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ABSTRACT: Nonlinear multiphoton photo-cross-linking and photopolymerization of proteins and polymers
in solution have been used to direct the three-dimensional assembly of micron scale objects. Two aspects
of fabricated proteinatious matrixes are examined in this paper: the efficiency of protein photopolym-
erization and the application of fabricated matrixes as sustained release devices. The efficiency of
photoactivated cross-linking of the proteins bovine serum albumin and fibrinogen, using rose bengal,
have been determined and found to vary with photosensitizer concentration. This concentration dependence
suggests that the mechanism for protein cross-linking is a direct hydrogen transfer between an amino
acid residue of the protein and the dye molecule itself. A comparison of the surface structure of single
and multiple protein oligomers is undertaken and shown to vary significantly depending on fabrication
materials. Alkaline phosphatase bioactivity, upon entrapment in a protein structure, is maintained. The
properties of fabricated protein matrixes as sustained release devices is also examined. The rates of
diffusion of fluorescently labeled dextrans (10 and 40 kDa) from an optically fabricated BSA matrix vary
with molecular weight and are linear with cross-link density. The half-life of release of 10 kDa dextran-
TMR from a BSA micron scale structure is less than or equal to 6 min while 40 kDa dextran-TMR half-
life of release is 25 min. Finally, rhodamine 610, a typical drug size molecule, was entrapped in an
acrylamide structure, and its release is found to be diffusion-limited with half-lives of 10—31 min,

depending on cross-link density.

Introduction

The development of micro- and nanofabrication tech-
niques has shown particular promise in the engineering
of micro-electromechanical systems (MEMS), biomimet-
ics, and microfluidic devices.12 Most fabrication tech-
niques currently employed are inherently two-dimen-
sional and involve complicated stamping, chemical
etching, or methods that are combinations of both.
Microcontact printing («CP) has been widely used to
fabricate structures on the micrometer to submicrome-
ter scales.1~* Microcontact printing involves the casting
of an elastomer, typically poly(dimethylsiloxane) (PDMS),
onto a master substrate produced by photolithography.
The master and the elastomer are then separated after
curing, resulting in a stamp that is then “inked” and
pressed onto a metal-coated silicon substrate. This
method has been utilized for fabrication of many two-
dimensional structures, as well as being used in com-
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bination with chemical etching to extend the process to
microlithography.® Additionally, uCP has been used to
control the position and distribution of cells on micron
scale features.? Although «CP has significant potential
in microfabrication, there are several associated draw-
backs limiting its general applicability. The first is that
since uCP is inherently two-dimensional, it has not
proven particularly useful for creating complex features
in three dimensions. The second is that the process is
limited to certain materials for stamps and “inks”,
typically PDMS and thiols, respectively. Although uCP
has had limited success with other materials, such as
proteins and antibodies,® the technique does not have
generality in terms of available chemistries. Finally the
process is multistepped, involving careful preparation
of the master, stamp, ink, and substrates.

Photolithography, another well-established method of
fabrication, has been the industry standard for semi-
conductor fabrication. Still, photolithography has many
of the same limitations of xCP, including limited and
difficult chemistries and that expensive masks and
substrates are required. Moreover, the scale of fabrica-
tion is most often in the micron to submicron range with
a practical resolution limit of approximately 200 nm,
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and the process is essentially two-dimensional. Despite
these limitations, both ©CP and photolithographic tech-
niques have proven useful in the engineering of mi-
crodevices, array chips, and “lab on a chip” devices.1 =46

Recently, a new experimental approach for the free-
form fabrication of synthetic polymers and proteins that
allows for submicron feature sizes and complete three-
dimensional (3D) freedom has been developed.” This
new technique relies on a nonlinear optical photopo-
lymerization process to spatially control fabrication.
Fabrication is performed directly within a solution
containing a photoinitiator, a co-initiator, and monomer
substrates. To achieve 3D spatial resolution, a femto-
second laser is focused into a photopolymerizable or
cross-linkable material, and photoactivation occurs via
a multiphoton process. Since high photon densities are
required to initiate the multiphoton process, polymer-
ization and cross-linking reactions are confined to the
focal point. The three-dimensionality is inherent in the
ability not only to scan the laser in the x and y direction
but also to change the focal plane (z) without overwrit-
ing existing features. This new method is a more direct
route for fabrication than either microcontact printing
or photolithography and stands to be much more general
in terms of the available chemistries. Although in its
infancy, this new method of free-form nanofabrication
shows particular promise, circumventing the size and
dimensionality limitations of previous free-form tech-
niques. At its present stage of development, the size
limitations are comparable to photolithography, i.e., 250
nm, but the addition of a third dimension makes this a
truly novel technique.

