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Abstract: Over the past century, synthetic adhesives have largely displaced their natural

counterparts in medical applications. However, rising concerns over the environmental and

toxicological effects of the solvents, monomers, and additives used in synthetic adhesives have

recently led the scientific community to seek natural substitutes. Marine mussel adhesive

protein is a formaldehyde-free natural adhesive that demonstrates excellent adhesion to

several classes of materials, including glasses, metals, metal oxides, and polymers. In this

study, we have demonstrated computer aided design (CAD) patterning of various biological

adhesives using piezoelectric inkjet technology. A MEMS-based piezoelectric actuator was

used to control the flow of the mussel adhesive protein solution through the ink jet nozzles.

Fourier transform infrared spectroscopy (FTIR), microscopy, and adhesion studies were

performed to examine the chemical, structural, and functional properties of these patterns,

respectively. FTIR revealed the piezoelectric inkjet technology technique to be nondestructive.

Atomic force microscopy was used to determine the extent of chelation caused by Fe(III). The

adhesive strength in these materials was correlated with the extent of chelation by Fe(III).

Piezoelectric inkjet printing of naturally-derived biological adhesives may overcome several

problems associated with conventional tissue bonding materials. This technique may

significantly improve wound repair in next generation eye repair, fracture fixation, wound

closure, and drug delivery devices. ' 2008 Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl

Biomater 89B: 28–35, 2009

Keywords: biomaterials; thin film; bioadhesive; microfabrication

INTRODUCTION

Suturing is the ‘‘gold standard’’ joining technique for many

medical procedures. Unfortunately, the use of suture mate-

rials requires long operating times as well as significant

surgical skill. In addition, use of sutures is associated with

several complications, including granulomas, postoperative

epithelial ingrowth, postoperative discomfort, infection, and

inflammation. Furthermore, sutures may place excess ten-

sion on tissues, leading to tissue warping. An alternative

joining technique that has gained support over the past few

years involves the use of adhesives, which hold tissue to-

gether for several weeks while inflammatory and tissue

regrowth processes allow the defect to heal. Medical adhe-

sives must perform several functions, which include

degrading in order to allow complete healing at the lesion

site and providing sufficient tensile strength for the

intended application.

Conventional adhesives and techniques suffer from bio-

compatibility and safety issues. For example, tissue sealants

derived from cyanoacrylate esters (Dermabond1, Inder-

mil1, Nexaband1, and Vetbond1) are used in repairing

tendon, tooth enamel, cornea, and skin tissues.1–5 Unfortu-

nately, cyanoacrylate adhesives are nonbiodegradable and

permanently remain at the treatment site. As a result, these

materials have the potential to induce local inflammation,

neovascularization, foreign body reaction, and necrosis.6–8

In addition, these materials can demonstrate dose-depend-

ent carcinogenic and toxic properties. Fibrin sealants

(derived from human blood coagulation factors) have also

been considered for use in a variety of surgical and endo-

scopic applications.9–11 For example, Beriplast1 P is a

fibrin sealant that contains Combiset-1 [aprotinin (bovine),

factor XIII (human), and fibrinogen (human)] and Combi-

set-2 (calcium chloride and thrombin (human)); these com-

ponents are mixed in the operating room. The components

obtained from pooled human plasma (fibrinogen, factor

XIII, and thrombin) undergo various sterilization, manufac-
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turing, and pasteurization measures. However, there are

several safety issues that have limited the use of these

materials, including the possibility of disease transmission.

For example, the risk of HIV in blood-derived materials

screened with the p24 HIV-1 antigen test is currently esti-

mated at 1:700,000.12 Concerns also exist regarding the

transmission of human T-cell lymphotropic virus-1, hepati-

tis A virus, hepatitis B virus, hepatitis C virus, Parvovirus

B19, and spongiform encephalopathy agents from blood-

derived materials. Surgeons and their patients require

improved tissue joining materials and methods.

