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ABSTRACT: Chirality is one of the significant biochemical signatures of life. Nearly all
biological polymers are homochiral as they usually show high preference toward one
specific enantiomer. This phenomenon inspires us to design biomaterials with chiral units
and study their interactions with cells and other biological entities. In this article, through
adopting three pairs of aliphatic amino acids with different hydrophobic side groups as
chiral species, and using two adhesive cell lines as examples, we show that the chirality of
polymer brushes can trigger differential cell behaviors on the enantiomorphous surfaces,
and more interestingly, such chiral effect on cellular behaviors can be modulated in a
certain extent by varying the hydrophobic side groups of the chiral moieties composing
the polymers. This work not only proves the versatility of the chiral effect at the cell level
but also demonstrates a method to bridge the gap between organic signal molecules and
biomaterials. It thus points out a promising approach for designing novel biomaterials
based on the chiral effect, which will be an important complement for conventional
strategies in the study of biomaterials.

1. INTRODUCTION
The boom of modern biomaterials from lab to hospital is a part
of achievements on deeper understanding how biomaterials
interact with the biological systems at both the cellular and
molecular level, with the ultimate purpose to create more
suitable materials and products.1−6 Study of the interaction
between cells and artificial materials is a fundamental focus in
the biomaterials research frontier. Attention to the molecular
and structural information coded within the biointerface,
acting as the extracellular milieu, is intensively inspiriting the
development of novel biomaterials. Although several important
extracellular factors, including functional groups, charges,
wettability, roughness, and geometry, etc., have been studied
to regulate cell fate,7−9 further exploring cell behaviors on
material surface is highly desirable as we are still at the primary
stages of learning how to design and control the material
properties to gratify the need of medical treatment. Recently,
we found that chirality is another promising factor in biomaterial
design, especially for the treatment of surface or interface, which
can influence biological processes such as protein adsorption,
cell adhesion, and consecutive behaviors.10−12 However, it is
necessary to understand how the chemical structures of chiral
moieties influence cell behaviors on the surface of materials, since
it directly governs the applications of chiral effect in practical
systems.

Chiral polymer brush films provide an ideal platform to study
this topic.13,14 On the one hand, polymers are the mostly
common-used biomaterials,14−17 and many copolymers have
been used successfully to produce multiple styles of functional
surfaces for various bioassays.18,19 On the other hand, polymer
brushes show obvious advantages of easy tailorability over their
chemical compositions, properties, and functions, which brings
great convenience to introduce chiral functional units into the
polymer chains via copolymerization or terminal group
modification. Furthermore, nearly all biological polymers
(proteins, RNA, DNA, etc.) are homochiral.20,21 Amino acids,
as one of the fundamental materials in life whose chirality
determines the steric configurations and higher-order con-
formations of proteins and other biomacromolecules,22 are
preferential candidates for biopolymer design or simulation,
and their chiral natures as modulating factors are instinct. In
addition, acryloyl polymer is recognized as a promising
candidate for biocompatible materials,17 which is easy to bear
functional groups as side chains. Therefore, here we developed
a model system of chiral polymer brushes with an achiral
polyacryloyl backbone bearing amino acids on side chains as
chiral comb-teeth, as shown in Scheme 1.
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In this study, through adopting three pairs of chiral polymer
brush films based on aliphatic amino acids with different sizes
of hydrophobic side groups (Scheme 1) and studying the
behaviors of two kinds of adhesive cell lines, we address here
that the side-group size has great influence on the stereo-
selective interaction between cells and chiral polymer surfaces,
in which a larger side group leads to a more distinct difference
on cellular behaviors between the L(D) surfaces, whereas for
the polymer with a small side group (e.g., −CH3 group), the
chiral effect is insignificant. This demonstrates an effective
strategy to design chiral polymer brush films that enables us to
use stereochemistry to regulate cell behaviors.