One of the first examples of photoactivated, nonlinear
3D microfabrication was by Maruo et al.® where fabrica-
tion of micron scale helixes, made in a urethane acrylic
resin, was accomplished. Witzgall et al.® used a similar
multiphoton technique to fabricate 3D cylinder shaped
features in negative photoresist materials. This tech-
nique requires a developing step to wash away any
unexposed resist solution, leaving the light exposed area
behind. Most recently, Cumpston et al. fabricated mi-
crocantilevers, photonic band gap structures, and a
tapered waveguide structure from a resin containing
photoactivators designed to possess large two-photon
absorption cross sections.10

To the best of our knowledge, this methodology, so
far, has been limited to synthetic polymer resins.
Recently, our group has demonstrated multiphoton
fabrication with proteins” and acrylamide!! directly from
solution. In these studies fabrication in two and three
dimensions is accomplished with synthetics and pro-
teins, and protein retained bioactivity is shown. In the
current paper we extend this work to fabrication with
other synthetic polymers, study the efficiency of protein
photo-cross-linking, and examine the use of fabricated
matrixes as sustained release devices. Specifically, we
examine two- and three-photon fabrication of the syn-
thetic organic polymer trimethylolpropane triacrylate
and two proteins, bovine serum albumin (BSA) and
fibrinogen. It is shown that free-form 3D fabrication of
these materials is achieved with the same submicron
spatial resolution and free-form abilities that are present
in our previous studies.”!!

This paper examines two aspects of the photopolym-
erization of BSA and fibrinogen. The first is the ef-
ficiency of fabrication of BSA and fibrinogen as a
function of photoinitiator concentration. This study
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Figure 1. Molecular structure of rose bengal and energy level
diagram for two-photon excitation. Two 800 nm photons are
simultaneously absorbed to reach the S; electronic state. This
excitation proceeds through a virtual or nonstationary state.
The S, state rapidly decays nonradiatively to the S; electronic
state. Finally the S; population interconverts to the final
reactive T, state.

represents, to the best of our knowledge, the first two-
photon photoinitiated cross-linking of proteins directly
from solution. We then continue our study by applying
these optimized fabrication parameters to produce
micron-scale structures that will entrap compounds
during fabrication and then release these compounds
in a sustained fashion. As a model system, we examine
the rates of diffusion of fluorescently labeled polysac-
charides as a function of the fabricated structure
composition and density. Observations on the surface
characteristics of fabricated proteins, synthetic poly-
mers, and hybrid structures are made, leading to
conclusions on the rate of sustained release as well as
the mechanism of polymerization/cross-linking. Finally,
we study the rate of diffusion of rhodamine 610, a drug
size molecule, out of a micron-scale slab of polyacryla-
mide.

Physical Background of Multiphoton Polymer-
ization. In the data presented here, photopolymeriza-
tion occurs via a multiphoton process, where excitation
of a photoinitiator proceeds through one or more virtual
states. The simultaneous absorption probability through
a virtual state(s) is given by P"/z"~1, where P is the laser
pulse energy, n is the number of photons to be absorbed,
and t is the laser pulse width. It is this dependence on
7 that necessitates the use of ultrafast lasers for
multiphoton polymerization. The use of femtosecond or
picosecond lasers has the added advantage of keeping
the average laser power low, which avoids photodamage
in biological samples.

Multiphoton excitation proceeding through a virtual,
or nonstationary, state was predicted in the early part
of this century by Goppert-Mayer.'? Figure 1 shows a
diagram that describes the two-photon excitation for the
photoinitiator rose bengal (RB). The S; state may be
reached via a single-photon excitation of 550 nm or in
a multiphoton approach via two 800 nm photons.
Multiphoton excitation at 800 nm actually reaches the
S, electronic state by proceeding through a virtual state;
this state subsequently decays nonradiatively (10712 s)
with near unit efficiency to the S; state. Interconversion
of the S; population to the long-lived (1 ms) T electronic
state, having an efficiency of >98%, becomes the final
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reactive state. As shown below, the formation of a long-
lived triplet state can initiates a free-radical polymer-
ization mechanism in the presence of a co-initiator
(Cl)_l3716

RB + 2hy — [RB]triplet
[RBlyipies + CI — [RB]™ + CI*"
CI’'t + monomer — R’

R* + (monomer),_, — R—(monomer),’ Q)

Using a multiphoton approach for submicron photo-
polymerization has several advantages. First, polym-
erization is confined to only the focal volume. This is
because simultaneous absorption of multiple photons
requires a very high photon flux, which is only present
at the point of focus. This allows for precise spatial
fabrication in solution by avoiding nonspecific polym-
erization outside of the focal volume. Second, there is
reduced photobleaching of the photoactivatable dyes
used for polymerization. Third, there is no linear near-
IR absorption out of the plane in most biomacromolecule
samples.’” And finally, the longer wavelength light
provides a greater penetration depth, allowing for
fabrication of objects below the surface of biological
samples and many other materials.

Experimental Section

Details of the experimental setup are given elsewhere.”**
Briefly, a femtosecond near-infrared titanium sapphire oscil-
lator (Coherent 900-F) pumped by an argon ion laser (Coherent
Innova 310) is coupled into an upright laser scanning confocal
microscope (Biorad MRC600) equipped with a 0.75 numerical
aperture (NA) objective (Zeiss 20x Fluar). The laser, operating
at 76 MHz, has a pulse width of 100 fs and is tunable between
700 and 1000 nm with a bandwidth of 10 nm (fwhm). In our
present configuration, the laser scanning microscope is equipped
with x—y galvo scanning mirrors that can perform line, raster,
and point scans. The laser dwell time is 1.6 us/pixel, corre-
sponding to approximately 50 laser pulses per pixel. All
fabrication takes place, directly from solution, on glass micro-
scope slides that have been previously washed in acetone for
20 min to remove any unwanted residue present on the slide
that could potentially affect polymerization. The average laser
power arriving at the fabrication zone is kept constant at 120
mW, independent of wavelength, allowing for a direct com-
parison of efficiencies of polymerization between samples and
between separate experiments.

