Polymer 51 (2010) 1042-1055

=]

polymer

Contents lists available at ScienceDirect

Polymer

,ﬁ’a‘i

journal homepage: www.elsevier.com/locate/polymer

Double-brush Langmuir-Blodgett monolayers of a-helical diblock copolypeptides

Le-Thu T. Nguyen?, Eltjo J. Vorenkamp ?, Christophe J.M. Daumont®, Gerrit ten Brinke?,
Arend J. Schouten **

4 Department of Polymer Chemistry, Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands
b Department of Solid State Chemistry, Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands

ARTICLE INFO ABSTRACT

Article history:

Received 20 October 2009
Accepted 5 January 2010
Available online 14 January 2010

The synthesis of amphiphilic diblock copolypeptides consisting of poly(a-L-glutamic acid) (PLGA) and
poly(y-methyl-L-glutamate-ran-y-stearyl-L.-glutamate) with 30 mol % of stearyl substituents (PMLGSLG)
and their monolayer behavior at the air-water interface have been studied. PLGA-b-PMLGSLG was
synthesized via a diblock copolymer precursor consisting of poly(y-tert-butyl-L-glutamate) (PtBuLG) and
PMLGSLG blocks, with the tert-butyl group as a mild acid-labile protecting group for the carboxylic acid.
The polymerization conditions were found to influence the a-helix to B-sheet content ratio and can be
tuned to significantly enhance the diblock copolypeptide helicity. Purely a-helical PtBuLG-b-PMLGSLG
diblock copolymers were successfully prepared. After removal of the tert-butyl group, the study of the
PLGA-b-PMLGSLG amphiphilic diblock copolymers in Langmuir monolayers and Langmuir-Blodgett
films demonstrated the formation of a stable a-helical double-brush structure, with the helices tilted
away from the substrate surface. These double-brush monolayers combine the unique properties arising
from the unidirectionally aligned helix macrodipole and the liquid-like features of the side chain mantle
of the PMLGSLG block. Such systems are promising for thin film applications requiring incorporation and
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1. Introduction

In the past, Langmuir-Blodgett layers of polymers mostly
involved the situation where the water surface forced the poly-
meric chains into a two-dimensional (2-D) random coil confor-
mation, either condensed or expanded, depending on the balance
of the interactions between neighboring polymeric segments and
water-polymer interactions [1,2]. In some cases, these monolayers
can be transferred to substrates, but the 2-D conformations of the
polymer molecules are intrinsically unstable in the three-dimen-
sional (3-D) situation on a substrate. However, if the glass transition
temperature of the polymer is high enough, this unfavorable situ-
ation might persist for longer times. Polymers with a rigid-rod
conformation are particularly interesting in this respect as they
have no other choice but to orient themselves parallel to the water
surface, at least in cases at the water surface, where the adhesive
forces exceed the cohesive forces [3,4]. Representatives of this class
of molecules are polypeptides and synthetic polypeptides in the -
helical conformation in particular. Many studies have been pub-
lished revealing a range of interesting properties derived from the
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specific behavior in the Langmuir-Blodgett process and derived
from their specific chemical structure [5-8]. Special effects in the
multilayers have been introduced by flow-induced orientation
during the transfer process [9,10].

These polypeptides have also been used in surface grafting of
polymer brushes [11-14]. Many studies on the properties of these
ultra-thin layers have been published revealing the unique prop-
erties of these systems [15,16]. However, the disadvantage of the
surface grafting process is the difficulty in analyzing the grafted
polymers.

One possible way to prepare functional ultra-thin polymer films
with controlled directional properties is by combining the Lang-
muir-Blodgett technique with the unique properties of polymer
brushes.

Several polypeptide-based amphiphiles have been explored to
achieve a perpendicular and unidirectional orientation of a-helices
in polypeptide Langmuir monolayers. Kinoshita and his group [17]
studied the orientation of various amphiphilic a-helical peptides at
the hexane-water and air-water interfaces. The first reported
systems were Langmuir monolayers of the amphiphilic diblock
copolymers of poly(y-methyl-L-glutamate) and polyethyleneglycol
(PMG-PEG) [18] at the air-water interface and poly(y-methyl-i-
glutamate) bearing the hydrophilic B-cyclodextrin at the terminal
(PMG-CyD) at the hexane-water interface [19]. A vertical helix
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orientation of these systems was suggested by the authors based on
the consistency of the surface areas corresponding to the solid-
state in the isotherms for the same type of polymers with different
helix lengths. Nevertheless, the transferability and stability of helix
orientation in the transferred films were not addressed.

The orientation of a-helical poly(iL-leucine)-based amphiphiles
in Langmuir-Blodgett (LB) monolayers has been reported [20,21].
The helix orientation in these LB films was characterized by Fourier
transform infrared reflection absorption spectroscopy (FT-IR/RAS).
The helices of poly(L-leucine) having a trimethylammonium head
group, though lying flat at the air-water interface, were found to be
tilted at the hexane-water interface [20]. The LB monolayer of
poly(i-leucine)-b-polyethyleneglycol diblock copolymers trans-
ferred from the air-water interface [21] was shown to have a helix
orientation with a tilt at the interface. Yokoi et al. [22] controlled
the helix orientation in the monolayer of a diblock copolypeptide
consisting of poly(e-benzyloxycarbonyl i-lysine) and poly(y-
methyl-L-glutamate-r-glutamic acid) at the air-water interface by
manipulating the secondary structure of the hydrophilic segment
by varying the subphase pH. However, the transferred monolayers
contained an amount of B-sheet and random coil structures. Thus
the helix tilt angle, estimated to be smaller than 72°, was not
calculated.

Niwa et al. [23] and Higashi et al. [24] reported on the orien-
tation of amphiphiles consisting of poly(y-benzyl-L-glutamate)
(PBLG) using FT-IR/RAS. Niwa et al. [23] prepared an a-helix bundle
structure by inducing helix association via ionic complexation of
a quaternary ammonium-terminated PBLG (PBLG-N') with the
sulfonate groups of bathophenanthroline disulfonate (BPS) and Fe-
BPS. The helix orientation was manipulated by different complex-
ation conditions. The monolayers of the PBLG-N" ion complexes,
which were prepared in solution, exhibited a tilted helix orienta-
tion with a tilt angle of 41°. By performing the complexation
between PBLG-N™ and BPS at the water interface, the average helix
tilt angle was decreased to 25°. A perpendicular helix orientation
was claimed when PBLG-N'/BPS was complexed with Fe-BPS
dispersed in the water subphase.

Higashi et al. [24] reported the formation of a stable Langmuir
monolayer of an amphiphilic diblock copolymer of PBLG and
poly(i-glutamic acid) (PLGA) and transfer of the monolayer onto
a hydrophobized substrate. The system was suitable for the enan-
tiomeric capture of a-amino acids in aqueous solution by the PLGA
segments. The tilt of helices in the transferred monolayers was
found to vary with the transfer surface pressure and an average
helix tilt angle of 33-45° was obtained at a range of pressures of
20-40 mN/m.