2. EXPERIMENTAL SECTION
The polymer brushes were fabricated on silicon (Si) substrates using
the proven method of surface initiated atom transfer radical
polymerization (SI-ATRP, see Scheme 1).23 A clean Si substrate was
first treated to generate surface hydroxy groups. After dried under a
nitrogen flow, it was immersed and heated to reflux in toluene with
5 wt % ATMS for 3 h to obtain surface −NH2 groups. Then it was
rinsed with toluene and dichloromethane, dried, and immersed in
dichloromethane with 2 vol % pyridine. Appropriate amount of
bromoisobutyryl bromide was added dropwise into above solution at
0 °C, and the mixture was left for 1 h at this temperature and then
at room temperature for 12 h. The substrate was cleaned with

dichloromethane and toluene. Polymerization was achieved by
immersing the dried substrate in a degassed solution of N-acryloyl-
L(D)-amino acid monomer (4 mmol) in a 1:1 (v/v) mixture of H2O
and MeOH (8 mL) containing Cu(I)Br (23 mg) and PMDETA
(0.1 mL) for 3 h at 60 °C. After grafting polymer brush on Si surface,
it was immersed in and rinsed with methanol, ethanol, and deionized
water, respectively, to remove all the possible impurities. Under these
conditions, the film thickness was about 12 ± 2 nm. As three pairs of
amino acids including L(D)-alanine, L(D)-valine, and L(D)-leucine were
employed here, the final grafted polymer brushes were denoted as
L(D)-PA, L(D)-PV, and L(D)-PL, respectively. For additional details,
see the Supporting Information.

African green monkey SV-40 transformed kidney fibroblast cell line
(COS-7) and mouse brain endothelial cell line (bEnd.3) were cultured
in Dulbeccos Modified Eagles Medium (DMEM) (GIBCO, Germany)
until they reached appropriate coverage of plates and showed typical
cell morphology. Cells were digested with 0.25% trypsin−EDTA
solution (Sigma) in PBS (pH 7.4) and seeded on the chiral polymer
brush films at 5 × 104 COS-7 cells per well and 1 × 105 bEnd.3 cells
per well in 24-well plates (Corning, Germany) for cell culture
experiments. The cultures were incubated at 37 °C, and the
observations were made at 10 min, 1 h, 24 h, and 48 h time points.
The medium was changed every 2 days. All experiments were
performed at least six times. For additional details, please see the
Supporting Information.

Scheme 1. Schematic Representation for the Preparation of the Chiral Polymer Brush Filmsa

aFor this strategy, the comblike polymer, bearing chiral amino acid comb-teeth as a kind of modulator, can be tethered on various substrates (silicon
was used here). Three pairs of amino acids, including L(D)-alanine, L(D)-valine, and L(D)-leucine, were employed in this article; the final tethered
polymer brushes were denoted as L(D)-PA, L(D)-PV, and L(D)-PL, respectively.
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CellTracker Green CMFDA (Invitrogen, Germany) was used for
long-term tracing of living cells, and cell morphology was observed and
imaged by fluorescence microscope (Axioskop 2 plus, Zeiss,
Germany). At least 1/5 areas were taken micrographs from random
areas of each surface. Cell numbers of images were processed with
ImageJ software. Each cell was fit to the shape of an ellipse using the
“analyze particle” command, and the number of cells within each
image was counted. Photoshop CS and Volocity (Improvision)
software were used for image processing of the cell surface area (2D)
and total fluorescent intensity (3D). Statistical analysis was performed
on the SigmaPlot 11.0 statistical package, and values were considered
significant at P < 0.05. The student’s t test was used to compare the
data for the sample and control groups.

3. RESULTS AND DISCUSSION

3.1. Characterizations on Polymer Brush Films. Our
recent studies indicated that the SI-ATRP method is harmless
for the chirality in this polymeric system.12 As shown in
Figure S1, the UV−vis and circular dichroism (CD)
measurements show that the optical rotation has been largely
amplified after the polymerization process compared with the
original monomer. The reason is that the chiral units
assemble in a regular way, which largely constrains the
freedom of the chiral units and thus greatly enhances the
overall chirality of the system, especially on the two-
dimensional tethered polymer brushes. Therefore, under
the same reaction conditions, the polymer films exhibit
opposite chirality, but their other physical and chemical
properties of the polymer brush films based on the
enantiomers of the same amino acid are identical.
The atom force microscope (AFM) measurement was first

used to detect the surface topography of these films. As shown
in Figure 1 for the three-dimensional profiles, they are similar in