Fabricated features are analyzed by light microscopy and
scanning electron microscopy (SEM). Transmitted light mi-
croscopy is used for actively observing structures during
fabrication, as well as for optimizing fabrication parameters
such as position on the substrate and selection of the focal
plane. The confocal microscope is also equipped to detect epi-
illuminated fluorescence, which is used to monitor diffusion
of fluorescently labeled compounds, as well as to image
constructs that have fluorophores either entrapped or inter-
nally cross-linked. Finally, SEM is used to image structures
postfabrication, providing a method of measuring feature sizes
that is not diffraction limited. Postfabrication, all protein
samples are fixed in a 2% gluteraldehyde/HEPES solution for
30 min and dehydrated through increasing serial ethanol
concentrations (25%, 50%, 75%, 95%, 2 x 100%) for 3 min per
wash. The samples were then placed in hexamethyldisilazane,
a low surface tension liquid, for 6 min and finally allowed to
air-dry.'® Samples are then mounted for SEM and sputter-
coated with 10 nm of Au/Pd. Synthetic samples were simply
washed with appropriate solvents (i.e., acetone, water, or
methanol as determined by bulk polymer reactivity with each)
and allowed to air-dry.

Macromolecules, Vol. 33, No. 5, 2000

Norland Optical Adhesive 83H (Norland Products), tri-
methylolpropane triacrylate (Aldrich), triethanolamine (Ald-
rich), rose bengal (Sigma), 9-fluorenone-2-carboxylic acid
(Aldrich), bovine serum albumin (Calbiochem), fibrinogen
(Sigma), alkaline phosphatase (Sigma), ELF-97 phosphatase
substrate (Molecular Probes), 10 and 40 kDa dextran—tetra-
methylrhodamine (Molecular Probes), and rhodamine 610
(Exciton) were all used without further purification.

Results and Discussion

Photochemical Fabrication Systems. The sub-
strates utilized in the following experiments can be
separated into classes of synthetics and proteins. In the
present study two synthetic polymers are used. The first
is a commercially available proprietary polyurethane
liquid resin (Norland Optical Adhesive 83H) consisting
of a prepolymer and a UV photoactivator that upon
exposure to 800 nm light undergoes a simultaneous two-
photon absorption and subsequent polymerization. The
second synthetic compound is trimethylolpropane tri-
acrylate (TMPTA) which in the presence of rose bengal
and the co-initiator triethanolamine (TEA) (0.1 M) can
be polymerized by two-photon excitation of 800 nm light.
The most likely mechanism for TMPTA polymerization®
is an intermolecular electron transfer from the TEA to
the excited dye, forming a stable TEA radical cation that
initiates polymerization by removal of an electron from
the TMPTA monomer (mechanism 1, where TEA acts
as Cl). Although this is a more complicated set of two,
two-body reactions, the polymerization Kinetics are
improved, over simple dye radical anion initiated po-
lymerization, because the TEA radical cation is much
longer lived than the RB triplet state (~1 ms) itself. An
analogous mechanism can be used for the polymeriza-
tion of TMPTA that utilizes a three-photon activation
process with 9-fluorenone-2-carboxylic acid (referred to
as 9F2C) as the photoinitiator. This three-photon pro-
cess (absorption at 780 nm) has the added advantage
of a smaller interaction volume,?° leading to a smaller
fabrication zone compared to the two-photon absorption.

The second class studied here are protein biopoly-
mers. In the following study two different size proteins
were chosen, bovine serum albumin (BSA MW = 66 kg/
mol) and fibrinogen (MW = 340 kg/mol). We have found
that BSA and fibrinogen may be photo-cross-linked with
only a photoinitiator; i.e., TEA is not required to
facilitate cross-linking and in fact appears to act as an
inhibitor.” This phenomenon may rely on the protein
itself to fulfill the role of co-initiator as well as cross-
linkable species, or, as will be shown below, a different
reaction mechanism, compared to mechanism 1, is
followed for the cross-linking of proteins. Protein cross-
linking without a co-initiator is believed to occur in one
of two ways.?1-25 These two photooxidation mechanisms
involve excitation of a photoinitiator to the T; state,
where the excited photoinitiator can then either transfer
energy to the ground state triplet molecular oxygen,
generating singlet molecular oxygen, or abstract hydro-
gen directly from a protein molecule. The singlet oxygen
mechanism continues by reacting with an oxidizable
amino acid residue of the protein. This irreversible
mechanism generates an electron-deficient protein that
may react with another protein’s amino acid residue and
form a covalent bond.?* It is unclear exactly what the
reactive species is, but it must involve residues at or
near the protein surface. It has also been shown that
protein cross-linking generally favors residues contain-
ing olefins, dienes, aromatics, and heterocycle groups
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Figure 2. SEM micrographs of two lattice-like structures
made by free-form optical polymerization of trimethylolpro-
pane triacrylate (TMPTA). 9F2C (1 x 10~* M) is used as the
photoinitiator, TEA (0.1 M) is the co-initiator, and each line
is fabricated in 1.2 ms. Each line is 375 um long, ~1000 nm
wide, and ~1000 nm high.

and that tryptophan, tyrosine, or histidine residues are
advantageous for protein cross-linking.2:25 The second
possible mechanism occurs via a direct hydrogen ab-
straction from the protein molecule by the photoexcited
initiator allowing for direct protein cross-linking.?225
This mechanism favors residues containing ketones,
phenols, amines, or hydroquinones.?-25> The possibility
of inter- versus intramolecular reactions (i.e., actual
cross-linking of proteins versus denaturation and pre-
cipitation) is addressed by Webster et al.22 They provide
evidence for intermolecular fibrinogen cross-linking
under photoinitiation conditions similar to the method
utilized here. In addition, it appears unlikely that
simple precipitation is occurring since it is our experi-
ence that structures fabricated from proteins are stable
for more than 1 month if kept hydrated. It seems
unlikely that a simple precipitate would be stable over
such a considerable storage time. Under our experimen-
tal conditions, cross-linking most likely occurs via the
hydrogen abstraction mechanism as will be seen in the
Efficiency of Fabrication section of the Results and
Discussion.

