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Abstract
The unique capabilities of ultrafast lasers to introduce user-definedmicroscalemodifications within
3D cell-laden hydrogels have been used to investigate fundamental cellular phenomenon such as
adhesion, alignment,migration and organization. In this work, we report a newmaterialmodification
phenomenon coined as ‘densification’ and its influence on the behavior of encapsulated cells.
Femtosecond laser writing techniquewas used towrite densified lines of width 1–5 μmwithin the
bulk of gelatinmethacrylate (GelMA) constructs.We found that densifiedmicro-lines within cell-
ladenGelMA constructs resulted in preferential and localized alignment of encapsulated human
endothelial cells. Degree of cellular alignmentwas characterized as a function of cell-culture time and
the spacing between the densified line patterns. This phenomenonwas found to be true for several cell
lines, includingmouse fibroblasts and osteocytes, andmesenchymal stem cells derived fromhuman
induced pluripotent cells. Thisfirst report of physical densification using fs lasers can be potentially
extended for investigating cell behavior within other photosensitive hydrogels.

1. Introduction

Extracellular matrix mimicking hydrogels have been
widely used as model 3D culture systems to uncover
underlying mechanisms of cell behavior occurring
during development and disease [1–3]. In a typical
experimental process flow, (i) cells are encapsulated
within a biocompatible synthetic, semi-synthetic or
natural hydrogel matrix, followed by (ii) biophysical
and/or biochemical manipulation of the hydrogel
environment in a controlled fashion, followed by
(iii) assessment of the cellular responses by conven-
tional microscopy techniques. Although a large num-
ber of research tools have been developed to
manipulate hydrogel properties, ultrafast laser writing
is the one of few methods capable of providing user-
defined micro-to-nanoscale manipulation within a
cell-laden hydrogelmatrix [3–5].

Femtosecond (fs) laser induced multiphoton pro-
cessing has been used to manipulate material proper-
ties within cell-laden hydrogels with minimal
collateral damage to surrounding living cells [6–8]. Fs

lasers have been used to immobilize growth factors
and adhesive peptides and/or create biophysical voids
and channels within cell-laden hydrogels to investigate
fundamental cell behavior [2, 3, 9–14]. Also, fs laser
writing combined with advances in orthogonal chem-
istry have also allowed the concurrent patterning of
stiffness and temporal control over soluble factors to
better complex in vivo environments. Fs laser based
ablation and degradation of unmodified hydrogels
and hydrogels modified with photo-cleavable groups
respectively have allowed the in situ pattering of
microchannels in the presence of living cells. This
method has been widely used to produce hollow
micro-features within a range of hydrogels to spatially
direct cell migration, guide multicellular organization
to form neural and micro-vasculature networks, and
engineer diseasemodels with embedded fluid flows.

Although never reported in cell-laden hydrogels, fs
laser writing within glass, polymers, silicone hydro-
gels, and BSA protein solutions have been reported to
cause a change in refractive indices [15–17]. The
change in RI, especially in glass and polymers has been
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exploited to create optical waveguides, diffraction
gratings, and optical storage devices [10, 18, 19].
Although not fully understood, the underlying cause
for a change in refractive indices in various materials
have been attributed to crosslinking, material densifi-
cation due to collapse of polymer chains, phase separa-
tion or changes in functional groups [20–23]. For the
first time, we report that fs lasers can introduce mat-
erial modification in form of ‘densification’within the
bulk of 3D cell-laden hydrogel constructs. We also
report that all the cell types tested in this work sense
the densified patterns and preferential align along
micro-patterns, resulting in localized, user-defined
and 3D cellular alignment.

