

support film, respectively.

membrane did not show the permselectivity of ;- and p-Phe (Fig. 4-5¢). The high
permeability and low permselectivity of Phe through the low crosslinked membrane
was due to flexible structure of the membrane, whose crosslinking degree was low.
However, the permeability through the membrane was increased above LCST under
the acidic and neutral pH conditions. Above LCST, the PNIPAm main chain was
shrunk to form globular conformation. The conformational transition of PNIPAm
main chain induced the formation of the pore, which was acted as the permeable path
for both - and p-Phe. However, under the basic condition the permeability through
the membrane did not change by the thermal stimuli. Under this condition, the
deprotonated peptide graft chains formed disordered aggregate owing to the
hydrophobic interaction in the membrane. The aggregate acted as physical crosslinker
in the membrane and formed permeable path by the disturbance of the homogeneous
hydrated membrane structure.

On the other hand, permeability and permselectivity through the high crosslinked
membrane showed different phenomenon under the neutral and acidic conditions (Fig.

4-5b and 4-5d). Especially, under the neutral condition (pH 6.5) and low temperature
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below LCST (20 °C) the membrane show the relatively high permeability (2.86x107
cm® s) and permselectivity (0=2.9). Under this condition, the high crosslinked
membrane was most swollen and the peptide graft chains were partially protonated
(pKa of the peptide graft chain was 7.5). The electrostatic repulsion among the
partially protonated peptide chains in the high crosslinked membrane disturbed the
rapid formation of the disordered aggregation and aided in the formation of the
considerable amount of S-sheet structure, which acted as permselective path for the
L-Phe. Furthermore the permeant, Phe, was negatively charged (PI of Phe was 5.48).
The attractive force between the negatively charged Phe and positively charged
f-sheet domain induced the increase of the partition of (-Phe to the membrane. That is
to say, the f-sheet domain composed of ;-amino acid in the membrane acted as
effective binding site and permeable path for the (-Phe. With the increasing in
temperature above LCST (40 °C), the PNIPAm main chain was dehydrated and the
crosslinked membrane was shrunk in the support film to form the void. The void
acted as the non-selective permeable path for both | - and p-Phe.

Under the acidic condition, the high crosslinked membrane did not show the
permselectivity. Under the acidic condition, peptide graft chain and permeant, Phe,
had positive charge. The electrostatic repulsion between the membrane and permeant

disturbed partition of the Phe to the membrane and resulted in the same permeability

of 1 - and p-Phe through the membrane above and below LCST.

4-5 Conclusion

In this research we synthesized a peptide grafted PNIPAm network membrane by
the UV photopolymerization. This polymer membrane has a chiral selectivity due to
the grafted peptide chains. The permeability of the amino acids through this
membrane is sensitive to pH and temperature. At the temperature lower than the
LCST of PNIPAm and under the neutral pH conditions, f-sheet peptide domain
composed of -amino acids in the membrane acted as the effective permeable path for

its own optically active amino acid (p-phenylalanine). When temperature is higher
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than the LCST of PNIPAm, the shrinking of the PNIPAm main chain formed void
structure that acted as permeable paths through the membrane for the both isomer (i -
and p- phenylalanine). We think that the permselectivity of the peptide grafted
PNIPAm network membrane could be improve for the practical application by the

decreasing of crosslinking and increasing of peptide graft chains.
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Chapter S
Controlled Release of Enantiomers in Peptide Grafted

