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Hierarchical Assembly of PEG-h-Polypeptide ments!® Recently, it was found that a graft copolymer, poly-
Hybrid Block Copolymers on Graphite (y-benzylL-glutamate)g-PEG, also formed micelles in a specific
shape of spindI&®
Guangzheng Gao, Tao Wang, Junpo He,* We report here the self-assembly of the block copolymers of
Xuegin Chen, and Yuliang Yang PEG and peptide on highly oriented pyrolytic graphite (HOPG)
Department of Macromolecular Science, Fudan démsity, observed by atomic force microscopy (AFM). The peptide
Shanghai 200433, China, and the Key Laboratory of segment has a structure of palygtearylL-glutamate) (PSLG)
Molecular Engineering of Polymers, Ministry of Education, with n-octadecyl side chains. It has been observed by Watanabe
China and Kunitake and their co-workers using AFM that ho-

mopolypeptide with longn-alkyl side chains forms 2-

dimensional epitaxial arrays on HOPG due to the affinity of

alkyl chains toward graphit€. We found that the epitaxial

adsorption of thex-octadecyl side chain also plays an important

. . role in the formation of the aggregates of block copolymers
Hybrid bl.OCk copolymers, or molecular chlmeﬁag,)njposed . composed of PEG and PSLG segments. In addition, higher order

of synthetic and polypeptide segments exhibit interesting aggregates, such as nanorods and ring-shaped aggregates, were

supermolecular structures through hierarchical self-assembly ingpcarved bevond the epitaxial adsorption of the peptide seament
bulk' and in solutior?: The driving force for the assembly "o subst);ate. P P pep d

originates from the secondary structure of the peptide. Usually
the peptide folds inte-helix and behaves as a rodlike segment. gyxperimental Section
This secondary structure can be combined with coiled confor-
mation of the synthetic segments, such as polystyrene, poly-

Elutalt(jlene, pl)oly(ethy:]ene gly((i:ol) (I;’EG),hetc., to fOT_mT;m" I (Acros, 99%) p-toluenesulfonyl chloride (Acros, 99%), hydrazine
ock copolymers that tend to form hexagonal-in-lamellar , qrate (Sinopharm Chemical Reagent Co.), 1-octadecanol (Acros,
morphology in solid state in which the peptidehelices aligned 95%), L-glutamic acid (Acros, 99%), phthalimide potassium salt
perpendicular to the lamellar surfatén solution, the roe- (Fluka, 99%), anch-butyllithium (Acros, 1.3 M in hexane) were
coil hybrid copolymer forms not only micelles and vesicles but used as receivedy,w-Diamino-functionalized PEG (NHPEG-
also unusual aggregates. For instance, amphiphilic block NH,) anda-methoxye-amino-functionalized poly(ethylene glycol)
copolymers with polystyrene tail and charged poly(isocyanide) (MPEG-NH,) were synthesized from PE®A{ = 10 000 g/mol,
headgroup aggregates into vesicles, bilayer filaments, andFluka) and PEG methyl monoether (MPEM, = 5000 g/mol,
superhelices in aqueous solution, depending on pH and coun-Fluka) through tosylatiott and the classic phthalimigéhydrazine
terionic strengtt. Poly(ferrocenylsilanep-poly(y-benzyls.- procedure? y-StearylL-glutamate (SLG) was synthesized by the
glutamate) assembles into a nanoribbon in toluene throughreaCt'on between-glutamic acid and-octadecyl alcohal® y-Stear-

. ; . : yl L-glutamate N-carboxyanhydride (SLG-NCA) was prepared
1-dimensional stacking of the block copolymers in a monolayer according to the literatur&. White crystals: yield 42%; mp 7778