2.Materials andmethods

2.1. Synthesis of GelMA, LAPphotoinitiator, and
prepolymer preparation
Gelatin Methacrylate (GelMA)macromer was synthe-
sized using a previously reported protocol [24]. Briefly,
10 g porcine skin gelatin (Sigma Aldrich, St. Louis,
MO) was mixed in 200 ml phosphate buffered saline
(PBS, Thermo Fisher Scientific), stirred at 45 °C, and
methacrylic anhydride was added to the solution and
stirred for 3 h. After stirring, the mixture was dialyzed
against distilled water for 1 week at 40 °C to remove
the unreacted groups from the solution. The dialyzed
GelMA was lyophilized in a freeze dryer (Labconco,
Kansas City,MO) for oneweek. Lithiumphenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) was synthesized
in a two-step process according to the literature. At
room temperature and under argon, 2,4,6-trimethyl-
benzoyl chloride (4.5 g, 25 mmol)was added dropwise
to continuously stirred dimethyl phenylphosphonite
(4.2 g, 25 mmol). The reaction mixture was then
stirred for 24 h therefore an excess of lithium bromide
(2.4 g, 28 mmol) in 50 ml of 2-butanone was added to
the reactionmixture from the previous step which was
then heated to 50 °C. After 10 min, a solid precipitate
formed. The mixture was then cooled to room
temperature, allowed to rest overnight and then
filtered. The filtrate was washed with 2-butanone
(3×25 ml) to remove unreacted lithium bromide
and dried under vacuum to give LAP (6.2 g, 22 mmol,
88%) as a white solid. To prepare either 7% or 10%
(w/v)GelMA, a stock solutionwas prepared bymixing
0.7 or 1 g of freeze dried GelMA with 10 ml of
deionized water (dissolved at 40 °C), and 0.25% (w/v)
UV photoinitiator lithium phenyl-2,4,6-trimethyl-
benzoylphosphinate (LAP) was added into the solu-
tion. GelMA pre-polymer solution was filtered (pore
size=0.2 μm) and usedwithin 2 h after preparation.

2.2. Characterization ofmechanical properties of
GelMA constructs
In-situ photo-rheometry was performed to observe
the changes in the storage modulus (G′) during UV

exposure of specific duration of UV exposure [24]. A
modified standard AR 2000 Rheometer (TA Instru-
ments, New Castle, DE) fitted with a 45 deg reflective
mirror and custom-made insert allowing for the
attachment of a UV-light collimating tube from a UV
lamp (output power 3.5 mW cm−2, OmniCure S2000)
[24, 25]. Samples were tested at 25 °C and at 1 Hz
under 1% strain using an 8 mmdiameter bottom plate
and 50 μl of prepolymer solution. Gap distance was set
at 250 μm to match the height of the GelMA samples
used in this study. Total test time was fixed at 10 min,
with the UV light being turned on after 1 min for a
specific duration (5–60 s). To measure the elastic
modulus of partially crosslinking GelMA samples, the
following procedure was used. 50 μl of the GelMA
prepolymer solution (7%w/v; 0.25% LAP) was
pipetted into custom made PDMS wells (8 mm
diameter, 0.25 mm thickness) and exposed to UV light
(output power 3.5 mW cm−2, OmniCure S2000) for a
range of predefined time (5–60 s). The crosslinked
samples were then transferred to the well plates and
incubated in ultra-pure DI water and allowed to swell
for 24 h. The storage (G′) and loss (G″)modulus of the
samples were measured at 0.5% strain for a range of
0.1–100 Hz. The linear regions for both moduli
recorded between 1 and 10 Hz were used to calculate
the shear (G) and Elastic modulus (E). The Poisson’s
ratio (υ)was assumed to be 0.4 [26, 27]:

E G G G G2 1 where . 12 2u= + = ¢ + ( ) ( )

