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Structural and Biophysical Characterization of a Cyclic
Bioadhesive with Cell Attachment Ability

Marion P. Olivieri1, Robert M. Wollman2, Mary I. Hurley1,
and Michael F. Swartz3
1D’Youville College, Department of Mathematics and Natural Sciences,
Buffalo, New York, USA
2Roswell Park Cancer Institute, Buffalo, New York, USA
3University of Rochester Strong Memorial Hospital, Department of
Cardiac Surgery, Rochester, New York, USA

Structural and cellular attachment analysis identified overall bent helical regions
of adhesive peptides identified within mussel adhesive protein (MAP) capable of
also attaching cells. DOPA (L-DOPA, 3,4-dihydroxyphenylalanine) is frequently
identified and credited for the attachment ability of several marine proteins. Newly
designed cyclic peptides (DOPA-G-G-C-G-K-A-K-G-C [cyc-DOPA] & Y-G-G-C-G-K-
A-K-G-C [cyc-Y]) derived from structurally conserved regions of several MAP pep-
tides were examined to assist in the understanding of both surface and cellular
attachment. Solution-state proton nuclear magnetic resonance (NMR) spectroscopy
coupled with molecular modeling and dynamics revealed minimal differences in
the structures of the proposed cellular attachment domain within these two
peptides. Multiple attenuated internal reflection infrared (MAIR-IR) spectroscopy,
ellipsometry, and advancing contact angle analyses showed that formation of thin
films by these peptides was L-DOPA- and pH-dependent. When compared with
control surfaces, undifferentiated leukocyte cells (MOLT-4) significantly attached
and spread onto films created from the cyc-DOPA. The culmination of these struc-
tural, biophysical, and cellular attachment techniques reveal a conformation of
cyc-DOPA that is capable of both adsorbing to surfaces and then attaching cells
that spread. This work supports the sequence K-A-K as the cellular attachment
domain, especially when held in a reliable structural conformation.
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ABBREVIATIONS

MAP Mussel adhesive protein
L-DOPA 3,4-Dihydroxyphenylalanine
cyc-DOPA Cyclic DOPA (DOPA-G-G-C-G-K-A-K-G-C)
cyc-Y Cyclic tyrosine (Y-G-G-C-G-K-A-K-G-C)
NMR Nuclear magnetic resonance
MAIR-IR Multiple attenuated internal reflection-infrared
MAP-RD Decameric sequence of MAP (alanine-lysine-

proline-serine-tyrosine-hydroxyproline-
hydroxyproline-threonine-L-DOPA-lysine-
COOH;A-K-P-S-Y-Hyp-Hyp-T-DOPA-K)

CD Circular dichroism
MAP-14 14 amino acid peptide derived from MAP

(P-S-X-Hyp-Hyp-T-X-K-A-K-P-S-X-Hyp)
TCPS Tissue culture polystyrene
SFM Serum free hybridoma media
BSA Bovine serum albumin
PBS Phosphate buffered saline
SEM Scanning electron microscopy
COSY Correlated spectroscopy
ROESY Rotating frame nuclear Overhauser spectroscopy
nOe Nuclear Overhauser effects
TSP Trimethylsilylpropionate
RMSD Root mean squared deviation
MM Molecular mechanics
MD Molecular dynamics
HPLC High pressure liquid chromatography

INTRODUCTION

The characterization of surface or cellular attachment to protein-like
films is dependent on understanding significant binding interactions
at the atomic level. The potential for controlling attachment is vast;
often there is a need to enhance cellular attachment to surfaces, such
as for implantable devices. Conversely, many seek the reduction of
biofilm formation, perhaps in the oral cavity or in a marine environ-
ment. This work utilizes a molecule that was designed to examine both
protein=surface as well as protein=cell interactions.

The common blue sea mussel, Mytilus edulis, produces mussel
adhesive foot protein (mefp-1 or MAP) that is capable of attachment
to various underwater surfaces [1,2] and various cell types [3]. This
approximately 114 kDalton protein is generally comprised of a
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repeating decapeptide (alanine-lysine-proline-serine-tyrosine-hydro-
xyproline-hydroxyproline-threonine-L-DOPA–lysine; A-K-P-S-Y-Hyp-
Hyp-T-DOPA-K; MAP-RD). Thin films of MAP have demonstrated
the ability to attach various cell types to several substrata in vitro
[3,4]. It was shown that several L-DOPA-containing molecules, includ-
ing MAP, were dependent on alkaline conditions for adsorption and
rinse-resistant film formation [5,6]. Others have also reported the
importance of maintaining pH levels to reduce the oxidation of the
L-DOPA residues of peptides and proteins [7]. Since ‘‘conditioning’’
biofilm formation is a prerequisite to cellular binding, the characteri-
zation of the protein adhesion process is essential to obtain a complete
understanding of the cellular attachment process [8], especially in a
wet environment [9].