The purpose of the present study is to fabricate monolayers with
unidirectionally aligned a-helices of poly(y-methyl-L-glutamate-
ran-y-stearyl-L-glutamate) with 30 mol % of stearyl substituents
(PMLGSLG). The hydrophobic PMLGSLG with its hairy-rod structure
provides stable LB films with a highly ordered array of a-helices
aligned parallel to the substrate, with the flexible stearyl side
chains acting as an oily mantle for the rigid rods [9]. Hairy-rod
polyglutamates show lyotropic and thermotropic behavior [25,26]
and have received considerable attention in the past years [10,27-
40]. Besides the rigid-rod feature, the liquid-like properties of the
surrounding amorphous side chains make PMLGSLG attractive as
matrices for embedding and orienting dyes [41], transporting
charge carriers in photoconductive devices [42] as well as optical
recording and storage materials [43,44]. Therefore, monolayers
with unidirectional helix orientation of PMLGSLG have potential as
functional polar ordered thin films for incorporating and orienting
optical molecules, and for stabilizing biomolecules. To induce the
helix orientation of the PMLGSLG rods at the interface we studied
diblock copolymers of PMLGSLG and poly(i-glutamic acid) (PLGA),

since PLGA as the hydrophilic block has been demonstrated for the
PBLG-PLGA diblock copolymer by Higashi et al. [24] to be well-
oriented in the water subphase with a stable secondary structure.
This paper reports on the preparation of the amphiphilic PLGA-b-
PMLGSLG diblock copolymers in the a-helical structure and their
monolayer behavior at the air-water interface.

2. Experimental section
2.1. Materials

N-(tert-butoxycarbonyl)-L-glutamic acid y-tert-butyl ester (Boc-
Glu(OtBu)-OH) (Fluka, 99%), a-pinene (Aldrich, 98%), triphosgene
(Aldrich, 98%), n-hexylamine (Fluka, 98%) and trifluoroacetic acid
(TFA) (Merck, 99%) were used as received. y-Methyl L-glutamate
(Aldrich, 99%) was recrystallized from ethanol (70%) before use. y-
Stearyl L-glutamate was synthesized according to the procedure
described by Wassermann et al. [45]. All solvents used for synthesis
were dried and distilled before use according to standard
procedures.

2.2. y-Methyl and +y-stearyl i-glutamate N-carboxyanhydrides
(MLG-NCA and SLG-NCA)

MLG-NCA and SLG-NCA were synthesized following the method
described by Cornille et al. [46] with some minor modifications,
namely triphosgene was employed as a phosgene source and
n-hexane was used in the precipitation and washing process.
MLG-NCA: Yield: 83%. 'TH NMR (300 MHz, CDCl3): § 2.06-2.34 (m,
2H, B-CHy), 2.57 (t, 2H, y-CH>), 3.72 (s, 3H, OCH3), 4.40 (t, 1H, 2-CH),
6.38 (s, TH, NH). IR (ATR, cm™): 3304 (v N-H), 2957 (v, CH3), 2906
(va CHy), 2864 (vs CHy), 1861 (v C=0 anhydride), 1780 (v C=0
anhydride), 1709 (v C=O0 ester). SLG-NCA: Yield: 81%. 'TH NMR
(300 MHz, CDCl3): & 0.88 (t, 3H, CH3), 1.25 (s, 30H, OCH,CH,-
(CH3)15), 1.63 (t, 2H, OCH,-CHy), 2.06-2.33 (m, 2H, B-CH;), 2.56 (t,
2H, y-CHy), 4.10 (t, 2H, OCH>), 4.38 (t, 1H, a-CH), 6.14 (s, 1H, NH). IR
(ATR, cm™1): 3261 (v N-H), 2919 (v, CHy), 2849 (vs CH), 1856 (v
C=0 anhydride), 1790 (v C=0 anhydride), 1732 (v C=0 ester).

2.3. y-Tert-butyl L-glutamate N-carboxyanhydrides (tBuLG-NCA)

tBuLG-NCA was prepared employing the method described by
Wilder et al. [47]. A modification based on the procedure of Cor-
nille et al. [46] was applied, in which a-pinene was used instead of
triethylamine as an HCl capturing agent. All of the reaction,
washing and purification steps were carried out under dry
nitrogen. A mixture of 6.0 g (19.8 mmol) of Boc-Glu(OtBu)-OH,
7 mL (6 g, 44 mmol) of a-pinene and 70 mL of ethyl acetate was
heated to 65 °C and stirred for 20-30 min. After an addition of
4.0 g of triphosgene (13.5 mmol), the reaction mixture was stirred
at the same temperature for 24 h. The completion of the reaction
was determined by 'H NMR (complete disappearance of 5 5.19-
5.27 (d, NH) and 4.20-4.36 (a-CH) ppm). After evaporation of the
solvent, the product was recrystallized three times from 40 mL of
CHyCly/n-hexane (1:3, v/v). The obtained white product was dried
under vacuum and stored under nitrogen at —18 °C. Yield: 78%. 'H
NMR (300 MHz, CDCl3): d 1.45 (s, 9H, (CH3)3), 2.01-2.32 (m, 2H, B-
CHa), 2.47 (t, 2H, y-CHy), 4.37 (t, 1H, a-CH), 6.46 (s, 1H, NH). IR
(ATR, cm™1): 3350 (v N-H), 2985 (v, CH3), 2935 (v4 CHy), 2869 (vs
CH,), 1859 (v C=O0 anhydride), 1790 (v C=0 anhydride), 1728 (v
C=O0 ester).
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2.4. Synthesis of PtBuLG

PtBuLG (also (tBuLG),, with DP =n) was synthesized by poly-
merization of tBuLG-NCA at 0 °C using a primary amine initiator.
Typical procedure: In a round-bottom flask capped with a rubber
septum and under dry nitrogen, tBuLG-NCA was dissolved in
chloroform (0.35 mol L™1). The reaction mixture was cooled to 0 °C
and a volume of n-hexylamine was injected via a syringe. The
reaction mixture was stirred at 0 °C for a week. Then, the reaction
solution was poured into a large amount of ethanol and chloroform
was removed by rotary evaporation. The polymer precipitate was
collected by filtration, washed extensively with cold ethanol, and
dried at 50 °C under vacuum. 'H NMR (300 MHz, CDCl5): 5 1.42 (s,
9H, (CH3)3), 1.92-2.71 (t, 4H, B-CH, & y-CHj), 4.00 (s, 1H, a-CH),
8.25 (s, 1H, NH). IR (ATR, cm™!): 3287 (amide A), 3060 (amide B),
2978 (v, CH3), 2933 (v, CHy), 2872 (vs CHy), 1724 (v C=O0 ester),
1650 (amide I, a-helix), 1544 (amide II, a-helix), 1520 (parallel
amide II, a-helix, visible as a shoulder), 1367 (35 CH3).

