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Abstract

Immobilized patterns of unmodified fibroblast growth factor-2 (FGF-2), with varying surface concentrations, were inkjet printed onto

physiologically relevant fibrin substrates. Printed patterns were characterized using iodinated FGF-2 to determine FGF-2 surface

concentration and retention of FGF-2 binding in vitro. MG-63 cells were uniformly seeded onto patterned substrates. Cells were exposed

to defined spatial FGF-2 surface concentrations of 1–22 pg/mm2. Cell numbers were observed to increase in register with the printed

FGF-2 patterns from an initial random uniform cell distribution across the patterned and non-patterned regions. Based on time-lapse

image analysis, the primary organizational response of the cells was determined to be proliferation and not migration. Cell counts on and

off the FGF-2 patterns over time demonstrated an increase in cell density up to a FGF-2 surface concentration of 14 pg/mm2. Higher

surface concentrations did not result in increased cell density. In addition, the cells on the FGF-2 patterns survived longer than the cells

off patterns. Our inkjet printing approach permits the systematic study of cellular responses to defined spatial surface concentrations of

immobilized growth factors.

r 2005 Published by Elsevier Ltd.
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1. Introduction

The work reported here demonstrates that two-dimen-
sional concentration modulated patterns of fibroblast
growth factor-2 (FGF-2), created with an inkjet printing
methodology, direct cell proliferation in a dose-dependent
manner up to a saturation surface concentration. This
work is motivated by the need to study and apply concepts
of biological patterning of endogenous hormones, includ-
ing growth factors, which are known to play critical roles
directing cell migration, proliferation, and differentiation
during embryogenesis [1,2] and wound repair [3–5]. In
nature, spatial patterning occurs via sequestration of
growth factors in the interstitial space, which directly
e front matter r 2005 Published by Elsevier Ltd.

omaterials.2005.10.021

ing author. Tel.: +1412 268 4126; fax: +1 412 268 5229.

ess: pcampbel@cs.cmu.edu (P.G. Campbell).
affects temporal and spatial control by immobilizing
growth factors at specific locations in the extracellular
matrix (ECM) [6,7] or on the cell surface [8]. Immobiliza-
tion permits local delivery of endogenous growth factors in
physiological doses to induce cell mitogenesis and differ-
entiation [9–13]. Thus, engineering the physical placement,
concentration, and immobilization of exogenous growth
factors in a physiologically relevant manner is important
for biological research as well as a logical consideration for
developing a tissue regeneration therapy.
Recent studies demonstrated that ‘‘solid-phase’’ growth

factor delivery, a term which we use to refer to therapies
that deliver growth factors immobilized to a scaffold, is
biologically relevant and can be more effective than liquid-
phase delivery with freely diffusible molecules [9–13]. Solid-
phase delivery has been demonstrated using non-patterned
uniform distributions of growth factors delivered within
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Fig. 1. Square array pattern design used for time-lapse experiments.

Figure not drawn to scale.

E.D. Miller et al. / Biomaterials 27 (2006) 2213–22212214
3D scaffolds. Solid-phase patterning of proteins has been
accomplished in two dimensions using techniques such as
photolithography [14,15], microcontact printing [16,17],
and inkjet printing [18–22]. All of these methods, however,
used chemical modification of the protein or substrate to
ensure pattern persistence. In contrast, we recently
reported on MG-63 cell behavioral responses to inkjet
printed spatial patterns of FGF-2 immobilized via a native
binding affinity on fibrin substrates as an initial investiga-
tion of cell behavioral responses to unmodified solid-phase
growth factors patterned on native materials [22]. FGF-2
was selected as our model hormone because of its critical
role in development and wound repair [23], its angiogenic
[24] as well as osteogenic [25] properties, and its high-
affinity binding for fibrin (Kd�nM) [26]. Fibrin was
selected as our printing substrate because it serves as a
provisional ECM during wound healing supports cell
attachment and hormone sequestration [27]. The immobi-
lized FGF-2 was shown to be biologically active, and the
printed patterns persisted up to 10 days under cell culture
conditions [22]. Cell numbers increased in register with
concentration modulated printed patterns from an initial
random uniform cell distribution across the patterned and
non-patterned fibrin substrate. Patterned immobilized
FGF-2, not cell attachment, directed cell organization
because the fibrin substrate was homogeneous.