fashion? On the other hand, the-helical peptide was also  oc 14 NMR (500 MHz, CDC}): 6 0.88 (t, GHs), 1.26 (s, alkyl-
combined with conjugated rigid segments, such as polyfluorene, cH, chain), 1.62 (m, OCkCH,), 2.20 (m,3-CH,), 2.56 (t,y-CH,),
to yield rod-rod block copolymers that formed a parallel 4.10 (t, OGH,), 4.39 (t, GH), 6.42 (brs, ). 13C NMR (500 MHz,
fibrillar textures in the cast filn§.An interesting feature of the =~ CDCl): ¢ 14.06 CHz), 22.65 CH,CHz), 25.84 (OCHCHy,), 26.95
peptide is that it shows helixcoil transition toward the change  (3-CHy), 28.48 {-CHy), 29.21 (OCHCH,), 29.67 CHy), 31.90
in pH. This concept was employed independently by Lecom- (CH2CHCHs), 56.99 CH), 65.52 (GCH_), 151.89 (@ONH),
mandoux and KloK, as well as Schlaad and co-workérs) 169.46 (QCOCH), 172.68 (CHCOO). Anal. Calcd for GiHas

the preparation of vesicles from polybutadiémnpelyglutamates glgg C,67.73/H, 10.18; N, 3.29. Found: C, 67.56; H, 10.26; N,
with fascinating properties such as pH-responsive shape/size Syntheses.The di- and triblock PEG and PSLG copolymer

adjustment. o X - i
Among hybrid block .copolymers with vgrious synthetic. SN%rgpliiistiaV:{de bpyrel\agrgg_tl)\lyHrlggdoE?_E_lggEGp?'l\lyFn; EJ'ZHa;'r‘é”iso faﬁLG
segments, those containing PEG blocks received much attentionexample for the synthesis of diblock copolymer, PEGSLG.
due to their biocompatibiliti€sand potential applications in drug  MPEG-NH, (M, = 5000 g/mol, 0.12 g, 0.024 mmol) was dissolved
delivery systemd%!! Various PEGb-polypeptide copolymers  in DCM (4 mL), and then SLG-NCA (0.41 g, 0.96 mmol) in 4 mL
have been synthesized, usually by ring-opening polymerization of DCM was added into the solution. The reaction mixture was
of amino acidN-carboxyanhydrides (NCA) initiated by the stirred at 3C°C for 72 h. The product was precipitated twice from
amino end group of PE®. These copolymers form micelles  ethyl ether (40 mL) and dried. White powder, 718k, gpc= 8900
and vesicles in solutiori$,in resemblance to the conventional ~9/Mol; Ma/M, = 1.20. o _ _
amphiphilic block copolymer¥ However, formation of thermal The synth¢3|s gnd characterization of di- and triblock copolymers
reversible gels through a nanoribbon mechanism was also2€ summarized in Table 1. _
reportect In addition, the PEG segment can form inclusion Measurements. FT-IR spectra were measured on a Nicolet

. . . i Magna-550 FT-IR instrument using a KBr pellet of fixed thickness.
complexes witf-cyclodextrins. The resulting reetod peptide . Circular dichroism (CD) experiments were carried on a Jasco J-715

b-p_olypseudorotaxanes were phase separateq into bllgiyers IrEpectropolarimeter by using a 0.1 cm quartz cell at room temperature

which colu_mnar hexagonal arrangem_entoohehcal peptide in THF. IH NMR spectra were recorded on Bruker (500 MHz)

stacked with channel-type crystallization of the rotaxane seg- NMR instrument using CDGlas the solvents and tetramethylsilane
(TMS) as the reference. The number- and weight-average molecular

* Corresponding author: Fax86-21-6564-0293; e-mail jphe@fudan.  Weights M, and My) of polymers were determined by gel
edu.cn. permeation chromatography (GPC) through three Waters Styragel
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Introduction

Materials. Dichloromethane (DCM), ethyl acetate, toluene, and
dimethylformamide (DMF) were distilled before use. Triphosgene
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Table 1. Characterization of Hybrid Block Copolymers

sample Mp2 Muw/My2 nb
PEG13b-PSLG)1 8900 1.20 41
PSLGss-b-PEGo7b-PSLGss 31700 1.45 66

[6]225 (deg cmi/dmol)
—35813
—43541

amide Il (cnT1)d
1548
1549

amide | (cmt)d
1656
1655

aDetermined by GPC calibrated by polystyrene standards; eluent: TP&ymerization degree of PSLG block of copolymers (determinetHo)yMR).

