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Laser Photoablation of Guidance Microchannels into Hydrogels Directs
Cell Growth in Three Dimensions

Offra Sarig-Nadir,” Noga Livnat,* Ruthy Zajdman,’ Shy Shoham,' and Dror Seliktar™

TFaculty of Biomedical Engineering, and ¥*Norman Seiden Multidisciplinary Program in Nanoscience and Nanotechnology, Technion-Israel
Institute of Technology, Haifa, Israel

ABSTRACT Recent years have seen rapid progress in the engineering and application of biomaterials with controlled biolog-
ical, physical, and chemical properties, and the development of associated methods for micropatterning of three-dimensional
tissue-engineering scaffolds. A remaining challenge is the development of robust, flexible methods that can be used to create
physical guidance structures in cell-seeded scaffolds independently of environmental constraints. Here we demonstrate that
focal photoablation caused by pulsed lasers can generate guidance structures in transparent hydrogels, with feature control
down to the micron scale. These photopatterned microchannels guide the directional growth of neurites from dorsal root ganglia.
We characterize the effect of laser properties and biomaterial properties on microchannel formation in PEGylated fibrinogen
hydrogels, and the effect of photoablation on neural outgrowth. This strategy could lead to the development of a new generation
of guidance channels for treating nerve injuries, and the engineering of structured three-dimensional neuronal or nonneuronal

networks.

INTRODUCTION

Surface patterning of polymeric biomaterials has been ex-
ploited successfully to study cellular responses to local phys-
ical stimuli (1,2) and guide cellular behavior on biomimetic
implants (3). A variety of patterning techniques have been
developed to create polymeric interfaces with prescribed
surface features to guide cellular migration and morphogen-
esis (4). However, the spatial sensitivity of morphogenic
cells extends beyond two-dimensional (2D) patterned
surfaces and encompasses complex geometrical landscapes
in the three-dimensional (3D) extracellular matrix (ECM)
of many hard and soft tissues (5). The need to broaden the
field of biomaterial patterning into the third dimension has
prompted efforts to adapt 2D patterning techniques to create
geometrical features within a biomaterial with spatial resolu-
tion on the order of single-cell dimensions (6).

The importance of 3D micropatterning of biomaterials in
tissue regeneration is exemplified in the design of nerve guid-
ance conduits (NGCs) for peripheral nerve repair. Biomate-
rial-based conduits used to treat resections of peripheral nerve
tissue are designed to promote directional sprouting of axons
with the use of inscribed morphogenic cues that guide
neuronal regeneration (7-9). Despite extensive research
with preclinical results, the current state-of-the-art NGCs still
cannot deliver nerve regeneration performance comparable to
that of the gold standard, nerve autograft. Toward that objec-
tive, we have developed a biosynthetic hydrogel biomaterial
that shows promise as an NGC biomaterial for peripheral
nerve repair. The biosynthetic material is composed of both
natural and synthetic constituents, and is designed to control
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neuronal and nonneuronal invasion based on simple compo-
sitional modifications. In recent work we demonstrated that
biosynthetic fibrinogen hydrogels (i.e., fibrinogen conjugated
to poly(ethylene glycol) (PEG)) support extensive outgrowth
of both sprouting neurites and invading glial cells in a 3D
dorsal root ganglion (DRG) outgrowth assay, and that the
hydrogel composition precisely controls the outgrowth of
the DRG cells (10). This PEGylated fibrinogen hydrogel still
requires subcellular geometric features capable of controlling
the direction of the neural outgrowth in 3D.

Existing microfabrication strategies for defining direc-
tional guidance into 3D hydrogel matrices can be grouped
into two categories. The first group includes layered fabrica-
tion methods such as 3D laser printing (11,12), electrochem-
ical deposition (13), photolithography, and soft-lithographic
patterning (14—16) of 3D microfluidic scaffolds. The second
category includes optical methods capable of bulk-patterning
cell-seeded scaffolds that have been preformed with the
desired final dimensions (17-20). Bulk patterns using optical
methods, which in principle can be applied in situ, have signif-
icant advantages in terms of dealing effectively with complex
cellular distributions, gel swelling, and fine resolution (when
using multiphoton absorption (20)), but are currently limited
to photopatterning of biochemical cues (21), 2D laser drilling
into polymer structures (22), and 3D microfabrication of cel-
lularized materials using a layered approach (23).

Here we introduce a simple yet powerful optical approach
for generating geometrically complex physical guidance
channels in situ, anywhere within a cellularized hydrogel
material, based on laser photoablation. This technique allows
for feature control down to the micron scale in essentially any
semitransparent hydrogel material. We study the effect of
laser properties and biomaterial properties on microchannel
formation and in PEGylated fibrinogen hydrogels using
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histological, microfluidic, and protein analysis methods. We
also demonstrate that the photopatterned microchannels guide
the growth of neurite extensions from the DRGs, as well as
their glial support, and document the effect of material and
microablation parameters on the outgrowth. We discuss the
relation between our experimental findings and the properties
of optical breakdown in water, the putative physical process
that drives photoablation and channel formation in our system,
as well as additional possible applications for this approach.