surface morphology and quite uniform with the roughness
below 2 nm; the nanoscaled random coils come into being on
the substrate (see the height images in Figure S2), and the
polymer brushes cover the whole surface uniformly (see the
phase images in Figure S2). Even in a large scale up to
hundreds of micrometers, the films also exhibit relatively
smooth feature, as indicated by the ellipsometry studies (see
Figure S3). These analyses show the advantages of tethered
polymer brush summarized as follows: (i) high coverage and no
overlapping for polymer brush chains on the surface,14 (ii) high
density of functional groups on the surface,15 (iii) easy
formation of nanoscale topography on the polymer film, and
(iv) high stability of covalent linkage to the surface.11−17,23−25

However, the wettability of the films is very different due to
the molecular structures of the hydrophobic side groups of
amino acids. As shown in the insets of Figure 1, the static
contact angles (CAs) increase regularly with the increase of
sizes of the hydrophobic side groups from methyl to isopropyl,
further to isobutyl, which vary from about 42 ± 1° for the
L(D)-PA films to about 52 ± 2° for the L(D)-PV films, and
further to about 57 ± 2° for the L(D)-PL films. For all these
films, a pair of enantiomorphous surfaces is identical in
wettability, indicating that surface chirality does not influence
the surface free energy of the films.

3.2. Behaviors of COS-7 Cells on Chiral Polymer Brush
Films. As one of the main cellular components for human
tissues, fibroblasts are widely used to evaluate the cellular
response of artificial biomaterials.26,27 Here, typical fibroblast
cell line COS-7 cells (derived from kidney cells of the African
green monkey) were employed first to investigate the cell
behaviors on all the chiral polymer brush films, considering that
COS-7 has a symbolic branched cytoplasm and individual
COS-7 cells can also migrate slowly over substrate, which
would provide plentiful knowledge about the cell/substrate
interactions. As we pay more attention to studying the cell/
surface interactions, the fluorescent microscopy is preferred
because of its intuitional manner, which focuses on the surface
for studying cell behaviors in situ. Each experiment was
performed for at least six times, in which classical fluorescent
microscopy and statistical calculations were adopted to explore
cell behaviors during different periods of cell incubation.
In the initial 10 min of incubation, a small amount of COS-7

cells was found to attach onto the films, and all cells were
distributed separately with round morphology (see Figure S4a).
There was nearly no difference in this period for cell touching
on all the six surfaces. However, along with the extending of
incubation, more and more cells adhered onto the surfaces,
where clear differences could be observed after 1 h of incu-
bation (see Figure 2a/d,g/j,m/p). The cell numbers on all the
L-films were apparently higher than those on the corresponding
D-films. The data of cellular density, as listed in Table 1,
show that the numbers of cells on the L-films almost doubled
those on the corresponding D-films for all three kinds of
polymers. These phenomena give a clear hint that cells prefer
the L-surface to the D-surface. However, the results of t test
(P value) revealed that the densities of cell adhesion between
the L(D)-surfaces had statistical difference on both the PV and
PL films (P < 0.05), whereas it was not significant on the PA
films (P > 0.05), though the average value on the L-PA surface
was higher than that on the D-PA surface. We speculate that
the smaller methyl group of L(D)-alanine supplied relatively
weaker chiral characterization instead of lower hydrophobicity
because the cell densities on the L(D)-PA films were close to

Figure 1. Topography of the films: (a) L-PA; (b) D-PA; (c) L-PV; (d)
D-PV; (e) L-PL; (f) D-PL identified by AFM (1 × 1 μm; Z = 5 nm)
and the corresponding wettability studies. The water CA measure-
ments show that the films are hydrophilic with CAs of about 42° for
PA, about 52° for PV, and about 57° for PL, but there is no difference
between a pair of enantiomerphous surfaces.
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those on the L(D)-PV films. Nevertheless, the L(D)-PL
films exhibited higher ability for cell adhesion since higher
cell densities were observed (Table 1), indicating that larger
alkyl side group and the subsequent higher hydrophobicity
of the surface are favorable for cell adhesion. In our opinion

for this period, chirality of the branch terminal induced a
larger difference for cell adhesion between the L(D)-films
compared with other factors such as the change of side groups
and surface wettability for the three kinds of polymer films
used here.

