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Chitosan has been reported as a promising material for gene and drug delivery as well as for tissue engineering
and regenerative medicine. We report here the conjugation of a de noVo designed coil peptide (Kcoil) to chitosan
(Mn ) 200 kDa) to achieve a universal Kcoil-chitosan scaffold for subsequent immobilization of proteins tagged
with the Kcoil partner, i.e., the Ecoil peptide. Kcoil-chitosan conjugate was synthesized using a tyrosinase-catalyzed
protocol. Extensive UV/vis and IR characterization demonstrated that Kcoil peptide was covalently grafted to
amines of chitosan. The ability of Kcoil-chitosan conjugate to recruit Ecoil tagged epidermal growth factor (EGF)
was assessed by surface plasmon resonance measurements (SPR). Despite nonspecific interactions between chitosan
and EGF, the specific formation of an E/K coiled coil complex was observed at slightly acidic pH and high salt
concentration conditions, demonstrating that grafting to chitosan did not negatively impact binding characteristics
of Kcoil peptide. Finally, the benefits of such bioconjugates for biomedical applications are discussed.

INTRODUCTION

Within the past decades, natural polysaccharides have emerged
as attractive biomaterials for the development of scaffolds in
the domain of tissue regeneration as well as for the production
of nanoparticles to replace classical viral gene delivery vehicles
(1). Among them, chitosan has been demonstrated to be
especially promising (2). More specifically, its availability as a
medical grade polymer combined with its gelation properties
when mixed with glycerol phosphate makes it an interesting
cell carrier (3, 4). A novel hybrid biomaterial, produced by
combining chitosan with freshly drawn autologous blood, has
also demonstrated beneficial wound healing properties for
cartilage repair (3–5). The use of chitosan as a drug carrier/
delivery system (6–9) as well as a nonviral vector for gene
delivery has also led to the development of innovative thera-
peutic treatments (10).

Chitosan is a linear polysaccharide of � (1-4) linked
glucosamine and N-acetyl glucosamine units obtained through
N-deacetylation of chitin, which is extracted from insect and
crustacean shells (11). The presence of primary amino groups
on most of the chitosan monomeric units confers crucial
chemical properties such as nucleophilicity and solubility at
low pH (pH < 6.5) (12, 13). Several studies suggest that
intrinsic properties of chitosan that are currently exploited
may be further enhanced by tailored chitosan functionaliza-
tion, thereby augmenting its potential applications to gene
delivery and regenerative medicine. For example, the con-
jugation of macromolecules interacting with cell surface
receptors to chitosan-based nanoparticles may enable the
specific targeting of cell populations to which a gene has to
be delivered. Also, specific growth factors stably immobilized
onto chitosan three-dimensional scaffolds may control and

modulate cell survival, growth, and differentiation. The
potential advantages of immobilized growth factor versus
soluble growth factor supply were recently highlighted by
Fan et al. The latter demonstrated that covalent tethering of
epidermal growth factor (EGF) on poly(methyl methacrylate)-
based polymers and exposure to mesenchymal stem cells
provided a survival advantage when compared to soluble EGF
(14) or to adsorbed EGF (15).

Although unambiguous effects of tethered EGF have been
reported by Fan et al., there is still a crucial need for a universal
and flexible protocol that would allow any growth factor or any
other desired protein to be easily and specifically captured on
scaffolds. With this in view, we have developed a novel approach
based on the use of de noVo designed peptides, namely, the Ecoil
and Kcoil that heterodimerize in a highly specific and stable fashion
to adopt a coiled-coil structure (16, 17) (Figure 1). This Ecoil/
Kcoil capture/delivery system has also been recently reported to
be useful for adenoviral vector retargeting (18). Also, previous
studies have demonstrated that the Ecoil/Kcoil system can be used
as a versatile domain for capturing proteins onto surfaces without
any loss of bioactivity (19–21). In the present approach, ligand
tethering is achieved by incubating coil-tagged ligands with surfaces
or scaffolds on which the other coil partner has been covalently
attached (Figure 1).