MATERIALS AND METHODS
PEGylated fibrinogen hydrogels

PEG-diacrylate (PEG-DA) was prepared from linear PEG-OH MW=10 kDa
(Fluka, Buchs, Switzerland) as described elsewhere (24). PEGylation of
reduced bovine fibrinogen (MP Biomedicals, Solon, OH) was performed
with the PEG-DA (10 kDa) at a molar ratio of 4:1 PEG-DA to fibrinogen
cysteines (10). The PEGylated fibrinogen product was purified, sterilized,
and characterized according to previously published protocols (25). The
PEGylated fibrinogen precursor solution was diluted with sterile PBS con-
taining additional PEG-DA to adjust the protein concentration and PEG/
fibrinogen ratio levels to achieve the following hydrogel compositions:
hydrogel-A: 6 mg/mL protein, 3.3% total polymer, and a ratio of 75:1 PEG
to fibrinogen; hydrogel-B: 9 mg/mL protein, 3.3% total polymer, and a ratio
of 45:1 PEG to fibrinogen; and hydrogel-C: 9 mg/mL protein, 5.0% total poly-
mer, and a ratio of 75:1 PEG to fibrinogen. The formation of a hydrogel was
accomplished by photopolymerization using long-wave UV light exposure
for 5 min (365 nm, 4-5 mW/cm?) and a 0.1% (w/v) photo-initiator (Irgacure
2959; Ciba Specialty Chemicals, Basel, Switzerland). Rheological character-
ization of the hydrogels was performed using an AR-G2 parallel plate rheom-
eter (TA Instruments, New Castle, DE) with a UV curing cell (time-sweep
mode, angular frequency 3 rad/s and a 2% strain).

Microchannel fabrication

The nanosecond laser system (1 ns pulses, 100 Hz frequency, 355 nm) is
a PALM MicroBeam system (Carl Zeiss Microlmaging, Bernried, Germany)
set with a 20x objective (NA = 0.4) and constant stage speed of 97 um/s.
The femtosecond system uses a mode-locked Ti:Sapphire laser (Mai Tai XF;
Spectra-Physics, Mountain View, CA), with a pulse duration of ~100 fs, sit-
uated on a microscope with a 60x water-immersion objective (NA = 1) and
a wavelength of 880 nm, with a constant stage speed of 100 um/s. The peak
power (pulse energy divided by pulse duration) values were measured and
the peak intensity was estimated for each system and laser power setting
(Supporting Material). The peak intensity values used with the femtosecond
system were 0.6 x 1012, 1.5 x 1012, 2.3 x 1012, 3.2 x 1012, 4.0 x 1012,
4.9 x 10'2,5.7 x 10'%,6.5 x 10", 6.8 x 10'* (840 nm), 7.3 x 10'%, and
7.8 x 10'2. The peak intensity values used with the nanosecond system
were 0.05 x 10'%,0.2 x 10'°,0.5 x 10'°,0.6 x 10'%,0.9 x 10'°, 1.3 x 10'°,
1.9 x 10'°,3.2 x 10'°, and 5.0 x 10'® W/cm®.

Microchannel characterization

Visible alterations of the transparent hydrogel caused by the microablations
were measured by the difference of Gaussians (DOG) curve-fit method (Sup-
porting Material). Characterization of the channel dimensions by microflui-
dics was done in a custom-made apparatus containing a square chamber and
two needles fixed in place. The PEGylated fibrinogen solution was polymer-
ized inside the chamber, creating a square block hydrogel with inlet and
outlet reservoirs at the tip of the embedded needles (see Fig. 2 a). A larger
channel was inscribed starting from each reservoir toward the other by
repeated high-energy microablation (3.2 x 10'© W/cm? and a stage speed
of 29 um/s in the nanosecond system). A 200 or 1500 um long single micro-
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channel connecting the converging large channels was inscribed at the spec-
ified energy levels of the nanosecond system experimental design. Higgins
waterproof black India ink (Sanford, Oak Brook, IL) was injected through
one side of the needle into the inlet reservoir (~10 uL). In some cases hydro-
static pressure (~20 cm H,O) was used to facilitate the flow of ink from the
inlet to the outlet reservoir and through the microchannel. After the ink filled
the microchannel, the hydrogel was sectioned and imaged by phase-contrast
microscopy, and quantitative measurements of the width (top view) and
height (side view) of the ink-filled microchannels were obtained from the
phase-contrast micrographs. Histological analysis was used as an alternative
method to quantify the microchannel dimensions. Frozen cross sections
(20 pm thick) of ablated hydrogels specimens were prepared and stained
with Eosin-Y (Sigma-Aldrich, St. Louis, MO) followed by imaging with
a phase-contrast microscope. The microchannel cross section was digitally
documented for morphology, and the channel height was measured directly
from the images using ImageJ software. At least three different constructs
were sectioned for each treatment level, and the mean was calculated for
each construct from approximately five single sections. The average value
for each treatment level was calculated using the respective mean data.