Mussel adhesive proteins are natural adhesives secreted

by sedentary mollusks (mussels) that inhibit intertidal and

subtidal areas. An attachment plaque known as a byssus

allows mussels to form strong attachments to underwater

surfaces. Mytilus edulis (common blue mussel) is one of

the most widely studied mussels.14–23 It produces several

unique adhesive proteins, including Mytilus edulis foot pro-
tein-1 (Mefp-1), Mytilus edulis foot protein-2 (Mefp-2),

Mytilus edulis foot protein-3 (Mefp-3), Mytilus edulis foot

protein-4 (Mefp-4), and Mytilus edulis foot protein-5

(Mefp-5). These proteins contain up to 30 mole percent

3,4-dihydroxyphenyl-L-alanine (DOPA), which is a mole-

cule created by hydroxylation of the aromatic ring in the

amino acid tyrosine. It has been suggested that DOPA

drives the adhesion of a mussel plaque to an environmental

surface by means of hydogen bonding, metal-mediated cat-

echol complexation, and/or weak physical interactions.14–23

Rapid prototyping is a technology originally developed

approximately thirty years ago for the preparation of

machine tool prototypes. One possible application for rapid

prototyping technology is microscale processing of bioma-

terials. Computer aided design (CAD) rapid prototyping

techniques such as inkjet printing may allow for high

throughput patterning of biological materials for medical

applications.24–26 In piezoelectric inkjet printers, the print

head consist of a piezoelectric transducer, nozzle, manifold,

pumping chamber, and inlet passage. Piezoelectric printers

are categorized based on the deformation mode of the lead

zirconate titanate piezoelectric crystal (e.g., squeeze, bend,

push or shear). When a voltage is applied to the lead

zirconate titanate piezoelectric transducer, the transducer

deforms. Mechanical vibrations and acoustic waves are

generated. When a given linear velocity is reached by the

fluid, it is ejected from the orifice as a droplet. Ink jet

printers can dispense fluid droplets with volumes in the

picoliter to microliter range. The resolution of patterns fab-

ricated using piezoelectric ink jet printing is determined by

several factors, including ink viscosity, ink surface tension,

ink droplet size, and printerhead resolution. Unlike thermal

inkjet printers, the ink used in piezoelectric inkjet printers

does not undergo heating and cooling cycles. We have

recently demonstrated that piezoelectric inkjet deposition is

a powerful, noncontact, and nondestructive technique for

patterning many biological materials, including streptavidin

protein, monofunctional acrylate esters, sinapinic acid,

deoxyribonucleic acid, and multiwalled carbon nanotube/

DNA hybrid materials.27

In this study, we have demonstrated CAD patterning of

various biological adhesives using piezoelectric inkjet tech-

nology. Fourier transform infrared spectroscopy (FTIR),

atomic force microscopy, and adhesion studies were per-

formed to examine the chemical, structural, and functional

properties of these patterns, respectively. This technique

may significantly improve wound repair in next generation

eye repair, fracture fixation, wound closure, and drug deliv-

ery devices.

MATERIALS AND METHODS

Mussel adhesive proteins (Mefp-1 and Mefp-2) were

extracted from marine mussel feet as described in28 with

slight modification. The protein pellets were extracted with

water, rather than the reported acetic acid.28 The extract

yields a solution that contains predominantly two proteins,

�80% Mefp-1 and �20% Mefp-2.28 The final DOPA con-

centration in this solution was 0.16 mM, the total protein

concentration in this solution was �2 lM, and the viscosity

of this solution was similar to water (density �1 g/mL). To

study iron-induced cross-linking, a FeCl3 solution was pre-

pared in series dilution to obtain ratios of 1:1 Fe:DOPA,

10:1 Fe:DOPA, and 100:1 Fe:DOPA. N-Butyl cyanoacry-

late (Vetbond1 Tissue Adhesive) was obtained from a

commercial source (3M, St. Paul, MN). 2-Octyl cyanoacry-

late (Nexaband1 Liquid Topical Tissue Adhesive) was

obtained from a commercial source (Abbott Laboratories,

North Chicago, IL). Ethyl cyanoacrylate (Loctite1 Quick

Set Adhesive) was obtained from a commercial source

(Ted Pella, Redding, CA).