PNIPAmM Gels

5-1 Introduction

Swollen polymer networks, also called polymer gels received attention in biology
and medicine as functional matrices to exogenously stimulate cells for both in vitro
and in vivo applications'. A gel is generally considered to be a three-dimensional
polymer network swollen by a large amount of solvent. In one way, polymer gels can
be generally classified into so-called “chemical” and “physical” gels. A chemical gel
is normally formed via the copolymeriziation of monomers with a cross-linking agent,
in  which polymer chains are interconnected by covalent bonds.
Poly(N-isopropylacrylamide) (PNIPAm) has aroused great interest for many years’
because of its interesting thermal properties; in water, it is characterized by a sharp
volume phase transition at a lower critical solution temperature (LCST)’. By
copolymerizing with a divinyl group of cross-linker, N, N-methylenebis(acrylamide)
(BisAAM), this polymer can form a hydrogel, a water-containing polymer chain
network. Tanaka’s early work on bulk N-isopropylacrylamide (NIPAm) hydrogels
using simple microscopic observation and subsequent studies has led to a good
understanding of the gel phase transition properties’®. By exploiting the unique
thermal properties of NIPAm gels, materials for many interesting applications
including controlled drug delivery’, artificial muscles®, shape memory’, sensors'’, and
chromatography'' have been designed.

Controlled drug delivery technology represents one of the most rapidly advancing
areas of science in which chemists and chemical engineers are contributing to human
health care'”>. Such delivery systems offer numerous advantages compared to
conventional dosage forms including improved efficacy, reduced toxicity, and

improved patient compliance and convenience. Such systems often use synthetic
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polymers as carriers for the drugs. By so doing, treatments that would not otherwise
be possible are now in conventional use. Among many drug delivery systems,
polymeric controlled-release drug delivery systems have attracted great attention of
many polymer scientists in recent years due to their potential applications. And smart
hydrogels were extensively investigated as intelligent carries among the polymeric

1314 This is due to the fact that the diffusion

controlled-release drug delivery system
and permeation of drug molecules (or solutes) from the hydrogels can be controlled
by external stimuli. Among smart polymers, poly(N-isopropylacrylamide) (PNIPAm)
was widely investigated as drug (or solute) carriers, owing to PNIPAm’s
thermosensitivity and leading to a temperature-modulated drug release. As we
introduced in former chapters, PNIPAm undergoes a volume phase transition at a
critical temperature (7¢) of 34 °C. Below T¢, it is hydrophilic and swells in water,
while above T¢, it becomes hydrophobic and expels water, collapsing into a smaller
volume. The crosslinked PNIPAm gel is a widely studied thermosensitive gel that
exhibits discontinuous phase separation when the external temperature is increased.
Polymer based drug or vaccine delivery systems have attracted much attention due
to their ability to perform multiple critical functions. Degradable polymer is the most
wildly studied delivery system, but the byproducts obtained in the degradation of a
polymer carrier are an important problem of this system. Our work is aimed to
develop an environmental sensitive with chiral separation drug delivery vehicle. The
dual-responsive peptide grafted PNIPAm that we synthesized before give a possibility
for this purpose. In this part we synthesized the peptide grafted PNIPAm gels, and
using phenylalanine as guest biomolecule to investigate the stimuli responsive release

of the gel.

5-2 Experimental Section

5-2-1 Preparation of peptide grafted PNIPAm gels

The peptide grafted PNIPAm gel was prepared by UV irradiated polymerization.
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The peptide, (Leu-Lys)s-vinyl (52 mg), was solved in 1 ml deionized water with
nipam (25 mg). After the monomers were dissolved, the crosslinker
N,N-methylenebisacrylamide (BisAAM, Nacalai tesque, Kyoto, Japan) (2 mg) and
initiator 2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (photocure 2959,
Aldrich, USA) (1 mg) were added into the monomer solution. To remove the oxygen
from the reaction mixture, three freeze-pump-thaw cycles were performed. Then the
reaction solution was irradiated under the UV light (HLR 100T-2, SEN LIGHTS
Corporation, Japan) for 30 minutes. After polymerization the gel products were
immersed in deionized water for 2 days to remove the unreacted monomers. Then the
gels were lyophilized to obtain the final products for further characterization. The
composition of peptide grafted PNIPAm gel was characterized by the elemental
analysis (Vario EL cube, Elementar Corporation, Germany). From the element
analysis we calculated the molar ratio of NIPAM; 0.91, peptide graft chain; 0.01,
cross linker; 0.08, respectively. The peptide content is much lower, because of the
three-dimensional network structure blocked the introduction of peptide grafted

chains into the PNIPAm main chains.