In our prior study, it was unclear if the cellular responses
were due to proliferation, migration, or a combination of
both [22]. In addition, printing fluorescently labeled FGF-2
illustrated that the patterns persisted in vitro; however,
neither the surface concentration nor retention of the FGF-
2 was determined. In the current study, we clarify the
organizational response of the cells to the printed patterns
and quantify the surface concentration of FGF-2 deposited
and retained on the fibrin surface. We also further quantify
the relationship between surface concentration of FGF-2
and cell density on the printed patterns.

2. Materials and methods

Unless otherwise indicated, all solvents used were reagent grade and

were purchased from Fisher Scientific, Pittsburgh, PA.

2.1. Preparation of fibrin-coated printing substrates

Homogeneous fibrin films on glass slides were prepared as previously

described [22]. Fibrinogen was obtained from Aventis Behring, King of

Prussia, PA or American Diagnostica, Inc., Stamford, CT.

2.2. FGF-2 square array printing

Arrays of 0.750mm� 0.750mm square FGF-2 patterns were printed

onto the fibrin films using a custom inkjet printer that was described in

detail previously [22]. In brief, the printer consists of a piezoelectric inkjet

print head with a 30mm nozzle (MicroFab, Inc., Plano, TX) mounted to

xyz motion control stages (Aerotech, Inc., Pittsburgh, PA). The inkjet

accuracy is 72mm. In contrast to conventional desktop printers, our

system allows the user to have complete control over the jetting

parameters. The drive waveform, firing rate, and dwell time for each
inkjet can be controlled independently to accommodate differences in

biological ‘‘inks’’ (bioinks). The printing stage allows complete control

over movement in the x, y, and z directions which permits freedom in

depositing the bio-ink in any desired pattern. Custom software was used to

program the stage and inkjet to create the patterns.

Prior to loading the FGF-2 bioink into the inkjet, the nozzle was

immersed in 1mg/ml bovine serum albumin (BSA) (Sigma Chemical Co.,

St. Louis, MO) for 5minutes to prevent adsorption of the FGF-2 onto the

glass nozzle. The nozzle was then emptied, rinsed 3 times with 0.2mm
filtered distilled deionized water, and loaded with 4 mg/ml recombinant

human FGF-2, 17.2 kDa/154 amino acid form (Peprotech, Inc., Rocky

Hill, NJ) in 10mM sodium phosphate buffer, pH 7.4, to print the patterns.

Prior to the initiation of printing FGF-2 patterns, we determined that

physically jetting FGF-2 did not alter its bioactivity. Jetted and non-jetted

FGF-2 were added as soluble components in a standard 3H-thymidine

incorporation (cell proliferation) assay with MG-63 cells. No difference in
3H-thymidine incorporation into cellular DNA was observed between

jetted and non-jetted FGF-2 confirming that jetting did not alter FGF-2

bioactivity (data not shown).

FGF-2 printed patterns consisted of an array of squares spaced

1.75mm apart with each square containing a different number of

overprints. The squares were 0.750mm on each side with a center-to-

center ‘‘spot’’ distance of 75mm. For the time-lapse experiments where the

squares were imaged every 30min, an array consisting of 4 squares of 2,

12, 22, and 32 overprints was printed. Fig. 1 illustrates the printing

schematic for the array patterns. For the end-point experiments where the

squares were imaged after 100 h in cell culture, arrays consisting of 9

squares were printed. Printed arrays contained squares with 2–34

overprints in increments of 4. In all of the patterns, a diamond-tipped

pen was used to create 4 fiducial marks around each printed square so that

it could be located later by microscopy.

After printing, the slides were placed in each well of a 12-well plate and

sterilized in 70% ethanol for 10min followed by 3 rinses with phosphate

buffered saline (PBS), pH 7.4. The slides were incubated overnight at

37 1C in minimal essential medium (Invitrogen Corp., Carlsbad, CA)
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Fig. 2. Square pattern of FGF-2 printed onto a fibrin film imaged under

Cy3 fluorescence after 4 days in cell culture. The pattern was printed using a

bioink consisting of 80mg/ml unlabeled FGF-2 and 20mg/ml Cy3-FGF-2.
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supplemented with Ham’s F-12 (MEM-F12) (Invitrogen Corp., Carlsbad,

CA) and 1% penicillin/streptomycin (PS) (Invitrogen Corp., Carlsbad,

CA) to remove any unbound FGF-2 from the fibrin surface. After rinsing,

the slides were seeded with cells.