The purpose of the present study was to examine the
applicability of our coil-based approach for modification of
chitosan scaffolds and nanoparticles. To achieve this, we
explored the use of an enzymatic protocol (22, 23) in which
tyrosinase-catalyzed oxidation of a tyrosine-containing Kcoil
peptide is followed by its condensation onto chitosan in a
nonenzymatic step (Figure 2). Peptide functionalized chitosan
was then characterized by UV-vis and FT-IR spectroscopies.
Additional surface plasmon resonance (SPR) assays confirmed
that Kcoil-functionalized chitosan was able to recruit the Ecoil-
tagged epidermal growth factor (E-EGF) Via coiled-coil interac-
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tions, hence validating our procedure that produces chitosan
functionalized with a universal coil peptide capture/delivery
system.

MATERIALS AND METHODS

High molecular weight chitosan (number average molecular
mass Mn ) 200 000 Da with degree of deacetylation that is %
of monomers that are deacetylated called DDA ) 80%) was
supplied by Biosyntech (Laval, QC, Canada). 1% (w/v) chitosan

solution was obtained by dissolving 500 mg of chitosan powder
in 50 mL of water acidified with 20 mM HCl. After continuous
overnight stirring, the pH of the solution was 4.5. Mushroom
tyrosinase (EC 1.14.18.1, specific activity of 5370 U/mg
according to the manufacturer) was purchased from Sigma
Chemical Co. (St. Louis, MO). The enzyme was dissolved in
PBS (150 mM NaCl, 50 mM potassium phosphate, pH 6.5) up
to 308 U/mL, aliquoted and stored at -20 °C according to the
manufacturer recommendations. Kcoil peptide (primary se-
quence: YGG(KVSALKE)5GGC, > 80% purity) was synthe-
sized by BioSynthesis (Lewisville, TX). 21.2 mg of Kcoil
peptide was dissolved in 4 mL of distilled water, aliquoted, and
stored at -20 °C before use. The K-EGF and E-EGF coding
for Kcoil or Ecoil tag, (His)8 tag, and EGF cDNA were produced
using HEK-293 cells and purified by immobilized metal affinity
chromatography (IMAC) as previously described in Boucher
and al. (in press).

Synthesis of Kcoil-Chitosan Bioconjugate. Chitosan was
diluted in distilled water to a final concentration of 0.1% (w/v)
and 1 M NaOH was slowly added to reach a pH of 6.0, which
is the highest pH that maintains solubility for this chitosan
(24, 25). A high pH is desirable since tyrosinase only reacts
with deprotonated amine groups and tyrosinase has a maximal
effectiveness at pH between 6 and 7. Tyrosinase was diluted in
PBS (pH 6.5) to achieve a specific activity of 120 U/mL. Equal
volume of tyrosinase and chitosan solutions were then mixed
and the pH was adjusted to 6.0. Kcoil peptide was then added
to the mixture (4 mg of Kcoil peptide per 100 mg of chitosan,
corresponding to 2 mmol of peptide per mole of chitosan
glucosamine units). After overnight stirring at room temperature,
the pH of the mixture was slowly increased to 11-12 by
dropwise addition of NaOH, 1 M. Precipitated chitosan was
separated by centrifugation (2 × 250 g for 10 min at room
temperature). The pellet was extensively washed by rinsing with
water and NaOH precipitation (at least twice). The washed pellet
was then dissolved in water and the pH of the solution was
adjusted to 5.5 for maximal product solubility. The product was
aliquoted and stored at 4 °C before analysis.

UV Measurements. UV measurements (230-600 nm scans,
2 nm resolution) for pure chitosan, controls, and conjugated
chitosan were carried out on a UNICO S 2100 UV spectropho-
tometer (UNICO, Dayton, NJ).

IR Measurements. Functionalized chitosan and control
samples were first lyophilized (Benchtop 3 L freeze-Dryer,
VirTis, Warminster, PA) for 24 h and used directly thereafter.
Pure chitosan powder was desiccated for 24 h and used directly
thereafter as control. FT-IR measurements were performed in
duplicate using an FTIR 6000 StingRay instrument (Bio Rad,
Hercules, CA) equipped with a photoacoustic cell (PAS)
maintained in a helium atmosphere. Spectra were recorded from
500 to 4000 cm-1 with resolution set to 2 cm-1 and measure-
ment frequency of 5 kHz. Approximately 8 mg of each sample
was introduced into the PAS.