5-2-2 Swelling study of PNIPAm gels

Here we use the water content of swollen membrane indicated the degree of
hydration of the PNIPAm gel. The dried gels were immersed in aqueous solution
under various conditions for two days to reach the equilibrium state. For each
condition, the excess water on the swollen hydrogel surface was removed with filter
paper and the weight of the swollen sample was determined, then the swollen sample
was put into the vacuum drier to get the dried gel and weighted. The swollen ratios
were calculated by the equation: S = (M; — My) / M,, where M; is the weight of

swollen gel and M, is the weight of dried gel.

5-2-3 FT-IR measurements
Secondary structural changes of the peptide graft chains in the PNIPAm gel under

different pH were estimated by Transmittance Fourier transform infrared (TM-FTIR)
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spectroscopy. The TM-FTIR spectra were measured with a Perkin-Elmer Spectra
2000 (reduction: 4 cm’, number of scan: 32). The gels were dipped in aqueous
solutions at different pH and quickly frozen in liquid nitrogen, and then the frozen
samples were lyophilized to obtain the dried gel samples. The pellets for TM-FTIR
measurements were prepared by the mixing of the membrane powder and KBr. The

weight fraction of the membrane was fixed at 1 wt%.

5-2-4 Release study of the gels

The dried gels were immersed in 0.1 M -Phe and p-Phe aqueous solution at 20 °C
respectively for three days reached to a constant weight. Then the swollen gels were
dropped into 10 mL deionized water, the concentration of solute (Cs) that peptide
grafted PNIPAm gel released was measured using a calibration curve at the
wavelength 256.5 nm where the phenylalanine shows the maximum absorbance,
quantitatively determined by UV-vis spectrophotometer (UV-3600, Shimadzu, Japan).
The release property of this gel was indicated by the release amount of unit weight
Phe (M,) ,

M, = (Cs x 10)/M,

where M is the weight of dried gel.

5-3 Results and discussion

5-3-1 degree of hydration of the swollen peptide grafted PNIPAm gels

By copolymerizing with the divinyl group cross-linker BisAAM, this polymer can
form a hydrogel, a water-containing polymer chain network. In this research we use
the water content of swollen gel indicated the degree of hydration of the PNIPAm gel.
Table 5-1 listed the hydration of the gel under various conditions. The hydration

degree reached the maximum value 98.3% at 20 °C and pH 6.5, that under
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Table 5-1 The degree of hydration of the peptide grafted PNIPAm gel under different
conditions

20 °C 40 °C
pH 3.0 6.5 9.0 3.0 6.5 9.0
S 94.5% 98.3% 93.2% 86.4% 91.2% 88.8%

this condition the PNIPAm was hydrophilic and formed expand structure. As
temperature increased to 40 °C, which is higher than the LCST temperature of
PNIPAm, the PNIPAm formed compact structures by dehydration'>. However the
grafted peptide chains played as a volume exclusion part disturbed the shrinkage of
PNIPAm gel, as a result the degree of hydration has decreased but slighter than

common PNIPAm gels.

5-3-2 pH-induced conformational transition of the peptides graft chain in the
PNIPAm gel

We investigated the conformational changes of the peptide graft chains in the gel at
20 °C by the TM-FTIR measurements. The samples for TM-FTIR measurements were
prepared as follows, the polymer gel was dipped in the aqueous solutions, which was
adjusted to designed pH. The solutions contained gels were quickly frozen in liquid
nitrogen and lyophilized to obtain measurement samples. Fig. 5-1 shows the
TM-FTIR absorption spectra of the polymer gels under different pH. In the spectra,
characteristic absorptions of the amide I band with a-helix, f-sheet, and random coil
conformations were observed at 1650, 1630, and 1675 cm’™, respectively'®. The ratio
of integrated peak intensities assigned to individual secondary structure, which was

obtained by peak deconvolution of the amide I band,
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Fig. 5-1. TM-FTIR spectra of peptide graft chains in the PNIPAm gel at a) pH 3.0; b) pH 6.5,;

¢) pH 9.0 respectively. Broken lines show the peak deconvolution of the amide I band.

gave the percentage of conformational changes of the peptide graft chain in the gels.
The results of conformational analysis were summarized in Table 5-2. From the result
we can find that the conformation changes of peptide graft chain in the PNIPAm gel
show the same tendency as the membrane system. a-helix was the main structure of
PNIPAm gel but fS-sheet structure was increased with pH condition changed from
acidic to basic. However, because of the low grafting ratio, the content of S-sheet

structure in gel system was lower than the membrane system.