2.3. Cell culture
Human umbilical vein endothelial cells (HUVECs)
were maintained in VascuLife Basal Medium (Lifeline
Cell Technology) supplemented with VascuLife VEGF
LifeFactors Kit (Lifeline Cell Technology), 1% Penicil-
lin/Streptomycin (P/S) on gelatin-coated flasks.Med-
ium of HUVECs were changed every 2 days, and
passage 4–9 were used for cell encapsulation studies.
Mouse 10T1/2 fibroblasts were maintained in Basal
Medium Eagle (BME, Gibco) supplemented with 10%
Fetal Bovine Serum (FBS), 1% P/S and 1%Glutamax,
and passage numbers below 17 were used for cell
encapsulation studies. Mouse IDG-SW3 late osteo-
blasts were maintained in α-Modified Eagle Medium
(α-MEM) supplemented with 10% FBS, 1% P/S, 1%
Glutamax and 50 U/ml IFN-γ on rat tail type I
collagen-coated flasks, and passage 5–15 were used for
cell encapsulation studies. All cell lines in this work,
except for mouse IDG-SW3 late osteoblast cell line,
were cultured in a cell culture incubator in 5% CO2

atmosphere at 37 °C. IDG-SW3 late osteoblasts were
cultured in 33°C incubator with 5% CO2. The hiPSCs
were maintained on 6-well plates coated with growth
factor reduced Geltrex (Life Technologies, Ca#
A1413302) in Essential 8 (E8) media (Life Technolo-
gies, Ca# A1517001). To start MSC differentiation,
hiPSC were maintained in E8 for two additional days,
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and then induced for differentiation at ‘day 0’ with
differentiationmedia that consists of 10 ng ml−1 bFGF
(R&D Systems Ca# 233-FB), 4 μM SB431542 (Stem-
gent, Ca# 04–0010–10) and 4 μM WNT agonist
CHIR99021 (Stemgent, Ca# 04-2004) in Essential 6
(E6) media (Life Technologies, A1516401). Differen-
tiation media was changed daily for the next 5 d. On
day 6, the differentiated cells were plated as MSC
Passage 0 (MP0) on a Geltrex coated 6-well plate in a
serum-free MSC culture media (CTS StemPro MSC
SFM), (Life Technologies, A1033201) for continuous
passages. After MP5, the differentiated cells gained the
cellular morphology and molecular characteristics of
MSCs. For alignment experiment in the GelMA
hydrogel, hiPSC-MSCs were maintained in Dulbec-
co’s Modified Eagle Medium (DMEM, Gibco) supple-
mented with 10% FBS, 1% P/S and 1% Glutamax on
attachment factor protein (Gibco)-coated flasks, and
passage 10–15were used for encapsulation.

2.4. Femtosecond laserwriting setup
Custom-built fs-laser platform was designed and built
by combining a Ti:Sapphire fs laser (Coherent, Cha-
meleon, USA) with a Zeiss Microscope (Observer Z1,
Germany) (SI-1 is available online at stacks.iop.org/
BF/11/035005/mmedia). In this setup, a 730 nm
femtosecond laser beam with a repetition rate of
80MHzwas passed through an isolator that prevented
back scattering. A λ/2 waveplate in combination with
a Glan–Taylor polarizer was used to control laser
power, measured by a power meter (Newport, USA).
Two biconvex lens were used to expand the beam to
fill the back aperture of the objective lens. A pinhole
was used to filter out diffraction noise at the periphery
of the beam. An objective 20 × (Zeiss, Germany) was
used to process GelMA samples. A filter (Semrock,
USA) was used to block out the UV spectrum of the
illumination light source to avoid any crosslinking
effects on GelMA samples. This setup was used to
introduce patterns in the center or the mid-point of
both GelMA and cell-laden GelMA samples. User-
defined patterns were designed using AutoCAD and
then converted to visual basic code. Line patterns were
written at varying speeds and laser powers using a
custom written algorithm that controls the stage and
laser shutter based on a computer-generated design.
Patterns were visualized in real time under bright-field
and contrast microscopy. In this work, laser dosage (E)
was defined as

E Intensity Time, 2= ´ ( )

where laser intensity, I ,P

R2=
p

exposure time, T =

,R

V

2 airy radius of laser beam, R ,
NA

0.61= l P is the
average power measured by a power-meter right
before the objective, V is the stage scanning speed, λ is
the wavelength of fs laser and NA is the numerical
aperture of the objective.

