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One of the distinct biochemical signatures of life is the high chiral preference of biomolecules that

compose the organisms, e.g. L-amino acids, D-sugars, L-phospholipids. As a result, many biological and

physiological processes are greatly influenced by the chirality of biomolecules. This inspires the

introduction of chiral effects into biomaterials research. For this purpose, we developed a novel chiral

polymer brush film system containing amino acid units and report that the stereochemistry of the

polymer films significantly influences the cell/substrate interaction. With two adhesive cell lines—COS-

7 and bEnd.3 as examples, here we report a study of differential cell behaviors on chiral polymer film.

We show that the cells can adhere, grow, spread, and assemble much better on the L-amino acid based

polymer film than on the corresponding D film, although their chemical and other physical properties

are all the same, indicating that the L configuration of the polymer film has better cytocompatibility

than the D configuration. It not only implies a novel strategy for the design of new generation of

biomaterials and devices based on the chiral effect, but may also add important knowledge to the

understanding the origin of chiral preference in biosystems.
Introduction

The interaction between cells and artificial materials at the

interface is an important aspect determining their biomedical and

bioengineering applications.1,2 It is not only regulated by extra-

cellular matrix (ECM) proteins,3 but also governed by surface

chemical and physical properties of materials,4–7 if cells are

exposed to artificial surfaces. Life is a typical chiral system with

characteristics of high chiral preference of biomolecules that

compose the organisms,8,9 which greatly influences many bio-

logical and physiological processes.10 For example, chiral mole-

cules may have different odors, and when being used in medicine,

may exhibit much different or even opposite medical effects. This

inspires the introduction of chiral effects into biomaterial

research.

However, although it is of great importance in various

domains from biomaterials to origin-of-life research, the inter-

action between bio-entities and chiral surfaces11,12 has rarely been

studied. As one of the few studies in this aspect, we recently

reported the primary results of the specific adhesion and acti-

vation of immune cells on self-assembly N-isobutyryl-L(D)-

cysteine monolayers on gold substrates.12 Nevertheless, this
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study is only a starting point, and in order to learn more about

the cellular responses to chiral surfaces, it is essential to extend

this study by analyzing different kinds of chiral systems and

various distinct cell types. Furthermore, it is difficult to go

further using the surface model of chiral self-assembly mono-

layers, due to the very thin film thickness that greatly limits their

practical applications and gives a relatively weak chiral charac-

teristic to the surface. With these considerations, and to guide the

effect into practical applications, we developed a novel chiral

polymer brush film system, because polymers13–15 are the mostly

common-used biomaterials and the polymer brushes16–18 show

extra advantages of the easy tailorability of chemical composi-

tions and functions and the precisely controlled surface

properties with considerable bio-related applications, e.g.

bioseparation, anti-biofouling, scaffolds for bioengineering,19

etc. With the use of two adhesive cell lines, here we demonstrate

the influence of chirality on cell behaviors on polymer surfaces.

We show that the cells can adhere, grow, spread, and assemble

much better on the L-amino acid based polymer film than on

the corresponding D film, although their chemical and other

physical properties are all the same, indicating that the

L configuration of the polymer film has better cytocompatibility

than the D configuration. It not only implies a novel strategy for

the design of a new generation of biomaterials and devices20

based on the chiral effect, but may also add important insights

into the understanding of the origin of chiral preference in

biosystems.
Results and discussions

As one of the important fundamental materials in life, most

amino acids exist as L-isomers in nature, and the chirality of

amino acids determines the steric configurations and conforma-

tions of proteins and other biomacromolecules,21 thus greatly
Soft Matter, 2010, 6, 3851–3855 | 3851
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Scheme 1 Synthesis protocol for the chiral polymer brush films. The first

step is to synthesize the chiral monomer of L(D)-acryloylated amino acids

through the reaction between amino acids and acryloyl chloride. The

second step is to obtain the chiral polymer brush film by the surface

initiated atom transfer radical polymerization method.