Surface Plasmon Resonance (SPR)-Based Assays. Coiled-
coil mediated interactions between Kcoil conjugated chitosan
and Ecoil tagged EGF were monitored using an SPR-based
optical biosensor (Biacore 3000, GE Healthcare, Piscataway,
NJ). HBS-EP (10 mM Hepes, pH 6.0, 150 mM NaCl, 3.0 mM
EDTA, 0.05% P20 surfactant) was chosen as running buffer
and for diluting all injected species. For all experiments, the
flow rate was set at 10 µL.min-1.

Chitosan Surface Preparation. Kcoil conjugated chitosan
was adsorbed to the surface of a C1 sensorchip flowcell by
manual injection of 10 mg/L Kcoil chitosan dissolved in running
buffer (approximately 12 µL). Guanidium-HCl (5M) was then
injected (20 µL at 100 µL.min-1 flow rate) to remove unbound
material. After baseline stabilization, the resulting mass ac-

Figure 1. Schematic representation of the heterodimeric E/K coiled-
coil domain and its application as a universal capture/delivery system.
Each heptad, K-V-S-A-L-K-E for the Kcoil and E-V-S-A-L-E-K for
the Ecoil, is repeated five times in each peptide. The stability of the
coiled-coil complex is primarily due to the formation of a hydrophobic
core involving leucine and valine residues of each coil, while
electrostatic interactions provide additional stability as well as high
specificity. This universal system enables the immobilization of coil
tagged proteins (e.g., EGF as shown) on chitosan conjugated with its
partner coil.

Figure 2. Chemical and tyrosinase-catalyzed reactions for the conjuga-
tion of a tyrosine-containing peptide to chitosan. Tyrosinase catalyzes
the formation of an O-quinone derivative that undergoes a nonenzymatic
reaction with chitosan to form two types of products, i.e., a Schiff base
and a Michael’s type adduct.
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cumulation was of ∼82 resonance units (1000 RUs corresponds
to 1 ng of proteins bound to the surface). The control surface
was then generated by manual injection of pure chitosan
(0.1 mg.L-1 in running buffer) for subsequent monitoring of
nonspecific protein adsorption on the chitosan-only surface
without any coil. The amount of bound chitosan was adjusted
to the level of the test surface. After the guanidium-HCl
washing procedure (see above), chitosan mass accumulation was
∼79 RUs. Control-corrected sensorgrams thus correspond to
the subtraction of the chitosan-only sensorgrams from those
obtained with Kcoil conjugated chitosan surface.

Monitoring of Coiled-Coil Mediated Interaction between
Kcoil-Conjugated Chitosan and Ecoil Tagged EGF. Various
samples (Buffer, Kcoil tagged EGF for negative control and
Ecoil tagged EGF both at a concentration of 5 µg/mL) were
injected for 120 s at a flow rate of 50 µL.min-1 over both
surfaces. This was followed by buffer injection for 180 s in
order to monitor complex dissociation. In between sample
injections, regeneration of the surface was achieved by 5 M
guanidium-HCl injection (20 µL at a flow rate of 100 µL.min-1)
in addition to 1 M NaCl injection (pulse of 6 s at the same
flow rate). Sensorgrams were then control-corrected as described
in the previous section using BiaeValuation 3.1 software package
enclosed with the Biacore 3000 instrument.

RESULTS AND DISCUSSION

Tyrosinase-Mediated Grafting of Kcoil Peptide onto
Chitosan. Three different products were prepared and tested
in order to provide chemical evidence for conjugation of Kcoil
peptide to chitosan. The first product was generated as described
in section 2.1 and corresponded to the test sample while the
two others were used as controls. Specifically, the first control
(referred to as Control #1 below) was prepared with tyrosinase
but without Kcoil peptide added to the mixture and the second
control (referred to as Control #2 below) was prepared with
Kcoil peptide but without tyrosinase added to the mixture. After
incubation, washing and extraction procedures were performed
for each sample as described in section 2.1. Chitosan was also
used as a negative control baseline in spectroscopic assays.

