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Abstract: The biomedical properties of novel biodegrad-
able copoly(amino acid)s based on 6-aminocaproic acid and
L-proline were analyzed in this article. The cytotoxicity of
the copolymer films was tested in vitro using human embry-
onic kidney (HEK) 293 cells. The cell proliferation, cell cycle,
cell apoptosis, and hemolysis of the polymers were also
investigated. No significant cytotoxic response was detected
statistically by cytotoxicity assay, and the results of cell apo-
ptosis and cell cycle showed that there were no statistically

significant differences in them. Generally, the cells spread
and grew well on polymer film. Meanwhile, the extent of he-
molysis on the polymers was acceptable. Evaluation of cyto-
toxicity by cell cycle and apoptosis as a supplementary assay
is correspondingly discussed in this article. � 2010 Wiley
Periodicals, Inc. J Biomed Mater Res 94A: 450–456, 2010
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INTRODUCTION

a-L-amino acids and glycine are the basic units of
proteins. Poly(amino acid)s and copolymers based
on a-L-amino acids or glycine and original nonbiode-
gradable polymers are enzymatically biodegrad-
able,1–13 and favorable for use as tissue engineering
materials, drug releasing materials, or environment-
friendly package materials. However, this kind of
polymers generally displays poor thermal stability
and low mechanical properties. x-Amino acids pos-
sess similar structures to a-L-amino acids. Some x-
amino acids are beneficial to organisms.14–20 It is
known that widely used poly(x-amino acids), com-
mercially called nylon, have excellent mechanical
properties, processing properties, and biocompatibil-
ity. For example, polyamide 6 is often used as ortho-
pedic implants, sutures, catheters, and membrane
materials for ultrafiltration, dialysis, and reverse os-
mosis.21,22 It is therefore expected that the use of
copoly(amino acid)s based on a-L-amino acids and
x-amino acids should be promising.

L-proline, a kind of natural amino acid rich in col-
lagen, has a long methylene linkage with ring struc-
ture. It has been well known that polymers with

such structure generally have good stiffness and
toughness. Taking into consideration, we synthe-
sized and characterized the copolymers of 6-amino-
caproic acid and L-proline for the first time. They
showed high mechanical properties and good
enzyme degradability.23 Their biomedical properties
are discussed in this article.

Although cell cycle and cell apoptosis are impor-
tant phenomena in cell biology, influence of materi-
als for biomedical use on cell cycle and apoptosis
was seldom investigated. The influence of copoly-
(amino acid)s on cell cycle and apoptosis is dis-
cussed in this work.

MATERIALS AND METHODS

Materials

Copoly(amino acid)s were synthesized according to the
method described elsewhere.23 N6 indicates pure polyam-
ide 6, and N6Px indicates copolymers made from x mol %
of L-proline in comonomer. Human embryonic kidney
(HEK) 293 cells were cultured in the Central Laboratory
for Biomedical Research, Xi’an Jiaotong University. The
annexin V-FITC/PI kit came from Beijing Jingmei (China).
The fetal bovine serum (FBS) and RPMI 1640 were pur-
chased from GIBCO (USA). Other reagents were pur-
chased from Sigma (USA). Phosphate buffer solution (PBS)
was made up in our laboratory.
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Biomedical tests of polymers

In vitro cytotoxicity

Tests for in vitro cytotoxicity were performed according
to ISO 10993-5:1999; 0.5 mL HEK 293 cell suspension (in
RPMI 1640 containing 5% FBS) was added to each bore of
a 96-bore culture plate with a cell concentration of 5 3
104/mL. The cells were cultured for 24 h, and then 50 mg
films (the samples were about 0.1 mm in thickness and
sterilized by 75% ethanol for 60 min before culturing) of
copolymers were added into these bores. After culturing
for 24, 48, 72, 96, and 120 h, 20 lL 3-(4,5-dimethyl-thiazol-
2-yl) 2,5-diphenyl tetrazolium bromide (MTT) solution
(5 g/L, MTT dissolved in Hank’s balanced salt solution)
was added. The films and solution were removed after
4 h. Then, 200 lL dimethyl sulphoxide (DMSO) was added
into each bore while shaking the plate horizontally for
10 min to dissolve purple crystal granules. The optical
density (OD) value was measured at 570 nm by a high-
through universal microplate assay (POLARstar OPTIMA,
BMG labtechnologies, Germany), and the relative growth
rate (RGR) was calculated as RGR (%)5 (experimental
group/negative group) 3 100%. Polyethylene was used as
negative control, whereas a phenol solution of 0.64 mg/
mL was used as positive control. Five parallel experiments
were performed for each sample.