2.3. Cell culture

Human MG-63 ‘‘preosteoblastic’’ osteosarcoma cells (American Type

Culture Collection, Manassa, VA) between passage 100 and 120 were used

in all experiments and were cultured at standard conditions (37 1C, 5%

CO2) in MEM-F12, 10% calf serum (CS), and 1% PS. Cell suspensions for

seeding the patterned slides were prepared by detaching the cells from the

culture flasks with trypsin-EDTA, resuspending the cells in MEM-F12

with 10% CS, and centrifuging (4 1C, 50 g) and rinsing the cells 3 times

with serum-free medium (MEM-F12 with 1% PS). Approximately, 40,000

cells in 2ml of serum-free medium with 1mg/ml aprotinin (Bayer Corp.,

Pittsburgh, PA) were added to each well of a 12-well plate containing a

patterned slide.

For all experiments, the cells were allowed to attach for 3 h. The

patterned slide was then removed from the plate, sterile silicon grease was

used to fix the slide to the bottom of a 60mm Petri dish, and the dish was

filled with 8ml of serum-free medium with 1mg/ml aprotinin. For the time-

lapse experiments, the dish with the patterned slide was placed in a custom

microscope stage incubator. The incubator consisted of an aluminum

chamber maintained at 371C using a stage heater (Brook Industries, NY)

at the bottom of the chamber and an indium tin oxide-coated glass plate

heater (Bioptechs, Inc., Butler, PA) on the top of the chamber to prevent

condensation from forming on the lid of the Petri dish. The chamber was

sealed with silastic gaskets (Dow Corning, Midland, MI) and 5% CO2 in

air was introduced through a side port. Air flow was precisely regulated

between 0.5 and 1.0 bar using a high precision flow valve, and the gas was

humidified before entering the chamber. In addition, the stage incubator

contained water reservoirs to maintain proper chamber humidity. Parallel

cultures were maintained in a standard incubator to verify that the

microscope stage incubator was functioning properly.

2.4. Image acquisition and processing

The microscope stage incubator was mounted on a Zeiss IM35

Axiovert microscope using a 5X, 0.15 N.A. phase 1 objective and phase

optics (Carl Zeiss, Inc., Thornwood, NY) with a computer operated stage

(Ludl Electronic Products Ltd., Hawthorne, NY). A ground glass diffuser

was used to smooth out the bright field illumination. Time-lapse imaging

of the patterns was automated using BDS-Image (Biological Detection

Systems, Pittsburgh, PA) software and custom written software that runs

within the BDS-image environment. The patterns (located using the marks

scored on the slide after printing) were imaged every 30min using a

Photometrics C-250 cooled CCD camera, and the images were immedi-

ately processed by the software before the next image acquisition cycle. A

total of 5 fields were imaged. Four of the fields contained the printed

patterns, while the fifth field, adjacent to the 22 and 32 overprint squares,

did not contain a printed pattern and served as a control. For the end-

point experiments where arrays consisting of 9 squares were printed, the

cell response was imaged only once at 100 h. The cell counting was

performed as described previously [22].

2.5. Surface concentration of FGF-2

To quantify the binding and desorption of the growth factor from the

fibrin surface, the FGF-2 was iodinated using a chloramine T method [28].

The fibrin-coated slides were ‘‘patterned’’ by placing a 1ml drop of 125I-

FGF-2 onto the slide and allowing the drop to dry. The concentration of

the 125I-FGF-2 was selected so that the surface concentrations of the

patterns created by the 2 methods would be comparable. The 125I-FGF-2

blotted slides were placed in the wells of a 12-well plate and treated in the

same manner as the regular patterned slides, including the 70% ethanol
immersion and 3 rinses in PBS. The quantity of 125I-FGF-2 on each slide