2.5. Fs-lasermodificationswithin cell-ladenGelMA
Prior to encapsulation, cells (1×106 cells ml−1) were
trypsinized, counted and mixed with 10% GelMA
(w/v) pre-polymer solution and 0.36% LAP photo-
initiator, to achieve afinal concentration of 7%GelMA
with 0.25% LAP. The cell-laden pre-polymer solution
(20 μl)was pipetted between glass slide andmethacry-
lated glass coverslip (spacing=250 μm) (SI-1). UV
light was exposed at a power of 3.5 mW cm−2 for 5 s to
obtain partially crosslinked cell-ladenGelMA samples.
Femtosecond laser writing system was then used to
write user-defined patterns at the center of the GelMA
samples. Patterns were written at varying depths of the
sample, while keeping the laser power and speed
constant. (800 mW, 50 μm s–1). The ability to intro-
duce laser-based modification during ongoing cell
culture was demonstrated using IDG-SW3-laden
GelMA samples. In this experiment, cell encapsulated
was performed on day 0, followed by introduction of
densified lines after 24 h. All samples were cultured in
12-well-plates (Fisher Scientific) under standard cul-
ture conditions (37 °C, 5% CO2) using the specific
media for each cell type. The media were changed
every 2 d.

2.6.Quantification of cellular viability and
alignment
Viability of cells were determined using a Live/Dead
Assay Kit. Samples were incubated in calcein AM and
ethidium homodimer (Invitrogen) at concentration of
0.5 and 2 μl ml−1, and fluorescence microscope
(Nikon Eclipse Ti) was used to determine cell viability
using ImageJ software. To determine cellular morph-
ology, samples were stained for f-actin and nuclei. At
pre-determined time-points, cells were fixed with 4%
formaldehyde (Invitrogen, Carlsbad, CA) for 30 min,
soaked in 2% Triton X-100 in DPBS for 30 min, and
subsequently stained with phalloidin (Alexa-Fluor
568, Invitrogen) (1/100 dilution in DPBS) (45 min at
RT) and with 1.25 μg ml−1 DAPI (Life Technologies)
(5 min at RT) to visualize f-actin and cell nuclei
respectively. In another experiment, Cytochalasin D, a
known inhibitor of actin dynamics, was added to the
media of selected 10T1/2-laden GelMA samples
(0.25 μg ml−1)onday 0 or day 3 and these sampleswere
fixed on day 3 and day 6 respectively, before immunos-
taining them forDAPI andphalloidin. Cell imageswere
taken by inverted microscope (Nikon Eclipse Ti) and
quantified using ImageJ software. The cell nuclei
orientation was defined as the orientation of the major
axis of individual nuclei with respect to the densified
line patterns. Nuclei orientation angle less than 10°was
identified as completely aligned cells. The nuclear shape
index (circularity=4*π*area/perimeter2), an indica-
tor of the shape of the cells, was also measured. The
shape index of 1 was designated as a perfectly circular
cell, while a decrease in the shape index was used to
assess cellular elongation.
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3. Results

3.1. Laser inducedmaterialmodificationswithin
partially crosslinkedGelMA
Fs laser direct writing system was used to introduce
material modifications in form of line patterns within
partially crosslinked GelMA in a two-step process
(figure 1(A), SI-1). In the first step, a liquid prepolymer
GelMA solution (7% or 10%), with 0.25% LAP
photoinitiator, was pipetted between methacrylated
glass coverslip and glass slide, and exposed to UV light
(365 nm, 3.5 mW cm−2) for varying amount of UV
times to obtain a GelMA samples of thickness 250 μm.
Upon UV exposure, GelMA crosslinking begins to
occur through the conversion of the methacrylate
double bond into covalent bonds, indicated by an
increase in storage and elastic modulus (SI-2). In the
second step, focused fs-laser was used to introduce line
patterns at the center of a 250 μm thick GelMA sample
with increasing laser dosage. To increase laser dosage,
the scanning speed was varied while maintaining a
constant laser intensity. Based on the absorption
spectra of GelMA, a wavelength of 730 nmwas used to
introduce material modifications using two-photon
absorption at the fs-laser focus. (SI-3),