Fabrication of Synthetic Structures. Our current
experimental configuration utilizes a laser scanning
microscope that is currently configured to only write
lines and rectangles of various sizes. While this is a
limitation compared to arbitrary writing or stage scan-
ning capabilities, these simple shapes can lead to a
wealth of interesting constructs. Figure 2 shows a SEM
micrograph example of two lattice-like structures fab-
ricated from a TMPTA, TEA (0.1 M), and 9F2C (1 x
1074 M) solution. These were fabricated by creating a

Fabrication of Proteins and Polymers 1517

series of equally spaced parallel lines approximately 1
um wide by 360 um long, rotating the sample 45° or 90°
and fabricating a second series of crossing lines. A
closeup of crossing lines is shown at the bottom of the
figure to verify the line width. Some fragmentation is
apparent at the joints of two lines. This can be avoided
by longer exposure to the laser light, hence building
thicker, more robust structures. In these structures the
light exposure was minimized to avoid polymerization
reaction saturation and to improve feature resolution.
The fabrication proceeds by the absorption (&7 — 7*) of
three photons of 780 nm light by the 9F2C. This
absorption was verified by recording the absorption
spectrum (not shown) of 9F2C and noting that it drops
of sharply on either side of 780 nm, summing very
closely to the known one-photon & — s* transition at
260 nm. This three-photon transition cannot arise from
the n — x* transition which has a one-photon maximum
at 330 nm. Although it is difficult to directly compare
the efficiency of the two-photon polymerization using
RB and three-photon using 9F2C, due to the unknown
three-photon cross section of the latter, the absolute
polymerization speed was relatively fast, where each
line can be created in ~1.2 ms. Structures with such
feature sizes may find applications in biomaterials and
tissue engineering since they are at the subcellular
biological scale.”26

Three-dimensional rectangular features are also readily
fabricated as demonstrated with polyurethane. Figure
3A shows microchannels fabricated by constructing a
series of lines, with a height of ~1000 nm, the micro-
scope stage (z) is then manually lowered by ~1000 nm,
and a slab (360 um x 200 um x 1 um) was fabricated
on top of the lines. Optical microscopy demonstrates
that the fabricated lines and the slab are in different
focal planes, therefore indicating three-dimensionality.
As our SEM does not provide sufficient tilting (90°) to
provide an edge-on view, a cartoon of such a view is
shown in Figure 3A. This structure exhibits the ability
to create small fluidic channels with potential applica-
tions in microfluidics and “lab on a chip” type of devices.
As another example of both chemistry and structure,
Figure 3B shows a portion of a stepped pyramid
(fabricated from TMPTA) with a second inverted stepped
pyramid on top of the first, demonstrating the ability
to construct overhanging features on relatively small
scales, each layer being ~1 um thick. A cartoon, to the
right of the figure, provides an edge-on representation
of the construct. The entire structure is not shown in
the image since the goal was to present a clear picture
of the overhanging features. The curved upper edge is
an artifact of drying the sample for SEM. All of the
corners did not curl, but due to the tilt limitations of
our SEM, the corner shown here provides the best
viewing opportunity. Similar structures are readily
produced at scales that are a factor of 2—5 times smaller
in the x and y directions. The three-dimensionality of
this process and the expanded chemistry are two
important improvements over standard lithographic and
stamping techniques. Moreover, fabrication with our
method can create structures quickly and in virtually
any imaginable layout.

Fabrication of Proteinaceous Structures. A ma-
jor goal of this work is to construct complex 3D struc-
tures from biopolymers. Figure 4A shows two stepped
pyramids fabricated directly from a solution of BSA (1.5
x 107* M, 1% w/w) and rose bengal (1 x 10™* M).
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Figure 3. (A) An SEM micrograph of microchannels fabri-
cated from polyurethane. The diagram depicts an edge-on view
of the construct since we were unable to obtain sufficient tilt
to image this view. Light microscopy shows significant differ-
ent focal plains for the slab and the lines, suggesting that the
structure has not collapsed. The lines are 375 um long, ~1000
nm wide, and ~1000 nm high. (B) An SEM micrograph of a
portion of a TMPTA structure which demonstrates the ability
to construct overhanging features. The structure seen is a
stepped pyramid with an inverted stepped pyramid placed on
top of it. Each layer is less than 1000 nm in height. The
curvature of the top few layers is an artifact of drying the
sample for SEM. A diagram of an edge-on view of the entire
construct is shown to the right of the image.