was counted after applying the 1 ml drop, after the 70% ethanol rinse, and

after each rinse with PBS using a Cobra II auto-gamma counter (Perkin-

Elmer). The slides were placed in serum-free MEM-alpha with 25mM

HEPES, 0.01% sodium azide, and 1% PS and stored at 37 1C. The

amount of 125I-FGF-2 on the slides was measured, and the medium was

replaced every 24 h.
3. Results

3.1. FGF-2 patterning and retention

To verify the accuracy of the printing process, FGF-2
labeled with Cy3 dye (Cy3-FGF-2) was initially printed
onto the fibrin-coated substrates. A fluorescent image of a
printed Cy3-FGF-2 square is shown in Fig. 2. The printed
FGF-2 square was 0.750mm on each side and consisted of
printed spots approximately 75 mm in diameter. The
pattern was overprinted 20 times with a bioink consisting
of 80 mg/ml unlabeled FGF-2 and 20 mg/ml Cy3-FGF-2.
After printing, the slide was sterilized in 70% ethanol and
rinsed 3 times with PBS before being seeded with cells. The
image in Fig. 2 was acquired after 4 days in cell culture.
Based on the appearance of the individual printed spots of
the square, it is clear that the inkjet printing process
precisely and reproducibly patterns the FGF-2 on the
substrate. From the fluorescent image of this printed Cy3-
FGF-2 pattern in cell culture, it appeared that the FGF-2
was retained in vitro, however, additional experiments were
needed to quantify this observation.
To further investigate the desorption characteristics and

to quantify the amount of FGF-2 physically adsorbed to
the fibrin surface, retention experiments were performed
with 125I-FGF-2. For these experiments, 1 ml drops of
125I-FGF-2 were deposited onto the fibrin films with a
micropipette to create a well-defined surface concentration
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similar to those expected with the inkjet printing. Three
different surface concentrations of 125I-FGF-2 (3572,
9872, and 34973 pg/mm2) were applied to the fibrin-
coated slides. The 125I-FGF-2 blotted slides were treated in
the same manner as the patterned slides, including the
ethanol sterilization and 3 rinses in PBS. The slides were
placed in serum-free medium and the amount of 125I-FGF-
2 present on the fibrin surface was measured over 9 days.
The desorption profile for the 3 surface concentrations of
125I-FGF-2 deposited on the slides is shown in Fig. 3. This
figure shows a quantitative measure of FGF-2 surface
concentration as a function of time over a 9-day period.
The surface concentration at time zero (470.1, 1071, and
3772 pg/mm2) indicates the amount of 125I-FGF-2 re-
tained on the slide after the ethanol sterilization and the 3
PBS rinses. Note that these values are significantly lower
than the delivered concentration. Based on the highest
dosage of 125I-FGF-2 delivered, up to 2071% of the initial
delivered 125I-FGF-2 was lost in the ethanol sterilization.
There was an additional 6671% loss of 125I-FGF-2 after
the first rinse in PBS. Subsequent washing in PBS resulted
Fig. 3. Desorption profile of 125I-FGF-2 from fibrin-coated surface over

9-day period. Three different concentrations of 125I-FGF-2 were initially

applied to each surface: 3572 pg/mm2 m, 9872 pg/mm2 ’, and

34973 pg/mm2 K. Time zero represents the FGF-2 surface concentration

after ethanol sterilization and PBS rinses. Each point represents

mean7SEM of three different experiments.

Table 1

Surface concentration of 125I-FGF-2 applied to fibrin film, amount retained af

amount retained after 9 days

Applied FGF-2 surface concentration

(pg/mm2)

FGF-2 surface concentr

rinses, and 24 h medium

34973 2872

9872 871

3572 370.2

Printed amount Surface concentration a

Results represent mean7SEM of three different experiments.
in an additional 370.3% and 0.570.1% loss after the
second and third rinses, respectively. Similar release rates
were exhibited by the lower doses. In the first 24 h in serum-
free media, approximately 25% of the 125I-FGF-2 surface
concentration at time zero was released from all of the
blotted slides. After the initial 24 h media incubation, there
was a much slower release of 125I-FGF-2 from all of the
blotted slides as indicated by the leveling off of the curves
seen in Fig. 3. With the patterned slides, the cells were
added to the substrate after the slides had been incubated
for 24 h in serum-free media, as indicated by the dashed
vertical line in Fig. 3. This result supports our prior FGF-2
retention experiments using Cy3-FGF-2 [22] and indicates
that the cells seeded on the patterned slides experienced
very little FGF-2 in the liquid phase and were primarily
interacting with the FGF-2 adsorbed to the fibrin surface.
Table 1 illustrates the amount of 125I-FGF-2 deposited

initially onto the fibrin surface, the amount that was
retained after the ethanol sterilization, PBS rinses, and 24 h
medium soak, and the amount that remained bound after 9
days in serum-free media. The data indicate a linear
relationship between the applied and the final FGF-2
surface concentrations up to the highest applied surface
concentration, 34973 pg/mm2. Clearly, saturation of the
FGF-2 binding sites on the fibrin surface was not attained
in the concentration range tested. Since the surface
concentration tested with the blotting (35–349 pg/mm2)
was similar to the amount of FGF-2 delivered to the
surface in the printed patterns (calculated to be from 20 to
320 pg/mm2), we expect that the desorption of the FGF-2
from the patterns follows a trend similar to the experi-
mental data shown in Fig. 3. These experimental results
demonstrate that the cells on the printed patterns are
interacting with a constant concentration of adsorbed
FGF-2 and not soluble FGF-2 and that there is a direct
linear relationship between the amount of FGF-2 that is
applied to the fibrin surface and that which is available to
the cells.
3.2. Cellular response to patterned FGF-2