The DMP 2800 piezoelectric inkjet printer (FujiFilm

Dimatix, Santa Clara, CA) is based on a cartridge print-

head system. Fluid was injected into the fluid module. The

fluid module was then attached to the jetting module to

form a sealed cartridge. The inkjet print head itself consists

of a silicon die with sixteen individually addressable jets,

which are spaced 254 lm apart. The effective nozzle diam-

eter is 21.5 lm, which provides droplets that are �10 pL

in volume. The waveform pulse shape (amplitude, slew

rate, and duration), frequency and voltage were optimized

for each adhesive solution independently. The droplet flight

(distance traveled) from the nozzle was recorded using an

ultra-fast camera. The protein solution was also inkjetted at

several voltage values (10, 20, 30, and 40 V) in order to

study the effect of voltage on protein structure. The images

were recorded at 30 ls intervals at several voltage values.

Approximately 10 lL of the adhesives were inkjetted at

a temperature of 258C and at 40% relative humidity into

uniform 1 cm2 patterns; dispensed volume was determined

using the DMP2800 software based on pattern and drop pa-

rameters. Adhesives were deposited on Si(111) substrates

for optical, AFM, XPS, and contact angle measurements;

on full-thickness porcine skin substrates for adhesion test-
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ing; and on KCl and AgCl substrates for FTIR measure-

ments. To examine iron-induced cross-linking, mussel ad-

hesive protein solution was inkjetted. A layer of FeCl3
solution (at varying concentrations to reach 1:1, 10:1,

100:1 Fe: DOPA, respectively) was subsequently inkjetted

using the identical pattern. Dropcast samples were prepared

for the FITR studies.

Fourier transform infrared (FTIR) was performed using

a Mattson 5000s spectrometer with 4 cm21 resolution,

which was operated in transmission mode. Atomic force

microscopy (AFM) was performed using a N-scriptor sys-

tem (Nanoink, Chicago, IL). Three-dimensional analysis

was performed using SPM Nanorule1 software (Nanoink,

Chicago, IL). X-ray photoelectron spectra was acquired

using an LAS-3000 spectrometer (Riber, Rueil-Malmaison,

France) with a Mg Ka source (k 5 1254 eV) and a 1 mm

spot size. The take off angle was 758 from the surface, the

X-ray incidence angle was 208, and the X-ray source-

analyzer angle was 558. The base pressure in the analysis

chamber was �10210 Torr. Contact-angle studies were per-

formed using a goniometer consisting of a syringe, an

aligned digital zoom camera, and an illumination source.

Adhesion studies were performed with butt joints on full-

thickness porcine skin substrates using an 8501 uniaxial

tensile test system (Instron, Norwood, MA), which has a

load range of load range 610 kN. The adhesion testing

was performed on porcine full thickness skin (North

Carolina State University College of Veterinary Medicine,

Raleigh, NC), which was inkjetted with adhesive over

1 cm2 area. Loading rates of 0.6 mm/s and sampling rates

of 20 s21 were utilized in this study. The tests were carried

out six times for each sample, and a statistical analysis was

performed using Student’s t-test.

RESULTS AND DISCUSSION

The piezoelectric print head utilizes a voltage waveform

input that allows control over volume of solution that is

dispensed. The waveform varies as a function of viscosity,

surface tension and temperature of the jetted solution. The

print head moves the ink solution from the cartridge to the

channel. The impedance matching unit allows the solution

to move through the descender, where it is ejected through

a nozzle. In this study, the mussel adhesive protein solution

was processed using piezoelectric inkjetting and dropcast-

ing. Images of the drop dispensed at various voltages

(Figure 1) were used to estimate the velocity and volume

dispensed. For the mussel adhesive protein solution, an

increase in firing voltage resulted in a linear increase in jet-

ting velocity. Contact angle measurements (Figure 2) per-

formed on the mussel adhesive protein solutions that were

patterned on Si(111) substrates revealed hydrophilic (con-

tact angle \458) behavior (Table I). No significant differ-

ence in contact angle values (p \ 0.05) for 1:1 Fe:DOPA,

10:1 Fe:DOPA, and 100:1 Fe:DOPA was observed.