Since MAP has already been examined as an adhesive in chondro-
cyte transplantation surgery [10] and tested as an attachment agent
for corneal applications [11], understanding its abilities should allow
direct application to applied research. Additionally, the three-
dimensional structural elucidation of MAP with its remarkable sur-
face as well as cellular binding properties would provide information
on the general phenomenon of bioadhesion. This information could
lead to the development of molecules designed to enhance tissue
adhesive scaffolding for drug targeting. There is also interest in
understanding these proteins, abilities as they are able to act as
load-bearing junctions while joining functionally different biomacro-
molecules (i.e., mussel plaques to their collagen fibers [12]).

Although the structural analysis of MAP is incomplete, circular
dichroism (CD), surface chemistry, and molecular modeling deter-
mined that the sequential hydroxyprolines within MAP-derived pep-
tides provided conformational rigidity, likely imposing a poly-proline
II conformation. These data further indicated that the polar side-
chains of the remaining residues were presented to the solution,
specifically the lysine side-chains [6]. The likelihood of the poly-proline
II conformation was proposed [5] and was later affirmed [3,13,14].

Prior studies characterized the MAP-RD solution-state structure
[13] and its uniform rinse-resistant film properties [6]. Nuclear
magnetic resonance (NMR) studies coupled with molecular modeling
of this peptide revealed a bent helical conformation [13]. To continue
the structural elucidation of MAP, a larger peptide structure was
designed to sequentially internalize the terminal amino acids of
MAP-RD [P-S-X-Hyp-Hyp-T-X-K-A-K-P-S-X-Hyp, (MAP-14) where
X¼ (Y or L-DOPA)]. Molecular modeling was used to examine similar
structural overlapping regions of the MAP-RD [13] and MAP-14 to
predict larger MAP fragments. It is evident from the accumulated
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information obtained through peptide design, NMR, molecular
modeling, surface chemistry, and cellular attachment data that the
unique lysine-alanine-lysine (K-A-K) of the MAP-14 when able to
maintain a reliable structure is potentially responsible for cellular
attachment [3].

For this study, new peptide sequences were developed as biomi-
metics, materials designed to mimic compounds with biological origin
[15], to incorporate the regions of MAP responsible for the substrate
attachment {L-DOPA} and other regions responsible for cellular
attachment {K-A-K}. From other studies, using synthesized peptides
that contain L-DOPA for the adhesion process, and RGD for cellular
attachment, DOPA-G-C-G-G-R-G-D-G-C, we found that using
peptides that were cyclic in design would limit flexibility and allow
better monitoring of structure-function relationships [16].

MATERIALS AND METHODS

Materials. Two cyclic peptides were obtained from SynPep (Dublin,
CA, USA) after purification and characterization by high-pressure
liquid chromatography and mass spectrometry (DOPA-G-G-C-G-K-
A-K-G-C {cyc-DOPA} and Y-G-G-C-G-K-A-K-G-C {cyc-Y}). A-K-P-S-Y-
Hyp-Hyp-T-DOPA-K was obtained in-kind from Christine Benidict
and MAP was obtained from Collaborative Biomedical Products
(Bedford, MA, USA). Deuterium Oxide (99.99%), needed for the
NMR lock signal, was purchased from Cambridge Isotope Laboratories
(Cambridge, MA, USA). Cellular attachment assays were performed
using six-well tissue culture polystyrene (TCPS) cell culture plates
(Corning Glass Works, Corning, NY, USA). Serum Free Hybridoma
Medium (SFM), bovine serum albumin (BSA), and Dulbecco’s phos-
phate-buffered saline (PBS) were obtained from Life Technologies,
Inc. (Grand Island, NY, USA). Toluidine blue, a protein-staining
agent, was obtained from Carolina Biological (Burlington, NC, USA).
The lymphoid cell line MOLT-4 was established in 1971 with cells
from a 19-year old male donor with acute lymphoblastic leukemia
(obtained from Dr. Ian McDonald, Roswell Park Cancer Institute,
RPCI, Buffalo, NY, USA). The cells are approximately 10 microns in
diameter, of T-cell origin [17], and are often used as a negative control
for cellular attachment due to their selective binding to VCAM-1 pep-
tide films [18]. Cut and polished germanium (Ge) plates, 50� 20�
1 mm, used as substrates for surface chemistry experiments, were
obtained from Harrick Scientific (Ossining, NY, USA).