Measurements of ablation and hydrogel
breakdown

The effects of ablation on the solid phase of the PEGylated fibrinogen hydro-
gel were assessed by using five different nanosecond laser energy levels on
circular plugs of hydrogel-B inscribed with ~400 ablated microchannels.
Each plug (18 uL) was then liquefied by homogenization in 282 uL of lysis
buffer containing 10 mM Tris (Sigma-Aldrich) in 0.1 N NaOH (Merck,
Darstadt, Germany), 158 mM NaCl (Frutarom, Haifa, Israel), 1 mM
EDTA (Sigma-Aldrich), 0.1% SDS (Spectrum Quality Products, Gardena,
CA), 1% Na-deoxycholate (Sigma-Aldrich), and 1% Triton® X-100 (Bio
Lab Ltd., Jerusalem, Israel). Equal volumes (22.5 uL) of the samples were
loaded separately in a Criterion XT precast polyacrylamide gel (Bio-RAD,
Hercules, CA), followed by staining with Coomassie brilliant blue stain
(Sigma-Aldrich) and imaging using a LAS-3000 Image capture unit (Fuji-
film, Japan). Molecular weights were determined with the use of a molecular
weight marker (sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) molecular weight standards, broad range; Bio-RAD).

DRG experiments

DRGs were harvested and cultured according to published protocols (10).
DRG-embedded hydrogels constructs were modified with microchannels
according to the experimental design and cultured for up to 3 weeks. The
experimental design to characterize the quantitative DRG cell outgrowth
within channels fabricated in PEGylated fibrinogen hydrogels consisted of
two independent factors: 1), the hydrogel composition (Table 1); and 2),
the laser energy level used to fabricate the microchannels (see Fig. 6). Three
pairs of microchannels (~1 mm long) were fabricated in each construct, and
each pair was connected to the DRG through a single connecting microchan-
nel (~200 um long) made using the 3.2 x 10'® W/cm? intensity in the nano-
second laser system, and 7.8 x 10'? W/cm? in the femtosecond laser system.
The connecting microchannel was used to create a uniform starting point for
quantitative outgrowth measurements. The DRG outgrowth was quantified
using phase-contrast micrographs of the DRG constructs, imaged daily for
7 consecutive days. The cellular outgrowth distance was measured from the
starting point of each of the six microchannels to the farthest point of cellular
invasion and normalized by the channel length. The mean cellular outgrowth
distance for each condition was calculated by averaging the normalized
outgrowth data for all of the DRGs in the respective treatment (hydrogel
composition, laser energy level, and day of the experiment). Experiments
showing the ability of DRG cells to invade complex patterns inscribed within
hydrogel-B (Technion University symbol) and hydrogel-C (the word
“nerve’”) were also performed. The invasion into the word “‘nerve” was visu-
alized with time-lapse video microscopy using phase-contrast enhancement
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TABLE 1 Microchannel characterization by microfluidics and histological cross sections

Nanosecond peak Microfluidics channel Microfluidics channel Cross-section channel
Hydrogel properties intensity (x10'° W/cm?) width (um) height (um) height (um =+ SD)
Hydrogel-A
PEG/Fib = 75:1; 1.3 5.5 9.9 26 + 17.1
[Fib] = 6 mg/mL; 1.9 5.9 11.6 345+ 6.7
%Mass = 3.3; 3.2 11.2 37.4 57.1 +£10.9
G' = 366 & 24 Pa 5.0 n/a n/a 101.8 £ 14.7
Hydrogel-B
PEG/Fib = 45:1; 1.3 5.5 n/a 153+ 19
[Fib] = 9 mg/mL; 1.9 4.2 20.6 3334+95
%Mass = 3.3; 3.2 16.8 80.9 61.4 + 15.1
G' =126 &+ 10 Pa 5.0 n/a n/a 101.1 £ 35.1
Hydrogel-C
PEG/Fib = 75:1; 1.3 n/a n/a 224 + 83
[Fib] = 9 mg/mL; 1.9 5.1 19.7 43.1 + 16.6
%Mass = 5.0; 3.2 10.6 47.1 62.5 + 18.9
G' =731 £ 19 Pa 5.0 n/a n/a 87.8 &+ 14.5

n/a: not available.