Table. 5-2 pH- induced conformation changes of the peptide graft chain in the PNIPAm gel.

Conformation
o-helix / % fS-sheet / % Random coil / %
pH 3.0 48.0 24.6 27.4
pH 6.5 47.7 244 27.9
pH 9.0 40.0 314 28.6

5-3-3 Stimuli-induced controlled release of ;.- and p. phenylalanine

As we investigated before, the peptide grafted PNIPAm gel showed most swollen
structure in neutral condition (pH 6.5) at 20 °C. So in this research we let the PNIPAm
gels to absorb the 0.1 M . or p. phenylalanine solution under this condition (pH 6.5,

20 °C) reach to the equilibrium state. Then the swollen gel was dropped into 10 mL
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deionized water to release the phenylalanine, concentration of the phenylalanine was
calculated by UV absorbance at 256.5 nm according to a calibration curve. Fig. 5-2
shows the release of | -phenylalanine released from unit weight gel depends on time at
different pH. It is apparent that a rapid release of Phe was showed within the first 30
minutes, which was most likely due to those amino acids which were incorporated in
the gel rapidly escaped into the supernatant solution. In this figure, the early release
rate of | -Phe at the initial stage under the basic condition (pH 9.0) was decline. Under
this condition, the S-sheet content of grafted peptides in the gel was slightly higher
than that under acidic and neutral conditions. According to our previous study'”'®, the
f-sheet domain acted as a specific binding site for its own optical active amino acid.
In the diffusion process of guest from gel inside to outside solution, the guest was
absorbed in the f-sheet domain. The f-sheet domain acted similar to the molecular

sieve for -Phe. This means the increasing of p-sheet content in the gel

14 1
pH 3.0

pH 6.5

pH 9.0

Release amount / (10°mol / g)
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Fig. 5-2. Release amount of | -phenylalanine depend on time at various pH conditions at 20°C.

decreased the release of [ -Phe. The initial release of | -Phe and p-Phe at 20 °C and pH
6.5 are shown in the Fig. 5-3. The release of p-Phe was faster than that of |-Phe
because the f-sheet domain acted as binding site of the (-Phe and this absorption

effect disturbed the release of the 1 -Phe.
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Fig. 5-3. Release amount of | - and p- phenylalanine depend on time at 20 °C and pH 6.5.

As temperature increased to 40 °C, which is higher than the LCST of PNIPAm, the
release of both - and p- Phe had a obviously increase compared with that at 20 °C.
Fig. 5-4 shows the comparison of release of phenylalanine at different temperature
under the neutral condition (pH 6.5). This is because of the hydrophobic transition of
PNIPAm network above the LCST, this transition led to the volume shrinkage of the
PNIPAm gel. The shrinkage of the PNIPAm gel excluded the Phe that make the
release process faster. It is also known that the volume phase transition of the
PNIPAm polymeric gel is accompanied by the dehydration of NIPAm chains'®. The
dehydrated polymeric chains (Table. 5-1) determine the hydrophobic behavior of the
collapsed gel. A decrease in the water content, thus a decrease in the polarity of the
system, and an increase in the hydrophobic of the polymeric chains above the volume
phase transition temperature must result in a more effective removal of deprotonated
phenylalanine from the gel system™. This effect may explain the larger values of

release parameters for the Phe.
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Fig. 5-4. Thermal-induced release amount changes of (a) L-Phe and (b) D-Phe depend on time
at pH 6.5.