Peptide design. Two peptides were designed containing L-DOPA
or tyrosine to monitor the peptide-surface adhesion process. The
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L-DOPA was created after subjecting tyrosine to mushroom tyrosinase
in order to add a further OH group to carbon number four [19]. The
peptides contained the structurally conserved region of MAP believed
responsible for peptide-cellular adhesion (K-A-K) [3]. The peptides
were designed as cyclic via disulfide bonding between residues 4 and
10, restricting conformational space in the K-A-K region. Several
glycine residues were incorporated in the anticipation that some ring
structural flexibility might be needed to expose the lysine side-chains
to the solution side of a thin film.

Surface Chemistry Methods. Films of the cyc-Y and cyc-DOPA
were created from solutions containing 1 mg=mL peptide=H2O.
All samples were eventually diluted so as to produce a final surface
concentration of 2mg peptide=cm2 using H2O (pH 3) or 0.1 M sodium
bicarbonate (pH 8), applied to germanium plates (Harrick Scientific,
Ossining, NY, USA), and allowed to dry. After drying they were
leached, by gently applying 1.5 mL of distilled water on top of the film
and then tilting the plate vertically for the loosely associated film
components to be removed, and then dried. After which, the samples
were strongly rinsed for 10 s using a wash-bottle held 6 inches from
the plates held in a vertical position. All samples were analyzed nondes-
tructively by both ellipsometry and MAIR-IR spectroscopy at each step,
after drying, leaching, or rinsing on the coated germanium plates [20],
thus, allowing for a qualitative and semi-quantitative assessment of the
physical state of the films in each circumstance. Ellipsometry was car-
ried out on a Rudolf Research Thin Film Type 43702-200E Ellipsometer
(Denviple, NJ, USA). Three spots per plate were measured, and the raw
data processed to give film thickness (in Angstroms) with a National
Bureau of Standards computer program [21]. This ellipsometer moni-
tors films ranging between 2–2000 Å in thickness. MAIR-IR spectro-
scopy was carried out on a Perkin-Elmer Model 1420 Ratio Recording
IR spectrophotometer (Walthau, MA, USA) with a dedicated computer
capable of recording absorption spectra for films as thin as 10 Å [22].
Finally, the advancing angle method of contact angle analysis was per-
formed on a Ramé-Hart contact angle goniometer (Neteoug, NJ, USA)
at the conclusion of each MAIR-IR spectroscopic assessment [3]. Liquids
used for contact angle assessment were the highest grade available. The
liquids with corresponding surface tensions (in dynes=cm) were water
(72.4), glycerol (64.8), formamide (58.9), thiodiglycol (53.5), methylene
iodide (49.0), 1-bromo-naphthalene (45.0), 1-methyl-naphthalene
(39.3), dicyclohexyl (32.7), and n- hexadecane (27.6), while other chemi-
cals were standard reagent grade.

Cell Attachment Methods. Film Preparation. Cellular attach-
ment assays were performed using six-well cell culture plates.
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Volumes of 0.5 mL of cyc-Y and cyc-DOPA in a 0.1 M NaHCO3

(pH¼ 8.1) buffered solution were applied to attain a surface concentra-
tion of 2 mg=cm2 into each of the six cell-wells per condition. These
films were allowed to dry and were then rinsed three times with
1 mL of distilled water. Half of the treated plates were exposed to
0.5 mL of Bovine serum albumin (BSA; 1 mg=mL) for 30 minutes
followed by aspiration of the BSA solution. This resulted in three wells
with sample films alone and three wells with an additional albumin
exposure. The coating of surfaces with albumin before cellular
introduction is used by many to distinguish between specific and
non-specific cellular adhesion. It is generally believed that the albu-
min blocks the non-specific cellular attachment sites, while leaving
areas available for subsequent ‘‘specific’’ cellular adhesion [23].