2.5. Synthesis of PMLGSLG (also (MLGSLG),, with DP=n)

In a round-bottom flask capped with a rubber septum and under
dry nitrogen, MLG-NCA and SLG-NCA (70:30, mole ratio) were
dissolved in the solvent. A volume of triethylamine used as initiator
was injected via a syringe. After 7 days under stirring, the product
was precipitated into methanol, filtered and dried under vacuum at
50°C. 'TH NMR (300 MHz, CDCl3 (10% TFA-d1)): & 0.87 (t, 3H,
O(CH3)17-CH3), 1.25 (s, 30H, OCH,CH;,-(CH>)15), 1.60 (s, 2H, OCH,-
CH3),1.94-2.30(d, 2H, B-CH>), 2.5 (s, 2H, y-CH>), 3.69 (s, 3H, OCH3),
4.08 (s, 2H, OCHy), 4.53 (s, 1H, a-CH), 8.27 (s, 1H, NH). IR (ATR,
cm™1): 3284 (amide A), 3068 (amide B), 2954 (v, CH3), 2923 (v,
CHy), 2852 (vs CHy), 1734 (v C=O0 ester), 1652 (amide I, a-helix),
1548 (amide II, a-helix), 1512 (parallel amide II, a-helix, visible as
a shoulder).

2.6. Synthesis of PtBuLG-b-PMLGSLG

Optimal conditions (i.e. conditions giving 100% a-helix content):
PtBuLG-b-PMLGSLG (also (tBuLG)m-b-(MLGSLG),, with m and n
respectively the DPs of the PtBuLG and PMLGSLG blocks) was
synthesized by polymerization of MLG-NCA and SLG-NCA (70:30,
mole ratio) in chloroform (0.05 mol L~!) at 0 °C using PtBuLG as
a macroinitiator (Scheme 1). The polymerization was carried out for
a week. The product was collected by dropwise precipitation into
methanol. Using a solvent-nonsolvent (chloroform-methanol)

Ox O~ 0
\f

n NH
Oy, O~ 0 0
. H H
N R—™NH, R—N NtH O OR R—

m NH —_— _—
m
(o) 07[\ o~ o
PtBuLG

{CH;, (70 mol %)
R=
C1gHaz (30 mol %)

R'=CgH1s
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volume ratio not lower than 1/10, the unreacted PtBuLG, if any, can
be completely eliminated upon precipitation. 'H NMR (300 MHz,
CDCl3): 8 0.87 (t, 3H, O(CH3)17-CH3), 1.25 (s, 30H, OCH>CH,-(CHz)15),
1.42 (s, 9H, OC(CHs)3), 1.61 (s, 2H, OCH,-CH>), 1.91-2.78 (t, 4H, p-
CH, & y-CHy), 3.70 (s, 3H, OCH3), 4.02 (s, 2H, OCH,), 4.10 (s, 1H, o-
CH), 8.27 (s, 1H, NH). IR (ATR, cm~1): 3290 (amide A), 3064 (amide
B), 2977 (v, CH3), 2924 (v, CHa), 2853 (vs CHy), 1728 (v C=0 ester),
1649 (amide I, a-helix), 1545 (amide II, a-helix), 1520 (parallel
amide II, a-helix, visible as a shoulder), 1367 (ds CHs).

2.7. Removal of the tert-butyl group

PtBULG-b-PMLGSLG was dissolved in TFA (25-30 mg mL~') and
then stirred for 1 h. The resulting PLGA-b-PMLGSLG (also (LGA)-b-
(MLGSLG),, with m and n respectively the DPs of the PLGA and
PMLGSLG blocks) was precipitated into ether, washed several times
with ether and dried under vacuum at 50 °C. 'TH NMR (300 MHz,
CDCl3/d-TFA (2/1 v/v)): d 0.88 (t, 3H, O(CH,)17-CH3), 1.27 (s, 30H,
OCH,CH,-(CH3)15), 1.64 (s, 2H, OCH,-CH>), 1.90-2.28 (d, 2H, f-CHy),
2.52 (s, 2H, y-CH3), 3.73 (s, 3H, OCH3), 4.10 (s, 2H, OCHy), 4.62 (s, 1H,
a-CH).

2.8. Gel permeation chromatography (GPC)

GPC measurements of PtBuLGs and PtBuLG-b-PMLGSLGs were
performed on a Waters ALC/GPC-150 with tetrahydrofuran (THF) as
eluent, using polystyrene standards and the universal calibration
method.

2.9. Thermogravimetric analysis (TGA)

TGA measurements were performed on a Perkin-Elmer ther-
mogravimetric analyzer at a heating rate of 10°C/min under
nitrogen atmosphere. The block length ratio of (tBuLG)m-b-
(MLGSLG),, can be determined by:

n 1852 x (30.27 — WL)

m - 2141 x WL

with WL (%) is the first step weight loss caused by the release of
isobutylene, starting at 180 °C and ending at 250 °C.

2.10. Elemental analysis

The block length ratio of the diblock copolymer can be deter-
mined by:

f ul ] = H* HID wl |§ W
N NTH R'—N N NTH
e
m n m n
(6] (6] (o] O. (o] OH O (6N
ANR R

PtBuLG-b-PMLGSLG PLGA-b-PMLGSLG

Scheme 1. Synthesis route of PLGA-b-PMLGSLG.
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Fig. 1. ATR FT-IR spectrum of PtBuLG.
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(1): of (tBuLG)m-b-(MLGSLG),, (2): of corresponding (LGA)my-b-
(MLGSLG), (after removing the tert-butyl protecting group
using TFA).

2.11. Langmuir-Blodgett

7-A isotherms were measured using a home-modified
computer-controlled Lauda Filmbalance (FW2), with an accuracy of
0.05 mN/m. The water used for the subphase was purified by reverse
osmosis and subsequently through a Milli-Q filtration system. The
pH of the subphase was adjusted by adding HCI (2N) or NaOH (1N)
standard aqueous solutions (Aldrich). PLGA-b-PMLGSLGs were
spread from N-methylpyrrolidone (NMP)/chloroform (3/7, v/v)
solutions with 1-3% of acetic acid added, at concentrations of 0.4-
0.6 mg/mL. PLGA was spread from a NMP/chloroform (3/7, v/v)
solution at a concentration of 0.5 mg/mL. PMLGSLG was spread from
a chloroform solution at a concentration of 0.5 mg/mL.
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Fig. 2. ATR FT-IR spectra of PtBuLG-b-PMLGSLG synthesized under the optimal poly-

merization conditions (solid line) and PtBuLG-b-PMLGSLG synthesized under other
normal conditions (short-dashed line).
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. Kp .
(i) Mg + M —> Mg

(iv)  Vvi=k Ml
(v)  Vi=kp Mg [M]

Applying the steady state approximation:
(Vi)  Vvi=w

(viiy ki [M][1] = k;, [Mg'] [M]
iy [Mg” - [
(viiy [Mg]= kp[]

| = initiator, M = monomer, M,," = growing chain of DP n

Scheme 2. Simple steady state approximation in the reaction kinetics of NCA poly-
merization, assuming a steady state concentration of oligomers up to DP 9.

The double sided polished silicon wafers (Topsil Semiconductor
Materials A/S, Frederikssund, Denmark, 1000 + 25 pm thick) used
as substrates were cleaned by treating them with a mixture of H,0;
(Merck, 30%)/NHs (Merck, 25%)/H,0 (1:1:5, v/v/v) for 30 min at
60 °C, followed by extensive rinsing with Milli-Q water, ultra-
sonication in a mixture of HCl (Merck, 37%)/H,0 (1:6, v/v) for
25 min, rinsing with Milli-Q water, and finally ultrasonication in
methanol (Lab-Scan, 99.8%), methanol/chloroform (Lab-Scan,
99.5%), (1:1, v/v) and chloroform for 15 min. The cleaned silicon
wafers were hydrophobized by treating them with a mixture of
hexamethyldisilazane (Acros, 98%)/chloroform (1:4, v/v) at 50 °C,
and rinsed with chloroform before use.