¢ Determined by CD in THFY Determined by FTIR, KBr pellets.
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intensities at 222 nm, respectivéfy Thus, the diblock and
triblock copolymers adopt ro¢lcoil conformations as shown

°C. The columns were calibrated with narrow polystyrene standards schematically in Scheme 1. The self-assembly of the block

(MW range 2.2x 10°*—-1.94 x 10° g/mol). AFM observation was
performed on an instrument of NanoScope IV (Digital Instruments

Model TESP (Digital Instruments) with radius of curvature of the
tip less than 10 nm. Three force levels, namely haggdA, = 0.40-
0.60), moderateAs/A, = 0.60-0.80), and light As/A; = 0.80—
0.99) tapping force, based on set-point ratios were empl&yed.
Polymer solution was spin-coated (2000 rpm) or drop-casts(3
uL) on the surface of freshly cleaved HOPG (Digital Instruments).
X-ray photoelectron spectroscopy (XPS) was performed on a RBD
upgraded PHI-5000C ESCA system (Perkin-Elmer) with Mg K
radiation fw = 1253.6 eV). In general, the X-ray anode was run
at 250 W, and the high voltage was kept at 14.0 kV with a detection

copolymers were then observed by AFM using HOPG as the

Santa Barbara, CA) operated at tapping mode, using silicon tips of S2STate-

First, the block copolymer, PEGb-PSLG;;, was spin-
coated onto HOPG from a dilute solution in chloroform X2
1076 mol/L based on amino acid unit). AFM images in Figure
1 show islandlike domains scattered randomly on the surface
of the graphite (dark background). In the height images (Figure
la,c), the islands are quite irregular in shape, with some fine
structures underneath. The fine structures are clearly visible in
phase images (Figure 1b,d) as rods aligned in parallel direction
in each domain. The running direction, marked by arrows in

angle at 54. The base pressure of the analyzer chamber was aboutFigure 1d, displays a cross angle of @@tween rods in different

5 x 1078 Pa. The whole spectra {0100 eV) and the narrow
spectra of all the elements with much high resolution were both
recorded by using RBD 147 interface (RBD Enterprises) through

islands. The striped pattern of the domain is assigned to the
aggregate ofo-helices of peptide blocks. Previously, the
aggregation of homopolypeptide with long alkyl chains was

the AugerScan 3.21 software. Binding energies were calibrated by thoroughly investigated by Kunitake and Watanabe and co-

using the contaminant carbon (C%284.6 eV). The data analysis
was carried out by using the RBD AugerScan 3.21 software
provided by RBD Enterprises. The static contact angle was

measured on OCA15 (Dataphysics, Germany) equipped with a

digital camera. Droplets of distilled water (about:®) were

workers!” They found that poly¢-n-alkyl L-glutamates) formed
two-dimensional arrays through epitaxial adsorption of alkyl
chains on HOPG. The alkyl chains accommodated extended,
all-trans conformation at both sides of helical peptide and

dropped on sample surface, and at least six independent measure2igned perpendicularly to the helical peptideThe fine

ments were taken to determine average values.

Results and Discussion

The di- and triblock copolymers, PEGb-PSLG; and
PSLGg-b-PEG,7b-PSLGss, are highly soluble in organic
solvents such as THF, GBI, and CHC} at room temperature.
IR spectra of the block copolymers show peaks 4655 cnt?t
(amide 1) and~1549 cnt! (amide Il) (see Table 1 and
Supporting Information), indicative of a perfeet-helical
conformation of the peptide block.CD spectra show two

structure observed in the present work correlates very well with
the model proposed by Watanabe and co-wofKeisr ho-
mopolypeptide and is therefore ascribed to the epitaxial ar-
rangement of the peptide segment, as shown in Figure le. The
interval distances between the parallel rods are about £.10
0.19 nm, which is roughly double of the stretched length of
stearyl side chains and agrees well with the result in the literature
(Figure 4 in ref 17). The cross-angle of*6Between different
domains is attributed to th&210direction of HOPG according

to ref 17.