Fig. 1 (a) Steric configurations of the N-acryloyl-L(D)-valine monomers

obtained from the crystal analysis data. (b) CD spectra for L(D)-PV

polymers and the corresponding monomers. Black: N-acryloyl-L-valine

monomer; red: N-acryloyl-D-valine monomer; blue: L-PV polymer; cyan:

D-PV polymer. The insets are the UV-vis spectra for the polymers (lower)

and the monomers (upper), in which the absorbance intensity at 202 nm

peak for –COOH groups were used to characterize their effective

concentrations. The perfect mirror-image relationship between the CD

spectra for the L(D)-PV polymers and the much higher optical rotation

activity compared with the monomers indicate that the chirality was

preserved very well after the polymerization process. X-Ray photoelec-

tron spectrum study (see ESI†) shows that the films are identical in

chemical compositions, which is verified by coincide between their UV-vis

spectra.
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influencing their bioactivities and the relevant bioprocesses.

Based on this reason, we selected the amino acid enantiomers as

the chiral units in the design of the polymer brushes,22 which

contain an achiral polyacryloyl backbone, and the amino acid

units are linked to the backbone in a comb teeth style through the

amide bonds. For preparation (as schematically shown in

Scheme 1), the film was grafted onto the silicon wafer via the

surface initiated atom transfer radical polymerization (ATRP)

method23 starting from monomers of L(D)-acryloylated amino

acids. Since there are more than 20 natural amino acid species,

we chose the L(D)-valine based polymer brushes (denoted as L-PV

and D-PV, respectively) as a representative for the studies in the

following.

The N-acryloyl-L(D)-valine monomers that were used for the

polymerization exhibit excellent crystallinity and the 3-dimen-

sional molecular structures obtained from the crystal analysis

data (for details, see ESI†) are shown in Fig. 1a. It indicates

a very high chiral purity for the L(D)-isomers. Fig. 1b shows the

circular dichroism (CD) spectra for the monomers and the cor-

responding L-PV and D-PV polymers at the same effective

concentration (as indicated by the UV absorbance intensities for

–COOH groups, see insets of Fig. 1b). The perfect mirror image

relationship for the curves and the much larger D3 values for the

polymers than the monomers prove that the chirality was well
3852 | Soft Matter, 2010, 6, 3851–3855
preserved after the ATRP process and the optical rotation

activity was largely enhanced by forming polymers.

The atomic force spectroscopy (AFM) and ellipsometry

studies show that the as-prepared polymer brush films are iden-

tical in surface morphology (Fig. 2a and b), and that the films are

quite uniform and smooth (roughness less than 2 nm) in a large

scale range (at least hundreds of micrometres, as indicated by the

ellipsometry study). The film thickness is in a range of 10–14 nm

for both D- and L-films. Wettability measurements show that they

are hydrophilic with contact angles of about 52 � 2�. X-ray

photoelectron spectroscopy (XPS) proves that the chemical

compositions of the two films are also the same. These results

reveal that the L(D)-PV films are identical in both the physical and

chemical properties, except for the opposite chirality.

We first used a fibroblast-like cell line—COS-7 cells to inves-

tigate the cell behaviour on the chiral polymer brush films (for

the cell culture experiments, each experiment has been repeated

for at least 6 times, and all data provided below were the statistic
This journal is ª The Royal Society of Chemistry 2010
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Fig. 2 Film property characterization of the L-PV (a) and D-PV films (b)

by AFM and wettability studies. Upper left: 2-dimensional AFM image;

upper right: 3-dimensional AFM image; lower left: corresponding phase

image; lower right: contact angle (CA) measurement shows that the films

are hydrophilic with same CAs of about 52�. Scale bar: 200 nm.

Fig. 3 Cell culture experiments for COS-7 cells on the chiral polymer

brush films. (a–f) Typical fluorescent images on L-PV (a, c, e) and D-PV

films (b, d, f) at different incubation stages. (a, b) 1 h; (c, d) 24 h; (e, f) 48

h. (g) Cell counting results for 1 h of incubation. (h) Surface area ratios

(Ar) occupied by cells after 24 and 48 h of incubation. (i) Integral fluo-

rescent intensities (If, by arbitrary units (a.u.)) for the cell occupied areas

on images after 24 and 48 h of incubation. The data in (h) and (i) were

obtained by the Volocity (Improvision) image processing system. For the

statistic analysis of these data, one asterisk means P < 0.05 for the t-test;

while double asterisks mean P < 0.01. Cyan: L-PV film; purple: D-PV film.

