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The influenza A virus is a critical public health problem that causes epidemics and pandemics, and occurs widely all
over the world. Various vaccines against the virus have not provided a solution to the problem. Different approaches,
particularly M2e peptide–based vaccines, are available for developing universal vaccines against influenza A. However,
it is important to select a suitable carrier to obtain an effective vaccine. Accordingly, studies on the usage of various
carriers are ongoing. Particularly, polymer-based carriers have gained importance due to both drug delivery and
adjuvant effects. Therefore, bioconjugate of the M2e protein peptide from the influenza A virus covalent bonded with
poly(acrylic) acid was synthesized in our study for the first time. The characterization was performed using size-
exclusion chromatography and fluorescence spectroscopy; subsequently, it was found that the bioconjugate of the
examined lower doses (0.05 and 0.5 mg/ml) have no toxic effects on human cell lines. These results suggest that, in the
future, the poly(acrylic) acid bioconjugate of the M2e peptide should be studied in vivo for universal vaccine
development against the influenza A virus.

Introduction

The influenza virus is a critical public health problem that
causes epidemics and pandemics. It is known that influenza
viruses can be divided into 3 genera—influenza A, B, and C.
Influenza A and B cause substantial morbidity and mortality in
humans, while influenza A viruses causes greater mortality in
most epidemic years.

Up to now, several vaccines, such as inactive or viable attenu-
ated virus, recombinant proteins have been developed against the
influenza virus.1 The many subtypes and high mutation rates of
the virus and its reassortment are the main problems related to
current vaccines. Thus, peptide epitope–based vaccines have
gained in importance for the development of efficient influenza
vaccines.1 However, most of these types of vaccines have been
tested in clinical studies and animal models, but have not been
applied in clinical practice.1

M2e is the external domain of the influenza A M2 protein. It
is highly conserved in human influenza A viruses; however, its
immunogenicity is low. A vaccine based on the M2e protein
could be effective against all of the human influenza viruses.2-5

The issue of the low immunogenicity of the M2e peptide can be
overcome using a polymeric adjuvant.

Adjuvants and carrier systems are of crucial importance in
developing an efficient vaccine to increase the inherently weak
immunogenicity of synthetic peptides. Since the beginning of this
century, various substances have been added to certain formula-
tions in an attempt to render more effective vaccines.6 Liu et al.
have demonstrated that conjugates of peptide sequences with
bovine serum albumin (BSA), which are synthesized based on the
M2e protein from one of the important surface proteins of the
influenza A virus, have high immunogenetic properties in rabbits.2

Despite all this, current studies are investigating more suitable
carrier molecules to improve the vaccine against the influenza
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A virus. In vaccine studies, it has been shown that polymer-based
adjuvants conjugated with natural antigens have high immunity.7

Petrov et al. (1985) prepared covalent conjugates of antigen
isolated from the influenza A virus and polyelectrolyte, and deter-
mined that the conjugates generated an efficient immune
response, thereby proving that formulations can be used as new
generation artificial vaccines.8 However, there have been no stud-
ies in the literature on vaccine designs based on M2e protein pep-
tides from the influenza A virus where polymer is used as a carrier.

Poly(acrylic) acid (PAA) is an anionic polymer with high
molecular weight. Muir et al. indicated that PAA has adjuvant
effects on humoral and cell-mediated immunity.9-11 Different
researchers have shown the adjuvant effect of PAA in several types
of infection. A recent study has reported the development of the
immunogenic lipophosphoglycan molecule isolated from Leish-
mania parasites conjugated with PAA.12

The covalent conjugation of peptide and polymer molecules
provides the opportunity for next-generation synthetic vaccines
by means of modifying the immunogenicity of the peptide anti-
gens. Accordingly, for the first time, we aimed to synthesize,
characterize, and determine the toxicity of the bioconjugate of
the peptide of the M2e protein covalently bonded with PAA in
order to develop a universal synthetic vaccine prototype against
influenza A virus.