Figure 2. Typical fluorescent images of COS-7 cells incubated at different time periods on the chiral polymer brush films. Scale bars: 100 μm.
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By prolonging the incubation time from 1 to 24 h (see Figure
2b/e,h/k,n/q), new aspects with significant differences were
observed. Besides that the cell densities increased on all six
surfaces, a more interesting aspect was that the cell morphology
and configuration exhibited great differences between the
L(D)-films. Cells on the L-films (Figure 2b,h,n) seemed to
have higher activity: they spread on the surface and connected
to each other to form large interlinked clusters, where more
pseudopodia were presented. Otherwise on the D-films (Figure
2e,k,q), cells preferred to remain isolated stacks with a roughly
round morphology. When the incubation time was prolonged
to 48 h (see Figure 2c/f,i/l,o/r), the above differences became
more significant. The growth, spreading, and connection of
cells shaped them into large and highly interconnected two-
dimensional assemblies on the L-films (Figure 2c,i,o). However,
on the D-films (Figure 2f,l,r), it shows that cells could not form
effective connections with each other through the guidance of
the substrates. Instead, cells more preferred to grow on the top
of other cells and formed the isolated clusters. Since cells
respond to the surfaces instinctually, it could be concluded that
the stereochemistry greatly influence the cell growth and
spreading behaviors on the polymer brush films. It might be
further deduced that the chiral modulation runs on the
opposite directions: being improved by the L-enantiomers,
whereas being suppressed by the D-enantiomers.
Another feature could be noticed that the sizes of the

hydrophobic side groups also have regular influence on cellular
behaviors on the polymer brush films. After the same incu-
bation time, especially for the L-films as shown in Figure 2,
the extent of cell spreading and connection increased with the
groups’ sequence of alanine, valine, and leucine, indicating
that increasing the size of hydrophobic side groups of the
L-polymers could significantly improve the cell activity on sur-
face. However, on the D-films, the difference among the three
surfaces was much smaller, where the piling-up cell stacks
almost kept round morphologies and few pseudopodia were
extruded. There was no evidential expansion of cell density on
them compared with that on the L-films, though the changing
of wettability is same following the sequence of the PA, PV, and
PL films. Thus, these results suggest that the L-enantiomers of
the amino acid units could effectively influence cell behaviors
within a wide range compared with the D-enantiomers. On the
other hand, along with the elongation of the incubation time
(see Figure 2), the cell proliferation seemed to process at
different speeds, and their differentiation and migration on the
surfaces were also different, resulting in diverse gradable cell
densities on the PA, PV, and PL films. This indicates that many
kinds of cellular behaviors could also be modulated by changing
the chiral moieties in this polymer brush system.
For long-time incubation (24 and 48 h), the cell−cell contact

and the cells assembly performed more prominent features.
Therefore, the analysis of cell density became difficult owing to
the complicated cell overlapping. To address this issue, we used

another two parameters to evaluate cell behaviors. The
quantitative characterizations were performed through
analyzing the fluorescent images by Photoshop CS
(Adobe) and Volocity (Improvision) software.28,29 The
former provides the area ratio (Ar) for the cell-covered
section, describing the two-dimensional cell spreading on
the surface; the latter calculates the integral fluorescent
intensity (If) for the cell-occupied regions, which gave a
three-dimensional expression for the volume of cells on the
substrate.
As shown in Figure 3 (see Supporting Information for the

data details), the average Ar values (Figure 3a) on the L-films

were much higher than those on the corresponding D-films at
all analyzed time points on the three kinds of polymer brush
films. Statistical significance was shown finally on the PA films
after 48 h (t test: P < 0.05). The increasing tendencies both
followed the time axes distinctly and were along with the
increase of size of the hydrophobic side groups. This graph was
consistent with above results; the data demonstrated not only
the differential growth and assembly of COS-7 cells on these
chiral surfaces but also the changing regulation mediated by the
molecular structures of chiral moieties from methyl to
isopropyl, further to isobutyl. Simultaneously, the three-
dimensional calculations simulated by If value (Figure 3b)
well supported aforesaid conclusions (discussion in Figure 2)
for the cell proliferation, differentiation, and migration.
As a brief summary, such differential cell behaviors reveal that

the L-polymer brush films have much higher cytocompatibility
than the D-films. Importantly, the function of the chiral film
can be modulated to a certain extent by changing the molecular
structures of chiral moieties. As a result, the larger size of
hydrophobic side group induces much significant difference on
cellular behaviors. It presents a clear strategy to design novel
chiral materials or surfaces to regulate cell behaviors.