Cells apoptosis assays

Cells apoptosis assays were determined by flow cytome-
try. First, 2 mL HEK 293 cell suspension with a cell con-
centration of 5 3 104/mL was added to each bore of the
24-bore culture plate. After culturing for 24 h, 200 mg
films (about 0.1 mm in thickness) of polyethylene, N6, and
N6P40 were added into each bore. Polyethylene was used
as negative control, whereas a phenol solution of 0.64 mg/
mL was used as positive control. After culturing for
another 48 h, the films were removed, and the cells were
washed twice with PBS. The cells were then treated by
trypsin (0.25%) to produce a cell suspension (in PBS), and
centrifuged for 5 min. They were washed with ice PBS
twice and suspended in 100 lL binding buffer. Then, 5 lL
annexin V-FITC and 5 lL of PI were added. The mixture
was then incubated for 15 min in the dark, after which
300 lL PBS was added. The cells suspension was subjected
to flow cytometric assay with argon laser at an excitation
wavelength of 488 nm (FACS Calibur analyzer and CELL-
Quest software, Becton Dickinson Immunocytometry Sys-
tems, USA). Each sample was tested thrice.

Cells cycle assays

The assay of the positive control was not carried out
because most cells died in the positive control with a phe-
nol solution.

The cells cycle assays were determined by flow cytome-
try. The method for cultivating and treating the cells was
as described earlier. The centrifuged cells were fixed with

70% ethanol at 48C for 24 h and washed with PBS twice.
After treatment with 2 mL RNAase (1 mg/mL) for 30 min
at 378C and centrifugation, they were resuspended in
100 lL PBS and stained with 100 lL 100 lg/mL propidium
iodide (PI) containing 0.1% Triton X-100. The mixture was
then incubated for 30 min in the dark. The cells were
analyzed with a FACS Calibur analyzer (BD, USA). Three
parallel experiments were performed for each sample.

Morphology of the cells

The morphology of the HEK 293 cells was observed
with an inverted microscope (Motic AE31, Wedgwood,
UK) before the MTT assays.

Interactions of the cells and copolymers

The interactions of the HEK 293 cells and copolymers
were observed with a scanning electron microscope (SEM).
The polymer films were located in a 24-bore culture plate.
Two milliliters of HEK 293 cell suspension with a cell con-
centration of 5 3 104/mL in RPMI 1640 containing 5% fetal
calf serum was added to each hole of the culture plate. The
cultures were maintained at 378C and humidified in an
atmosphere containing 5% CO2 for 48 h. The samples were
fixed in 1% glutaraldehyde in 0.1 M phosphate buffer solu-
tion for 2 h at 48C, and dehydrated with a graded ethanol
series and air dried at room temperature, respectively. After
gold-coating by ion sputtering, the samples were examined
by SEM (JSM-840 Scanning Microscope, Japan).

Hemolysis assays

Hemolysis assays were performed as follows: 8 mL
fresh rabbit blood was collected and diluted with 10 mL
0.9% NaCl solution. The films of the polymer (disc with a
10 mm in diameter and about 0.1 mm in thickness) sam-
ples were placed in 10 mL 0.9% NaCl solution. After incu-
bation for 30 min at 378C, 0.2 mL diluted blood sample
was added. The incubation continued for 60 min with os-
cillation. The suspension was centrifuged at 2000 rpm for
10 min. The upper clear solution of the blood mixture was
characterized by the absorption spectrum. The sample for
positive control was prepared by mixing 10 mL distilled
water with 0.2 mL blood sample, whereas the sample for
negative control was a mixture of 10 mL 0.9% NaCl and
0.2 mL blood sample. The optical density (OD) value was
measured at 545 nm. Five parallel experiments were per-
formed for each sample of the films. The percentage of he-
molysis was calculated as follows:

% Hemolysis ¼ ðODsample�ODnegative controlÞ=
ðODpositive control�ODnegative controlÞ 3 100

Statistics

Quantitative data were expressed as means 6 standard
deviation (SD). Student’s t-test was used to assess the sta-
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tistical significance between experimental groups. p < 0.05
was considered to be statistically significant.

RESULTS

The structure of the copoly(amino acid)s is shown
in Scheme 1.

In vitro cytotoxicity

The results of the tests for in vitro cytotoxicity are
shown in Figure 1. The negative control at 24 h is
the basis for calculating RGR as 100.

From Figure 1 and the relative calculation, the fol-
lowing results can be derived:

� The RGR values of the positive group decreased
with lapsed time, and all of them were below
100.

� The RGR value in each group reached the peak
at 72 h and then began to decrease.