After printing the square arrays of FGF-2, the patterns
were seeded with cells and placed in the microscope stage
ter ethanol sterilization, 3 PBS rinses and 24 h incubation in medium, and

ation after sterilization, 3 PBS

soak (pg/mm2)

Final FGF-2 surface

concentration (pg/mm2)

2271

671

270.3

t cell seeding Surface concentration during

cell incubation
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incubator for time-lapse imaging of the cells on the
patterns. As reported previously, a cellular response was
observed in register with the printed patterns which
demonstrated that inkjet bioprinted immobilized FGF-2
was biologically active [22]. Representative images demon-
strating the response of the MG-63 cells to the printed
patterns of FGF-2 after 61 and 176 hours in cell culture are
shown in Fig. 4A and B, respectively. In this experiment,
the cell density on the 4 different patterns was very similar
after 61 h. The cells on the 12, 22, and 32 overprint patterns
were more phase bright than the cells on the 2 overprint
pattern and the surrounding off-pattern cells in each image
field, indicating that they were not as firmly attached to the
fibrin surface. This behavior was observed in many of the
time-lapse movies where the cells on the patterns were
generally more active and mobile than the off-pattern cells.
The time-lapse movies also demonstrated that cell division
off of the FGF-2 patterns was minimal compared to cell
growth directly on the patterns. After 176 h, the increase in
cell density on the 12, 22, and 32 overprint patterns was
clearly visible, while it was not as obvious on the 2
overprint square. Upon inspection, there was a distinct
difference in cell density between the 4 patterns after 176 h
with the 2 overprint pattern having the least number of
cells and the 32 overprint pattern having the highest cell
number. At 176 h, the cells on the patterns were not as
phase bright as at 61 h, cell division on the pattern had
slowed down, and the cells appeared more spread out.
After 8 or 9 days in cell culture, the cells surrounding the
patterns generally had died and detached from the fibrin
surface, while the on-pattern cells appeared healthy (images
not shown). The cells on the patterns of FGF-2 survived
longer than off-pattern cells and appeared to proliferate in
register with the printed patterns in a dose-dependent
manner.

Negative control patterns were also prepared by
patterning both sodium phosphate buffer and BSA in
sodium phosphate buffer on the fibrin films to demonstrate
Fig. 4. Phase contrast images of MG-63 cell response to printed patterns of F

imaged after 61 h (A) and 176h (B) in cell culture. The location of the pattern
that our results were specific to FGF-2. The slides were
prepared as described and seeded with a uniform distribu-
tion of cells on the patterned and unpatterned regions of
the substrate. The slides were imaged at 4 h, 3 and 7 days.
No response was observed in register with any of the
negative control patterns printed with the cell distribution
remaining uniform on the substrate.
To quantitatively measure the response of the cells to the

squares of different FGF-2 surface concentration, image
processing techniques were used to count the cells on each
printed pattern and the area in the image field immediately
surrounding each printed pattern. Fig. 5A is a representa-
tive plot of the cell number on each square normalized by
the initial cell number and area of the pattern versus time in
hours. The cell numbers surrounding each pattern are also
included on the plot as a baseline and are also shown in
Fig. 5B. This figure is representative of many experiments
that were performed with the same general trend in cell
growth observed. Images and cell counts were obtained
every 30min in the experiment, however, for clarity only
the data for every hour is shown in the plot. Time zero
represents 4 h after the cells were initially seeded on the
slides. The figure clearly illustrates that there was a drastic
difference in cell growth between the on-pattern and off-
pattern cells. Based on the overlap of the growth curves
(Fig. 5A and B), the cells surrounding the FGF-2 patterns
responded in a manner that was independent of the surface
concentration of the printed FGF-2 square. The off-
pattern cells displayed some minimal growth until approxi-
mately 125 h when the growth curve leveled off and started
to drop indicating the onset of cell death. In contrast, all of
the cells on the printed patterns divided rapidly for the first
60 h and continued to divide until about 180 h where the
cell growth started to level off and cell death started to
occur. As seen in the figure, the rate of cell growth was dose
dependent on the surface concentration of FGF-2. The 2
overprint square had the slowest growth rate followed by
the 12 overprint square and then the 22 and 32 overprint
GF-2 with 2, 12, 22, and 32 overprints on fibrin films. The patterns were