5-4 Conclusion

In this chapter, an attempt was made to synthesize a kind of controlled released gel
which could response to temperature and pH changes. The peptide (LK)s grafted
PNIPAm hydrogel could be prepared by the irradiation initiated radical
polymerization. The composition of the gel was confirmed by element analysis, and

the conformational changes induced by pH condition were investigated by the
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TM-FTIR spectrum. We developed this peptide grafted PNIPAm gel to be a drug
delivery vehicle; (-Phe and p-Phe were used as model guests to characterize the
controlled release property which was induced by temperature. Because of the same
optical activity, the f-sheet domain acted as binding site of (-Phe decreased the
release of | -Phe. And as temperature increased higher than LCST, the hydrophobic
transition of PNIPAm led to the shrinkage of PNIPAm gel. As a result the release of
both [ -Phe and p-Phe were increased compared with 20 °C. For the future application,
we think this peptide graft PNIPAm gel could be used not only in drug delivery
system but also in the agriculture field such as fertilizer retention and desertification

control.
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Chapter 6 Conclusion

A variety of amphiphilic peptides were synthesized, which could form regular
secondary structures. The conformational changes of these peptides were examined to
investigate the responsibility to the environmental pH changes. Among these
amphiphilic peptides, (Leu-Lys)s-vinyl is sensitive to the pH. The (Leu-Lys)s-vinyl
reversibly transferred from random coil conformation structure to regular f-sheet
structure by the pH changes acidic to basic condition. The vinyl group of this peptide
gives a promising future that introduce into other stimuli-sensitive polymer to prepare
the multi-responsive polymers.

In chapter 3 the amphiphilic copolymer, (Leu-Lys)s-grafted
poly(N-isopropylacrylamide), shows pH- and thermo-induced conformational and
morphological transitions in aqueous solution. 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 high temperature above the transition temperature, in which the
main chain formed shrunken globules, did the peptide graft chains form a stable
[-sheet structure. The S-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 of 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. Because of
environmental friendly and high initiation efficiency, we chose photopolymerization
to synthesis the polymers for the investigation of further applications.

Chapter 4 gives the application of this dual-responsive copolymer. In this chapter

we synthesized a peptide grafted PNIPAm network membrane by the UV
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photopolymerization. This polymer membrane has a chiral selective permeability due
to the grafted peptide chains. The permeability of the amino acids through this
membrane is sensitive to pH and temperature. At the temperature lower than the
LCST of PNIPAm and under the neutral pH conditions, f-sheet peptide domain
composed of | -amino acids in the membrane acted as the effective permeable path for
its own optically active amino acid (.-phenylalanine). When temperature is higher
than the LCST of PNIPAm, the shrinkage of the PNIPAm main chain formed void
structure that acted as permeable paths through the membrane for the both isomer (i -
and p- phenylalanine). We think that the permselectivity of the peptide grafted
PNIPAm network membrane could be improve for the practical application by the
decreasing of crosslinking and increasing of peptide graft chains.

In chapter 5, an attempt was made to synthesize a kind of controlled released gel
which could response to temperature and pH changes. The peptide (LK)s grafted
PNIPAm hydrogel could be prepared by the irradiation initiated radical
polymerization. The composition of the gel was confirmed by element analysis, and
the conformational changes induced by pH condition were investigated by the
TM-FTIR spectrum. We developed this peptide grafted PNIPAm gel to be a drug
delivery vehicle; -Phe and p-Phe were used as model guests to characterize the
controlled release property which was induced by external stimuli. The release of
L-Phe decreased with the increasing of pH, because of the interaction between fS-sheet
structure and -Phe. When the temperature was higher than LCST, the release of both
.- and p- Phe were increased for the shrinkage of PNIPAm gel. For the future
application, we think this peptide graft PNIPAm gel could be used not only in drug
delivery system but also in the agriculture field such as fertilizer retention and
desertification control.

In this research, we focused on the preparation of 16-residues peptide grafted
poly(N-isopropylacrylamide) which is sensitive to both pH and thermal conditions.
And we also investigated the application of this polymer in the field of chiral
separation and drug delivery. Because the various kinds of the 16 residues which

formed the peptide, we could synthesized many kinds of this peptide grafted PNIPAm
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with different properties by this method. We believe this kind of polymer promised a

widely application in the field of industrial production and daily life.
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