Cell Introduction. Approximately 120,000 cells in SFM were
injected into each cell-well. Plates were incubated for 1 hour at
37�C. The SFM=cell solution was aspirated and each well was rinsed
with 1 mL of PBS and fixed with 3% glutaraldehyde for 1 hour. The
wells were stained with 0.025% toluidine blue and rinsed with 2 mL
of distilled water. The cells were dehydrated using 1 mL each of 20,
50, 70, and 100% ethanol solutions for 10 minutes, and then aspirated.
A total area of 4 cm2 per condition was counted using NIH image
analysis on a Macintosh computer with the public domain NIH
program (http://rsb.info.nih.gov/nih-image). Scanning electron micro-
scopy (SEM) was then performed for each experimental condition.
t-Tests (Microsoft Excel) were used to compare statistical significance
(p< 0.05).

SEM Imaging Methods. The wells designated for SEM were fixed
using the same procedures as above. The center 4 cm2 portion of each
cell-well was cut out and affixed to a scanning electron microscope
stub. Samples were then carbon coated to a few nanometers thickness,
using a Denton DV-502 Carbon Evaporator (Denton Vacuum, cherry
Hill, NJ, USA). The surfaces and attached cells were then examined
using a Hitachi S-4000 SEM (HiEachi, Pleasouton, CA, USA).

NMR and Molecular Modeling Methods. Nuclear magnetic
resonance (NMR) spectra were collected for the pair of peptides. The
L-DOPA-containing peptide sample was 5.4 mM at pH 2.74 in
90%H2O=10%D2O and the tyrosine-containing peptide samples were
5.4 mM at pH 3.18 in D2O and 5.4 mM at pH 2.78 90%H2O=10%D2O
uncorrected for isotopic effects. These low pH conditions were used
to maintain L-DOPA-peptide integrity over the lengthy time course of
the 2D experiments. 1D and 2D correlated spectroscopy [COSY; 24]
and rotating frame nuclear Overhauser effect spectroscopy (ROESY)
experiments were collected on an AMX-600 MHz Brüker instrument
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(Brüker, Billerica, MA, USA) at 295 K. The 2D experiments were col-
lected with a data matrix of 4096� 512 complex data points in the
timed proportional phase incrementation mode. The mixing time for
the ROESY was 300 ms. The nuclear Overhauser effect (nOe) data
was utilized in molecular modeling software [25] to develop structures
of these peptides. Chemical shifts were referenced to H2O at 4.7421 ppm
with respect to deuterated sodium 3-trimethylsilylpropionate-2,2,3,3-d4
(TSP).

NMR data and molecular modeling techniques were used to
elucidate a family of possible conformations for the peptides. Molecu-
lar modeling was performed on a Silicon Graphics, Incorporated
(Mountainview, CA, USA) workstation with Sybyl software (St. Louis,
MO, USA). Amino acid starting conformations were extracted directly
from the program’s protein dictionary. L-DOPA was created as a
modification of tyrosine. The TRIAD component of Sybyl was used to
process the NMR data. Specifically, ROESY data provided conforma-
tional constraints from nOe volumes that were divided into three
categories with the corresponding distance ranges, strong (1.8–2.5 Å),
medium (1.8–3.5 Å), and weak (1.8–5.0 Å). These constraints were
then used to run DIANA, another component of Sybyl, which used
distance geometry in dihedral space to generate a requested 100 struc-
tures. A family of the ten lowest energy structures underwent simu-
lated annealing procedures. The molecules underwent ten cycles of
simulated annealing starting at 1000 K for 2 picoseconds (ps) and cool-
ing to 300 K for 1 ps. X-PLOR [26] was used to calculate the root mean
squared deviation (RMSD) of the family and to provide an overall
averaged structure. X-PLOR’s averaging process created a strained
structure that underwent molecular mechanics (MM) minimization
procedures. This MM procedure consisted of a two-step optimization
approach without constraints using 100 iterations of steepest descent
minimization and then Powell minimization until convergence (gradi-
ent was less than 0.05 kcal=mol� Å) utilizing the Kollman forcefield
contained within Sybyl.