Scale bars for (a–f) are 100 mm.
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results for all experiments, see ESI† for details). Fig. 3 shows

typical fluorescent microscopic images after different periods of

cell incubation. For 10 min of incubation, only a small amount of

cells were attached onto the films and all cells were distributed

separately with round morphology. With the elongation of the

incubation time, more and more cells were adhered onto the

surface, in which a significant difference could be observed on L-

and D-PV films. As shown in Fig. 3a and b for 1 h of incubation,

the cell density on the L-PV film (average of 4.17 � 103 cm�2) is

apparently higher (t-test: P < 0.01, Fig. 3g) than that on the D-PV

film (average of 2.50 � 103 cm�2).

For longer incubation time, the cell density on surfaces

increased further. At the same time, the difference between the

L(D)-PV films exhibited some new aspects, which reflected not

only on the cell quantity, but also on cell morphology and

configuration. Fig. 3c and d show the results of 24 h. On the L-PV

film, the cells spread and connected to each other to form large

interlinked clusters.

However, on the D-PV film, the spreading extent was much

lower and the cells preferred much more to remain isolated

stacks. The SEM images (Fig. 4) show the difference on the two
This journal is ª The Royal Society of Chemistry 2010
films with more details, in which the cell connection on the L-PV

film (Fig. 4a) can be clearly observed, while the piling-up cells on

the D-PV film (Fig. 4b) exhibit roughly round morphology.

Because it is difficult to determine the cell quantity accurately due

to the complicated cell spreading and overlapping, we used two

parameters to characterize quantitatively the cell behaviour for

long incubation time, which were obtained through analyzing the

fluorescent images by the Volocity (Improvision) and Photoshop

CS (Adobe) software.24,25 The first is the area ratio of the surface

(defined as Ar) occupied by cells, describing the two-dimensional

cell growth on the substrate. The second is the integral fluores-

cent intensity (defined as If) of the image for the cell covered

regions. It gives a three-dimensional expression for the overall

cell quantity and volume on the surface. As shown in Fig. 3h, the

average value of Ar on the L-PV film is about 11.61%, which is
Soft Matter, 2010, 6, 3851–3855 | 3853
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Fig. 4 SEM images for cell (COS-7) morphology on chiral polymer

brush films after 24 h of incubation. (a) L-PV film. (b) D-PV film. Scale

bar: 100 mm.

Fig. 5 Cell culture experiments for bEnd.3 cells on the chiral polymer

brush films. (a–f) Typical fluorescent images on L-PV (a, c, e) and D-PV

films (b, d, f) at different incubation stages. (a, b) 1 h; (c, d) 24 h; (e, f) 48

h. (g) Cell counting results for 1 h of incubation. (h) Surface area ratios

(Ar) occupied by cells after 24 and 48 h of incubation. (i) Integral fluo-

rescent intensities (If) for the cell occupied areas on images after 24 and 48

h of incubation. The data in (h) and (i) were obtained by the Volocity

(Improvision) image processing system. For the statistic analysis of these

data, one asterisk means P < 0.05 for the t-test. Cyan: L-PV film; purple:

D-PV film. Scale bars are all 100 mm.
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much larger (t-test: P < 0.05) than that on the D-PV film (aver-

agely 6.90%). Simultaneously, the average If value (Fig. 3i) on the

L-PV film seems to be higher than that on the D-PV film, although

significance is not shown here.

The difference became more significant when the incubation

time was prolonged to 48 h. As shown in Fig. 3e, the two-

dimensional growth, spreading and connection of cells made the

cells to form large and highly interconnected two-dimensional

assemblies on the L-PV film. However, on the D-PV film, it seems

that the cells did not prefer the surface and could not form

effective connections with each other through the guidance of the

substrate, while instead, the cells preferred to grow on the top of

other cells and form the isolated large clusters. Accordingly, the

fluorescent intensity of a single large cluster on the D-VP film is

much higher (revealing a thicker cell layer) than the cell assem-

blies on the L-VP film. It shows that the formation of the large

clusters on the D-VP film is mainly due to the cell proliferation,

but not the cell spreading and connection. For the quantitative

analysis (Fig. 3h and i), L-PV film also exhibited much larger

average Ar (t-test, P < 0.01) and If values (t-test, P < 0.05) than

the D-PV film. These data clearly demonstrate the much different

growth and assembly tendencies of COS-7 cells on the two chiral

surfaces: on the L surface, the cells prefer to grow and assemble

along the two-dimensional surface directions; while on the

D surface, the cells would mainly proliferate three-dimensionally.