is outlined with a square.
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Fig. 5. Images of printed FGF-2 squares with a varying number of

overprints were acquired every 30min using phase contrast microscopy:

(A) The images were processed and the cells both on the patterns and the

cells off-pattern in the same image field were counted. The open symbols

on the plot represent cells that are on the FGF-2 patterns: 2 overprints &;

12 overprintsB; 22 overprints J; 32 overprints n. The closed symbols are

cells that are in the same field but are surrounding the patterns: 2

overprints ’; 12 overprints E; 22 overprints K; 32 overprints m. (B)

Expanded view of off-pattern cell counts.

Fig. 6. A total of 3� 3 square arrays of FGF-2 with varying numbers of

overprints were printed and seeded with cells. The patterns were imaged

after 100 h and the cells on each square were counted. Number of cells/

mm2 with each point representing mean7SEM of three different

experiments K; final FGF-2 surface concentration of printed patterns

determined indirectly from 125I-FGF-2 desorption experiments m.
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squares which had a similar growth rate. Along with a
trend in growth rate, there was clearly a relationship
between the cell density and the surface concentration of
FGF-2 based on the cell numbers at 180 h, the plateau
region of each curve. The cell density on each pattern
increased in register with the surface concentration of
FGF-2 up to 22 overprints. At the higher doses of FGF-2,
22 and 32 overprints, the growth curves overlapped
indicating that a level of saturation for the cells had been
reached. Although a patterned response at 2 overprints was
seldom clearly seen in the images, the cell counts indicate
that there was still more cell division on the 2 overprints
square than off-pattern. The results of this experiment
illustrated that the cells on the FGF-2 patterns proliferated
significantly more and were shown to inhibit cell death
longer than the cells off-pattern. In addition, these results
also demonstrate that cell density could be controlled by
altering the surface concentration of FGF-2 up to a level of
saturation.
To further clarify the relationship between cell density

and surface concentration of FGF-2, experiments were
performed where 9 square patterns with different surface
concentrations were printed, seeded with cells, placed in a
standard incubator, and then imaged after 100 h. This time
point was selected because it was close to the plateau level
of cell growth in many of the time-lapse experiments
performed and it was well before the onset of cell death.
This time point is indicated by the dashed vertical line in
Fig. 5A. The results of this endpoint experiment are shown
in Fig. 6. In agreement with the trend observed with the
time-lapse result in Fig. 5, there was an increase in cell
growth with increasing overprints until a level of saturation
was achieved. These results further verified that inkjet
printing can be used to vary the surface concentration of
immobilized FGF-2 to control cell density and prolifera-
tion up to a level of saturation.

4. Discussion

4.1. FGF-2 patterning and retention

Many different patterning techniques, such as photo-
lithography, microcontact printing, and inkjet printing
have been used to create two-dimensional patterns of
proteins. We chose to use inkjet printing for patterning
because of its versatility. New patterns can easily be printed
by altering a computer program in contrast to other
methods where new stamps or photomasks are needed
which require both additional time and costs. In addition,
inkjet printing allows the surface concentration of the
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printed proteins to be modulated by selective overprinting
on the pattern and is extensible to creating 3D patterns
[29]. One possible limitation of inkjet printing is its
resolution. Since the printed drop size is limited by fluid
mechanics, inkjet printing does not have the single micron
resolution of other patterning methods. However, for cells
that are approximately 100 mm when fully spread, tens-of-
microns resolution is sufficient to influence cell behavior as
demonstrated in this paper.