negative peaks at 208 and 222 nm which are ascribed to the Thus, the polypeptide block in PEG-b-PSLG;, resembling

right-handedo-helix structure (Supporting Information). The
helix contents of PEGzb-PSLG,; and PSLGgb-PEGH+b-
PSLGss were calculated to be 83 and 100% based on the

homopolypeptide, forms epitaxial aggregates due to affinity of
the stearyl side chain toward the surface of the graphite (see
Figure 1e). The striped aggregates are surrounded or covered
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Figure 1. AFM images of spin-coated sample, PE&b-PSLGy; (2 x 1076 mol/L in CHCls), on HOPG. (a) Height image. (b) Phase image. (c)
High-resolution image of selected region in (a) (indicated by the white frame). (d) High-resolution image of selected region in (b) (indicated by the
white frame). (e) Proposed model for the self-assembly of RHEPSLG;: on HOPG, in which the black rods, zigzag lines, and green coils

represent peptide helices, alkyl chains in all-trans conformation, and PEG coils, respectively. The green coils stay above or surroundegy the helic
and the stretched alkyl chains.

by a cloud of PEG caoil, as evidenced by the height images in according to the degree of polymerization (BP 41, by
Figure la,c. The cross section indicates that the averageNMR).615 The same phenomenon was also observed in ho-
Corrugations of the islands are 0.860.22 nm, which is much mopo]ypeptide and was ascribed to “head to head” or “head to
higher than that expected for pure polygtearylL-glutamate),  tajl” intermolecular arrangemeft.In the present work, it is
and display h|II-I|kp profiles in contrast tp the constant values expected that the presence of PEG segment would hamper
megs_ureo_l by K_umtal%éfor homopolypeptlde. The remarkable arrangement in such a mode. Nevertheless, each strip shown
variation in height values reflects the irregular shape of PEG by AEM consists of 3-9 PSLG blocks according to the length.

cloud and is also a consequence of the overlapping of PEG . . L
clouds at the border of different domains, as indicated by the Itis deduced that the propensity of epitaxial assembly of PSLG

circles in Figure 1d. segment, with the aid of intermolecular van der Waals interac-
It is noteworthy that the lengths of the rods, ranging from 20 tions of alkyl chains, is so strong that PEG segments are
to 60 nm, are much larger than the length of a sirmleelix excluded from the striped pattern, forming a surrounding cloud

formed by peptide block, which is estimated as 6.15 nm to the domain.
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Figure 2. AFM images of PEGsb-PSLG; (2 x 1076 mol/L in CHCl;) on HOPG by drop-casting. (a) Height image, (b) Phase image, (c)
High-resolution image of selected region in (a) (indicated by the white frame). (d) High-resolution image of selected region in (b) (indicated by the
white frame).

In the second experiment, the same solution of the block of the monolayer could not be detected using light tapping force,
copolymers (2x 10°® mol/L in chloroform) was drop-cast,  possibly due to the mask of the PEG layer.

qutri)%%loogfiesspci)nt;ggr?/tgg’b;g\tlgMHo?)igtegiggﬁo jerzrt]g\{tv;p;ir:% The nanorods above the monolayer run in same directions
L . . . as the underlying striped pattern and show a rotation angle of
force for PEGyb-PSLGy. It is interesting o find two kinds g0 a5 \yell. Most of the rods exist in a single mode, but some
O.f aggrggates exist simultaneously in the Sa”.‘p'e- In the wide appear in two kinds of pairs, the contact pair with an interval
view (Figure 2a_,b), I:_alrger nanorods &f.00 nm in length and of about 5.86 nm and the loose pair 11.72 nm (Figure 2a). Since
1.13+ 0.18 nm in height scattered on a substrate layer. A close - S

the interval of the contact pair is very close to that of the

analysis by fine scanning (Figure 2c,d) reveals that the substrate” . . ;
Iaye?l is ay densely pagk(edg monolaz/er formed by epitaxial epitaxial layer (Figure le), we propose that the nanorods

assembly of the peptide segments. The monolayer is composetfc"_"tte_red on the §ubstrate was formed through the secondﬁlayer
of different domains with different sizes and irregular shapes. €Pitaxial adsorption of peptide segments guided by the "rail
Similar to that in spin-coated sample, within each domain the €ffect?®2’of the substrate. By this model, the much larger width
helices adopt parallel alignment, and a cross-angle 6fi§0  ©f the nanorods (21.8% 2.34 nm) is ascribed to the “tip
observed between different domains. The distance between thes€roadening effect” of the AFM probe. The fact that the larger
helices within each domain is 5.21 0.20 nm (inset in Figure ~ hanorods tend to exist in a single mode is in sharp contrast to
2c), which is slightly less than that of the spin-coated sample the assembly of peptide helices directly on HOPG, in which
and attributable to partly interdigitated arrangement between single rods has never been observed even with very dilute
alkyl side chains of PSLG segmé'itAbove the monolayer, solution (vide infra). This implies that the lateral assembly of
there should exist a layer of excluded PEG coils that covers the larger nanorods is interrupted by PEG segments of them-
the ordered pattern. Indeed, it was found that the striped patternselves and of the lower layer.
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Figure 3. AMF phase images of samples by drop-casting from chloroform solutions of RE®SLG;; with the concentration of (a) 1.9 107,
(b) 1.3 x 1078, (c) 1.5x 1076, and (d) 2.0x 10°¢ mol/L.