(Movie S2). The DRG cell outgrowth was captured every 5 min for 3 days in
culture using a 10x objective and a custom-built microscope system with an
incubated environmental chamber and temperature controller.

Histology and immunofluorescence

Hematoxylin and Eosin-Y (H&E) staining (Sigma-Aldrich) was performed ac-
cording to the manufacturer’s standard protocols. Inmunofluorescence labeling
was performed as described elsewhere (10). Frozen sections of DRG specimens
or whole constructs were labeled with primary antibodies against SIII-tubulin
(G712A; Promega, Madison, WI) and s100 (S2644; Sigma-Aldrich), followed
by fluorescently conjugated secondary antibodies, goat anti-mouse Cy3
(Chemicon International, Temecula, CA) and goat anti-rabbit FITC (Jackson
Immunoresearch Laboratories, West Grove, PA), or goat anti-rabbit Cy2 (Jack-
son Immunoresearch Laboratories). A nuclear DAPI (Sigma-Aldrich) counter-
stain was incorporated directly into the secondary antibody solution.

Statistical analysis

Statistical analysis was performed on data sets from at least two independent
experiments in each treatment. Differences were considered statistically
significant for p < 0.05.

RESULTS AND DISCUSSION
Biomaterial selection and patterning

To comprehensively investigate microablation for creating 3D
geometric patterns within an NGC, we chose the biomaterial
system for this study not only because of its biocompatibility
with cell cultures, but also because of its optical properties and
physicochemical versatility and flexibility. Accordingly, we
employed the biosynthetic hydrogel technology made of
cross-linked PEGylated fibrinogen for three reasons: the mate-
rial was optically transparent, it provided excellent control
over the physicochemical properties (based on the ratio of
PEG to fibrinogen), and it proved exceptionally compatible
with nerve and glial cells. These hydrogels were created by
conjugating PEG-diacrylate (PEG-DA, 10 kDa) with dena-
tured, reduced fibrinogen chains to form a PEGylated fibrin-

ogen solution that was then cross-linked into a hydrogel
network by a light-activated free-radical polymerization reac-
tion. Complex patterns were inscribed into precast hydrogels
by photoablation using a focused laser beam that was spatially
defined with micron resolution using computer-controlled, 3D
movements of a mechanical microscope stage (Fig. 1 a). To
explore the effect of the laser parameters on microablation
patterns, we applied two different optical systems: a commer-
cially available tissue microdissector that generates
nanosecond UV pulses (PALM MicroBeam; Carl Zeiss
Microlmaging), and a custom-built, two-photon laser micro-
scope that generates 100 fs pulses in the near-infrared range.
The full width at half-maximum values of the focal volumes
were 4 um and 0.6 um laterally, and 34.4 um and 3.0 um
axially in each respective system (Fig. 1 ¢). Both systems
produced a microablation in the hydrogel (i.e., a discontinuous
point defect in the amorphous hydrogel structure) that gradu-
ally became more apparent in phase-contrast micrographs as
the laser’s intensity was increased above a threshold value.
Moving the stage at a constant speed while applying the laser
to the hydrogel resulted in the formation of a linear, contin-
uous defect within the hydrogel that resembled a microchannel
(Fig. 1 b). We fit the lateral cross sections of the microchannel
images with a parametric DOG model for each inscription
intensity, and estimated threshold intensity values where
contrasts first rose to significantly above the baseline (see Sup-
porting Material for details). Theoretically, the threshold
intensity values required to create point defects and contin-
uous microchannels within the hydrogel were 0.5 x 10'°
and 2.3 x 10'? W/cm? for the nanosecond and femtosecond
systems, respectively (Fig. 1 d). Because the ablation was
created at the focal point of the microscope objective, optical
transparency of the hydrogel was required for 3D inscription
in the material. The physical process that likely drives channel
formation in this transparent, highly hydrated material is
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FIGURE 1 Photoablation using nanosecond and femto-
second lasers. (@) An illustration of 3D patterning using
microscopic photoablation. (b) The inscription of “NGC
nerve guidance conduit” into the middle plane of a PEGy-
lated fibrinogen hydrogel is visible by phase-contrast
microscopy. (c¢) The lateral and axial spot sizes and light
* intensity profiles of the nanosecond (/eft) and femtosecond
(right) laser systems show the superior spatial resolution of
the femtosecond system. (d) The photoablation in the
hydrogels is proportional to the visible damage seen in
+ phase-contrast micrographs when measured in terms of
the maximum intensity (Al arbitrary units); the graph
shows Al as a function of laser pulse energy in the nano-
second (blue circles) and femtosecond (red squares) laser
systems. (¢) The measured (symbols) and theoretical
(curves) ablation threshold values versus pulse duration
for the nanosecond and femtosecond systems show that
both systems behave predictably; the theoretical curves
are reproduced from Fig. 3 of Noack and Vogel (27).
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optical breakdown and plasma formation, which was recently
described in the context of laser microsurgery and 3D micro-
machining (26). Our measured thresholds were in approxi-
mate agreement with theoretical predictions and experimental
measurements (26-28) (see Fig. 1 e for a comparison with
theoretical predictions). The true threshold energy level for
microablation may be slightly lower than the measured values,
based on the fact that some energy is absorbed in the optical
path that contains both hydrogel and its underlying support
(e.g., tissue culture polystyrene).