Deposition of LB films was carried out in the vertical mode. The
subphase temperature was kept at 20 + 0.1 °C. Transfer of a mono-
layer of (LGA)g3-b-(MLGSLG)39 onto a hydrophilic substrate was
done at 40 mN/m and at down- and upstroke speeds of 100 and
1 mm min~L Transfer of a monolayer of (LGA)s9-b-(MLGSLG)s>
onto a hydrophilic substrate was done at 35 mN/m and at down-
and upstroke speeds of 100 and 10 mm min~'. Monolayers were
deposited onto both sides of the hydrophilic substrates during the

0.006 +

0.005 4

0.004 4

0.003 4

0.002 +

Absorbance Units

0.001 +

0.000 -

1750 1700 1650 1600 1550 1500
Wavenumber (cm'1)

Fig. 3. Transmission FT-IR spectra of the cast film on a silicon wafer of PtBuLG-b-
PMLGSLG in the completely a-helix structure.
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Fig. 4. "H NMR spectra for the range of 6-9 ppm of PtBuLG-b-PMLGSLG synthesized
under the optimal polymerization conditions (a) and PtBuLG-b-PMLGSLG synthesized
under other normal conditions (b).

upward stroke (Y-type). Transfer ratios were around unity (+10%).
Additional layers were transferred on both down- and upstroke at
the transfer speed of the first upstroke. A multilayer film (4 layers
on each side of the substrate) of PMLGSLG was deposited onto
a hydrophobized silicon substrate by Y-type transfer, at 20 mN/m
and at down- and upstroke speeds of 3 mm min "

2.12. Brewster angle microscopy (BAM)

A small Teflon trough (24.0 x 2.5cm) was equipped with
a quartz window flush in the middle bottom of the trough. Two
hydrophobic barriers were moved symmetrically to change the
surface area of the monolayer. BAM was performed using p-polar-
ized light from a 10 mW argon laser beam set to an angle of 53.2° to
the air-water interface. To magnify the reflected light from the
monolayer a 50 mm planoconvex lens was used. An analyzer was
used to enhance the contrast and a CCD camera was used for image
recording.

2.13. Circular dichroism (CD) and linear dichroism (LD)
spectroscopy

CD spectra of LB films on quartz plates were recorded on a Jasco
J-815 spectropolarimeter. The quartz plate supporting the film was
placed in the standard sample holder of the instrument. Different
orientations of the quartz plate were analyzed to check for
contributions from linear dichroism. The operating conditions were
set as follows: bandwidth, 2 nm; scanning speed, 50 nm/min; D.LT.,
1s; data pitch, 1 nm. Each spectrum was an accumulation of 5
scans.

LD measurements of LB films on quartz plates were performed
using a Jasco J-815 spectropolarimeter. The operating conditions

Intensity (a.u.)

12 14 16
Retention Volume (mL)

Fig. 5. GPC chromatograms (with THF as eluent) of (tBuLG)sq-b
line) and the corresponding PtBuLG macroinitiator (dashed line).

-(MLGSLG)s; (solid

a
8 7 6 5 4 3 2 1
Chemical Shift (ppm)
b «—C(CHy)s
(tert-butyl)
(CHy)
# (stearyl)
CHj
(stearyl)
Ve

8 7 6 5 4 3 2 1
Chemical Shift (ppm)

Fig. 6. 'H NMR spectra of (tBuLG)g3-b-(MLGSLG)3q in chloroform-d1 (a), and in
chloroform-d1 with addition of a drop of TFA-d1 right before measuring (b).

were set as follows: bandwidth, 2 nm; scanning speed, 200 nm/
min; D.LT, 1 s; data pitch, 1 nm.

2.14. IR measurements

Attenuated Total Reflection Fourier Transform Infrared (ATR FT-
IR) measurements were carried out on a Bruker IFS88 FT-IR

100 i 1o
i ,0H o H
A
80 B +U\S\ = " J\ -12
'_ oo 0™ oH isobutylene

Weight loss = 30.27 %

o
Deriv. Weight (%/min)

= 60-
£
K2
()
401
= L4
201
L0
0 T T T T T T T T
0 200 400 600 800

Temperature (°C)

Fig. 7. TGA thermograms of PtBuLG (DP = 63) and its derivative (a and a’), PMLGSLG
(DP=118) and its derivative (b and b’), and (tBuLG)g3-b-(MLGSLG)39 (c) recorded at
a heating rate of 10 °C under nitrogen.
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Table 1

Molecular weight properties of a-helical PtBuLG-b-PMLGSLGs prepared under the optimal polymerization conditions.

Entry (tBuLG)m (tBuULG)p-b-(MLGSLG),

m ("H NMR) m (GPC) PDI (GPC) Targeted n n ("H NMR) n (TGA) n (Elemen. Anal.) n (GPC) PDI (GPC)
1 63 66 1.34 40 44 41 52 1.24
2 59 58 1.16 85 83 80 88 1.15

spectrometer equipped with a MCT-A detector, at a resolution of
4 cm~! and with an average of 50 scans.

Transmission Fourier Transform Infrared (FT-IR) measurements
of cast films and LB films on double sided polished silicon
substrates were performed at a resolution of 3 cm™~', under vacuum
on a Bruker IFS66 V/S FT-IR spectrometer equipped with a MIR
DTGS detector. A sample shuttle accessory was used for interleaved
sample and background scanning. A clean silicon substrate was
used as the reference. Each spectrum is an average of 3 cycles of 120
scans for cast films and 40 cycles of 120 scans for LB films.

2.15. Small angle X-ray reflectivity

Small angle X-ray reflectivity measurements of LB films on silicon
substrates were performed in 0/20 geometry on a Philips X'pert
materials research diffractometer (MRD) instrument, employing
copper Ko radiation of 1.541 A and with a divergence slit of 1/8°, an
antiscatter slit of 1/4° and a progressive receiving slit of 0.3 nm. The
X-ray tube was operated at V =40 kV and | = 40 mA. For analysis, the
measured reflectivity, R, was normalized by the Fresnel reflectivity,
Rr. To model the electron density distribution along the z-direction,
the film was divided into slabs (boxes) with thicknesses d;, electron
densities p; and interface roughnesses cj between slabs i and i + 1,
using a home-made computer program written in IDL 6.0 by Hibma
[48]. A separate SiO; layer was not taken into account in the simu-
lation, as this layer contributes insignificantly to the reflectivity of
the wafer (psijo2/psi=0.95) and could not be resolved from the
reflectivity curves of bare silicon wafers [49].

3. Results and discussion

The PLGA-b-PMLGSLG amphiphilic diblock copolymer can be
prepared via a diblock copolymer precursor, PtBuLG-b-PMLGSLG,

I/ C(CHy),

which was synthesized employing the primary amine-initiated
NCA polymerization via the synthesis route shown in Scheme 1.