Results

Characterization of M2e peptide–PAA bioconjugate with
size-exclusion chromatography (SEC) and fluorescence
spectroscopy

PAA, M2e peptide-PAA bioconjugate synthesized in the pres-
ence of carbodiimide, and pure peptide were prepared at pH 7.0.
The concentrations of PAA in a polymer mixture and peptide-
PAA bioconjugate were constant.

In Fig. 1, the SEC chromatograms of pure peptide, polymer,
and peptide-polymer bioconjugate are given. As illustrated in
Fig. 1A, the peaks of PAA and pure peptide eluting from the col-
umn had different retention times of 10 and 22 min, respec-
tively. As a rule, polymers or bioconjugate with a high molecular
weight leave the column first; this is seen clearly in the ultraviolet
(UV) chromatograms. Pure peptide molecules leave the column
last because their molecular weight is the smallest. After the pep-
tide-PAA bioconjugate is characterized, the peak eluting from the
column has a similar retention time to that of the PAA at
10 min. In UV chromatograms, the peak area of peptide-PAA
bioconjugate is larger than that of the PAA, which indicates the
conjugation of peptides to PAA molecules, as UV absorption is
based on the peptides linked to the PAA.

As seen in Fig. 1B, the signal of the RALS detector is related
to the molecular weight and concentration of the peptide and
PAA molecules. As seen from the chromatogram, the retention
times are similar to PAA and peptide-PAA bioconjugate at
9.8 min. The peak area of the peptide-PAA bioconjugate is larger
than both of the peak areas of PAA and pure peptide. These
results also indicate the formation of a peptide-PAA bioconjugate
with high molecular weight.

There are 3 aromatic amino acid residues, namely tryptophan
(Trp-W), tyrosine (Tyr-Y), and phenylalanine (Phe-F), which
contribute to a protein’s UV fluorescence. As has been demon-
strated in the literature, (Trp-W) emission is extremely depen-
dent on its local environment, and in water, its maximum
emission takes place at about 350 nm.13,14

While we investigated the formation reaction of peptide-poly-
mer bioconjugate with fluorescence spectroscopy, conformational
changes resulted in changes of fluorescence parameters such as
emission maximum (lmax) and fluorescence intensity (Imax).
Fig. 2 shows the differences among the fluorescence spectra of
PAA, peptide-PAA, and pure peptide. As seen from the spectra,

Figure 1. (A) UV (280 nm) and (B) light scattering (RALS) chromatograms of PAA, bioconjugate of peptide-PAA and pure peptide prepared at pH D 7.
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the maximum wavelength of pure peptide was at 353 nm and the
maximum fluorescence intensity was 500,000. Due to the cova-
lent conjugation of peptide with the polymer chain, the maxi-
mum wavelength of the peptide-PAA bioconjugate shifted to the
blue region at 347 nm. Moreover, maximum fluorescence inten-
sity shows a dramatic decrease, at 76,139. These changes indicate
that peptide tryptophanyls become less accessible in the solution,
which must be the result of tight binding between the polymer
and the peptide.

These spectroscopic and chromatographic results prove the
formation of bioconjugate between M2e peptide and PAA.

Effect of M2e peptide-PAA bioconjugate on cell morphology
and viability

The morphology of MCF-7 cells in a control group is shown
in Fig. 3A. In the figure, it can be seen that the MCF-7 cells had
elongated shapes that attached to the surface of a microplate.
Intercellular cell attachment and cell morphology were typical.
The cells exposed to the 1 mg/ml M2e peptide-PAA bioconju-
gate for 48 h had the morphology both of normal cells and

Figure 2. Fluorescence spectra of polymer (PAA) (1), peptide-PAA bio-
conjugate (2) (lmax D 347 nm), and pure peptide (3) (lmax D 353 nm).