Fabrication rates with BSA are approximately 10-fold
slower in comparison to the synthetic polymers. The 150
by 300 by 1 um base layer requires approximately 10 s
to fabricate. Subsequent layers require approximately
a factor of 1.5—2 longer. These absolute times depend
on the size of the construct, but the subsequent layers
typically take longer than the base and slabs on top of
a construct take longer to build than the identical size
slab on the glass surface. The decrease in efficiency from
the base layer to upper layers is presumably due to the
loss of the glass/protein interaction that causes a greatly
increased protein surface concentration in comparison
to the bulk solution and hence improves local kinetics.?”
We can rule out enhancement from a glass surface
reflection since only 4% of the incident radiation is
reflected and the multiphoton absorption process scales
with the photon density, making a reflection unlikely
to cause significant cross-linking. To the best of our
knowledge, this is the first example of two-photon
optical freeform fabrication with proteins.

The ability to have multiple materials in a single
construct has potential advantages where spatial control
of chemistries is important; for example, spatially
varying compositions can control biological interactions.”
Hybrid constructs also makes it possible to control rates
of release, material degradation, and other interactions
with surrounding environments. Figure 4B shows an
example of a two-constituent lattice-like structure where
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SEM Image

Figure 4. (A) Two BSA stepped pyramids, imaged with SEM,
fabricated directly from a solution of BSA and RB. (B) A
synthetic/protein hybrid lattice structure (imaged with SEM).
The horizontal lines were fabricated first with TMPTA, and
the vertical lines were then fabricated from BSA. See text for
detailed description. (C) SEM and fluorescence image of a BSA
construct fabricated in the presence of alkaline phosphatase,
demonstrating the ability to entrap enzymes in matrixes, while
maintaining activity; see text.

Fluorescence Image

the horizontal lines are poly-TMPTA and the vertical
lines are cross-linked BSA. To construct this structure,
TMPTA was polymerized on the surface of a glass
microscope slide. The sample was then washed (5 min)
in acetone to remove any unpolymerized TMPTA and
placed in a water bath for 10 min to exchange any
acetone with water, and finally the water was ex-
changed with a 1.5 x 10* M BSA/1 x 107* M RB
solution. This solution was exchanged several times to
ensure that dilution did not occur. The sample was
placed back on the microscope (~90° from the original
position), and fabrication of the BSA lines was per-
formed. Another hybrid matrix structure is seen in
Figure 4C. Here the slab is fabricated in a solution
containing BSA and alkaline phosphatase, resulting in
a mixed biopolymer structure. Details describing this
structure will be discussed in the following sections.
Obtainable Fabrication Resolution. The fabrica-
tion of both proteins and synthetic polymers using
nonlinear photopolymerization provides a method of
free-form fabrication that theoretically is capable of
submicron resolution.'? This resolution is determined
by a number of factors including the optical point spread
functions, absorption mechanisms, and the potential for
reaction runaway. Here we compare minimum feature
size using two- and three-photon excitation as a function
of NA. Photoinitiation of TMPTA by RB or 9F2C
requires the absorption of two or three photons, respec-
tively, to initiate polymerization. While initiation at
significantly different wavelengths would make for an
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Table 1. Feature Size Objective Series (in nm)

predicted
TMPTA resolution
numerical 3-photon calcd Abbe limit

aperture 2-photon (9-fluorenone-2- at 800 nm

(NA) (rose bengal)  carboxylic acid) excitation
0.5 2944 996 976
0.75 1191 606 650
1.3 735 344 375

unfair resolution comparison, RB and 9F2C were excited
at similar wavelengths of 800 and 780 nm, respectively,
affording a quantitative comparison.

Table 1 shows the experimental results for TMPTA
polymerization along with the calculated one-photon
point spread function. This point spread function is
predicted by the Abbe relation:

1.221
Aonin = SNA )
where A is the excitation wavelength used and d is the
minimum spot size. Average laser powers were kept to
a minimum to avoid extensive saturation effects. A
minimum of 15 fabricated lines were measured at the
ends and middle sections using SEM imaging, and the
resulting measurements were averaged to obtain a
typical feature resolution. These are shown in Table 1
for an excitation wavelength of 800 and 780 nm. It is
clear that the TMPTA/RB reaction expands beyond the
calculated resolution for all objectives used, presumably
due to reaction runaway. Still, a general decrease in
feature resolution is observed as would be predicted by
eq 1.

9F2C photoinitiation of TMPTA provides finer feature
resolution. This improvement in resolution is due to the
higher required photon density for three-photon excita-
tion resulting in a smaller point spread function relative
to the two-photon case.?° These experiments clearly
show that this fabrication technique is capable of
submicron resolution.

Efficiency of Fabrication. One of our fundamental
guestions concerning multiphoton free-form fabrication
is the efficiency of polymerization or cross-linking of
various monomers. It is important to have an under-
standing of this efficiency to optimize conditions for
fabrication to determine the feasibility of practical
manufacturing, as well as understand the limitations
associated with this fabrication technique. Our first
study of biopolymers efficiencies involves the cross-
linking of BSA and fibrinogen as a function of rose
bengal concentration. The concentration dependence is
determined by measuring the number of line scans
required to initiate visible fabrication. While polymer-
ization or cross-linking may occur prior to becoming
optically apparent, the same criteria are used for all
experiments, thereby providing a relative self-consistent
quantitative comparison. This observed polymerization
or cross-linking was found to be reproducible over many
trials and when new solutions or preparations were
used.