One issue with using native materials in our system is
that desorption of some fraction of the delivered protein is
expected. Therefore, we characterized the binding pharma-
cokinetics of the FGF-2 on the fibrin surface. To quantify
the surface concentration and retention of FGF-2 bound to
the fibrin surface, desorption experiments with 125I-FGF-2
were performed using surface concentrations that fall
within the range created by overprinting patterns. To
determine the surface concentrations of the printed FGF-2
patterns, the in-flight volumes of the jetted droplets were
calculated using images acquired with a high-speed motion
capture system (Phantom V7, Vision Research, Wayne,
NJ). The drop volume deposited with the printing
parameters used to print all of the patterns was measured
to be 1474 pl. Based on the amount of FGF-2 delivered to
the surface in each printed drop, the deposited surface
concentrations of the printed patterns could be determined.
Two overprints corresponded to 20 pg/mm2, 12 overprints
to 120 pg/mm2, 22 overprints to 220 pg/mm2, and 32
overprints to 320 pg/mm2. The results in Table 1 show
that there was a linear relationship between the amount of
125I-FGF-2 initially applied to the fibrin surface and the
amount that was retained over 9 days. Based on this linear
relationship, the final surface concentrations of each of the
printed patterns can be determined indirectly and were
calculated to be 1, 8, 14, and 21 pg/mm2 for 2, 12, 22, and
32 overprints, respectively. These surface concentrations on
the printed patterns were sufficient to elicit a biological
response.

4.2. Cellular response to FGF-2 patterns

The desorption experiments with 125I-FGF-2 (Table 1
and Fig. 3) and printing the Cy3-FGF-2 (Fig. 2) proved
that our inkjet printing system could be used to repro-
ducibly create solid-phase patterns of growth factors onto a
biologically relevant surface. Previous studies have demon-
strated that FGF-2 binds to fibrin with high affinity [26]
while retaining its biological activity and that the binding
actually increases its proliferative effects [12]. The results
presented here support these observations by demonstrat-
ing that FGF-2 can be deposited on a fibrin surface with
inkjet printing while retaining biological activity despite
sterilization in ethanol [22].

Our results demonstrate that cell density can be
controlled by altering the surface concentration of FGF-
2. There was an observed increase in cell number with
increasing overprints until a saturation point was reached
(Figs. 5–6). Another study has reported a similar trend in
endothelial cells treated with increasing molar ratios of
FGF-2 to fibrinogen [12]. Increasing cell proliferation was
observed until a saturation point was reached where higher
molar ratios of FGF-2 to fibrinogen no longer resulted in
increased proliferation [12]. However, in the images
presented in Fig. 4, the cells do not appear to be confluent
and were not confluent in other experiments performed, as
well. One explanation for this observation could be
saturation of the available cell surface FGF-2 receptors
for the cells present on the pattern.
Although there appeared to be a saturation level for the

FGF-2 and cell density, all of the on-pattern growth curves
exhibited similar trends. All of the curves had a very
dramatic rise in cell number during the first 60 h in culture.
The slopes of the curves leveled off in a dose-dependent
manner with the 2 overprint curve reaching its plateau first
at approximately 150 h and the 22, and 32 overprint curves
leveling off later at about 180 h. The growth curves for the
off-pattern cells were the same within experimental
accuracy and reproducibility (Fig. 5B). In addition, cell
counts on the control field which was adjacent to the 22
and 32 overprint squares followed the same growth trend
as the off-pattern cells (data not shown). These observa-
tions strengthen the results of desorption experiments
where minimal 125I-FGF-2 was released from the surface
after the initial 24 h incubation in serum-free media. The
cells around the 32 overprints square were not proliferating
more than the cells surrounding the square with 2
overprints. The initial growth in the off-pattern cells could
be due to growth effects as a result of cell seeding or
residual serum components surviving extensive rinse steps.
The growth could also be due to the small amount of FGF-
2 that was being released from the surface. However, even
if all of the FGF-2 from the printed patterns was released
in cell culture, the concentration of FGF-2 in solution
would be 3 pg/ml which is too low to induce proliferation
[12]. Cell death occurred after 125 h for the off-pattern cells
as indicated by the decline in the growth curve while the
on-pattern cells did not undergo apoptosis until 180 h. This
observation is consistent with other studies where growth
factor deprivation resulted in apoptosis of the cells [30].
The growth factor patterns prevented apoptosis of the cells
and induced proliferation in a dose-dependent manner.
Time-lapse imaging of the patterns allowed for the cell