� At 24 and 48 h, all mean RGR values of the
copolymers were above 100, which were higher
than those of the relative negative control group
and positive control group, but there were no
significant statistically.

� At 72, 96, and 120 h, part of mean RGR values
of the copolymers were lower than that of the
relative negative control group; at 120 h, almost
every mean RGR value of the copolymers was
smaller than that of the relative negative control
group, but there were no significant difference
statistically. All mean RGR values were above
80 when calculating these with the relative
value of the negative control group set at 100.

Although the ratio trend of N6 and the copoly-
mers versus negative control in normal viable cells
was decreasing with the lapse of time, there was no
significant difference statistically during the tests.

Cells apoptosis assays

The results of flow cytometry assays to study cell
apoptosis are shown in Table I and Figure 2. In
Figure 2, normal viable cells are in the lower left
(LL) area, early apoptotic cells are in the lower right
(LR) area, and apoptotic cells or necrotic cells are in
the upper right (UR) area. The graphs in Figure 2(a–
d) are of the negative control, positive control, N6,
and N6P40, respectively.

Results of cell apoptosis assays

For the negative control, more than 95% of the
cells are normal cells, while necrotic cells or cells in
the later apoptosis stage are less than 5%. For the
positive control, more than 85% of the cells are ne-
crotic or in the later apoptosis stage, while the nor-
mal cells are less 10%. For N6 and N6P40, about
95% of the cells are normal cells, while necrotic cells
or cells in the later apoptosis stage are less than 5%.

According to t-test data in Table I, on percentage
of normal viable cells in LL area and apoptotic cells
or necrotic cells in UR area, there is no statistical sig-
nificance between N6P40 and the negative control at
48 h, indicating that N6P40 has not shown cytotoxic-

Scheme 1. Structure of the copoly(amino acid)s.

Figure 1. Relative growth rate of HEK 293 cells on the
control materials (N.C.: negative control, P.C.: positive
control), nylon 6 (N6), and copolymers based on MTT test
after 24, 48, 72, 96, and 120 h of culture. No statistical
significance was found.

TABLE I
Results of Cell Apoptosis Assays

Area
Negative

Control (%)
Positive

Control (%) N6 (%) N6P40 (%)

UL 0.66 6 0.57 0.42 6 0.38 0.28 6 0.28 0.46 6 0.48
UR 2.21 6 1.21 86.96 6 2.08 0.92 6 0.51 1.13 6 0.72
LL 96.51 6 1.28 5.53 6 2.68 95.35 6 0.86 95.47 6 1.42
LR 0.62 6 0.56 7.10 6 1.21 3.45 6 0.49* 2.94 6 0.31*

Theoretically, the percentage in UL area was zero, and
the values in the area represented errors in tests; the val-
ues in UR area represented the percentage of apoptotic
cells or necrotic cells; the values in LL area represented the
percentage of normal viable cells; the values in LR area
represented the percentage of early apoptotic cells.
*p < 0.05 versus negative control.
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ity. However, on percentage of early apoptotic cells
in LR area, N6P40 is bigger than negative control
statically, indicating N6P40 has some disadvanta-
geous influence on cells. The results are identical to
the MTT results. At 120 h, N6P40 shows a little but
acceptable cytobiocompatibility.

Cells cycle assays

The influence of polymers on the HEK 293 cells
cycle is shown in Table II and Figure 3. For the G1,
G2, and S phases, there is no statistical significance
between N6P40 and the negative control group or
between N6 and the negative control group. The
results indicate that copolymers have no obvious
influence on cell cycle alteration.

Results of cell cycle assays

Morphology of cells

The morphology of the cells after 72 h of culture
can be observed in Figure 4. The cells adhered,

spread, and grew well, except for the positive con-
trol where most cells died. Figure 5 shows scanning
electron micrograph of HEK 293 cells on N6P40 film.
The cells adhered well to the film.

Hemolysis assays

The results of the hemolysis assays are shown in
Figure 6. All values are less than 5%, indicating that
the polymers showed gentle hemolysis.

DISCUSSION

HEK 293 are widely used in cell biology research,
such as in the cytotoxicy evaluation of materials.24,25

MTT test is often used for the evaluation of cyto-
toxicity of the materials. The values of the 72 h cul-
ture group reached the peak. Later, the values in ev-
ery group decreased. The reason for this phenom-
enon is that the nutriment in the RPMI 1640 solution
was reduced rapidly as the cells grew; the lack of
nutriment caused some cells to die gradually.