Figure 1. Optical micrograph of mussel adhesive protein solution

inkjetted at several voltages (15–40 V) and captured at 30 ls time
delay. A corresponding plot of mean velocity of inkjetted solution

plotted versus firing voltage is also shown. Bar indicates standard

deviation of mean velocity (p\ 0.05).

Figure 2. Contact angle image of mussel adhesive protein solution

containing 80% Mefp-1 and 20% Mefp-2.

TABLE I. Contact Angle Measurements for Mussel Adhesive
Protein Solutions (With Varying Iron Concentration) Examined
on Si (111) Substrates

Solution on Si (111) Substrate Contact Anglea

Mefp (0.16 mM DOPA) 208 6 2.28
1:1 Fe:DOPA 18.68 6 28
10:1 Fe:DOPA 21.38 6 1.68
100:1 Fe:DOPA 22.28 6 1.98
Deionized water (Control) 13.28 6 1.68

a Values are expressed as mean 6 SD.
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Mussel adhesive protein solutions, FeCl3 solutions, and

cyanoacrylate adhesives were successfully deposited in

CAD patterns using the piezoelectric inkjet printing system.

Inkjetting of mussel adhesive protein solution in microscale

patterns with minimum feature size of 50 lm was achieved

(Figure 3). Line patterns with widths of �60, �90, �180,

and �300 lm were also fabricated. The typical mammalian

cell size is �10–30 lm. The bonding line-widths of �60

lm as shown here may be sufficient for microsurgical and

other delicate wound closure procedures.

FTIR absorption spectra of inkjetted (at voltages 10, 20,

30, and 40 V) and dropcast mussel adhesive protein materi-

als exhibited similar peak intensity values [Figure 4(A)]. A

list of distinct bands for marine mussel adhesive protein

materials and their corresponding assignments was previ-

ously published by the authors.17 Amide vibration was

observed at �3250, 1650, 1460, and 1100 cm21 (rocking

vibration).29 C¼¼C stretching was observed at �1630 cm,1

and catechol ring vibration was observed between 1300

and 1100 cm21.29 O��H stretching vibration was observed

between 3600 and 3300 cm21. The region from 0 to 1000

Figure 3. Optical micrographs of mussel adhesive protein solution inkjetted into microarray and line
patterns. Scale bar equals 100 lm.

Figure 4. (A) Fourier transform infrared (FTIR) spectra of inkjetted
mussel adhesive protein solution (Mefp) as a function of jetting volt-

age (10–40 V). Control is a dropcast mussel adhesive protein solu-

tion. (B) Fourier transform infrared spectra of inkjetted mussel

adhesive protein solution (Mefp) as a function of Fe(III) concentra-
tion.

Figure 5. (A) Fourier transform infrared (FTIR) spectra of inkjetted

and dropcast n-butyl cyanoacrylate (Vetbond1) materials. Relevant

structural peaks are labeled. (B) Fourier transform infrared (FTIR)

spectra of inkjetted and dropcast 2-octyl cyanoacrylate (Nexa-
band1) materials. Relevant structural peaks are labeled.
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cm21 contains low-frequency skeletal vibrations, out-of-

plane ring deformation, wagging modes of hydrogen atoms,

wagging modes of hydroxyl groups on the catechol ring,

and wagging modes of carboxylate groups.29 Significant

differences in the absorption peak intensities were observed

in materials that were inkjetted at 10, 20, 30, and 40 V.