Microchannel characterization

The microchannel dimensions and morphology were charac-
terized as a function of both the peak laser energy level and
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Pulse duration [femtoseconds]

the biomaterial composition by means of a cross-section
histological analysis and a microfluidics method. The histo-
logical method provided a relative measure of microchannel
dimensions and morphology, albeit subject to histological
variability, whereas the microfluidics method provided the
undistorted dimensions (i.e., width and height) of micro-
channels made in the two laser systems. The channel dimen-
sions were characterized in hydrogels using up to four peak
laser intensities of the nanosecond laser: 1.3 x 10'°, 1.9 x
10", 3.2 x 10", and 5.0 x 10" W/cm?. Three hydrogel
compositions were also used to examine the influence of
material properties (i.e., cross-link density, protein composi-
tion, and total polymer concentration) on the microchannel
dimensions using the four specified peak laser energy levels.
The hydrogel compositions tested included hydrogel-A
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FIGURE 2 Characterizing
channel dimensions and morphology.
(a) A schematic illustration of the
microfluidics apparatus used to charac-
terize microchannel dimensions is
shown; the cross-section illustration
shows the square hydrogel sample rela-
tive to the location of the ablated micro-
channel in the center and middle of the
gel. (b) The top view of a hydrogel-A
sample (nanosecond laser ablation at
1.9 x 10'° W/em?) with a characterized
channel before (upper panel) and after
(middle panel) injection of black ink;
the side view (lower panel) of a charac-
terized microchannel after injection of

micro-

ink is also shown (scale bar = 100 um)

H I-A
;Hyy:::;-a with the highlighted region of interest
[Hydrogel-C (ROI) where the microchannel is created

in between the larger inlet and outlet
channels. (¢) Histological cross sections
of microchannels made within a hydro-
gel-B  sample using different nano-
second (/eft) or femtosecond (right) laser
energy levels (W/em?) are shown. The
morphology of the microchannel is
nonuniform and the height/width ratio
is >1; two side-by-side microchannels
made with the femtosecond system are

13 19 32 50
Nano peak intensity [x10"° W/cm?]

shown (scale bar = 50 um). (d) A quantitative characterization of the microchannel cross sections shows a statistically significant increase in microchannel height
with increasing nanosecond laser energy levels in all hydrogel compositions tested (p < 0.01,7 > 3). A comparison of the channels made in the different hydrogel
compositions using the same nanosecond laser energy level reveals no significant difference in microchannel height (p > 0.3, n > 3).

(6 mg/mL protein, 3.3% total polymer, and a ratio of 75:1
PEG to fibrinogen), hydrogel-B (9 mg/mL protein, 3.3%
total polymer, and a ratio of 45:1 PEG to fibrinogen), and
hydrogel-C (9 mg/mL protein, 5.0% total polymer, and
aratio of 75:1 PEG to fibrinogen). A summary of the hydro-
gel material properties is included in Table 1. Fig. 2 b shows
the top and side views of the microablated hydrogel before
and after black ink was injected into the microchannel with
the microfluidics method (shown: hydrogel-A, inscribed
with 1.9 x 10'"® W/em? peak laser energy, nanosecond laser
system). The microchannel dimensions were quantified
directly from these images, and the results summarized in
Table 1 reveal that both width and height increased with
increasing laser energy levels in all of the hydrogel compo-
sitions. The microchannels that were fabricated using the
femtosecond laser system proved to be too small at even
the highest peak laser energy level (7.8 x 10'> W/cm?) to
enable microfluidic displacement of ink into the microchan-
nel connecting the two reservoirs. However, after repeated
photoablation along a single path, or a reduction in micro-
scope stage velocity (which increased the effective laser
power for ablation), the microablations were sufficiently
large to enable the flow of ink into the microchannel.
Thus, although both the nanosecond and femtosecond laser
systems were capable of creating continuous defects in the
hydrogels (Movie S1, nanosecond laser system), quantitative
characterization of the dimensions of the microchannels was

possible only for the nanosecond laser system when the
specified laser energy levels were used.