3.1. Secondary structure of PtBuLG

A typical ATR FT-IR spectrum of PtBuLG is shown in Fig. 1. The
polymer conformation is completely a-helical, as identified by the
amide I absorption band at 1650 cm~! and amide II absorption
band at 1544 cm~! [50]. Varying the reaction conditions (solvent,
temperature and monomer concentration) in the synthesis of
PtBuLGs with degrees of polymerization (DPs) in the range of 14-70
did not noticeably affect the polymer conformation.

3.2. Secondary structure of PtBuLG-b-PMLGSLG and the influence of
polymerization conditions

Next, PtBuLG was used as macroinitiator to polymerize the
PMLGSLG block. Because of the high propensity for p-sheet
formation of the methyl-i-glutamate (MLG) residue [51-58], the
PtBuLG-b-PMLGSLG diblock copolymers synthesized employing
primary amine-initiated NCA polymerization under various
conditions (solvent, temperature, concentration) were found to
contain a considerable -sheet content. The ATR FT-IR spectrum of
one of these diblock copolymers is demonstrated by the short-
dashed line in Fig. 2. The a-helix structure exhibits the FT-IR amide I
and amide II bands respectively at 1652 and 1548 cm~!, while the
FT-IR amide I and amide II bands characteristic of the B-sheet
structure are at 1626 and 1526 cm~ L. A small band caused by the
antiparallel B-sheet amide I vibration is also observed at 1694 cm ™!
[50].

For polypeptides to adopt the a-helix structure, a sufficiently
long chain length is required. Below the critical chain length for
helix stability (DP.), oligopeptides take on the B-sheet form [59].

g

2 1 2 1

T T T T
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Fig. 8. '"HNMR spectra of PtBuLG-b-PMLGSLG before hydrolysis (a) (chloroform-d1), and after hydrolysis in TFA for 15 min (b), 30 min (c), and 1 h(d) (chloroform-d1/TFA-d1 (2/1,v/v)).
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Fig. 9. 7w-A isotherms of (LGA)g3-b-(MLGSLG)39 (solid line), (LGA)so-b-(MLGSLG)sg>
(dashed line), (MLGSLG )11 (dotted line) and (LGA)g3 (open circles) on water surface at
20°C. The compression speeds were ca. 38 cm?min~! for (MLGSLG){;g and ca.
19 cm? min~! for the others. The open squares and triangles indicate stabilization
points of (LGA)g3-b-(MLGSLG)39 and (LGA)s9-b-(MLGSLG)s,, respectively.

The tendency to form B-sheets depends on the synthesis conditions
and the association propensity of the amino acid residue [51,60]. A
DP. range has been reported for PMLG of 5-9 in dimethylforma-
mide and m-cresol at 25 °C, whereas in dioxane these oligomers
showed both a-helix and $-sheet structures [61,62]. The origin of
the B-sheet formation from association through intermolecular
hydrogen bonding of short peptide chains has been well estab-
lished [52,59-67]. Kricheldorf et al. [68] concluded that the chain
growth from pB-sheet oligomer chains, in lamellar crystalline
structure, is sterically inhibited. Thus, the associated oligomers
precipitated during polymerization remain as a $-sheet fraction in
the resulting polymer. Only oligopeptide chains which can be
stabilized in the medium by either solvation or intramolecular
hydrogen bonding continue to grow, reaching the length for helix
stability [52,63]. The lengths of the B-sheet chains are mainly in
a range of DP. [62]. Hence, the formation of a stable a-helical
structure is limited irrespective of the solvent used for film
preparation.
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. pure water and pH 3.2
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% 40 pH 8.6
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Fig. 10. m-A isotherms of (LGA)g3-b-(MLGSLG )39 on water surface at 20 °C at various pH.
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Fig. 11. ©-A isotherms of (LGA)sg-b-(MLGSLG)s; on water surface at different
temperatures.

Since the B-sheet formation occurs in the oligomerization step,
we found that to enhance the solubility of oligomers and to prevent
them from intermolecular interactions via varying the reaction
conditions (solvent, temperature, monomer concentration)
increased the a-helix content of PtBuLG-b-PMLGSLG. Chloroform,
compared with other more polar solvents such as dimethylforma-
mide and tetrahydrofuran, was found to be the most helix-favor-
able solvent for PtBuLG-b-PMLGSLG. Such a nonpolar solvent
solvates the long alkyl side chain and does not disrupt the intra-
molecular hydrogen bonds of the PMLGSLG block oligomers in the
DP. range, enhancing the stability of oligomers in the medium.

Lowering the temperature can generally decrease the polymer
solubility; however, it also has a huge effect on the polymerization
process. At a lower polymerization temperature of 0°C, we
observed a strong decrease in the oligomer aggregation. At an even
lower temperature of —15 °C, the helicity content was increased
even further but then the polymerization rate was too low. So, 0 °C
was chosen as the optimal polymerization temperature for PtBuLG-
b-PMLGSLG. The markedly increase in the a-helix content may be
explained by the stabilization of the intramolecular hydrogen
bonds of the oligomers, which are unstable and easily disrupted
[62], in the DP. range, DP 5 to 8, at a low temperature. Furthermore,
a very low monomer concentration at 0.05 molL~! was found to
give the optimal a-helix content. Although lowering the monomer
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Fig.12. A: stabilization curves of (LGA)g3-b-(MLGSLG)39 at 6 (a), 9 (b), 20 (c), 40 (d) and
45 (e) mN/m; B: those of (LGA)sg-b-(MLGSLG)s; at 20 (a), 35 (b), and 45 (c) mN/m.
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Fig. 13. BAM images (420 x 522 pm) of (LGA)g3-b-(MLGSLG )39 during compression to 45 mN/m on a pure water surface at 20 °C, taken at A = 32 (a) and 17 (b) nm?/molecule; those
at A=17 (c) and 32 (d) nm?/molecule on subsequent decompression. The darkness in the images is the water; the regular inclined stripes are from the background.

concentration generally decreases the polymerization rate,
the solubility of oligomers formed can be much enhanced in
a dilute system and hence aggregation can be reduced during the
oligomerization stage. Besides, by maintaining the monomer-to-
initiator concentration ratio ([M]/[I]) constant, we in fact changed
both monomer and initiator concentrations. The other, may be
additional, effect can be seen from a simple steady state approxi-
mation of the reaction kinetics (Scheme 2). Assuming a steady state
concentration of oligomers up to DP 9, we can derive a simple
equation for the amount of oligomers (Equation viii, Scheme 2).
Using the optimal polymerization conditions as discussed
above, PtBuLG-b-PMLGSLG was obtained with 100% a-helix
content. As shown in the FT-IR spectra in Figs. 2 and 3, the complete
a-helix structure of PtBuLG-b-PMLGSLG is identified by the char-
acteristic a-helix amide 1 and amide II bands at 1649 cm ™! and
1545 cm™ !, respectively, and by the absence of the amide bands
corresponding to the f-sheet structure. Also, the diblock copolymer

secondary structure was confirmed by 'H NMR in CDCl5 containing
10% of TFA-d1 (Fig. 4). In the presence of TFA, the B-sheet oligo-
peptides are transformed into random coils and can be dissolved
[57]. The chemical shift of the amide N-H signal was detected at
8.27 ppm for the a-helix. The 'H NMR spectra of a-helical poly-
glutamates (such as PtBuLG and PMLGSLG polymerized with trie-
thylamine) in CDCl3 without adding TFA-d1 showed the same N-H
chemical shift, indicating that the a-helix structure is preserved in
the CDCl3/TFA-d1 solvent mixture. An upfield shift to 7.89 ppm was
observed for the random coils. As shown in Fig. 4, the 'H NMR
result is in good agreement with the ATR FT-IR and transmission FT-
IR findings.