Figure 5 shows the efficiency of cross-linking of BSA
and fibrinogen as a function of rose bengal concentration
versus the exposure dose (mJ/cm?). It is found that the
fibrinogen at low RB concentrations is ~2—10 times
faster than BSA. This is presumably due to its much
larger molecular weight of fibrinogen (340 kg/mol vs 66
kg/mol for BSA), giving rise to a larger volume protein
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Figure 5. Upper graph shows the efficiency of polymerization
of BSA as a function of rose bengal concentration. The lower
graph shows the efficiency of polymerization of fibrinogen as
a function of rose bengal concentration. Both show a marked
dependency on rose bengal concentration, suggesting that the
protein cross-linking mechanism is a direct hydrogen transfer
from the protein to the photoexcited rose bengal. The minimum
exposure time for optically apparent polymerization was
recorded. This was done consistently and reproducibly between
all experiments.

and many more potentially oxidizable amino acid resi-
dues. Hence, fewer cross-linking reactions and mono-
mers are needed to reach optically detectable fabrica-
tion. This effect is lost when the concentration of RB is
sufficiently high to negate the effects of photoactivator
diffusion or fewer protein reactive sites. There is a
marked dependence on the rose bengal concentration
for both BSA and fibrinogen, suggesting that the mech-
anism leading to polymerization does not regenerate the
dye. It has been suggested that one mechanism for
protein cross-linking involves the reaction of singlet
oxygen with a photooxidizable amino acid on the pro-
tein, 212425 where singlet oxygen is produced upon
energy transfer from the triplet state excited RB. After
energy transfer to the molecular oxygen, the RB returns
to the ground state and is still available for photoexci-
tation. Because of the RB concentration dependency, it
is suggested that the dye is not regenerated and that
the cross-linking of the proteins, in all probability,
involves hydrogen transfer from the protein to the
photoexcited dye. This presumably takes place at the
ketone of the RB since triplet state ketones will abstract
available hydrogen atoms and reduce to alcohols. This
addition of a hydrogen atom to the rose bengal ketone
destroys its ability to generate reactive long-lived triplet
states and consequently destroys its ability to photoac-
tivate polymerization or cross-link reactions. It is un-
likely that the concentration dependence is due to
photobleaching since it is well-known that multiphoton
processes reduce photobleaching out of the focal plane,!’
and we have not observed any photobleaching of RB on
the time scales used for fabrication. The hydrogen
transfer mechanism seen here for both BSA and fibrino-
gen is consistent with a study done by Uhlich et al.?®
In their study BSA was photo-cross-linked with eosin
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Figure 6. TMPTA (top), BSA (middle), and BSA/AP (bottom)
SEM images demonstrating the change in surface texture as
a function of fabrication material. All images are taken at
5000x magnification. See text for detailed description of
process and implications.

Y while rigorously excluding molecular oxygen, sug-
gesting that the dominate mechanism for protein photo-
cross-linking does not follow the singlet oxygen path-
way.

Surface Characteristics of Fabricated Struc-
tures. Scanning electron microscopy permits an analy-
sis of the surface characteristics of the various fabricated
materials. As seen in Figure 6, the surfaces of optically
fabricated structures fall into one of three categories we
will define here as low, medium, and highly textured.
Both the polyurethane and TMPTA form low textured
surfaces. All structures fabricated from these two
monomers, analyzed using SEM, show little or no
surface structure at 5000x magnification. As an ex-
ample, Figure 6A shows the corner of a TMPTA slab.
This low surface texture suggests that photopolymeri-
zation of these materials leads to uniform, densely
packed polymer chains. The horizontal features seen in
Figure 6A are a result of the line by line writing of the
slab.

Protein cross-linking, by contrast, shows very differ-
ent surface characteristics. Fabricated BSA and fibrino-
gen show a highly textured surface. An example of the
BSA surface can be seen in Figure 6B. We suggest that
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this highly textured surface is a result of the signifi-
cantly reduced cross-linking density compared to the
synthetic example above.

When mixtures of proteins are fabricated, this can
lead to different surface texture. Figure 6C shows a
structure fabricated from a solution of BSA containing
about 10% (w/w) alkaline phosphatase (AP). This mixed
BSA and alkaline phosphatase structure forms a less
textured surface (medium) than BSA alone, suggesting
that the alkaline phosphatase is entrapped within the
BSA. The change in texture is presumably a result of
more efficient packing of two different size particles, as
opposed to a monodispersed system. To test for a
significant change in matrix porosity, we measured the
relative time of release of 10 kDa dextran—tetrameth-
ylrhodamine (dextran—TMR) in the BSA/AP hybrid
structure and the pure BSA structure. It was found that
while the dextran releases from fabricated BSA struc-
ture within minutes, little or no release occurred over
more than 90 min from the hybrid BSA/AP structure.
This ability to tailor the textures or porosity of struc-
tures will be critical to the development of devices with
different controllable release characteristics. Similarly,
porosity and surface texture are of paramount concern
in tissue engineering scaffolds and other bioengineering
applications.