The microchannel morphology and dimensions were
further characterized by examining histological cross
sections of the microablated hydrogels (Fig. 2, ¢ and d).
Morphologically, the cross sections of microchannels
created by the nanosecond laser system were found to be
elliptical or irregularly shaped, with an aspect ratio (i.e.,
the height/width ratio of the channel cross section) of >1
(Fig. 2 ¢). This aspect ratio deviated from unity as the peak
laser energy level used for the ablation was increased. Quan-
titatively, there was a significant increase in the microchan-
nel height with increasing peak nanosecond laser energy
levels (p < 0.01, n > 3; Fig. 2 d). However, there was no
significant difference between the dimensions of microchan-
nels formed in the various hydrogel compositions tested with
the nanosecond laser system (p > 0.3, n > 3). With the
femtosecond system, only those microchannels fabricated
using a peak laser intensity of 7.8 x 10'> W/cm? were
discernible by histological evaluation (Fig. 2 c¢); none of
the other lower energies created histologically visible defects
in the hydrogel.

Evidently, both laser systems produced microscopic chan-
nels in the hydrogel caused by local dissolution of the hydro-
gel solid phase at the focal point of the microscope objective.
Furthermore, the microchannel cross-sectional dimensions
should be proportional to the focal volume of the laser

Biophysical Journal 96(11) 4743-4752
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system if the disintegration of PEGylated fibrinogen in both
systems is a consequence of optical breakdown. This could
explain the discrepancy in microchannel dimensions created
by the two systems. The effect of optical breakdown and
subsequent ablation on the solid phase of the PEGylated
fibrinogen hydrogel was therefore examined on ablated
samples using the nanosecond laser system and various laser
energies, followed by analysis using polyacrylamide gel
electrophoresis in the presence of sodium dodecyl sulfate
(i.e., SDS-PAGE). The densely ablated samples were pro-
cessed and loaded onto SDS-PAGE gels to reveal the protein
distribution (relative to unablated samples). As expected, the
intensity of the protein bands representing the three natural
fibrinogen chains («, (8, and 7y) decreased with increasing
laser energy levels used during ablation (Fig. 3 ¢). These
bands, which normally appear intact in the unablated hydro-
gel samples (0 W/cm?), almost completely disappeared in
hydrogel samples ablated with the 3.2 x 10'° and 5.0 x
10'® W/cm? peak laser energy levels. A marked decrease
in the intensity of the fibrinogen bands was also observed
in the sample ablated with the 0.9 x 10'® W/em? peak laser
energy level when compared with unablated controls. This
was despite the fact that no microchannels were discernible
in the histological cross sections of this peak laser energy
level, and that photoablation was apparent in the phase-
contrast micrographs below the 0.9 x 10'® W/cm? peak laser
energy level (Fig. 3 a). When the effect of optical breakdown
on a hydrogel sample ablated with the femtosecond laser
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FIGURE 3 Laser ablation and optical
breakdown of PEGylated fibrinogen.
(a and b) The phase-contrast micro-
graphs of microchannels inscribed into
hydrogel-B samples using nanosecond
(a) or femtosecond (b) laser ablation
with varying power shows the visible
damage to the hydrogel caused by the
ablation. The percent of maximum
power used is inscribed (nanosecond)
or indicated (femtosecond) next to
each microchannel, and shown relative
to the corresponding laser’s peak inten-
sity (in W/cmz; scale bar = 100 pm).
(c and d) SDS-PAGE (4-12% gradient
gel) of homogenized samples of hydro-
gel-B exposed to different nanosecond
(c) or femtosecond (d) laser energy
levels shows progressive protein break-
down at higher energy levels in the
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Femto peak intensity
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00 68

Mw nanosecond ablation, and no significant
200 kDa - breakdown in the 6.8 x 10" W/em’
116 kDa - femtosecond peak energy («, 8, and y
97 kDa - . . L
66 kDa - p chains of fibrinogen are indicated).

— Control samples shown include fibrin-

45kDa - Fibrinogen . .
. chains ogen solution reduced (cl), fibrinogen
21 0a solution nonreduced (c2), PEGylated
GG fibrinogen solution reduced (c3), PEGy-
lated fibrinogen solution nonreduced
6kDa- (c4), and homogenized PEGylated

fibrinogen solution nonreduced (c5).

system (6.8 X 10'? W/cmz, 840 nm) was examined, no
observable reduction in the intensity of the «, 8, and 7y
protein bands was apparent (Fig. 3 d).