During the fs-laser writing experiments, two mat-
erial modification regimes, densification and ablation,
were identified (figure 1). In the densification regime,
fs laser writing at lower laser dosage drives two photon
crosslinking of partially crosslinking GelMA by con-
version of free acrylate groups into covalent double
bonds. Further increase in laser dosage likely results in
collapse and compaction of GelMA chains resulting in
a densified region, that appears brighter as compared
to the rest of the GelMA (figure 1(B)) To verify that
‘densification’ is different from ‘crosslinking’ of par-
tially-crosslinked GelMA samples, the written lines
were irradiated with UV lamp for 30 min to ensure
complete crosslinking of GelMA.We found that mod-
ified lines written with fs-laser continue to be clearly
identified under brightfield imaging and fluorescence
imaging using Rhodamine B stained GelMA
(figure 1(B)), suggesting that densification of GelMA is
not similar to fully-crosslinkedGelMA.

Figure 1(C) shows the phase diagram for both den-
sification and ablation processing regimes, with the
width of themodified (densified or ablated) line on the
X axis and increase in the laser energy dosage on the Y
axis. Within the plot, pink, black, red, green, and blue
color symbols represent UV exposure times of 60, 40,

Figure 1. (A)The schematic of process flowof femtosecond (fs) laser writing and associatedmaterialmodificationswithin partially
crosslinked gelatinmethacrylate (GelMA).With increasing laser dosage, partially crosslinkedGelMA go fromdensification to ablation
to unstable regimes. (B)Brightfield andfluorescence images (top views and cross-section views) of fs-laser written features at the
center ofGelMA construct. (i, iv, vi, viii) represent densification, while (ii, v, vii, ix) represent ablation and (iii) represents unstable
bubble formation. (C)Materialmodification phase diagramofmodificationwidth versus laser dosage for different UV exposure times
(from5–60 s). (D)Relationship between laser penetration depth andmodified linewidth.
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20, 10 and 5 s respectively. Changes in UV exposure
times influence the degree of partial crosslinking of
GelMA samples before a focused fs laser is irradiated
within the samples. In the densification regime, the
width of the densified lines increase exponentially with
an increase in laser dosage (figure 1(C)). With an
increase in UV exposure time from 5 to 40 s, the
required laser dosage is decreased for achieving same
width of densified lines, indicated by a shifting of the
densification curve towards the left (Red dashed arrow
in figure 1(C)). This result implies that during the fs
laser writing step, the energy is initially utilized to
crosslink partially crosslinked GelMA before being
used for densification. For samples with higher degree
of crosslinking (higher UV exposure times), the ‘den-
sification’ regime becomes narrower (UV times of
5–40 s). For fully crosslinked samples (UV time of
60 s) (SI-2), densification disappears completely and
materialmodification shift to the ablation regime (Red
square infigure 1(C)). This implies that some degree of
partial crosslinking is a necessary condition for densi-
fication to occur.

In the ablation regime, increase in laser dosage
causes an ablation of a void surrounded by a densified
shell (figure 1(B)). In this regime, the channel width
increase linearly with fs laser dosage (figure 1(C)). For
a fully crosslinking sample (UV time-60 s), ablation
occurs even at lower laser dosage, while for partially
crosslinked samples (40, 20, 10 and 5 s), laser energy is
initially utilized for crosslinking and densification
processes, before being utilized for the ablation pro-
cess. This explains the left shift in the ablation curve
with an increase in UV time which corresponds to an
increase in partial crosslinking of GelMA. Beyond a
critical value of fs-laser dosage, bubble formation is
observed depicted as ‘unstable’ (figure 1(C)). Mod-
ification widths in both densification and ablation
regimes decreases with increasing laser focus depth
within the GelMA samples possibly due to scattering
losses (figure 1(D)). In summary, an increase in the
laser dosage within partially crosslinked GelMA leads
to continuousmaterial modifications from fully cross-
linking to densification to ablation to unstable bubble
formation.