3.3. Molecular weight characterization of PtBuLG-b-PMLGSLG

The molecular weight properties of the PtBuLG macroinitiator
and PtBuLG-b-PMLGSLG were first characterized by GPC employing
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Fig. 14. BAM images (420 x 522 um) of (LGA)s3-b-(MLGSLG )39 during compression to 45 mN/m, at 20 °C and a subphase pH of 2, taken at A = 32 (a) and 25 (b) nm?/molecule; those
at a subphase pH of 8.6 taken at A =30 (c) and 12 (d) nm?/molecule. The darkness in the images is the water; the regular inclined stripes are from the background.

the method of universal calibration, with tetrahydrofuran (THF) as
eluent and polystyrene standards. The reliability of the measure-
ments is supported by the findings of Temyanko et al. [69] showing
the validity of universal calibration for stiff a-helical polypeptides
over a range of molecular weights in appropriate solvents. More
particularly, the universal calibration plot for PSLG with M,y in
a range of 13 000-250 000 in THF overlays with that for poly-
styrene [69]. In our experiments, THF was found to be a good
solvent for the o-helical conformers of PtBuLG and PtBulG-b-
PMLGSLG. Their solubility is favored by the bulky tert-butyl group
and extended stearyl side chains surrounding the backbone rods
[70]. THF has also been used for GPC analysis of PMLGSLG [9].

Besides the diblock copolymer compositional confirmation by
TH NMR, the shift to a higher molecular weight in the GPC chro-
matogram of PtBuLG-b-PMLGSLG, compared with the PtBulLG
macroinitiator, proves the formation of the diblock copolymer
(Fig. 5). The absence of a trace of a molecular weight fraction cor-
responding to PtBuLG in the chromatogram of PtBuLG-b-PMLGSLG
clearly indicates the absence of homopolymer impurity.

TH NMR was used as an alternative method to characterize the
molecular weights of PtBuLG and PtBuLG-b-PMLGSLG. The DP of
PtBuLG was estimated using the integral ratio of the signal of the
tert-butyl group ((CHs)s, 1.42 ppm) and that of the methyl group
(CHj3, 0.87 ppm) of the n-hexylamine initiator incorporated in the
polymer chain. The block length ratio of PtBuLG-b-PMLGSLG was
determined by comparing the peak integral of the tert-butyl group
(9H, 1.42 ppm) with that of the stearyl group (30H, 1.25 ppm).
Because of hydrogen bonding, the 'H NMR peaks were not clearly
separated (Fig. 6a). High-temperature '"H NMR measurements (in
1,2-dichlorobenzene-d4 or NMP-d9 at 130°C) of PtBuLG-b-
PMLGSLG did not give spectra with much improved peak separa-
tion. Instead, 1-2 small drops of TFA-d1 was added to the diblock
copolymer solution in chloroform-d1 immediately before
measuring, resulting in good peak separation (Fig. 6b). It should be
noted that the presence of TFA might result in partial removal of the
tert-butyl group. However, the amount of TFA was relatively small
and the samples were measured in a short time, thus loss of the
tert-butyl group should be negligible.
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Fig. 15. BAM images (420 x 522 pum) of (LGA)sq-b-(MLGSLG)g, on a pure water surface during compression to 50 mN/m, taken at A = 39 (a), 27 (b) and 23 (c) nm?/molecule; that at
A =29 nm?/molecule on subsequent decompression (d). The darkness in the images is the water; the regular inclined stripes are from the background.

In addition, TGA and elemental analysis were used as supporting
methods to confirm the results of GPC and 'H NMR in the deter-
mination of the block length ratio. In the TGA method, the tert-

release isobutylene gas, starting at 180 °C and ending at 250 °C
butyl ester group is thermolyzed to yield the carboxylic acid and

(Fig. 7). The weight loss of 30.28% is in good agreement with the
theoretical value (30.27%) for tert-butyl group elimination. The
ATR-FTIR spectrum of PtBuLG-b-PMLGSLG after heating to 250 °C
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Fig. 16. Apparent CD spectra (a), LD spectra (b) and corrected CD spectra (c) of the multilayer LB film (3 layers on each side of the quartz substrate) of (LGA)g3-b-(MLGSLG)39
deposited at 40 mN/m. The sample was analyzed in two different directions: horizontal orientation (solid line) and vertical orientation (dashed line). The corrected CD spectra are
the corresponding apparent CD spectra (CD,pp) corrected for LD contributions according to CD = CD,pp + 0.02 LD [74].
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Fig. 17. Transmission FT-IR spectra of the LB monolayers (on both sides of the silicon
substrate) of (LGA)g3-b-(MLGSLG)39 deposited at 40 mN/m. Prior to LB deposition, the
diblock copolymer was spread either on pure water or at different subphase pH.

did not show any peaks indicating the formation of either an
anhydride or imide group. This indicates that no pyrolysis of the
resulting carboxylic group accompanies the first weight loss step
caused by removal of the tert-butyl group. Since PMLGSLG is stable
up to 250 °C, the block length ratio of PtBuLG-b-PMLGSLG can be
derived from the measured weight loss of this step. In the
elemental analysis method, the block length ratio was derived from
the change in the elemental contents upon removal of the tert-
group by hydrolysis.

As shown in Table 1, the results obtained from the different
methods are in good agreement. Polymerization of the PMLGSLG
block initiated by PtBuLG yielded diblock copolymers with DPs
close to the targeted values and small polydispersities. In addition
to preventing early precipitation by complete suppression of f-
sheet formation, performing the polymerization at a low temper-
ature seems to prevent side reactions [71].

3.4. Removal of the tert-butyl group

Complete removal of the tert-butyl group was confirmed by
disappearance of the '"H NMR tert-butyl peak at 1.42 ppm in chlo-
roform-d1/TFA-d1 (2/1, v/v) (Fig. 8). In addition, the ATR-FTIR
spectrum of the copolypeptide after hydrolysis showed the disap-
pearance of the signals of the tert-butyl deformation and stretching
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Fig. 18. Transmission FT-IR spectra of the LB films on double sided polished silicon
substrates of (MLGSLG)q18 (96% of a-helix structure, 4 layers on each side of the
substrate, transferred at 20 mN/m) (a), (LGA)g3-b-(MLGSLG)39 (monolayer on each side
of the substrate, transferred at 40 mN/m) (b), and (LGA)sg-b-(MLGSLG)s, (monolayer
on each side of the substrate, transferred at 35 mN/m) (c). For comparison, the spectral
absorption intensities are normalized relative to the height of the amide II band.
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Fig.19. Left-hand side: best one-slab fit to the X-ray reflectivity curve of the monolayer
LB film of (LGA)g3-b-(MLGSLG)39 transferred onto a silicon substrate at 40 mN/m; the
dots represent the experimental data and the full line represents the fitted curve.
Right-hand side: electron density profile corresponding to the curve fit (smooth
curve); for clarity the same electron density profile is shown assuming all interface
roughnesses to be zero (step-like curve).

vibrations at 1367 cm~' and 2977 cm~.. A carboxylic absorption
band appeared at 1711 cm™, along with a decrease in intensity of
the carbonyl absorption band at 1728 cm~. A broad band charac-
teristic of the bonded O-H stretching vibration also appeared
between 3400 and 2500 cm™ . The stability of the amide main
chain and the ester side chains of the PMLGSLG block upon the tert-
butyl ester hydrolysis process was ascertained by treating
PMLGSLG with TFA under the same hydrolysis conditions. The ATR
FT-IR and GPC results of PMLGSLG, before and after acid treatment,
indicated that the molecular weight of the diblock copolymers was
preserved after removal of the tert-butyl group.