UV-vis Spectroscopic Characterization. Figure 3a shows
UV/vis spectra (230 to 470 nm) for Control #1, pure and grafted
chitosan. The spectrum of Control #2 was superimposable on
that of chitosan (data not shown). Of interest, the absorbance
between 230 and 350 nm was found to be considerably greater
for the bioconjugate than for the other samples (Figure 3a). The
conjugated chitosan showed characteristic features of proteins,
i.e., a peak near 280 nm due to the presence of a tyrosine residue
in the peptide chain, as well as chitosan features for wavelengths
higher than 350 nm, i.e., in the region where the peptide moiety
does not absorb and where all spectra superpose. When the blank
chitosan spectrum was subtracted from that of modified chitosan,
its high similarity with the spectrum of the pure peptide (Figure
3b) affirms that the increase in absorbance near 280 nm observed
for bioconjugate was from the covalent attachment of the Kcoil
peptide on chitosan. A slight shift of the peak could be observed,
from 270 to 274 nm. This bathochrome effect was attributed to
the disturbance of electronic distribution near the aromatic ring
where glucosamine is grafted.

These UV/vis spectroscopic assays also permit an estima-
tion of the degree of peptide grafting to chitosan. By
assuming that the extinction coefficient of the conjugated
peptide remained the same as that of original Kcoil peptide
only (i.e., 1490 M-1.cm-1 due to the presence of one
tyrosine), one can estimate the conjugation degree as follows.
The absorbance at 280 nm of 0.028 A provides a peptide
concentration of 0.028/1490 ) 18.8 µM while the concentra-
tion of monomers (glucosamines and N-acetylated glu-

cosamines) of chitosan in solution is 0.5 g/L ÷ 169.4 g/mol
) 2.95 mM (where 169.4 g/mol is the average molecular
mass of a monomer of 80% DDA chitosan (24)) resulting in
1 peptide conjugated per 157 monomers. A 200 kDa 80%
DDA chitosan contains (200,000 ÷ 169.4 g/mol)*0.8 ) 947
glucosamine monomers, thus resulting in an average of 7
peptides per chitosan chain. This level of conjugation
corresponds to a modification of less than one percent of
total glucosamine units and a near-complete grafting of the
peptide added in the original reaction solution.

Taken together, UV-vis spectroscopic results indicated that,
even when working with low amounts of Kcoil peptide
(4% w/w), conjugation was successfully achieved, and required
the presence of both tyrosinase and peptide.

FT-IR Characterization of the Compounds. The IR spectra
of blank chitosan (1), Control #1 (2), Control #2 (3), and
conjugated chitosan (4) are shown in Figure 4a,b,c (correspond-
ing to 700-1100 cm-1, 1500-2000 cm-1, and 3100-3650
cm-1 ranges, respectively). All observed spectra displayed peaks
characteristic of chitosan including the imine stretch νCdN
(1663 cm-1, Figure 4b) and the amide II band (1559 cm-1,
Figure 4b), both arising from N-acetyl groups of chitosan (26).
The intense band at 1076 cm-1 (Figure 4a) is likely the result
of several overlapping vibrations (νCO, νCN, νCC) and has
been previously reported as a spectral feature of chitosan (22, 27).
Of interest, its intensity was observed to increase for Kcoil
conjugated chitosan (Figure 4a), which is likely due to peptidic
bonds of the Kcoil peptide conjugated to chitosan.

In the case of the bioconjugate, new peaks and shifts were
observed over the whole range of scanned wavenumbers. More
specifically, peaks of medium intensity falling at 832 cm-1

(νCdC bending), 1600 cm-1 (νCdC stretching in aromatic

Figure 3. UV/vis spectrophotometric measurements demonstrate that
both peptide and tyrosinase are necessary for bioconjugation on
chitosan. (a) Each chitosan sample was incubated overnight in buffered
solution with either tyrosinase (Control #1) or peptide (Control #2, not
shown), or both and then washed following the procedure described in
section 2.1. (b) The spectrum of the peptide-conjugated chitosan after
subtraction of the chitosan-only spectrum is compared to that of the
pure peptide.
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rings), and 1920 cm-1 (νC-H out-of-plane deformation) only
appeared on the spectrum of conjugated chitosan (Figure 4a,b)
and are characteristic of the phenyl-group of tyrosine (28–30).
No additional intense IR bands were observed, which can be
attributed to the lack of strong IR features assigned to the
aromatic ring of tyrosine (22, 26). Also, as can be seen in the
3100-3650 cm-1 range (Figure 4c) which displays the νNH
bands, the primary amine band of the unmodified chitosan
sample at 3421 cm-1 remained unchanged in both controls,
whereas the bioconjugate displayed a shoulder at 3375 cm-1.
This additional shoulder is consistent with the modification of
some primary amine groups of chitosan into secondary amino
groups, as a consequence of the chemical conjugation of a
peptide onto a glucosamine unit as previously observed (23).