The minimized average structure was solvated using minimum
periodic boundary conditions that placed water molecules around
the peptide in a cube of approximately 32 Å per side. The solvated
peptide was then subjected to molecular dynamics (MD) calculations.
The volume and temperature (300 K) were held constant. The experi-
ment was run for 200 ps and a snapshot was taken every ps. Gasteiger-
Hückel charges were implemented with a constant dielectric function.
Shake was implemented for all bonds and the nonbonded interactions
were reset every 25 femptoseconds (fs). Initial velocities were gener-
ated using a random seed. An average structure was calculated using
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the 200 structures obtained from the snapshots. This structure
underwent the MM procedure. The RMSD values of the backbone
atoms of each snapshot structure were calculated using the average
dynamics structure as the reference.

RESULTS

Surface Chemistry. Ellipsometry, MAIR, and contact angle analyses
data provided evidence that rinse-resistant film formation was depen-
dent on the presence of L-DOPA and the higher pH. The L-DOPA-
containing films formed from a solution at pH 8 provided film
thickness an order of magnitude greater than when formed from
pH 3 solutions (119.0� 63 Å vs. 11.6� 6.4 Å; Table 1). MAIR absorben-
cies correlated with the pH 8 provided a greater mass at the prism sur-
face; the Amide I band was (1650 cm�1; 0.093� 0.023 vs. 0.015� 0.01;
Fig. 1) and the Amide II band was (1550 cm�1; 0.061� 0.014 vs.
0.006� 0.005; Fig. 1) [22]. These spectra are consistent with previous
studies that indicate an absorption at 1260 cm�1 found for L-DOPA
surface attachment to germanium oxide plates [5]. However, the cyc-Y
did not result in this uniform rinse-resistant film formation regardless
of pH. Contact angle analyses showed that samples even minimally
capable of creating rinse-resistant films were polar, having high cp

values ranging from 30–40 dynes=cm (cyc-DOPA, cd: 21.6� 3.7,
cp: 40.6� 5.4, cc: 39.6� 3.1; cyc-Y cd: 26.0� 1.4, cp: 30.5� 1.2, and
cc: 42.3� 1.2).

Cell Attachment. In the absence of BSA, cellular attachment for
MAP-RD was 23,039, cyc-DOPA 20,670, TCPS 18,290, cyc-Y 17,767
and MAP 4,355 (Fig. 2). For the MAP-RD films, only 50% of the cells
that attached were spread compared with the cyc-DOPA where most,
if not all, cells were seen through SEM imaging as uniformly distrib-
uted and spread (Fig. 3). Although the TCPS attached more cells than
cyc-Y and MAP, the cells for these three conditions were found to be

TABLE 1 Ellipsometry Thickness (Å) of Cyc-DOPA and Cyc-Y

Cyclic-Dopa Cyclic-Tyrosine

pH: 3
Dried 356.6�566.8 113.6�219
Leached 13.43�7.9 5.8�6.4
Rinsed 11.67�6.4

pH: 8
Rinsed 119.0�63 11.6�6.4
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rounded in shape and unevenly distributed. SEM showed that less
than 25% of cells attached to the TCPS were spread. The decapeptide
attached the most cells but not significantly more than the cyc-DOPA.
In the absence of BSA, the only interface that showed consistent,
uniform attachment and spreading of cells was the cyc-DOPA films.

In the presence of albumin, the cellular attachment was highest for
cyc-DOPA (cyc-DOPA 1,384, MAP-RD 1,079, cyc-Y 634, TCPS 392,
and MAP 294; Fig. 2). However, only the cyc-DOPA films provided
an environment that retained attached and spread cells throughout
SEM sample preparation.

NMR. The data from HPLC, NMR, and amino acid analysis
performed on cyc-Y and cyc-DOPA validated amino acid composition
and assured sample purity. One- and two-dimensional NMR experi-
ments allowed for the assignment of chemical shift values (supporting
information). The extracyclic attachment residue (Tyr=DOPA)
produced only minor differences in the chemical shift values in the
N�H and C�H regions for like residues (�0.04 ppm). The COSY and
ROESY (Fig. 4), data coupled with semi-automatic algorithms within
TRIAD, were sufficient to carefully assign the N�H protons in these
overlapped spin systems. The nOe peaks having multiple assignments
were manually edited and given the most conservative assignment
(i.e., given the choice of neighboring vs. long range assignments;

FIGURE 1 MAIR-IR spectrum of a cyc-DOPA film created from 2mg=cm2

after rinsing.
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neighbors were assigned first). There were 39 (strong 19, medium 12,
weak 8) and 40 (strong 25, medium 8, weak 7) inter-proton distance
constraints for cyc-Y and cyc-DOPA, respectively.