Figure 3.Morphology of MCF-7 cells in control (A) and experimental group of 1 mg/ml (B) and 5 mg/ml (C) of M2e peptide-PAA bioconjugate.
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abnormal spherical morphology, losing their elongated shapes
(Fig. 3B). Fig. 3B clearly shows the different morphology of
some cells, namely, extensive protrusions and inclusions in the
cell; this is usually associated with cellular stress. In Fig. 3C, the
effect of 5 mg/ml of M2e peptide-PAA bioconjugate emerged on
the MCF-7 cells. Cells transformed to an atypical morphology
and began to shrink.

The effects of the different concentrations of influenza A virus
M2e peptide-PAA bioconjugate on the viability of MCF-7 cells
were analyzed using MTT analysis, based on the ability of viable
cells to reduce the tetrazolium salt to an insoluble formazan prod-
uct. As shown in Fig. 4, cell viability decreased with an increasing
concentration of bioconjugate. In particular, cell viability
decreased to 1, 2, 3.5, and 5 mg/ml in the bioconjugate group
compared with the control group (P < 0.05), with the percen-
tages of viability being 71.4%, 72.1%, 64.5%, and 59.1%,
respectively. The analysis showed that there was no significant
difference between the control and low concentrations (0.05 and
0.5 mg/ml) of bioconjugate (P < 0.05).

Fig. 5 shows the flow cytometry analysis of cells exposed to the
different concentrations of bioconjugate. The numbers of viable
and dead cells were calculated, and the results showed that 0.05
and 0.5 mg/ml concentrations of bioconjugate had no adverse
effect on MCF-7 cells compared to the control group (P < 0.05).

In contrast, cell viability was found to be decreased in concentra-
tions higher than 0.5 mg/ml. The viability of the cells exposed to
5 mg/ml bioconjugates decreased by 55%, probably due to apo-
ptosis. These findings also support the MTT results.

Discussion

In this study, our aim was to develop a universal synthetic vac-
cine prototype for the influenza A virus. Thus, we used the M2e
protein peptide, which is known to be highly conserved, and
whose antigenic region is not affected by viral replication.
Accordingly, the bioconjugate of the M2e protein peptide
sequence of the influenza A virus and PAA were synthesized using
a covalent conjugation method in the presence of water-soluble
carbodiimide.

M2e peptide-PAA bioconjugate was characterized by SEC
using 2 detectors, namely UV and RALS. Its formation was expli-
cated and clearly demonstrated with the matching results from 2
different detector signals. In addition, it was also characterized by
fluorescence spectroscopy. Peptide molecules in the structure of
the peptide-PAA bioconjugate were tightly covered by the poly-
mer coil. This structural change was demonstrated by the differ-
entiation of wavelength maximums and fluorescence intensities.

Cell culture tests of bioconjugate of the influenza A virus
M2e protein peptide-PAA, which was designed as a model of
a synthetic vaccine, were conducted because it is important
to ensure that the preparate does not have any toxic effects
on living systems. Microscopic images of the cells in the cul-
ture medium containing the bioconjugate showed some dif-
ferences in cell morphology, especially at a high
concentration. The lowest concentration caused resulted in
some cell difference, but there was no significant effect on
cell viability according to the MTT and flow cytometry
results. However, at high concentrations, the results revealed
changes in the morphology, namely a decrease in the number
of extensions and an increase in the number of cells forming
round shapes. This indicates a reduction in viability.

The effect of cell viability was measured by flow cytometric
detection of dead and living cells, and the results supported those
of the MTT method. Flow cytometry studies with an apoptotic
marker (Annexin V) showed a decrease in cell viability due to
apoptosis. Previous studies have examined the toxicity of PAA at
concentrations of 0.1, 5, 10, 15 mg/ml, and showed that the
toxic effects emerge at a concentration of 5 mg/ml.15 In our
study, the highest concentration of PAA was 5 mg/ml. In future
animal experiments, the concentrations will be much lower than
this. This study confirmed that the toxicity of the bioconjugate
of the M2e protein peptide of the influenza A virus prepared by
PAA is not toxic at a suitable concentration for animal studies.