Directed cell growth

To test whether discrete microchannels within a hydrogel
can direct cell growth, we created microchannels in a 3D
DRG hydrogel culture assay (10). A DRG specimen was sit-
uated in the hydrogel precursor solution, which was then
polymerized to form the DRG-hydrogel construct. We in-
scribed a set of microchannels in this construct to test the
ability of DRG neurons and glial cells to invade ablated
defects in materials where the composition of the PEGylated
fibrinogen was adjusted to ensure minimal invasion of the
cells into the nonablated regions of the highly cross-linked
biocompatible matrix (10). The DRG cells exhibited unidi-
rectional migration into the microchannels in the hydrogel
even when very complex geometries were inscribed juxta-
posed to an embedded DRG specimen (Fig. 4, a and b, nano-
second and femtosecond laser systems). Time-lapse video
microscopy was used to follow the 3-day process of cellular
invasion into the latter (see Movie S2, nanosecond laser
system). Specific immunolabeling with GIII-tubulin (red)
and DAPI counterstain (blue) showed that both neurites
and nonneuronal cells invaded the microchannels of the
construct (Fig. 4 a, right). The ability to direct DRG cell
outgrowth in a 3D pattern is demonstrated in Fig. 4 ¢, where
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FIGURE 4 Directed DRG cell outgrowth in complex patterns of microchannels inscribed within hydrogels. (@) Inscription of the shape of the Technion
University symbol is shown in a hydrogel-B construct before and after 6 days of DRG-cell invasion into the microchannels; immunolabeling of the DRG cells
with GIII-tubulin (neural marker, red) and DAPI (nuclei, blue) is shown (scale bar = 100 um). (b) An inscription of the word “‘nerve” is shown in a hydrogel-C
construct using the nanosecond (leff) and femtosecond (right) laser systems, with the DRG cells invading on day 3 (scale bar = 100 um). (¢) A 3D pattern of
a microchannel is shown in a hydrogel-C construct (nanosecond laser system). DRG cell invasion into the microchannel is shown on days 1, 2, and 3, where
cells traverse the focal plane as a function of the Z-axis position of the microchannel inside the hydrogel (scale bar = 100 um).

DRG cells traverse the focal plane according to the Z-axis laser system). Histological labeling of cross sections of the
position of the microchannel (also shown in the time-lapse microchannels (Fig. 5, a—d, nanosecond laser system) with
video microscopy that follows the cellular invasion H&E or with glII-tubulin (red), DAPI (blue), and s100
throughout 3 days of experiment; see Movie S3, nanosecond (green) revealed a highly contained and densely packed

50 um

FIGURE 5 Characterization of DRG cells inside micro-
channels. (@) A histological H&E-stained cross section of
the invaded microchannel (1.9 x 10'® W/cm? nanosecond
laser energy) after 23 days in culture reveals a compacted
organization of the DRG cells inside the microchannel
(scale bar = 50 um). (b) Immunolabeling of the cross
sections reveals neurites (GII-tubulin, red), glial cells
(s100, green), and nonneuronal cells (DAPI, blue) invading
the microchannel in an ultracompacted organization (scale
bar = 25 um). (¢) High-magnification micrograph shows
the average diameter of neurite extensions in cross section
to be ~0.5 um in diameter (scale bar = 5 um). (d) Immu-
nolabeled longitudinal cross sections of DRG cells in the
microchannel after 13 days in culture show the transverse
orientation of neurites (scale bar = 50 um).
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FIGURE 6 Characterization of DRG cell outgrowth as a function of the laser energy level. (@) Outgrowth into microchannels made with six different nano-
second laser energies (indicated in W/cm?). Phase-contrast micrographs of DRG cells invading the microchannels in a hydrogel-A construct (nanosecond
system) on days 2, 3, and 5 of the experiment reveal a transient relationship between the outgrowth and laser energy (scale bar = 500 um). (b) Quantitative
data representing normalized DRG cell outgrowth into the microchannels as a function of nanosecond laser energy levels on day 3 are shown for the three
different hydrogel compositions tested (i.e., hydrogel-A, hydrogel-B, and hydrogel-C). The normalized outgrowth increases significantly with increased laser
energy in each hydrogel composition through all days of the experiment (p < 0.008, n > 3). (¢) A comparison between the nanosecond (x10'® W/cm?) and
femtosecond (x 10'> W/cm?) systems reveals a similar trend in both systems between the normalized DRG outgrowth and energy levels (shown: hydrogel-B,

day 3).