Diffusion. Hydrogel and protein matrixes have often
been used as drug delivery devices or sustained release
devices.??31 The ability to fabricate with both hydrogel
materials and various proteins at the milli-, micro-, and
nanometer scale expands the scope of such devices
beyond the relatively large millimeter scale of devices
available today. Critical to creating useful release
devices is the entrapment of large molecular weight
compounds that act as model systems for biomolecules
or pharmaceutics. Optical fabrication from solution
provides a convenient method for entrapping molecules
in a chosen matrix by simply including the molecule in
the fabrication solution. As an example, a solution of
BSA (1.5 x 107* M), rose bengal (2.5 x 107* M), and
alkaline phosphatase (7 x 107® M) was used as the
fabrication media. The fabrication was performed on a
BSA adsorbed glass microscope slide, minimizing the
nonspecific adsorption of the AP to the glass substrate.
Two-photon fabrication of a solid slab (~ 200 um x 110
um x 1 um) took place at an excitation wavelength of
808 nm. This slab was then washed in a distilled water
bath (~4500x dilution factor) for 15 min. The fabricated
structure was then returned to the microscope, and a
solution of ELF-97 phosphatase substrate was added.
This phosphatase substrate is soluble in water, but upon
reaction with AP, a phosphate group is cleaved, and the
product becomes insoluble and thereby precipitates in
the immediate vicinity of the enzyme. Additionally, upon
phosphate cleavage, the ELF-97 phosphatase substrate
emission changes from diffuse, dim blue to a punctate,
bright yellow-green fluorescence. Figure 4C shows a
fluorescence image of this simple slab at 5 min after
the addition of the ELF-97 phosphatase substrate. A
strong fluorescence is observed in the fabricated zone,
indicating that the phosphate cleavage reaction has
occurred. Since the precipitation of the ELF-97 phos-
phatase substrate was very fast, it was not possible to
perform a time series fluorescence study. However, at
time zero no fluorescence was observed, and after 10
min optical sectioning of the slab shows penetration of
the substrate throughout the BSA matrix. This observed
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fluorescence is only possible if the AP is incorporated
throughout the BSA matrix. It is also apparent that the
AP does not lose its activity upon entrapment in photo-
cross-linked BSA. This retention in activity upon cross-
linking is attributed to the fact that the active site is
probably small compared to the entire enzyme and thus
remains unaffected.

The BSA/AP matrix shows that mixed proteins struc-
tures may be readily fabricated from solution. For a
functional release device that is a solid matrix like many
well-known hydrogel delivery devices,?%~3! fabrication
should entrap and not cross-link a species of interest.
This ability was used to design a model system for
sustained release of a macromolecule. Using BSA to
form the entrapping matrix, fabrication is performed in
a solution also containing 10 or 40 kDa dextran—TMR
(0.1 and 0.03 M, respectively). Fabrication of structures
in this solution will presumably entrap the fluorescently
labeled sugar but not covalently link the sugar to the
protein. This is assumed to be the case since hydrogen
abstraction seems more favorable from an amino acid
side chain than from a sugar. It is noted that fabrication
of a BSA matrix in the presence of the large dextran—
TMR may effect pore size, density, and other physical
properties of the matrix. Our goal here is not to quantify
these effects but rather demonstrate that fabrication is
possible, that the sugars are indeed entrapped, and that
simple diffusion will occur from these small constructs.
Additional studies are underway that load the species
of interest after fabrication in order to examine the
effects of their presence on fabrication and diffusion. If
the fabrication does not involve covalent bonding to the
dextrans, the rate of diffusion of the dextrans out of the
BSA matrix can then be monitored by recording the
integrated fluorescence intensity as a function of time.
Diffusion out of a matrix can be interpreted via the
random motion of solute molecules and Fick’s second
law.32 Thermodynamically the concentration gradient
is positive, so the flux will be in the direction of
decreasing concentration, i.e., out of the matrix.

We monitored the release of both dextran—TMRs from
identical size slabs with varying degrees of cross-linking
density. Varying the time of fabrication by scanning
multiple rasters in the same fabrication zone was used
to control this density, where longer exposure times
result in higher cross-link density. At this time we do
not have a way of directly monitoring cross-link density;
therefore, we report the exposure dose (mJ/cm?) as a
measure of relative densities. After fabrication, the
structure is washed for 3 min in flowing distilled water
in order to remove any excess solution that would
interfere with the fluorescence of the BSA/dextran
matrix. Since this washing will initiate diffusion of the
dextrans out of the fabricated structure, wash times
were kept as short as possible, but sufficiently long to
provide for adequate rinsing. Figure 7 plots the aver-
aged (four or more experiments) normalized fluorescence
intensity as a function of diffusion time for the 10 and
40 kDa dextran—TMR. The exposure dose is shown next
to each plot. Laser exposure time, for fluorescence
measurements, for each point is kept at a minimum to
reduce any chance of photobleaching. Complementary
images recorded at much longer laser exposure times
show little to no photobleaching, so it is assumed that
the decay in fluorescence is not significantly effected by
photobleaching. The solid lines in Figure 7 are an
exponential fit to the data. The half-life of the 10 kDa
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Figure 7. (A) Rate of release of 10 kDa dextran—TMR from
a BSA matrix as measured by loss of fluorescence. The
exposure dose is shown in mJ/cm? and denotes the relative
level of cross-linking in the construct. Filled circles denote an
exposure dose of 8 x 10° mJ/cm?, open circles denote an
exposure dose of 1.6 x 10®° mJ/cm?, and triangles denote an
exposure dose of 3.2 x 10® mJ/cm?. The solid lines are a single-
exponential fit to the data. (B) Rate of release of 40 kDa
dextran—TMR from a BSA matrix. The exposure dose is shown
in mJ/cm? and denotes the level of cross-linking in the
construct. Filled circles denote an exposure dose of 1.8 x 108
mJ/cm?, and triangles denote an exposure dose of 3.6 x 1086
mJ/cm?.