The bioconjugate of influenza A virus M2e peptide-PAA with
a lower concentration, designed as a model of a synthetic vaccine,
was not shown to have any significant toxic effects on MCF-7
cells in vivo for applications at low concentrations when control-
ling for the cell viability using MTT experiments, as well as flow
cytometry. This study shows that future studies should apply the

Figure 4. Percent viability of MCF-7 cells exposed to different concentra-
tion the peptide-PAA bioconjugate (error bars § SD).

Figure 5. Viable and dead cell percentages of MCF-7 cells exposed to the
peptide-PAA bioconjugate (error bars§ SD).
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bioconjugate of the influenza A virus M2e peptide-PAA in vivo to
develop an influenza A vaccine.

Materials and Methods

Materials
The peptide sequence of influenza A virus M2e protein was

commercially purchased from BioSynthesis Inc. (Texas, USA).
The peptide sequence was obtained from NH2 -WETPIR-
NEWGCRGETPIRNEWGCR- OH. The molecular weight of
the peptide was 2946.28 Da. The isoelectric point (pI) of the
peptide was 6.4. The peptide was hydrophilic and soluble in
aqueous medium; it was dissolved in water.

PAA was obtained from Aldrich (Aldrich, 523925), and 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide was obtained
from Sigma Aldrich (Sigma-Aldrich, E7750). NaH2PO4 (Riedel-
de Ha€en, 04361), Na2HPO4.7H2O (Fluka, 71647), NaCl
(Fluka, 71376), and NaOH (Fluka 06203) were obtained from
Fluka, and NaN3 was obtained from Applichem (Applichem,
A1430). Ultrapure water, obtained from the Millipore MilliQ
Gradient System, was used in prepared solutions.

Preparation of the M2e peptide-PAA bioconjugate
The bioconjugate of the peptide sequence of influenza A virus

M2e protein and PAA was prepared in aqueous solutions, and
the conjugation reaction was performed at pH 5 and pH 7 under
ambient temperature, over a short duration to avoid the denatur-
ation of the peptide.16,17 The concentration of the polymer was
0.5 mg/ml in the conjugation procedure.16 Peptide-PAA biocon-
jugate prepared with a ratio of CPeptide/CPAA D 9 was analyzed
by SEC with triple detection.

The polymer (PAA) and peptide were mixed at pH 5, and
after stirring for 2 h at room temperature, carbodiimide was
added into this mixture and stirred overnight. The bioconjugate
was purified using dialysis, and the purified conjugate16 was ana-
lyzed using SEC.17

SEC measurements
PAA, influenza A virus M2e protein peptide and peptide-PAA

bioconjugate were analyzed using SEC with a triple-detection
system. Triple detection consists of refractive index (RI;
660 nm), right-angle light scattering (LS; 670 nm), and UV
detectors, which were calibrated using a BSA monomer peak in
the mobile phase of phosphate-buffered saline (PBS) with a flow
rate of 1.0 ml/min. The dn/dc value and extinction coefficient of
BSA were 0.18518,19 and 0.66,19,20 respectively. SEC analyses
were performed with a Shimadzu Shim-Pack Diol-300 (500 £
7.9 mm) column at room temperature. PBS (pH D 7.1) was
used for the mobile phase and the flow rate was 1.0 ml/min. PBS
was prepared using ultrapure water from a Millipore MilliQ Gra-
dient System and consisted of 50 mM phosphate and 150 mM
sodium chloride; 0.05% NaN3 of pH 7.0 was added to the
mobile phase solution to prevent biological degradation of the
columns. Buffer solutions were filtered through 0.45 mm Milli-
pore cellulose nitrate filter and degassed before use.

Fluorescence measurements
Fluorescence emission spectra were obtained using a QM-4/

2003 Quanta Master Steady State Spectrofluorimeter (Photon
Technology International, Canada) operating in quanta-counting
mode. The slits of the excitation and emission monochromators
were adjusted to 2 or 3 nm. The excitation was obtained at
290 nm. Interaction with other macromolecules may result in
changing of the peptide fluorescence spectra, which is character-
ized by the wavelength at the maximum emission (lmax) and
maximum fluorescence intensity (Imax).