NMR data coupled with molecular modeling techniques have
elucidated a family of ten structures for each peptide (Fig. 5). After
simulated annealing, the ten structures provided an average RMSD
to their mean structure for non-H atoms of 2.85 and 1.46 Å for the
backbone (NCC¼O) atoms for cyc-Y and of 2.70 and 1.53 Å for cyc-
DOPA (Fig. 6). The structures show similar ring conformation
throughout, with variability in the position of the extracyclic residues,
permitting flexibility for the L-DOPA to position itself against the sur-
face. The families were mathematically averaged to yield a single mean
structure for each peptide that was subjected to energy minimization.

FIGURE 2 Number of MOLT-4 leukocytes attached over a total 8 cm2 region
in the (top) absence and (bottom) presence of albumin introduction. Going from
left to right conditions included cyc-DOPA, MAP-RD, cyc-Y, TCPS, and MAP.
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FIGURE 3 SEM image of a MOLT-4 cell attached and spread onto a
cyc-DOPA film.

FIGURE 4 Fingerprint region of a ROESY spectrum of cyc-DOPA at 600 MHz
with a mixing time of 300 ms.
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These structures were used as the starting conformations for
molecular dynamics calculations. Figure 7 shows the RMSD for each
dynamics time-point to the mean dynamics structure for the backbone
and all heavy atoms. The data show that after an initial equilibration
period the peptide’s atoms have an RMSD value of 0.5 Å for the back-
bone atoms and 0.8 Å for the heavy atoms. The RMSD values jump to
about 1 Å after 170 ps; however, inspection of the structures obtained
from 100 and 190 ps clearly indicate that the variance is located in the
side-chain region of the aromatic amino acids. Sybyl provided the
average structure over the final 160 ps of the molecular dynamics
experiment. The overall structures did not change significantly as a
result of the dynamics calculations (Fig. 8). A list of the various ener-
gies associated with the minimized average structures before and after
dynamics is given in Table 2, with the total energies providing 121.9
and 95.5 kcal=mol, respectively, for cyc-Y and 240.2 and 58.8 kcal=
mol for cyc-DOPA.

The torsion angles of the final structures of each peptide after
dynamics were compared with those of known secondary structure.

FIGURE 5 Family of the ten lowest energy structures resulting from nOe
data, distance geometry calculations (DIANA), and molecular modeling of
cyc-DOPA.
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FIGURE 6 RMSD per residue of the family of ten cyc-DOPA structures after
simulated annealing. White is Ca�C�N, grey is Ca�C�O�N, and black is all
heavy atoms.

FIGURE 7 RMSD for each dynamic time point to the mean dynamic struc-
ture for the backbone (black) and for all heavy atoms (grey) over the time
course of a 200 ps dynamics experiment.
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Based on the torsion angles, bond angles, and bond lengths, the com-
puter program Recheck [27] found that the mean conformations before
and after dynamics is valid.

The final average minimized structure after dynamics was
examined for possible H-bond associations. It was determined that
four H-bonds were found for the cyc-Y (C4 O’ –>A7 HN, K6 O’ –>K8
H3N, A7 O’ –>G9 HN and G9 O’ –>C10 HOCAP) while two were found
for cyc-DOPA (C4 O’ –>K6 HN and K6 O’ –>K8 HN).

FIGURE 8 The dynamics averaged structures of (left) cyc-DOPA and (right)
cyc-Y.

TABLE 2 Energy Calculations for cyc-Y and cyc-DOPA Before and After
Molecular Dynamics Using a Kollman All-Atom Force Field and
Gasteiger-Hückel Charges

Energy Type
(kcals=mol)

Post MD

cyc-Y cyc-Y cyc-DOPA cyc-DOPA

Bond stretching 27.889 28.22 26.9 28.22
Angle bending 100.532 99.359 228.81 98.359
Torsional 19.846 17.432 16.336 17.432
Improper torsional 0.599 0.623 0.365 0.623
1–4 van der Waals 17.107 16.77 39.327 16.77
van der Waals �3.098 �11.743 �8.142 �11.743
1–4 Electrostatic 25.452 81.551 94.233 81.551
Electrostatic �66.373 �134.591 �156.373 �134.591
H-Bond �0.097 �1.077 �1.217 �1.077
Total 121.857 95.543 240.24 95.543
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DISCUSSION