=]

dextran—TMR, for an exposure dose of 8 x 10°, 1.6 x
106, and 3.2 x 10%® mJ/cm?, is 2, 3, and 6 min, respec-
tively, and the half-life for the 40 kDa dextran—TMR
for an exposure dose of 1.8 x 106 and 3.6 x 105 mJ/cm?
is 23 and 25 min, respectively. The diffusion coefficient
for each BSA slabs can be calculated from the half-life
via the equation3?

D = (0.0492L%)/t,,, 2)

where ty,; is the half-life and L is the slab thickness,
which is assumed to be 1 um. The calculated diffusion
coefficients for the various BSA slabs are show in Table
2.

As would be expected, the dextrans’ diffusion half-
life increases as the matrix density (i.e., exposure dose)
increases. For a purely matrix diffusion-limited process,
the time should scale with the cubed root of the mass
of the diffusing species, assuming similar shape and
constant density of the solute.32734 Noting the times of
the 10 and 40 kDa dextran—TMR diffusion, it is appar-
ent that this is not the case. A dramatic increase in the
half-life is seen, suggesting that the different molecular



1522 Pitts et al.

Macromolecules, Vol. 33, No. 5, 2000

Table 2. Calculated Diffusion Coefficients

BSA—10 kDa dextran exposure dose (mJ/cm?)
half-life (min)

D (um2/min)

exposure dose (mJ/cm?)
half-life (min)

D (um3/min)

exposure dose (mJ/cm?)
half-life (min)

D (um?/min)

BSA—40 kDa dextran

acrylamide—R610

2.7x10” mJ/em®
t,,=31 min

Normalized Fluorescence Intensity

1.8x10” mJ/em®
t,=9 min,

0 20 40 60 80 100
Time (minutes)

Figure 8. Rate of release of rhodamine 610 from an acryla-
mide matrix as a function of relative cross-link density (i.e.,
exposure dose (mJ/cm?)). Filled circles denote an exposure dose
of 1.8 x 107 mJ/cm?, and triangles denote an exposure dose of
2.7 x 10" mJ/cm?.

weight sugars do indeed effect matrix density. This is
a serious implication for the construction of release
devices, as a detailed understanding of constituent
effects on the fabrication of gel and protein matrices is
required to make reliable and predictable devices.
Therefore, future experiments are planned to provide
insight into the question of matrix/solute interaction.

It is also possible to model drug delivery from
synthetic microstructures. Acrylamide slabs were fab-
ricated in the presence of rhodamine 610 (R610).
Rhodamine 610 has a molecular weight (479 g/mol) that
approximates the molecular weight of many drugs. R610
was also used since its two-photon absorption maximum
is near 830 nm, which has minimal absorption overlap
with rose bengal. This red-shifted excitation maximum
allows for the monitoring of the R610 emission with
little or no rose bengal fluorescence background. Figure
8 is the average normalized diffusion curves for the
acrylamide/R610 diffusion at an exposure dose of 1.8 x
107 and 2.7 x 107 mJ/cm?, with each curve determined
from an average of four or more trials. The solid lines
represent an exponential fit to the data, yielding a half-
life of 9 and 31 min for an exposure dose of 1.8 x 107
and 2.7 x 107 mJ/cm?, respectively. Calculated diffusion
coefficients for acrylamide—R610 are shown in Table 2.
A marked decrease in the rate of release of the R610 is
observed for only a modest increase in exposure dose.
The diffusion rate of water-soluble species, out of a thin
slab of hydrogel, into an infinite aqueous bath has been
derived by Crank.33

8 x 10° 1.6 x 106 3.2 x 108
2 3 6
0.02 0.016 0.008
1.8 x 108 3.6 x 108
23 25
0.002 0.002
1.8 x 107 2.7 x 107
9 31
0.0055 0.0016
M: 4 [Dt]v2 3
M. Vz|L?

where D is the diffusion coefficient of the solute and M
and M., are the amount of solute released in time t and
the total amount of solute released, respectively. Crank’s
equation for diffusion shows that the fractional release
is proportional to the square root of the time and is
accurate for the first 60% of release. While these data
do deviate from a square root of time relation, it does
show a close trend, suggesting that the release of R610
from the acrylamide matrix is close to being diffusion
limited. These results demonstrate the ability to entrap
a drug-sized molecule and have it release from a
hydrogel at a controllable rate. To extend this rate to
longer times will require increased matrix density and
concentration of the entrapped species.

Conclusion

We have presented several examples of structures
fabricated using a new method of nonlinear optical free-
form nanofabrication that is capable of photopolymer-
izing both synthetic and biopolymeric materials as well
as synthetic/protein hybrids and protein/enzyme hybrids
on the submicron scale. The rates of polymerization of
both bovine serum albumin and fibrinogen have been
determined. SEM was used to show that the surface
texture depends on the fabrication material. Entrap-
ment of molecular species into a fabricated matrix was
demonstrated by cross-linking AP in BSA, entrapping
polysaccharides in BSA and entrapping rhodamine 610
in polyacrylamide. The entrapped compounds were
studied as sustained release systems modeling macro-
molecule and drug release, respectively. Our current
studies are examining the entrapment of bioactive
compounds that diffuse from a polymer matrix and
stand to control cell growth and morphology.
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