Such different growth and assembly tendencies reveal that the L-

PV film has much higher cytocompatibility than the D-VP film.

The above results disclose the different behaviour of COS-7

cells on the L- and D-PV films at various incubation stages. For

the short incubation stage, the cells exhibited much different
3854 | Soft Matter, 2010, 6, 3851–3855
attachment and adhesion behaviours on the chiral substrates.

For longer incubation stages (e.g. 24 and 48 h), since the

attachment process normally occurs in a relative short time scale

(e.g. 1 h) and those have failed to adhere onto the substrate will

initiate the apoptosis process,26,27 the different assembly and

growth behaviours of the cells are mainly related to the diver-

gence in subsequent cellular events like proliferation, differenti-

ation and migration, apoptosis, and other processes, e.g. ECM

reconstruction.28 In order to get more information regarding the

cytocompatibility of the L- and D- films, we also used a different

cell type—endothelial cells (bEnd.3) in our cell culture experi-

ments. There was no difference (t-test, P [ 0.05, Fig. 5g)

between cell quantities on the L(D)-PV films at 1 h (Fig. 5a and b).

However, at 24 h (Fig. 5c and d), the cells have spread and

formed contacts resulting in a highly linked two-dimensional
This journal is ª The Royal Society of Chemistry 2010
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network, and the difference between the L(D)-PV films became

distinct, in which the L film has higher average Ar and If values

than the D film (t-test, P < 0.05, see Fig. 5h and i). After incu-

bation for 48 h (Fig. 5e and f), the cell quantity decreased with

obvious reductions in the Ar and If values compared with 24 h on

both films. Interestingly, the decrease was more substantial on

the D-PV film than on the L-PV film, resulting in significant

differences (t-test, P < 0.05) for Ar and If values (Fig. 5h and i)

between them. The reduction in cell number is caused by the

apoptotic or necrotic cell death. Since dead cells will normally

leave the surface,29 the lower decrease of the surface coverage

level on the L film indicates that the cells may have a smaller

apoptosis and necrosis rate than those on the D film. This also

points to a clear difference in the cytocompatibility between the

two chiral surfaces.

Thus it can be inferred that the cells can sense the steric

configurations of molecules on substrates and respond differen-

tially according to their chirality, although the other surface

chemical and physical properties remain the same. The stereo-

chemistry of the substrate can greatly influence the interaction

between cells and the polymer films and thereby critical cellular

functions including adhesion, spreading, growth, assembly and

apoptosis. Similarly, Hanein et al.11 also reported the differential

adhesion behaviour of epithelial cells on enantiomorphous

crystal faces. Together with our previous report of the stereo-

specific adhesion and activation of immune cells on the chiral

self-assembly surfaces, it shows that this effect is not unique, but

may be generally applicable for different materials and cells. In

the in vivo applications of biomaterials, this behaviour deter-

mines in a large extent their performance. Therefore, the chiral

effect implies a novel strategy for the design of high-performance

biomaterials and devices, which is much different from, but well

complementary to the conventional methods based on surface

wettability, chemical compositions, topographic structures, etc.

The mechanisms underlying the differential cell behaviour on

chiral films should be related to the stereoselective recognition

and binding between the chiral moieties of the polymer brush

films and cells, which would result in both complex intracellular

signalling cascades and physical or chemical interactions30,31 of

extracellular components with cell surface proteins.32 The

mechanism study may also bring much interesting insight into

the chiral preference of biomolecules in nature, and remains an

important task of our future research.

Conclusions

In conclusion, we developed a novel chiral polymer brush film

system and report that stereochemistry of the polymer film

greatly influences cellular behaviour on a substrate, including

adhesion, spreading, assembly, proliferation, and apoptosis. Due

to the much better growth of cells on the L film than that on the

D film, it indicates that the L configuration of the surface is more

beneficial for the improvement of the cytocompatibility of

materials. These results imply a novel strategy for the design of

new generation of biomaterials and devices based on the chiral

effect. Further studies are still underway to investigate this effect
This journal is ª The Royal Society of Chemistry 2010
in the in vivo environment and explore its underlying molecular

and biochemical mechanisms, which may help to elucidate the

chiral preference in biosystems.
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