This result may be attributed to the increase in jetting vol-

ume that results from an increase in jetting voltage. Simi-

larly, FTIR spectra of inkjetted and dropcast (control) n-
butyl cyanoacrylate [Figure 5(A)] and 2-octyl cyanoacrylate

[Figure 5(B)] revealed similar peak intensity values. FTIR

spectra of inkjetted mussel adhesive protein solutions con-

taining iron (in Fe:DOPA ratios of 1:1, 10:1, and 100:1)

and as-prepared mussel adhesive protein solution are shown

in Figure 4(B). No significant differences in peak intensity

values among these materials were observed. The FTIR

spectroscopy data suggest that piezoelectric inkjet printing

does not significantly alter the structure of the marine mus-

sel adhesive protein or cyanoacrylate adhesives.

X-ray photoelectron spectra of mussel adhesive protein

solutions (Figure 6) revealed C��C bonding (corresponding

to 285 eV), C��N bonding (corresponding to 286.1 eV),

and N��C¼¼O bonding (corresponding to 288.2 eV). The

peaks may be attributed to aliphatic and aromatic carbons

in the marine mussel adhesive protein material. Deconvolu-

tion of the C 1s peak revealed the concentration of various

Figure 6. C 1s spectra of inkjetted mussel adhesive protein solutions cured with Fe(III). X-ray photo-

electron spectra shown for (A) Mefp (0.16 mM DOPA), (B) 1:1 Fe:DOPA, (C) 10:1 Fe:DOPA, and (D) 100:1

Fe: DOPA. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.

com.]

TABLE II. C 1s Peak Deconvolution from X-Ray Photoelectron
Spectra

Assignment C��Ca C��Nb N��C¼¼Oc

Mefp (0.16 Mm DOPA) 46% 35% 19%

1:1 Fe:DOPA 44 38 18

10:1 Fe:DOPA 42 37 21

100:1 Fe:DOPA 50 36 14

a C��C peak corresponds to 285 eV.
b C��N peak corresponds to 286.1 eV.
c N��C¼¼O peak corresponds to 288.2 eV.
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functional groups in inkjetted Fe:DOPA materials (Table II).

1:1 Fe:DOPA and 10:1 Fe:DOPA materials exhibited less

C��C bonding than as-prepared Mefp (0.16 mM DOPA)

solution. On the other hand, the 100:1 Fe:DOPA material

revealed more C��C bonding and less N��C¼¼O bonding

than as-prepared Mefp (0.16 mM DOPA) solution. X-ray

photoelectron spectra of the inkjetted protein solutions were

inconclusive in determining the role of Fe(III) in complex

formation. However, the distribution of X-ray photoelectron

peaks in the inkjet printed materials was similar to that pre-

viously observed in spectra of dropcast mussel adhesive pro-

teins (Mefp) materials.30

Atomic force microscopy has previously been used to

examine the morphology of DOPA-containing residues.31

An atomic force microscopy of inkjetted mussel adhesive

protein solution (Figure 7) revealed cross-linking upon

addition of Fe(III). In the absence of iron, mussel adhesive

protein (Mefp) [Figure 7(A)] revealed cross-linking and the

presence of some fibrous networks. Precipitation of more

complex fiber networks was observed in 1:1 Fe:DOPA and

10:1 Fe:DOPA materials [Figure 7(B,C)]. A higher degree

Figure 7. Topography-flattened atomic force micrograph of inkjetted mussel adhesive protein, 1:1

Fe:DOPA, 10:1 Fe:DOPA, and 100:1 Fe:DOPA structures. Scale bar equals 10 lm.