Surface Chemistry. The cumulative surface chemistry data clearly
indicate tha-t the L-DOPA-containing peptide delivered at an alkaline
pH is necessary for surface adsorption. Both cyc-Dopa and cyc-Y films
formed from solutions at a low pH provided films that were not uni-
form in thickness, ranging from almost no adsorption to over 1000 Å.
Leaching of these films removed most loosely associated peptide, leav-
ing virtually nothing behind on the cyc-Y films. Films formed at a pH
of 8 dried as too thick to measure, the rinsed films for both peptides
masked the surfaces; however, the L-DOPA-containing films provided
films that were thicker, and completely masked the surface (Table 1).
Films created from these conditions were of similar characteristics to
other proteinaceous cellular attachment films [1,3,5,6]. The particu-
larly high cp values (30–40 dynes=cm) indicate a very polar surface
and result from the arrangement of lysine R-groups outermost. Since
poly-lysine is a well-known cellular attachment agent, the lysine
residues are likely responsible for subsequent cell attachment [6]. A
prior series of surface chemistry experiments identified the polar
component of the surface free energy of films formed from MAP as
linked to optimal cellular attachment (i.e., >12 dynes=cm) [4]. The
30–40 dynes=cm noted for cyc-DOPA films’ cp values are clearly above
this range.

Cell Attachment. In the absence of BSA, there is little difference
between the number of attached cells for TCPS and the cyc-Y. This
is consistent with the surface chemistry data indicating that the cyclic
peptides are dependent on L-DOPA for surface attachment and that
cyc-Y is not capable of forming rinse-resistant films. The decapeptide
(MAP-RD) attached the most cells, but not significantly more than
cyc-DOPA. Further, the MAP-RD attached cells that retained a
rounded appearance often could not withstand SEM sample prepara-
tion techniques as compared with the extended spread cells attached
to the cyc-DOPA films. MAP attached few or no cells, rather it was a
deterrent. This phenomenon has been associated with the protein’s
ability to aggregate at the surface, when allowed to dry down comple-
tely as in this study. These thicker films (sometimes greater than
1000 Å) provide a much-reduced polar component when compared with
films created according to the manufacturer’s specifications nearing
monolayer in thickness [5].

In the presence of BSA, the K-A-K-containing cyc-DOPA signifi-
cantly enhanced cellular attachment when compared with each condi-
tion examined. The attachment of the cells in the presence of BSA is
reported to be indicative of a specific interaction between the interface
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and the cell [23]. Although poly-lysine cellular interactions are not
usually considered ‘‘specific’’ interactions, these data indicate that
the arrangement of the K-A-K may play a role in enhanced binding.
It has been shown that the simultaneous addition of fetal bovine
serum onto MAP films suggested that serum does reduce the adhesive
nature of MAP-[28] and RGD-containing peptides [4,29]. This reduc-
tion is also associated with a decrease in the polar components of
resultant films, cp [4,6]. It is believed that the addition of BSA to polar
films aligns the BSA with its polar groups closest to the film surface,
leaving a resultant less polar interface for subsequent film=solution
interaction [4]. Using this technology, layering of adhesive molecules
could actually result in non-fouling surfaces [5].

Although MAP-RD and cyc-DOPA are similar in size, and contain
equivalent amounts of lysines, BSA significantly reduced MAP-RD’s
ability to attach cells and obliterates its ability to spread cells when
compared with cyc-DOPA. The unique K-A-K sequence found in
cyc-DOPA must be responsible for the enhanced cellular attachment
and, more noticeably, cell spreading. It is the cellular attachment
and spreading of cells on a surface that provides a stable foundation
for subsequent surface masking, cellular growth, and potential tissue
integration.

NMR. Chemical shift assignments of both cyclic peptides have been
made using a combination of solution-state NMR spectra. Based on the
chemical shifts, the substitution of tyrosine for L-DOPA has little
effect on the rest of the cyclic peptide. This suggests that the conforma-
tion of the cyclic portion is conserved regardless of the external attach-
ment residue. The dynamics calculations of the cyc-DOPA provided a
family of structures that indicated the L-DOPA residue had enough
structural flexibility to encounter and adsorb to surfaces (Fig. 5).

The molecular models of cyc-DOPA are consistent with our previous
MAP-interface interaction model [6,13] in which the phenolic side
chain functional groups are allowed to interact at a surface [13] and
the lysine side chains remain outermost [6]. More recently, it reaf-
firmed that the (�OH) groups of the L-DOPA are likely responsible
for surface adhesion [30].

