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ABSTRACT: A series of poly(c-alkyl a L-glutamate)s
with different alkyl groups were synthesized by the ring
opening polymerization of corresponding a-amino acid
N-carboxyanhydrides. The characteristics of these polyglu-
tamate surfaces were evaluated by attenuated total reflec-
tance Fourier transform infrared spectroscopy spectra,
water contact angle, water absorption, protein adsorption,
and platelet adhesion measurements. Changing the length
of the alkyl side chain provides a unique opportunity to
study the influence of carbon number in the alkyl group
on the surface properties of the polyglutamates. Water
contact angle and water absorption data show that the

hydrophilicity of these polyglutamate surfaces decreases
with the increasing of methylene in the alkyl group. Pro-
tein adsorption on these polyglutamate surfaces increases
with the enhancing of surface hydrophobicity. However,
the changes in platelets adhesion could be attributed to
the hydrophilicity/hydrophobicity of the polyglutamates
and the specific effect of alkyl group. VC 2010 Wiley Periodicals,
Inc. J Appl Polym Sci 120: 1679–1684, 2011
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INTRODUCTION

Synthetic polypeptides have played an important
role as models of natural polypeptides and pro-
teins.1,2 Because of its excellent biodegradability
and biocompatibility, the synthesis and application
of synthetic polypeptides have become the focus of
research today.3–5 This kind of biomimetic polymer
can be obtained by two approaches, by the condensa-
tion of either activated amino acids or oligopolypepti-
des, or more conveniently, by the ring opening poly-
merization of a-amino acid N-carboxyanhydrides
(NCAs). Compared with natural proteins, synthetic
polypeptides offer more advantages in stability and
processbility. By designing and synthesis of poly-
peptide with various kinds of components, it
becomes possible to tune the structure and proper-
ties of obtained polypeptide, which has potential
application in various scientific fields such as tissue
engineering, pharmaceutical chemistry, and biomedi-
cal science.6–10 When polypeptide are utilized as
substrates in these fields, more attention should be
paid to the surface properties, because first contact
with body fluid or environments usually takes place
at the surface of substrates.

Among various synthetic polypeptides, poly(c-
alkyl a L-glutamate)s (PALG) are well known to
both biochemists and polymer chemists. They are
normally in the form of stiff a-helix conformation
known as hairy-rod polymer with the helical back-
bone as the rod and the alkyl chain as the hair.
Through ring opening polymerization of NCAs with
different alkyl chain,11–14 several PALGs are readily
synthesized with ‘‘hair’’ of different lengths. Because
of the unique structure and ease of synthesis, PALGs
are appealing models to evaluate the influence of
alkyl chains on the crystallization or self-assembly-
ing process of these polymers. The conformation,
molecular dynamics, and spatial heterogeneities
studies of stiff macromolecules bearing flexible side
chains have revealed a layered structure of the rod-
like polymer backbone with phase separated hydro-
carbon side chains, which can form either crystalline
or amorphous domain depending on the nature of the
main polymer chains and their organization.15 How-
ever, studies concerning surface properties brought by
these polypeptides are rare. Polyglutamates with ethyl
or stearyl side groups were immobilized on the surface
of polypropylene microporous membrane. Platelets
adhesion was greatly suppressed by the incorporation
of polyglutamates compared with nascent polypropyl-
ene microporous membrane,16–17 although hydropho-
bility of these surfaces was comparable. Hence, it is
necessary to generate surfaces derived from pure
polypeptide as model to illustrate their properties in
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details and to elucidate their effects on protein and
platelet adhesion.

In previous work, we have synthesized poly(c-ste-
aryl a L-glutamate)s (PSLG) by ring opening poly-
merization of c-stearyl a L-glutamate NCA with
multifunctional porphyrin18 or rare earth metal
complexes19 as the initiators. Superhydrophobility
could be obtained by PSLG when electrospun into
microfibrous mat, which was mainly induced by
the stearyl groups.20 In this work, a series of PALGs
with different alkyl groups were synthesized and
the influence of alkyl groups on the surface charac-
teristics is described.

EXPERIMENTAL

Materials

All chemicals were of analytical grade. Poly(c-ethyl
a L-glutamate) (PELG), poly(c-octyl a L-glutamate)
(POLG), poly(c-dodecyl a L-glutamate) (PDLG), and
PSLG were synthesized according to the reported
procedure.21–24 Bovine serum albumin (BSA, purity
> 98%) was purchased from Sino-American Biotech-
nology, and Bovine fibrinogen (BFg, Type I-S, 65–
85%) was obtained from Sigma-Aldrich.