3.2. Influence of fs-laser induced densification on
cell behavior
In this work, we choose to investigate the influence of
fs-laser induced densification on cell behavior. Densi-
fied lines (10 lines per pattern)were introduced within
cell-laden GelMA samples, and cellular viability and
morphology of encapsulated cells were characterized.
Densified line patterns (width ∼3 μm; spacing 50 μm)
were written at the center of 7% GelMA constructs
(UV exposure times of 5 s) containing human
endothelial cells (HUVECs). Cell viability of encapsu-
latedHUVECswas assessed using a standard live/dead
assay (figure 2(B)). Results demonstrate no significant

differences between laser modified and non-modified
control samples. We also found little to no cell death
directly above and below the written lines, indicating
the highly localized influence of the two-photon
writing process. To characterize the morphology of
encapsulated cells, HUVECswere encapsulated within
7% GelMA constructs at a cell density of 1 Mml−1

using a UV exposure time of 5 s, and nuclei alignment
was measured using immunostaining and ImageJ
analysis.

Briefly, cells whose nuclei orientation lie within
10° of the orientation of the fs-laser densified lines
were considered aligned, and the degree of alignment
was plotted in form of histograms displaying the rela-
tive percentage of aligned cells normalized with the
total number of cells. After 24 h of culture, HUVECs
near the densified lines start to spread. By day 3,
they align along the direction of the densified
lines, and the degree of alignment increases by day
5 (figure 2(C)). Results show that for 50 μm line
spacing, percentage of cell alignment increase from
28.89±2% on day 1, to 41.74±3.65% on day 3, to
57.02±5.51% on day 5 respectively as compared to
un-patterned control (10.56±1.63%) (figure 2(D)).
Similar trend of an increase in nuclei alignment as a
function of culture time can also be observed for
100 μm and 200 μm line spacing (data not shown).
Nuclear shape index, that assumes values between
1 for ideal circular shape and decreasing values
for elongated morphology, decreased as a function
of culture time (figure 2(E)). The spacing between
densified lines also influenced the degree of cell
alignment. For day 5, as line spacing increases
from 50 to 200 μm, the cell alignment drops from
57.02±5.51% to 31.92±3.79%, although even
with 200 μm spacing, cell alignment is still sig-
nificantly higher than control group (figure 3(B)).
Nuclear shape index also decreased with increased
line spacing (figure 3(C)). To investigate whether
f-actin is involved in preferential cell alignment
along densified lines, cytochalasin D (CytoD), a
widely used inhibitor of actin dynamics, was intro-
duced into the culture system at day 3 and day 6.
Results show that cell alignment is inhibited in both
cases as compared to control patterned group (SI-4).
More work needs to be undertaken to elucidate the
underlying mechanism related to localized nuclei
elongation, and its influence on overall cell function.

3.3.Designflexibility of densification induced cell
alignmentmethod
3.3.1. Densification induced cell-alignment across cell
types
To test whether densification induced cellular align-
ment can be extended to other cell types, cell-laden
GelMA samples were prepared using mouse 10T1/2 s
fibroblasts, mouse IDG-SW3 osteocytes, and human
induced pluripotent stem cells-derived mesenchymal
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stem cells (hiPSC-MSCs). Similar to what we observed
with HUVECs, results show that patterned regions
show significantly higher percentage of cellular align-
ment for IDG-SW3 (41.47±7.79%; p<0.001),
10T1/2 s (39.07±1.96%; p<0.001), and hiPSCs-

MSCs (30.45±5.94%; p<0.01), as compared to the
un-patterned regions (figure 4). A corresponding
decrease in the mean nuclear shape index was also
measured, which demonstrates a significant increase in
cellular elongation along thepatterned regions.