Altogether, UV/vis and FT-IR measurements unambiguously
demonstrated that tyrosinase was able to oxidize the tyrosyl
residue of the Kcoil peptide, since subsequent covalent grafting
to chitosan was achieved. Indeed, tyrosinase-modified Kcoil was
shown to undergo a nonenzymatic grafting onto chitosan,
whereas in the absence of tyrosinase, no grafting was observed
(Figures 3 and 4). These results are in agreement with previously
reported work by Lenhart and colleagues (31). Although
quinones are able to react with several nucleophiles, the low
pKa of chitosan amino groups favored grafting as compared to
lysyl or sulfydryl groups of Kcoil whose pKas are higher (10
for lysine, 8 for cysteine) (22, 32). The addition of a tyrosine
at the N-terminus of the Kcoil peptide thus provided a means
for controllable and oriented grafting of the Kcoil peptide.

Surface Plasmon Resonance (SPR) Characterization of
Ecoil Tagged EGF Binding to Kcoil-Conjugated Chitosan.
The ability of Kcoil-chitosan to recruit and bind to Ecoil tagged
EGF Via specific E/K coiled-coil interaction was tested using

an SPR-based optical biosensor. Briefly, pure chitosan was
immobilized on the control flowcell and grafted chitosan on
the test flowcell. Buffer, Kcoil tagged EGF (negative control)
and Ecoil tagged EGF were then injected over both surfaces.
Preliminary experiments performed in running buffer (HBS-
EP) at pH 7.4 led to high nonspecific binding of Kcoil tagged
EGF to Kcoil chitosan surface (data not shown). This observa-
tion led us to hypothesize that this binding was attributable to
nonspecific chitosan-protein interactions, i.e., between chitosan
itself and EGF, since neither Kcoil/Kcoil nor Kcoil/chitosan
interactions are likely to occur due to electrostatic repulsion
between cationic chitosan and the cationic Kcoil (19). The pI
of Ecoil tagged EGF was computed on Clone Manager (Sci-
ED Software, Cary, NC) and found to be around 5.2, which
indicates that the protein bears a negative charge for pH > 5.2.
These nonspecific interactions are thus more likely to be due
to EGF interacting with the positively charged NH3

+ groups of
chitosan (33). The use of HBS EP at a lower pH of 6.0 as
running buffer allowed chitosan and Kcoil chitosan to remain
soluble during deposition on the surface, resulting in very stable
surfaces that were not modified by 5 M guanidinium-HCl
injections. At this pH, chitosan and Kcoil chitosan were observed
to have a high affinity for the dextran surface of the biosensor
((34) and results not shown). However, nonspecific interactions
between injected EGF and deposited chitosan were still observed
in this configuration ((33) and data not shown). In order to limit
these nonspecific chitosan-protein interactions, NaCl pulse
injections were added during the regeneration step, just after
the 5 M guanidinium-HCl injection. Note that this salt injection
is only required to demonstrate specific coiled-coil interactions
by SPR and does not need to be applied in general to achieve
coupling.