After having successfully prepared the a-helical PLGA-b-
PMLGSLG amphiphilic diblock copolymers, we subsequently
studied their monolayer behavior.

3.5. Surface pressure-area (w-A) isotherm

Fig. 9 shows the m-A isotherms for (LGA)g3-b-(MLGSLG)39 and
(LGA)s9-b-(MLGSLG)s2 spread on a pure water surface at 20 °C, in
comparison with those for PLGA (DP = 63) and PMLGSLG (DP = 118).
The isotherm of PLGA, spread on pure water, was similar to that
reported for sodium salt of PLGA (DP = 405) at a water subphase pH

123 45
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Fig. 20. Left-hand side: two-slab fits to the X-ray reflectivity curves of the monolayer
LB film of (LGA)s3-b-(MLSGLS)39 transferred onto a silicon substrate at 40 mN/m (a)
and the monolayer LB film of (LGA)sg-b-(MLSGLS)s; transferred onto a silicon substrate
at 35 mN/m (b); the dots represent the experimental data and the full lines represent
the fitted curves; curve b is shifted vertically for clarity. Right-hand side: electron
density profiles corresponding to the curve fits (smooth curves); for clarity the same
electron density profiles are shown assuming all interface roughnesses to be zero
(step-like curves).
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Table 2
Two-slab fit parameters for the curve fits shown in Fig. 20.

(LGA)g3-b-(MLGSLG )39 (LGA)so-b-(MLGSLG)g;

m=40 mN/m =35 mN/m
Layer thickness (nm)
L, (PLGA) 1.51 1.30
L, (PMLGSLG) 2.80 2.26
Total thickness 431 3.56
Electron density p; (10° e'/nm?)
po (silicon) 0.705% 0.705%
p1 (PLGA) 0.496 0.474
p2 (PMLGSLG) 0.387 0.368
Interface roughness (nm)
Go1 (silicon/PLGA) 0.48 +0.04> ° 0.48 +0.04> °
012 (PLGA/PMLGSLG) 0.82 035
023 (PMLGSLG/air) 0.29 0.18

2 Values kept fixed for the curve fits.
b The average roughness of bare silicon wafers.

of 3 [72]. PLGA is surface active to some extent, exhibiting a transi-
tion at a low surface pressure of ca. 5-7 mN/m. The isotherm of
PMLGSLG has been reported in literature [9], showing a steep rise in
pressure upon compression due to the packing of the a-helices lying
flat on the water surface, followed by a liquid-condensed phase.
Upon further compression, the monolayer of PMLGSLG collapses,
indicated by a plateau transition at about 33 mN/m. The isotherms of
the PLGA-b-PMLGSLG diblock copolymers displayed a completely
different behavior. Upon compression, first a transition analogous to
the isotherm of PLGA spread under the same condition is detected,
and then there is a linear increment in surface pressure. For (LGA)sg-
b-(MLGSLG)s, with the longer hydrophobic block, another transi-
tion above 40 mN/m appears.

The first transition at 5-10 mN/m can be assigned to the water
immersion of the PLGA block. Hence, varying the subphase pH can
influence the transition. Fig. 10 demonstrates the effect of subphase
pH on this transition. At high pH, upon spreading the helix-to-coil
conformational change of the PLGA block results in surface area
constraints caused by coil expansion, indicated by a low surface
pressure recorded even at a very large area. Upon compression,
a large decrease in surface area with a very small increase in surface
pressure implies a facile water-solubilization of the PLGA block at
high pH. At pH 3.2, the isotherm is identical to that measured on pure
water. At low pH, up to 2.0, the first transition is shifted to a slightly
higher pressure due to the diminished solubility of the PLGA block.

The second transition above 40 mN/m, only observed for (LGA)sg-
b-(MLGSLG)g,, was affected by changing temperature. As shown in
Fig.11, increasing the temperature from 5 to 35 °C shifts the transition
to lower surface pressures and the isotherm beyond that to smaller
surface areas. This suggests that the transition reflects reorganization,
favored at elevated temperatures, of the PMLGSLG segments.

The high collapse surface pressures, at 50-55 mN/m, and high
compressibilities of the PLGA-b-PMLGSLG monolayers compared with
PMLGSLG suggest that the diblock copolymer molecules are oriented
out of the water surface to form a double-brush. The molecular surface
areas of PLGA-b-PMLGSLGs at high surface pressures, of 35-45 mN/m,
where the monolayers are still stable and transferable, lies in the range
of the helix cross-sectional area of PMLGSLG, of 2.4-9.6 nm? [9,13],
depending on the molecular packing and the side chain configuration.
This suggests that upon high compression, the helices are oriented
with a tilt away from the water surface.

3.6. Stabilization

Fig. 12 displays the stabilization curves of (LGA)g3-b-(MLGSLG )39
and (LGA)sg-b-(MLGSLG)g, performed at different surface

pressures. Stable, transferable monolayers were obtained with
transfer ratios of around unity over a range of surface pressures.
Indicated by stabilization points in Fig. 9, the molecular areas at
which the monolayers stabilize are in good agreement with the -A
isotherms, indicating the absence of relaxation effects. Only above
the second transition in the isotherm recorded for (LGA)sg-b-
(MLGSLG)s», e.g. at 45 mN/m, does the stabilization point shift to
a smaller area. This implies that this transition, which might be
related to rearrangement of the chains, is a rather slow process.
Though the monolayer is stabilized at 45 mN/m, film deposition
resulted in an incomplete transfer, probably because at this state
the monolayer does not maintain its molecular mobility.