Cell culture studies
MCF-7 cells (105/ml) were cultured in DMEM/F12 medium

(Sigma, D5546) supplemented with 2 mM L-glutamine (Biolog-
ical Industries, 03-020-IC), 100 mg/ml penicillin-streptomycin
(Biological Industries, 03-031-IC) and fetal bovine serum (FBS;
Seromed, S0115) at 37�C and 5% CO2. Cells were passaged
twice a week by trypsin (Biochrom, L2103).

Morphological examination
The effect of the bioconjugate of the influenza A virus M2e

peptide with PAA on MCF-7 cells was observed using an
inverted microscope (Olympus Microscope CKX41). Cell shape,
adhesion properties, and morphology of cells exposed to the bio-
conjugate and control were examined microscopically. This
microscope frame for UIS2 optics with a fixed binocular tube
FN20 included 2 WHB10x eyepieces, an integrated quadruple
revolving nosepiece, a plain stage (160 £ 250 mm), coarse and
fine focusing with a tension-adjustment mechanism, an illumina-
tor pillar with a lamp house, a long working distance condenser
NA 0.3, WD 1=4 72 mm, aperture stop, Allen key AQ2302, and
a transformer integrated in the frame, which further included a
lamp socket and 2 halogen bulbs (30 W).

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) MTT assay

The MTT (Sigma, M5655-1G) assay is a rapid test and
gives accurate quantitative results.21 The method is based on
the intracellular reduction of tetrazolium salt to a blue-purple
formazan product through the mitochondrial dehydrogenase
enzyme of viable cells and spectrophotometric measurement
of absorbance at a wavelength of 540 nm.22 The effects of
the bioconjugate on the viability of cell culture were assessed
using the MTT method. Briefly, 104 cells/well of MCF-7
cells were seeded on 96-well polystyrene plates. Ten milliliters
of bioconjugate of influenza A virus M2e peptide with a PAA
solution (Aldrich, 523925) were added with a ratio of 0.05,
0.5, 1, 2, 3.5, 5 mg/ml after cell adhesion on the wells at
24 h. Cells were incubated in an incubator at 37�C and
exposed to humid air for 48 h. The MTT solution was pre-
pared at a concentration of 10 mg/ml and filtered. Ten
micrograms of this solution was added to each well and incu-
bated for 4 h. Subsequently, 100 ml of MTT stop solution
(DMSO-Sigma D26650) was added to dissolve the formazan
crystals in the wells and investigated compounds with
DMEM-F12 medium, the same procedure was conducted
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without cells. The optical density was measured at a wave-
length of 570 nm with a microplate reader. The percent via-
bility was calculated as follows:

%ViabilityD Absorbance of experimental group

Absorbance of control group
£ 100:

Flow cytometric measurements of apoptosis and necrosis
by staining with annexin V/7-ADD

MCF-7 cells (25 £ 104) were cultured with DMEM-F12
(10% FBS) in 6-well plates. Cells were incubated at 37�C and
5% CO2 for 24 h; they were exposed to the influenza A virus
M2e peptide with PAA bioconjugate at 37�C and 5% CO2 for
48 h. Cells were trypsinized and washed twice with PBS. Subse-
quently, 10 ml of Annexin V–fluorescein isothiocyanate (FITC;
Invitrogen, IM3546) working solution, 5 ml of 7-AAD (Invitro-
gen, A07704), and 100 ml of binding solution were added and
incubated in dark conditions for 15 min. In the next step,
900 ml of binding solution was added to each sample and ana-
lyzed using flow cytometry after 1 h.

Statistical analysis
The results were expressed as mean § standard deviation

(SD). A parametric test (paired t-test) was used to evaluate the
significance of the results. Values of P < 0.05 were considered
statistically significant.
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