organizational response to be determined. The patterns
formed primarily by proliferation with no obvious directed
cell migration to the patterns observed. This was consistent
with the 125I-FGF-2 desorption results which indicated that
there was very little release of FGF-2 from the surface
when the cells are present which would minimize the
possibility of a liquid-phase concentration gradient of
FGF-2 forming. This result coincides with the observations
that the cell responses were formed by proliferation of cells
that had landed on the FGF-2 squares during the initial
cell seeding or migration of cells that were in the immediate
vicinity of the squares and happened to encounter the
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FGF-2 patterns by chance through random motion.
However, it is most likely that only minimal migration of
surrounding cells onto the patterns could occur since the
cells that were on the FGF-2 patterns were generally more
active than the off-pattern cells which were in a serum-
deprived state and remained firmly attached to the fibrin
surface. Additional data analysis of time-lapse movies will
be needed to further clarify the role that cell migration and
proliferation played in the patterned response observed.
Experiments are currently being performed that focus
solely on cell migration in response to solid-phase growth
factor patterns including concentration gradients.

For all experiments reported here, we held the fibrin
substrate concentration constant at 100 mg/ml plated.
Fibrin/fibrinogen binds cells through several integrins
including aVb3 which also interacts with the FGF-2
receptor 1 (FGFR1) to enhance the proliferation of
endothelial cells treated with fibrin/fibrinogen bound
FGF-2 [31]. FGF-2 has also been reported to complex
directly to aVb3 and influence endothelial cell attachment
and spreading [32] but not proliferation or migration which
only occurs via FGFR1 [33]. Therefore, the proliferation
responses we observe with pg/mm2 quantities of FGF-2
patterned upon fibrin may represent the synergistic
response of FGF-2, FGFR-1, and aVb3. Future experi-
ments will determine the influence of the fibrin substrate
concentration upon this interaction as well as the substitu-
tion or augmentation of fibrin with other ECMmaterials as
printing substrates.

For these initial studies, we selected FGF-2 and fibrin as
our model growth factor and printing substrate. However,
this printing methodology is not limited to the combination
of FGF-2, fibrin, and MG-63 cells. Other growth factors,
including platelet derived growth factor-BB (PDGF-BB)
and vascular endothelial growth factor (VEGF) also bind
ECM proteins [9,34–36]. We have preliminary data
demonstrating that we can also successfully pattern
PDGF-BB and bone morphogenetic protein-2 (BMP-2)
on fibrin and we have successfully used other ECM
printing substrates such as fibronectin. We have also
observed NIH3T3 and Swiss3T3 fibroblasts respond to
solid-phase FGF-2 and PDGF-BB patterns. Along with
being applicable for a variety of growth factors, substrate
materials, and cell types, the versatility of inkjet printing
allows for an essentially limitless design space. Patterns can
be printed with the appropriate program and combinations
of growth factors can be patterned by adding more print
heads. Furthermore, while our current focus is on directing
cellular proliferation and migration with 2D patterns, this
solid-phase patterning methodology can be extended to
create three-dimensional (3D) structures for use as a tissue
engineering therapy. We are currently developing a second
printer that is capable of creating 3D fibrin constructs
containing spatial patterns of growth factors [37]. The
spatial localization of growth factors in a physiologically
relevant pattern, such as a concentration gradient, could
amplify cell migration into the scaffold and promote
healing at the wound site. The printing system consists of
a series of multiple, focused inkjet print heads which
simultaneously deposit fibrinogen, thrombin, and FGF-2.
The structures are built up layer-by-layer by the jetted
droplets mixing and gelling on the substrate surface.
5. Conclusions

The results presented here demonstrate an inkjet printing
method that uses native growth factors and a biologically
relevant printing substrate. We show that our inkjet
printing method can be used to control the surface
concentration of FGF-2 and that cell density increases in
register with the printed patterns up to a saturation level of
approximately 22 overprints or a final surface concentra-
tion of 14 pg/mm2. Cell proliferation on patterns with
lower FGF-2 surface concentrations were observed to
plateau earlier than on the higher surface concentration
squares. Desorption experiments using 125I-FGF-2 demon-
strated that the patterns were retained in vitro with less
than a 30% loss of growth factor over 9 days. This
indicates that initial cell growth off-pattern was not due to
FGF-2 released from the surface. The cell counts on the
area immediately surrounding each of the printed FGF-2
squares were identical within experimental error which
demonstrated that the cells were not influenced by the
concentration of the square that they were surrounding.
However, the cells on the patterns of FGF-2 were observed
to live longer than the cells surrounding the patterns in a
dose-dependent manner. The results presented demonstrate
how inkjet printing can be used to precisely and
reproducibly deposit growth factors onto a biologically
relevant surface to control cell proliferation.
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