Compared with those of the negative control
group, the OD values of N6 and the copoly (amino
acid)s are similar. The copolymers possess gentle cell
toxicity. It is well understood that the raw materials
and the products of their degradation are amino
acids, which are biocompatible with cells and organ-
isms.

Figure 2. Flow cytometry results to study cell apoptosis of HEK 293 cells on (a) negative control, (b) positive control,
(c) N6, and (d) N6P40.

TABLE II
Results of Cell Cycle Assays

Phase
Negative

Control (%) N6 (%) N6P40 (%)

G1 63.26 6 0.82 62.79 6 1.13 63.64 6 1.23
G2 6.87 6 0.45 7.60 6 0.56 7.65 6 0.52
S 29.87 6 0.52 29.61 6 0.57 28.70 6 1.75

No statistical significance was found.
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Apoptosis, for example, programmed cell death,
is a process utilized by organisms to eliminate dam-
aged or unnecessary cells without inducing inflam-
matory response. In the early stages of apoptosis,
changes occur at the cell surface and the plasma
membrane. Morphology changes show that the
chromosome condenses, and cell body shrinks. One
of the plasma membrane alterations is the transloca-
tion of phosphatidylserine (PS) from the inner side
of the plasma membrane to the outer layer, by
which PS is exposed at the external surface of the
cell. Annexin-V, a natural calcium ion dependent
phospholipid-binding protein, can bind the PS
exposed in the cell surface as a sensitive probe. In
this study, fluorescein isothiocyanate (FITC) was la-

beled to annexin-V for detection convenience. Dur-
ing necrosis, phosphatidylserine will also translo-
cate the surface of the cell, and so propidium iodide
(PI), a nuclear dye, was used as an additional stain-
ing reagent. Living and apoptotic cells are, how-
ever, impermeable to PI, so normal cells, apoptotic
cells, and necrotic cells can be distinguished. For
the quantitative analysis of cells in the early and
late stages of apoptosis together with necrosis, flow
cytometric analysis is a sensitive and effective
method.

Toxic materials such as positive-control phenol of-
ten cause cells to die or induce cell apoptosis. HEK
293 cells survive well, indicating that copolymers do
not influence the survival of cells obviously.

Figure 3. Flow cytometry results to study cell cycle of HEK 293 cells on (a) negative control, (b) N6, and (c) N6P40.

Figure 4. Morphology of HEK 293 cells after 72 h on (a) negative control, (b) positive control, (c) N6, and (d) N6P40.
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In the eukaryote, the cell cycle consists of four dis-
crete phase called M, G1, S, and G2. The M phase of
the cycle corresponds to mitosis. It is followed by
the G1 phase, which corresponds to the interval
between mitosis and the initiation of DNA replica-
tion. During the S phase, DNA replication takes
place. The G2 phase follows, during which proteins
are synthesized in preparation for mitosis. In adult
animals, some cells cease division, and they exit G1
to enter the quiescent stage of the cycle called G0,
where they remain metabolically active but do not
proliferate anymore unless called on by the appro-
priate extracellular signals. When the cells are
exposed to different conditions such as drug and
radiation, the stages of the cell cycle will be
altered.26,27

The DNA content can distinguish the different
stages of the cell cycle. By incubating cells with a
fluorescent dye that binds to DNA, followed by an
analysis of the fluorescence intensity in a flow cy-
tometer or a fluorescence-activated cell sorter, the
cells in the G1, S, and G2/M phases can be distin-
guished.

In the assays, the percentages of G1, S, and G2/M
phases in the negative control group and the poly-
mers groups have no difference statistically, indicat-
ing DNA replication is not influenced significantly.

Suitable conditions and a nontoxic environment
are basic for cell growth. Cellular adhesion behavior
is also related to the surface characteristics of the
polymers, such as hydrophilicity and roughness.
HEK 293 cells could adhere and spread well, indicat-
ing that copolymers can be regarded as nontoxic and
are suitable for cell growth, differentiation, and pro-
liferation. Copolymers with different proline con-
tents did not show obvious differences.

Hemolysis is induced by the destruction of red
blood cells, which leads to the release of hemoglobin
from the red blood cells inner into the blood plasma.
Red blood cell hemolysis may be aggravated by some
implant materials. A hemolysis content of less than
5% is usually acceptable for implant materials.28

CONCLUSIONS

Cell cycle and cell apoptosis are very important
phenomena in cell biology. They are introduced to
evaluate the biocompatibility of materials at the cell
level, which is deeper and more valuable. The
results in this work show that the novel copolymers
based on 6-aminocaproic acid and L-proline possess
acceptable cytocompatibility and hemolysis perform-
ance in vitro and are potential candidates as a kind
of new biomedical materials.
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