Fabrication of films from the synthesized
polyglutamates

Polyglutamate was dissolved in trifluoroacetic acid-
chloroform (10 vol.% of trifluoroacetic acid) mixture
solvent to a concentration of 10 wt%. Then, the solu-
tion was cast onto a clean polytetrafluoroethylene
substrate. After placed in atmosphere at room tem-
perature for 12 h, the film was dried under reduced
pressure at room temperature for 2 h.

Characterization

Intrinsic viscosity [g] for each polyglutamate was
measured in THF at 30 6 0.5�C using an Ubbelchde
viscometer. Fourier transform infrared spectroscopy
(FT/IR) (Nicolet, Nexus-470, Vernon Hills, IL) with
the accessories of attenuated total reflectance (ATR)
was also used to characterize the polyglutamates
with different alkyl groups.

Water contact angle and water absorption
measurements

Surface hydrophilicity/hydrophobicity of the poly-
glutamates was checked on the basis of water con-
tact angle and water sbsorption measurement. Water
contact angles of polypeptide films were determined
using a contact angle goniometer (Ningbo Xungao
Intelligent Technology, CTS-200, China) equipped
with digital video camera. Using a typical sessile

method, a water droplet (�5 lL) was added onto a
dry film in air. An image was recorded and static
contact water angle was then calculated from the
image with software. Five measurements at different
positions of the same sample were averaged to give a
reliable value. To determine the capacity of water
absorption, a dry polyglutamate film (1 � 1 cm2) was
immersed in de-ionized water at 37 6 0.5�C for 3
days. Water absorption was defined as (w2�w1)/w1,
where w1 and w2 represent the weight of the dry
film and the film adsorbed with water, respectively.

Protein adsorption

Protein adsorption onto the polyglutamate surface
was evaluated by surface plasma resonance (SPR)
technique. SPR pure gold sensor chip was cleaned
by dipping in ethanol for 10 min, then in freshly
made piranha solution (concentrated H2SO4 and
30% H2O2 in proportion of 3 : 1) for another 1 min,
followed by extensively rinsing with Milli Q water
(18.2 MX-cm). After being dried in nitrogen gas, the
cleaned sensors were spin-coated with polypeptides
from 1 wt% solutions. According to the ratio of albu-
min and fibrinogen in blood plasma,25 BSA and BFg
were diluted in a phosphate buffered saline solution
(PBS, pH ¼ 7.5, 5.618 g Na2HPO4 and 0.403 g
KH2PO4 dissolved in l L of deionized water) to a
concentration of 250 lg/mL and 25 lg/mL, respec-
tively. Protein solution was injected into the Reichert
SR7100 DC instrument (Reichert, Depew, NY) and
flowed over sensor surface at a rate of 25 lL/min.
PBS was the buffer solution during the whole testing
process. Testing temperature was rigorously con-
trolled at 25.0 6 0.1�C throughout the experiment.
The amount of adsorbed protein was calculated
from the following equation:

Dm ¼ CsprDRU

where Dm is the mass of adsorbed protein, DRU is
the response unit from SPR and Cspr is a proportion-
ality constant, which has been calibrated to � 0.066
ng/cm2 for protein adsorption.26,27

Platelet adhesion

Fresh platelet-enriched plasma (PRP) was purchased
from the Second Affiliated Hospital of Zhejiang Uni-
versity. First, a polyglutamate film (1 � 1 cm2) was
placed onto a piece of glass slide. Then, a sample of
40 lL of PRP was carefully dropped on the film sur-
face. After incubation for 30 min at room tempera-
ture (� 27�C), the film surface was carefully rinsed
three times in PBS (pH ¼ 7.5) to remove the unad-
hered platelets. Platelets adhered on the film surface
were preserved with 2.5% glutaraldehyde/PBS solution
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for 30 min, followed by a dehydration procedure
using a series of ethanol-water mixtures (40, 50, 60,
70, 80, 90, 100 vol% of ethanol) for 20 min and then
air dried. Finally, the film surface was characterized
by Field Emission Scanning Electron Microscopy
(Sirion-100, FEI, USA) after gold sputtering.

RESULTS AND DISCUSSION

As shown in Scheme 1, PELG, POLG, PDLG, and
PSLG were synthesized by the ring-opening poly-
merization of corresponding NCAs, which is the
most economical and expedient process to get synthetic
polyglutamates with high molecular weight.21–24,28

These polyglutamates differ only in the side alkyl
group (carbon number equals to 2, 8, 12, or 18). It is
appealing to study the influence of the alkyl group on
the surface characteristics of polymer with these poly-
glutamates as the models. Table I shows typical results
for the synthesis of these polyglutamates.