3.3. Behaviors of bEnd.3 Cells on Chiral Polymer
Brush Films. As a new type of biomaterial potentially for
biomedicine or tissue engineering, more understanding on
cytocompatibility is inevitable due to the complexity of
biosystems. A different cell line bEnd.3 (derived from mouse
brain endothelial cells) was thus selected as another object in
our research. Different from fibroblasts that mainly exist in
connective tissues, bEnd.3 cells are endothelial cells, which lie
in the entire circulatory system throughout the body, and act as

Table 1. Cell Densities for 1 h Incubation of COS-7 Cells on
the Chiral Polymer Brush Films

cell density (×103 cm−2) t testa

polymer brush L-film D-film P value

PA 4.78 ± 1.78 2.93 ± 0.68 0.100
PV 4.17 ± 1.52 2.50 ± 1.06 0.007
PL 6.72 ± 2.23 3.72 ± 1.22 0.030

aThe statistic analysis is based on 6 times of cell culture experiments.

Figure 3. Analytical results of COS-7 cells adhered on the chiral
polymer brush films based on the fluorescent images. (a) The area
ratio method. (b) The integral fluorescent intensity method. The
t test: P < 0.05 (◆); P < 0.01 (★).
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selective barriers between the vessel lumen and the surrounding
tissues.30,31

In the earliest 10 min, bEnd.3 cells displayed the round
morphology (see Figure S4b) and no difference was found, as
well as COS-7 cells, on all the six surfaces. After 1 h incubation
of bEnd.3 (see Figure 4a/d,g/j,m/p), besides the increased cell

quantities, nearly all cells were still round morphology. It is
noteworthy that except for the case of PL films (Table 2),

where the cell density was significantly larger on the L-surface
than that on the D surface (P < 0.05), no statistical difference
(P ≫ 0.05) were found on both PA and PV films.
However, after 24 h incubation (see Figure 4b/e,h/k,n/q),

the cells multiplied and contacted with each other, resulting in
dense networks on all films, and an important result was
presented that the statistical difference between the L(D)-PV
films became distinct (Figure 5a, see Supporting Information

for the data details), where the L-PV film had higher average
Ar values than the corresponding D-PV film (P < 0.05), whereas
the statistical significance did not change for the PA and PL
films (the P value is still more than 0.05 for PA films and still
less than 0.05 for PL films). This phenomenon implied the
modulating function of the molecular structure of chiral moiety,
since the larger isobutyl triggered differential cell behaviors on
the enantiomerphous surfaces earlier and more effectual than
the middling isopropyl, further than the smaller methyl. This is
similar to the results of COS-7 cells as mentioned above.
However, after 48 h incubation (see Figure 4c/f,i/l,o/r), the
statistical difference did not show on the PA films (Figure 5),
expectantly. But, a new phenomenon came into being at this
time point; the cell numbers decreased with obvious reduction
compared with the results of 24 h on all kinds of films. The
reductions were caused by the apoptotic or necrotic cell death
since dead cells normally would leave the surface.32−34 Though
cell death happened, the calculated results (Figure 5) also
pointed out a clear difference between the L(D)-surfaces on
both PV and PL films. In addition, it might be worthy of note
that the t test of If values (Figure 5b) on the PL films showed
changes on the statistical significance compared with the
Ar analysis (Figure 5a) after 24 h. The netlike growth property
of reticuloendothelial bEnd.3 cells was considered to be the
reason. Nevertheless, the L-polymer brushes have much higher
cytocompatibility than the corresponding D-films, and the
modulating function of chiral groups is positive.
Interestingly, along with the film sequence of PA, PV to PL,