3.7. Surface imaging by BAM

BAM images taken during the compression-decompression
process on a pure water surface and at different subphase pH are
shown for PLGA-b-PMLGSLGs in Figs. 13-15. On spreading on a pure
water surface, there exist monolayer islands with gaps of water
surface in between. Compression reduces the water gaps and as
soon as the surface pressure is built up, a homogeneous monolayer
is formed. For both PLGA-b-PMLGSLGs, no monolayer collapse was
detected upon compression to 45-50 mN/m. Upon decompression
the monolayer first ruptures and then reverts back to the initial
state. It has been reported for PBLG that the molecules self-aggre-
gate without external pressure into 2D islands of single molecule
thickness on the water surface [73]. Compared with PBLG, on a pure
water surface, (LGA)g3-b-(MLGSLG)39 forms much smaller aggre-
gates (Fig. 13). This is most likely due to the interaction between the
long PLGA hydrophilic block and the water subphase, limiting
mutual antiparallel attractions between molecules. In agreement
with this explanation, when increasing the surface activity of the
diblock copolymers by either decreasing the subphase pH or
increasing DPppmigsLg, more monolayer self-aggregate formation is
found to occur, as shown in Fig. 14a, b and 15. On the contrary, at
a high pH of 8.6, where the PLGA block is fully charged, no aggre-
gate was observed (Fig. 14c and d). The water-solubilization of the
PLGA block at this pH leads to molecular reorientation in a manner
favoring a double-brush formation, preventing antiparallel orien-
tations of the helices.

3.8. CD spectra of LB films

LB films of the PLGA-b-PMLGSLG diblock copolymers were
transferred onto both sides of hydrophilic substrates. Homoge-
neous and uniform films were obtained, as demonstrated by atomic
force microscopy (tapping mode). Fig. 16 shows typical CD spectra
corrected for linear dichroism (LD) contributions [74], analyzed in
different directions in the spectropolarimeter, of a multilayer LB
film of PLGA-b-PMLGSLG. The LD effect was caused by preferential
orientation of the a-helices along the dipping direction [9]. The
corrected spectra analyzed in different directions are in agreement
with each other, showing one maximum at 191 nm and two
minima at 208 and 222 nm. These are the characteristic bands for
the right-handed a-helical polypeptides [51,74].

3.9. Transmission FI-IR spectra of LB films

Fig. 17 shows representative transmission FT-IR spectra of the LB
monolayers of PLGA-b-PMLGSLG prepared on pure water and at
different subphase pH. At subphase pH 8.6, the C=0 stretching
band of the hydrogen bonded carboxyl group at 1711 cm™! disap-
pears and the ionized carboxyl band appears at 1560 cm ™, indi-
cating the helix-to-coil conformational change of the PLGA block.
The spectra of the monolayers prepared on pure water and at
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subphase pH 2 are identical to each other, showing the character-
istic a-helix amide I and amide II bands at 1653 and 1548 cm™~ . This
indicates that even when PLGA-b-PMLGSLG was spread on a pure
water surface, the a-helix structure was predominant. PLGA has
been reported to form a completely a-helix structure in aqueous
solution of pH below 5. Its transition between the a-helical and
random coil conformations occurs in the region of pH 5 to 6, where
the a-helix percentage decreases to 80-70% [51]. The predominant
a-helix structure of the PLGA-b-PMLGSLG monolayer on a pure
water surface is in part due to the surface water being rather acidic
(pH about 5.5), arising from a large amount of atmospheric CO;
dissociating in the subphase. Besides, the degree of charging of the
PLGA block depends on the local pH inside the PLGA brush, which
can be slightly lower than the pH in the subphase at a high brush
density [75]. Studies of the helix—coil transition of PLGA in aqueous
solutions containing osmolytes have shown that increasing the
osmotic pressure favors more o-helix structure over hydrated coils
[76,77]. Hence, the osmotic pressure inside the PLGA brush may
enhance the stability of the a-helix structure. As a result, for a PLGA
brush, the helix-coil transition pH could be raised to a higher value
than observed for PLGA in solution. In fact, a pH range for the helix-
coil transition of a surface-grafted PLGA film has been reported to
be 5.75-7 [78].

Fig. 18 compares the transmission FT-IR spectra of the LB
monolayer films of (LGA)g3-b-(MLGSLG)39 and (LGA)sg-b-
(MLGSLG)g», transferred onto silicon substrates at 40 and 35 mN/m,
respectively, with that of an LB multilayer film of PMLGSLG. From
the absorption intensity ratio of the amide I and amide Il bands the
average helix tilt angle in the monolayers can be determined [13]. A
higher amide I/amide II band area ratio (AI/All) corresponds to
a larger tilt angle between the helices and the surface normal [13].
Since the PMLGSLG helices in an LB film are oriented parallel to the
substrate surface [9], the helix tilt angle is 90° and AI/AII has its
maximum value for this system. As seen in Fig. 18, for the PLGA-b-
PMLGSLG monolayers, the AI/AII ratios are much lower than that
for the PMLGSLG LB film, suggesting average helix tilt angles much
smaller than 90°. This is a clear indication of double-brush mono-
layer formation, in which the diblock copolymer helices are tilted
away from the substrate surface.

3.10. Small angle X-ray reflectivity

Curve fits to the X-ray diffractograms measured for the PLGA-b-
PMLGSLG monolayer LB films were at first performed with one-slab
models. The best one-slab fit to the reflectivity curve of the
monolayer LB film of (LGA)g3-b-(MLGSLG)39 is shown in Fig. 19.
However, the curve fit is insufficient at high scattering angles.
Instead, as shown in Fig. 20, the two-slab models result in good fits
of the reflectivity curves for the monolayer films of PLGA-b-
PMLGSLGs. The first slab is assumed for the PLGA layer and the
second slab for the PMLGSLG layer. Table 2 shows the two-slab fit
parameters for the PLGA-b-PMLGSLG monolayer films. From the
density values reported for PLGA and PMLGSLG [31,32,51,79], the
electron densities of PLGA and PMLGSLG lie in the ranges of
0.473 x 10°-0.503 x 103 e~/nm® and 0.360 x 10°-0.381 x 10% e~/
nm?, respectively. Thus, the determined values in the two-slab fits
shown in Table 2 are reasonable. The good fits using the two-slab
models give ample evidence for the double-brush structure of the
monolayer films.

Taken together, the above results clearly demonstrate that the
PLGA-b-PMLGSLG diblock copolymers form stable monolayers with
the a-helical chains tilted to the surface normal. Moreover, the
resulting monolayers are well-transferred onto solid substrates
with the double-brush structure retained. However, factors such as
the chain lengths, which might influence the molecular orientation

and the double-brush structure, as well as other effects such as the
introduction of anisotropy during the transfer process still need to
be investigated in order to fully understand and control the film
properties.

4. Conclusions

We have found that the polymerization conditions strongly
affect the o-helix to P-sheet content ratio of the PtBuLG-b-
PMLGSLG diblock copolymer. Taking into account the effects of
several factors including solvent, temperature and monomer
concentration on oligomer stabilization, the reaction conditions
can be tuned to significantly enhance the «-helix content. The
diblock copolymers were obtained in a completely o-helical
structure, with close-to-designed DPs and small polydispersities.

After removal of the tert-butyl group, the resulting amphiphilic
PLGA-b-PMLGSLG diblock copolymers formed a stable a-helical
double-brush structure in monolayers at the air-water interface
and in LB films, as evidenced by the 7-A isotherm, transmission FT-
IR and X-ray reflectivity results. The 3-5 nm thick monolayer films
obtained with unidirectionally aligned helix macrodipoles can
provide an extremely large electric field across the peptide mono-
layers. Such directional properties and the liquid-like matrix
provided by the amorphous stearyl side chain make these films
suitable for functionalization with various bio- and optical mole-
cules with potential applications as functional materials.
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