FT-IR/ATR spectra of the polyglutamate films are
shown in Figure 1. With the increasing of methylene
in the alkyl group, the intensity of absorption peaks
ascribed to methylene (mas ¼ 2915 cm�1, ms ¼ 2847
cm�1 for stretching vibration, ds ¼ 1469 cm�1 for
bending vibration) increases, which is similar to the
results reported by Jeon et al.29 Each spectrum has
same absorbance peaks at 1650 cm�1 and 1549 cm�1,
indicating the existence of a-helix conformation in
these polygultamtes films. However, the weak peak
at 1627cm�1 in the spectra of POLG and PDLG dem-
onstrates that there are a few b-sheet polyglutamates
for these two samples.

Water contact angle and swelling behavior have
been commonly used to characterize the relative sur-
face wettability. Figure 2(a) shows the static water
contact angles of the polyglutamate films. It can be
observed that the hydrophilicity was contrary to the
length of the alkyl group. Jeon et al.29 have specu-
lated that PSLG formed in a-helix conformation with
the main chain as backbone and the long stearyl
groups stretched outside. This molecular model is
also suitable for the polyglutamates studied in our
cases, which is helfpul to explain the dependence of
hydrophilicity on the alkyl group of polyglutamates.
As the length of the alkyl group increases, the
impact of hydrophilic polyglutamate backbone on
the surface wettability of the film decreases, while
the influence of hydrophobic alkyl group increases.
It seems that the decisive factor for the surface wett-
ability of PELG is the polyglutamate backbone, while
in the cases of other three polyglutamates, the long
hydrophobic alkyl groups screen the polyglutamate
backbone and become the main factor. Therefore,
PELG is hydrophilic while the other three polygluta-
mates are relatively hydrophobic. As can be seen
from Figure 2(b), dynamic measurements within 250
s also show that the water contact angle of the PELG
surface decreases more obviously than those of the
POLG, PDLG, and PSLG surfaces because water
droplets penetrate into the hydrophilic polyglutamate
more easily during the measurement.
Water absorption of the polyglutamate films was

also measured. Results listed in Figure 3 are consist-
ent with those from water contact angle measure-
ments. It can be speculated that the short alkyl chain
makes the water molecules closer to the ester and

Scheme 1 Schematic representation for the synthesis of
polyglutamates with different alkyl groups.

TABLE I
Typical Results for the Synthesis of Polyglutamates

Polyglutamate
Monomer/initiator

(mol/mol)
Yield
(wt %)

Viscosity
(dL/g)

PELG 100 : 1 95.6 0.308
POLG 100 : 1 92.3 0.225
PDLG 100 : 1 94.8 0.521
PSLG 100 : 1 80.3 0.230

Figure 1 FT-IR/ATR spectra of the polyglutamate films.
(a) PELG; (b) POLG; (c) PDLG; and (d) PSLG.
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amide bonds of polyglutamate to form hydrogen
bond.

Surface blood compatibility is an important part of
biocompatibility when considering applications in

tissue engineering as biomedical materials. In this
work, blood compatibilities of the polypeptide films
were evaluated by protein adsorption and platelet
adhesion. When foreign surface is exposed to blood,
a competitive adsorption of protein occurs instanta-
neously at the surface and a complex protein coating
on the surface is formed, which affects the surface
blood compatibility.30 Therefore, it is imperative to
study protein adsorption when considering blood
compatibility. Table II shows the results of BSA
adsorption on the surface of various polyglutamate
films. BSA adsorption on the film surface increases
with the hydrophobicity of the film surface. Various
interactions, such as hydrophobic interaction, elec-
trostatic interaction, acceptor-donor interaction etc.,
may influence protein adsorption. Among them, it
is widely accepted that hydrophobic interaction
between the polymer surface and protein plays a
significant role in the nonselective adsorption of pro-
tein.31–37 Usually, that is, polymers possessing
hydrophilic surface show relatively low nonselective
protein adsorption. Albumin is the major constituent
of blood plasma and is one of the smallest plasma
proteins with molecular weight of 67 kDa which
adsorbs to the surface fast. Except for the nonselec-
tive interaction, the selective interaction between
protein and surface polypeptide should be also con-
sidered. Albumin, like BSA or human serum albu-
min (HSA), is composed of a single polypeptide
chain folded into three or four spherical units. The
crevices between these spherical regions are sup-
posed to be the fatty acid binding sites by hydro-
phobic interaction. These structures make it possible
for albumin to bind to long alkyl chain selectively,
especially the stearyl groups.38–41 Therefore, the spe-
cific interaction between BSA and PSLG results in the
high BSA adsorption of PSLG film. Fibrinogen is a
large blood protein with molecular weight of 340 kDa,
which is known to adsorb more strongly to multiple
surfaces, especially polymer surfaces.25,42 Similarly, the
amounts of adsorbed fibrinogen on the surfaces
increase with surface hydrophobicity (Table II). Never-
theless, due to the strong adsorption and high molecu-
lar weight, the amount of adsorbed BFg is much
higher than that of BSA.
After the adsorption of proteins from blood, plate-

let adhesion and activation of coagulation occur,

Figure 2 Static (a) and dynamic (b) water contact angles
of the polyglutamate surfaces.