bEnd.3 cells seem to show an opposite trend on the polymer
brushes compared with COS-7 cells. On one hand, it seems
that the PA films are more preferable for bEnd.3 cell in culture
than the PV films, further better than the PL films (Figure 4).
However on the other hand, the PA films did not show the
statistical difference between the L(D)-films even after 48 h,
whereas the PL films triggered differential cell behaviors at very
early stage of 1 h (Figure 5); these phenomena suggest that
maybe surface wettability is a major influences on governing the
biological tissue specificity (bEnd.3 prefers hydrophilic surface
other than COS-7), whereas chiral signature or component
coded in polymer film may dominate the cells responding. It
further demonstrates the advantage of this chiral biomimetic
strategy for biological applications.
It is obvious that different cells sense the chiral polymer

brush films in their own manner. The possible reasons behind
the above-mentioned cell behaviors could be attributed to the

Figure 5. Analytical results of bEnd.3 cells adhered on the chiral
polymer brush films based on the fluorescent images. (a) The area
ratio method. (b) The integral fluorescent intensity method. The
t test: P < 0.05 (◆); P < 0.01 (★).

Figure 4. Typical fluorescent images of bEnd.3 cells incubated at different
time periods on the chiral polymer brush films. Scale bars: 100 μm.

Table 2. Cell Densities for 1 h Incubation of bEnd.3 Cells on
the Chiral Polymer Brush Films

cell density (×103 cm−2) t testa

polymer brush L-film D-film P value

PA 8.31 ± 3.62 5.78 ± 2.94 0.320
PV 6.90 ± 2.08 6.77 ± 2.26 0.914
PL 10.68 ± 1.74 6.12 ± 0.30 0.011

aThe statistic analysis is based on 6 times of cell culture experiments.
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differential stereoselective recognition and binding between the
surface chiral moieties of the polymer brush films and the cells.
As live-cell’s surface is much more complex than polymer sub-
strate, study of cell-surface interaction should follow the cellular
sense and the characters donated by the polymer brushes. As
shown in Scheme 2 for a schematic study, cell surface receptors
respond to the chiral surfaces directly35,36 or are induced by
surface proteins indirectly, since protein adsorption is generally
the first event that happens during the material contacts with
biological environments and potentially leads to the exposure of
specific epitopes for cell adhesion.18,37,38 The surface proteins
usually have a strong influence on the following biological
events. Recently, we have found that protein adsorption also
displayed differential actions on this kind of enantiomorphous
surfaces.11 The corresponding thermodynamic analysis demon-
strated that the stereoselective hydrophobic interaction is the
main driving force for this effect, which is maybe related to the
conformational matching or not between the terminal chiral
moieties of the polymers and the hydrophobic domains of
proteins. Therefore, both the adsorption and the revealed
conformation of surface proteins might play the key role for the
subsequent cells response. Although it might be an indirect
signaling process during cell adhesion, it is still possible to use
chiral surfaces to modulate cell behaviors because both the
complex intracellular signaling cascades and the bidirectional
interactions on extracellular components are associated with
chiral surface in/directly39−41 and then followed with differ-
ential cell behaviors and functions. Study on this topic may
bring more inspirations, not only on further understanding
of cell-surface interactions but also on the design of next
generation of biointerface based on the chiral effect.

4. CONCLUSION

From a point of view of biomaterials, (I) the stereochemistry
design on the polymer brushes can trigger differential cell
behaviors on the enantiomerphous surfaces, (II) changing the
molecular structures of the chiral moieties within the
biomaterials can be used to regulate multifold cell behaviors
on the surface in a certain extent, (III) generally, the L-films
have higher cytocompatibility, and (IV) the design and
application of chiral biomaterials strongly depend on the
specific biological tissues and cells. From a point of view of

biology, cells can distinguish the extracellular milieu on
molecular level of the steric configurations and then response
to them in a chiral-dependent manner. Therefore, this study
helps us to know that what kind of chiral factors are good for
cellular behaviors. Compared to our previous studies of
immune cell behaviors on the chiral self-assembly surfaces,
the chiral polymer brush strategy not only proved the versatility
of the chiral effect but also bridged the gap between small
organic functional molecules and chiral biopolymer materials.
We believe that the chiral effect reported here will act as an
important complement for conventional strategies in the study
of biomaterials.
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