Raw data and control-corrected results corresponding to
buffer, Kcoil tagged EGF (negative control) and Ecoil tagged
EGF injections over Kcoil conjugated chitosan and pure chitosan
surfaces, following the above-described optimized protocol, are
shown in Figure 5a,b, respectively. In contrast to previous
experiments performed at pH 7.4 or in the absence of NaCl
pulses, Kcoil tagged EGF showed little interaction with the Kcoil
chitosan surface since the raw signal monitored on test cell for
Kcoil tagged EGF injection was very similar to that of buffer-
only injection (only 15 RUs of accumulated material were
observed, Figure 5a). In contrast, Ecoil tagged EGF injection
over Kcoil chitosan surface led to approximately 75 RUs of
accumulated material at the end of the injection (Figure 5a).
Taken together, these results indicated that Ecoil tagged EGF
capture on Kcoil-chitosan was mediated by the Ecoil moiety of
Ecoil tagged EGF. However, this result did not distinguish
whether the mode of interaction was between Ecoil tagged EGF
and Kcoil chitosan Via an E/K coiled-coil interaction versus
Ecoil interacting directly with chitosan chains adsorbed to the
test surface. To further address this issue, the sensorgrams
corresponding to Kcoil tagged and Ecoil tagged EGF injections
over the pure chitosan surface were subtracted from the
sensorgrams obtained by injections over the surface coated with
Kcoil conjugated chitosan (Figure 5b). The control-corrected
sensorgram corresponding to the injection of Kcoil tagged EGF
was characterized by rapid transition (less than 2 s) to equilib-
rium (25 RUs) during injection and by the absence of dissocia-
tion of bound material during subsequent buffer injection. In
contrast, injection of Ecoil tagged EGF resulted in a kinetic
profile characterized by a 5-fold higher mass accumulation
during injection and dissociation of Ecoil tagged EGF/Kcoil
chitosan complexes during subsequent buffer injection. Of
interest, the same level of permanent accumulation of EGF after
buffer injection was observed as in the case of Kcoil tagged
EGF (25 RUs). These observations are thus consistent with a

Figure 4. FT-IR characterization of the Kcoil-chitosan bioconjugate.
FT-IR spectra of (1) pure chitosan, (2) Control #1 (no peptide), (3)
Control #2 (no tyrosinase), and (4) Kcoil conjugated to chitosan. The
products were prepared as described in section 2.1 of Materials and
Methods. The resolution was set to 2 cm-1 and the measurement
frequency was 5 kHz. The ranges of wavelengths shown are (a)
700-1100 cm-1, (b) 1500-2000 cm-1, and (c) 3100-3650 cm-1.
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specific E/K coiled-coil mediated interaction between Ecoil
tagged EGF and Kcoil conjugated chitosan, in addition to a
smaller nonspecific interaction between EGF and chitosan that
is present for both E and Kcoil tagged proteins.

One limitation of the current approach and in particular
of the conditions used for SPR tests is the limited stability
of the coiled-coil complex composed of Ecoil tagged EGF
and Kcoil chitosan that was observed to dissociate within
100 s (Figure 5b). Such instability was due to stringent
experimental conditions, i.e., acidic pH in combination with
injection of high concentration of salt, which we used to
highlight the coiled-coil specific interactions. Indeed, main-
taining chitosan solubility and simultaneously screening
nonspecific interactions negatively impacted coiled-coil
stability since hydrophobic cores within coiled-coil complexes
are less stable at pH 6.0 than at physiological pH and since
the presence of salt will mask electrostatic interactions that
allow further stabilization of the complex. Thus, the hydro-
phobic core was formed, which created the increase of SPR
signal, but the domain could not be maintained because of
the lack of stabilizing electrostatic interactions consistent with
previous work (19, 20). One remaining challenge in future
work is to limit nonspecific binding of proteins to chitosan
and thus achieve stable and, most of all, monitorable coiled-
coil interactions at physiological pH. Indeed, the E/K coiled-
coil system used in this study has already been demonstrated
to be extremely stable (kd ∼ 10-4 s-1) in a physiological
context (16, 17, 19–21), affirming the promising nature of
coil-chitosan conjugates as biocompatible substrates for
oriented immobilization of proteins. This may be achieved
by appropriate mixing and buffer exchange systems where
conditions appropriate for specificity of coiled-coil formation

are followed by those required for stability of the established
coiled-coil complex.

CONCLUSION

Chitosan has been reported as a promising material for gene
and drug delivery as well as in tissue engineering and regenera-
tive medicine. This report demonstrates that enzymatic covalent
grafting of a de noVo designed coil peptide to chitosan can be
achieved by exploiting the high chemoselectivity of tyrosinase.
A particular advantage of the current approach is the absence
of tedious and time-consuming purification steps making this
enzymatic process very promising to obtain easily a pure and
safe product for biomedical applications. This study also
demonstrates the ability of coil-chitosan conjugate to specifically
capture proteins tagged with the partner coil peptide, for
example, the growth factor EGF. The well-known beneficial
properties of chitosan (biocompatibility, degradability, bioad-
hesion, antimicrobial activity) can thus be complemented with
a procedure allowing flexible and oriented protein conjugation
to chitosan Via coiled-coil interactions, providing multiple
additional functionalities in applications such as gene delivery
and regenerative medicine.
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