Figure 3 Water absorption of the polyglutamates.

TABLE II
Amount of Protein Adsorbed on the Surface of Various

Polypeptide Films

Polyglutamate BSA (ng/cm2) BFg (ng/cm2)

PELG 24.64 6 9.50 138.29 6 28.48
POLG 37.42 6 13.65 157.41 6 15.72
PDLG 55.69 6 16.99 171.55 6 24.95
PSLG 80.18 6 14.92 178.38 6 11.66
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leading to thrombus formation. Platelet adhesion
experiment is a useful method to evaluate the pre-
liminary blood compatibility of a polymer surface.
In this study, platelets adhesion on the surface of
various polyglutamate films was examined with
Field Emission Scanning Electron Microscopy and
evaluated based on the number and the morphology
of adhered platelets. According to the arbitrary
method of Ko et al.,43 the morphology can be classi-
fied into five stages: round (unactivated), dendritic
(pseudopodial but no flattening), spread-dendritic
(late pseudopodial with hyaloplasm spreading), and
fully spread (totally acitivated). As can be seen in
Figure 4, platelets are adhered on the polyglutamate
surfaces without obvious aggregation and distortion
in the first stage. The number of adhered platelets is
strongly dependent on the carbon number of the
alkyl group. As shown in Figure 5, the amounts of
adhered platelets increase in the sequence of PELG
< POLG < PDLG. However, the amount of adhered
platelets on the PSLG surface is even less than that
on the POLG surface, a little more than PELG.

It has been proved that the behavior of platelet ad-
hesion on material surfaces depends on many fac-
tors, such as wettability, surface roughness, charge
density, and mechanical characteristics.44 These fac-
tors firstly influence the adsorption of HSA and fibri-
nogen in plasma. Fibrinogen is reported to be a key pro-
tein relating to platelet adhesion and activation by
binding to the platelet receptors (GPIIb/IIIa, GP Ib, and
possibly axb3), leading to thrombus formation, while
HSA is passive for the adhesion of platelets.33–37,45 When
the polypeptide film is exposed to the PRP, the low mo-

lecular weight proteins like HSA arrive firstly and
adsorb at the surface. However, these adsorption is
easily displaced by the later arrived, high molecular
weight proteins with high affinity to the surface (so-
called Vroman effect).46,47 As has been indicated ear-
lier, albumin is a small protein while fibrinogen is a
larger protein with high affinity. For PELG, POLG,
and PDLG films, the first adsorbed HSA would be
replaced easily by fibrinogen due to the strong
absorption of fibrinogen, leading to the suppressing
of HSA adsorption. The amounts of adsorbed fibrino-
gen increased with the hydrophobicity of surfaces. As

Figure 4 Surface images of platelets adhesion on polyglutamate films. (a) PELG; (b) POLG; (c) PDLG; and (d) PSLG.

Figure 5 Platelets adhesion on the polyglutamate
surfaces.
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a result, platelets adhered to the polyglutamate sur-
face increase with surface hydrophobicity as well as
the increasing of adsorbed fibrinogen. For PSLG,
however, the specific interaction between the stearyl
groups and the alkyl-binding cites of albumin makes
albumin adsorption strong enough to resist the
replacement by fibrinogen.38–41 Therefore, the amount
of platelets adhered on the PSLG surface is as few as
PELG.

CONCLUSIONS

In this article, surface characteristics of PALGs with
different alkyl groups are described in relating to
wettability and biocompatibility. PELG is hydro-
philic and POLG, PDLG, and PSLG are hydropho-
bic. The main reason for PELG is the hydrophilic
polyglutamate backbone, whereas that for POLG,
PDLG, and PSLG is ascribed to the long hydropho-
bic alkyl groups. For surfaces of PELG, POLG, and
PDLG films, hydrophobicity is a decisive factor for
the nonselectively adsorption of proteins and plate-
lets. As a result, the amounts of BSA and BFg
adsorbed to the polyglutamate surfaces increase
with the surface hydrophobicity, so does the plate-
lets adhesion. For the PSLG surface, however, the
specific interaction between stearyl groups of poly-
peptide and albumin predominates, which inhibits
the competitive adhesion of fibrogen. As a result,
the amount of platelets is even less than that on the
POLG surface.
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