Clearly, for the conditions examined, our results indicate that the
presence of L-DOPA is required for peptide-surface adsorption. The
NMR and amino acid analysis reveal only minor differences associated
with the tyrosine and L-DOPA, therefore suggesting that the cyclic
portion of each peptide is conserved, allowing the polar side chains
to remain outermost. It is further evident from the accumulated infor-
mation obtained that the unique lysine-alanine-lysine (K-A-K) of the
cyc-DOPA is responsible for the specific cellular attachment noted
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here. Although others have suggested that the lysines are capable of
charge associations between MAP and the surface [31], based on our
observations it seems more likely that the L-DOPA is responsible for
surface attachment leaving the positively charged lysines outermost.

The significance and specification of the K-A-K binding domain has
been further substantiated by its enhanced ability to attach cells when
compared with lysine-alanine-ornathine (K-A-O) peptides [32]. Our
continuing studies are examining K-A-K-containing film conditions
that promote cellular attachment and growth. Promising results
utilizing cyc-DOPA films to adhere rat retinal stem cells indicate that
they clearly attach and spread forming multiple layers within some
areas [33]. Ongoing studies are utilizing antibody-labeling techniques
to identify possible cellular differentiation of these stem cells. Other
studies examining surface modification have used L-DOPA films as
a first layer for subsequent film absorption to create non-fouling resul-
tant outerlayers [34,35] while others have used dopamine [36]. Some
have had some success in using cyclic peptide coatings [37] or covalent
grafting of cyclic RGD peptides to mediate specific cell adhesion [38],
while others have used cyclic peptides to block binding sites on cells
in solution to deter subsequent surface adhesion [39]. Structural
analysis of these molecules often continues to rely on traditional
solution-state NMR spectroscopy; however, we are working toward
an adsorbed-state protocol. Since these molecules are active while
adsorbed to surfaces in wet environments, and very hygroscopic, using
solid-state NMR techniques is difficult and perhaps lacking in signifi-
cance. Solution state NMR techniques using peptides adsorbed to
molecule size substrates, smaller nanoparticles, in solution may be
the best way to monitor the adsorption process. Additionally, it may
reveal the outermost structures of the wet adsorbed films that cells
and other solutes may encounter [40].

These biomimetic peptides, designed with the ability to adsorb
to surfaces and then attach cells or to actually deter cellular attach-
ment, could be utilized to mask surfaces of implantable devices,
reducing the inflammatory response, potentially design tissue adhe-
sives, or assist in the regeneration process. These peptides could also
be used in an in vitro environment where surface-fouling manipula-
tion is desired.

CONCLUSIONS

These studies clearly demonstrate that peptides, which contain both
L-DOPA and K-A-K moieties, can adhere to a surface and then attach
cells. It has been reaffirmed that the L-DOPA residue is responsible
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for the peptides adsorption to the surface. However, it was only the
cyc-DOPA peptide film that allowed cells to spread on the surface.
The structural studies on this peptide show that the two moieties of
interest are on opposite planes of the cyclized peptide. The L-DOPA
portion shows that a great deal of motion is possible. The freedom of
movement along with the readily accessible (�OH) groups of the
L-DOPA allow this peptide to adhere more strongly to the surface
and its films more able to withstand SEM preparation methods. In
the MAP-RD sequence, the L-DOPA residue is not at the end of the
sequence and is, therefore, less accessible to the surface.

Also apparent from the structural studies is the arrangement of the
K-A-K sequence. Not only is it on the opposite plane of the peptide,
which allows presentation to the cells when the peptide is adhered
to the surface, but also the side chains are presented like a pair of
arms with the charges at the same relative distance from the ring.
This is not the case with MAP-RD where the lysine side chains are
not opposite ends of the sequence and not at the same distance from
the surface. This is significant because the cyc-DOPA demonstrated
the greatest cell specific attachment and was the only peptide capable
of spreading of cells in the presence of BSA. This may be due to a cell
specific attachment, at least in the case of the MOLT-4 cells used that
recognize the specific spatial arrangement of the K-A-K peptide
sequence. This cellular attachment and spreading of cells on a surface
provides a stable foundation on which to build. These surfaces can sub-
sequently be used for surface masking, cellular growth, and potential
tissue integration.
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