We varied the solution concentration of diblock copolymer thickness,~0.77 nm, as measured using a probe scratch
to investigate its influence on the morphology in drop-casting techniqué® in which the film was scratched to the plane of
method. Figure 3 shows that the very dilute solution results in HOPG (Supporting Information).
scattered domains on the substrate, similar to that in spin- In the third experiment, relatively concentrated solutions (4.0
coating. With the increase in concentration, the domains becomex 10-® mol/L based on amino acid units) of the di- and triblock
larger in size and in number until the full coverage of the area copolymers, PEG3zb-PSLG;; and PSLGgb-PEG,-b-PSLGs,
for the applied concentration of 2.& 10°® mol/L. This were drop cast onto HOPG. Figure 4 shows morphologies
demonstrates that the key factor determining the morphology observed by AFM using light and moderate tapping force. Under
is the quantity of polymers deposited on HOPG, not the the former, circular aggregates formed by RE&-PSLGy;
preparatory method, i.e., spin-coating and drop-casting. The were observed, with diameters 18526 nm (Figure 4a). Under
reason for the scattered domains virtually observed in the formerthe latter, the circular aggregates were found to have a hollow
is that part of the polymers were spun off during the preparation (or soft) center, with outer diameters 13019 nm and inner
process. diameters 46+ 12 nm (Figure 4b). Meanwhile, the height of

The monolayer prepared by drop-casting from the solution the circular aggregates is 1.540.44 nm under light tapping
of 2.0 x 1076 mol/L was investigated by XPS, contact angle force and is reduced to 0.6% 0.22 nm with the moderate
measurement, and AFM probe scratching (Supporting Informa- tapping force. This means that the aggregates are flat circular
tion). In the XP wide scan spectrum, C 1s and N 1s were in shape, of which the height is close to the thickness of the
observed at 284.6 and 399.7 eV, respectively. The core levelmonolayer of the block copolymers. Since the outer diameter
spectrum of C 1s shows binding energy of 284.6, 286.1, 287.5, of the sphere is more than 2-fold of the stretched length of the
and 288.5 eV for €C, C—O/C—N, C(=O)N, and C&0)O copolymers (47 nm)S we propose a ring-shaped model (Figure
moieties, respectively. The contact angles of the monolayers4c), in which the ring is formed by a 2D bilayer of the block
of both diblock and triblock copolymers are<gin contrast to copolymers. Similar aggregates were also observed by casting
that of HOPG, 90, and of a homopolypeptide, PSLG, °92 PSLGss-b-PEG27-b-PSLGs on HOPG (Figure 4¢f).
respectively, indicating an increased hydrophilic property of the  Keeping in mind that all of the solution concentrations in
block copolymers. Nevertheless, the monolayer has a very low this work are far below the cmc of the hybrid block copolymers,
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Figure 4. AFM height images of ring-shaped aggregates of BEGPSLG; (a, b) and PSLG-b-PEG,-b-PSLGs (d, €) (both 4x 1075 mol/L
in CHCl;) on HOPG using light (a, d) and moderate (b, e) tapping force, respectively, with the proposed models for the aggregatgstef PEG

PSLGy (c) and PSLGsb-PEGy7b-PSLGss (f) on HOPG.
[
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Figure 5. Schematic drawing of the mechanism of nanorod and ring-shaped morphologies. The aggregates and the rods of the monolayer are
different in color only for guiding the eyes.

we propose a two-step process for the formation of the observedimmediately takes place after the casting of the block copolymer
morphologies. As interpreted in Figure 5, expitaxial adsorption solution, while the solvent is evaporating. In this first step the
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