Figure 8. Three-dimensional representation of the surface of mussel

adhesive protein solution containing Fe(III) (1:1 Fe:DOPA) obtained

using atomic force microscopy. Image was obtained twenty-four

hours after curing. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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of cross-linking was observed in the 10:1 Fe:DOPA mate-

rial than in the 1:1 Fe:DOPA material. Three-dimensional

imaging of the surface of the 1:1 Fe:DOPA material

revealed high-aspect ratio fibrous network structures

(Figure 8). The height of the fibrous networks varied from

�400 to �800 nm, while the width of fibrous networks

varied from �500 to �5 lm. The 100:1 Fe:DOPA material

revealed islands of cross-linked mussel adhesive protein

material (Figure 7D). Small regions of fibrous networks

were observed within the inkjetted pattern, which result

from nonuniform distribution of mussel adhesive protein in

the inkjetted solution. Previous studies have demonstrated

iron-induced cross-linking of mussel adhesive proteins

using electron paramagnetic, infrared, and ultraviolet-visi-

ble absorption spectroscopies.22,33

Adhesion characteristics of pure marine mussel extracts

have been previously examined under different curing con-

ditions (Figure 9).34,35 Low humidity and nonoxidative con-

ditions have been shown to be critical in obtaining strong

adhesion properties in mussel adhesive proteins. Tensile

testing of inkjetted materials on full-thickness porcine skin

revealed that mussel adhesive proteins exhibit significantly

lower adhesion strength values than cyanoacrylate adhe-

sives (Figure 9). Inkjetted ethyl cyanoacrylate (Quick SetTM

Loctite1) showed highest strength among tested adhesives.

Inkjetted n-butyl cyanoacrylate (Vetbond1) and 2-octyl

cyanoacrylate (Nexaband1) patterns exhibited similar adhe-

sion strength values; however, the toxic effects of these

materials are well-documented.6–8 Addition of Fe(III) to

Mefp (0.16 mM DOPA) in 1:1 Fe:DOPA improved adhe-

sion strength. The 10:1 Fe:DOPA and 1:1 Fe:DOPA mate-

rials did not exhibit significant differences in adhesion

strength. However, the 100:1 Fe:DOPA material exhibited

lower adhesion strength values than the 1:1 Fe:DOPA and

10:1 Fe:DOPA materials. This finding suggests that the rel-

atively low adhesion strength of the 100:1 Fe:DOPA mate-

rial results from a high degree of cross-linking within the

mussel adhesive protein material, which limits interaction

with the porcine skin substrate. In addition, two different

ferric catecholate complexes may be formed at low and

high Fe:DOPA ratios.21 Previous studies have shown that

iron (III) can serve as a cross-linking agent for mussel ad-

hesive protein.36–38 For example, previous electron para-

magnetic resonance studies have confirmed iron-induced

cross-linking in precursor proteins, which is similar to that

observed in intact mussel plaques.22 The atomic force mi-

croscopy images for the 1:1 and 10:1 Fe:DOPA materials

contain a relatively high density of fibrous networks. On

the other hand, a relatively low density of fibrous networks

is observed in the Mefp (0.16 mM DOPA) and 100:1

Fe:DOPA materials. The density of fibrous networks may

be correlated with the adhesion strength observed in mussel

adhesive protein materials. These results suggest that the

extent of cross-linking and precipitation in these inkjetted

mussel adhesive protein patterns may be correlated with

iron concentration. As discussed earlier, metal-mediated

catechol complexation is thought to be responsible for the

adhesion properties of mussel adhesive proteins.

CONCLUSIONS

Mussel adhesive proteins could serve as environmentally

friendly alternatives to synthetic adhesives in biomedical,

electronics, and marine-equipment applications. Fourier

transform infrared spectra and X-ray photoelectron spectra

have shown that piezoelectric inkjetting is a nondestructive

technique that may be successfully used to dispense picoli-

ter amounts of mussel adhesive proteins and other adhe-

sives. Atomic force microscopy and adhesion testing have

demonstrated that the adhesive strength in these materials

may be correlated with the amount of iron-induced cross-

linking. CAD ink-jetting of naturally-derived mussel adhe-

sive proteins such as Mytilus edulis foot proteins may over-

come several problems associated with conventional

medical adhesives. This technology may greatly improve

wound repair in next generation eye repair, fracture fixa-

tion, wound closure, and drug delivery devices.
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