perimeter after 23 days in culture with ~40 s100-positive
glial cell nuclei present in transverse cross section (shown:
hydrogel-C; 1.9 x 10'® W/cm? peak laser energy). Parallel
cross sections of the specimen (Fig. 5 d) confirmed that the
DRG cells occupy the entire volume of the microchannels,
with the neurites (red) extending longitudinally. Conse-
quently, the neurites in the transverse cross sections (Fig. 5 c,
red) appear as circular spots with a diameter of ~0.5 um and
are situated in between the compacted glial cell arrangements
(green). We further investigated the ability to regulate the
invasion characteristics of both DRG neurites and glial cells
based on the microchannel dimensions. Using a two-factor
experimental design comprised of three different hydrogel
compositions and six peak laser energy levels, we recorded
the normalized DRG cell outgrowth in the microchannels
over the course of a 7-day culture. Representative images
of the DRG cell outgrowth into the microchannels within
hydrogel-A are shown in Fig. 6 a for days 2, 3, and 5.
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Each DRG is surrounded by three sets of inscribed channels
comprising the six peak energy treatment levels tested.
Schematically, the nanosecond peak laser energy increases
counter-clockwise around the central DRG (i.e., set 1:
0.5 x 10" and 0.6 x 10'% set 2: 0.9 x 10" and 1.3 x
10'% and set 3: 1.9 x 10'® and 3.2 x 10" W/em?).
Assuming that the peak laser energy is well correlated to
the microchannel dimensions (Fig. 2 d), one can see that
the DRG cell outgrowth into the microchannels was clearly
influenced by the different peak energy levels, and thus
also by the microchannel dimensions. However, preferential
migration into the smallest microchannels by the neurites
(>0.5 um) relative to the larger glial cells (>10 um) based
on size exclusion was not observed. This is likely because
the anchorage-dependent glial cells, like other anchorage-
dependent mesenchymal cells, can physically and proteolyt-
ically remodel the PEGylated fibrinogen (29) and force their
way into the hydrogel imperfections caused by the
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microablation. This can be clearly seen in 3 days of time-
lapse video showing the transient process of cellular invasion
into the microchannels (Movie S2, nanosecond laser
system), and is further reinforced by the enlarged cross
sections of the cellularized microchannels after 23 days in
culture (Fig. 5 a). Despite the remodeling capabilities of
the DRG cells, quantitative measurements of DRG
outgrowth distance support the observation that the micro-
channel dimensions dominate the cellular invasion response
during the experimental culture times (Fig. 6 b). Quantitative
measurements (representative data in Fig. 6 b, day 3 of the
experiment) show that the normalized DRG outgrowth was
significantly increased with increasing laser energy levels
on each day of the experiment (p < 0.008 in the nanosecond
system, p < 0.0005 in the femtosecond system, n > 3, data
not shown). However, when we compared the outgrowth
distance between microchannels fabricated in different
hydrogel compositions using the nanosecond system, we
noted a statistical difference only for the moderate laser ener-
gies (i.e., 0.9 x 10", 1.3 x 10'and 1.9 x 10" W/cm?) and
only on the third day of the experiment (p < 0.05, n > 9).
For these laser energy levels, an increase in fibrinogen
concentration or PEG-DA addition resulted in a decrease
in the normalized DRG cell outgrowth in the microchannels.
The apparent trend in DRG outgrowth response to photoa-
blation was consistent between the femtosecond and nano-
second laser systems inasmuch as the outgrowth of processes
from the DRGs was not preferential for either channel type
(Fig. 6 ¢), even though the two systems were very different
in terms of laser energy levels and spot sizes.

CONCLUSIONS

In summary, we have developed a versatile new strategy for
generating complex 3D patterns with micron-scale resolution
that can be practically applied to guide cellular outgrowth in
semitransparent hydrogels. This method is based on photoa-
blation and optical breakdown of the solid phase of a hydrogel
material, which create highly localized imperfections in the
amorphous hydrogel matrix. When applied on a highly
cross-linked biocompatible matrix, the microablations
provide a conductive niche for preferential cellular invasion
based on contact guidance and differential mechanical resis-
tance of the biologically permissive hydrogel matrix. The
exact physical characteristics of the microablated regions
have been difficult to fully characterize, but are known to be
laser- and system-dependent, relying crucially on parameters
such as pulse duration, intensity, wavelength, and numerical
aperture. The physical thresholds we measured suggest that
the putative physical mechanism driving the formation of
channels is optical breakdown (26). This demonstration of
precise 3D laser-defined neural outgrowth control may facil-
itate a number of applications beyond the fabrication of
peripheral nerve NGCs, including tissue repair in the central
nervous system and guided regeneration of other tissue and
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organs. Consequently, the optical transparency of the mate-
rials employed in this study makes them ideal for experi-
mental studies involving cellular optical imaging (30) and/
or optical control of neural activity (31,32). Beyond the realm
of tissue regeneration, this new method can lead to the devel-
opment of spatially patterned, 3D cultured neural networks
(33,34) for pharmacological or computational studies that
are fully observable and controllable.

SUPPORTING MATERIAL

Focal volume dimension characterization, peak light intensity values, differ-
ence of Gaussians curve fitting, and three movies are available at http://
www.biophysj.org/biophysj/supplemental/S0006-3495(XX)XXXX.
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