Figure 2. (A) Schematic of experimental design; cell-ladenGelMAwas partially crosslinked using aUV exposure time of 5 s, followed
by fs laser writing of densified line patterns at the center of the samples. (B)Characterization of cell viability 24 h after fabrication using
a live (green)-dead (red) assay. (Line spacing-50 μm, dashedwhite lines) (C) Fluorescence images showing nuclei (blue) and actin
(green)morphology ofHUVECs around un-patterned and patterned regions on (i)Day 1, (ii)Day 3 and (iii)Day 5. (D)Plot of nuclear
alignment versus days in culture for patterned regions for a line spacing of 50 μm. (D)Plot of nuclear shape index versus days in
culture for patterned regions for line spacing of 50 μm. (Scale bar: 100 μm) (Error bars:Mean±SD; ***p<0.001; **p<0.01;
*p<0.05) controls shows un-patterned results onDay 5.
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3.3.2. Temporal flexibility of in situ densification
To demonstrate that densified lines can be introduced
at any point during an active cell culture experiment,
IDG-SW3-laden GelMA was prepared on Day 0, and
densified line patterns were introduced on Day 1.
Results show an increase in cellular alignment on day
5, demonstrating the temporal flexibility of this
method to introduce physical guidance cues during
active cell culture. (Dashed box infigure 4).

3.3.3. Densification to align cells along user-defined
directions
To demonstrate that laser-induced densification can
be used to align encapsulated cells in any user-defined
arbitrary alignment configurations, two experiments
were conducted. The first experiment introduced two
sets of densified lines (spacing-50 μm)with 0° and 90°
orientations adjacent to each other within a 10T1/2-
laden GelMA (figures 5(A), (B)). Direct written
densified lines in 0° and 90° patterns do not overlap
and they both are in the same plane at the center of the
GelMA sample. Results showed significantly higher
cellular alignment along 0° (37.61±1.62%) and 90°
(37.72±2.04%) as compared to cell alignment in un-
patterned regions (10.31±2.81%). Nuclear shape
index demonstrated an increase in cellular elongation
along 0° and 90° orientations compared with un-
patterned controls. The second experiment intro-
duced densification in the form of a concentric circle
pattern within 10T1/2-laden GelMA. Cells align
remarkably well to the densified pattern, demonstrat-
ing that laser-induced densification can be used to
align cells along any arbitrary paths (figure 5(C)). SI-5

shows other complicated patterns that can be gener-
ated using this technique.

3.3.4. Influence of out-of-plane densification on cell
alignment
To assess the zone of influence of densified structure in
the z-direction, images were taken at different z-planes
above and below the focal plane of the densified line
patterns for cell-laden samples. We observed that
densification of GelMA can only influence cell align-
ment in a z-range of about 60 μm (±30 μm on either
side) (figure 6(A)). We also observe higher cell spread-
ing in layers closer to the top surface (surface closer to
the nutrients), possibly explained by differences in
nutrient diffusional limitations at varying depths. To
evaluate how sample thickness influences the spread-
ing and alignment of cells, densified line patterns were
written at a depth of 80 and 160 μmwith a line spacing
of 50 μm. After 21 days of culture, cells within layer 1,
closer to the surface, showed significant spreading as
compared to cells in the vicinity of layer 2. Although
the overall cellular alignment in layer 2 is much lower
than layer 1 (figure 4(B)), cells that are physically closer
to the densified lines are elongated with close to 100%
nuclear alignment. Encapsulated cells between layer 1
and 2 (depth range of 100–140 μm) do not show any
influence of either densified layers, confirming loca-
lized influence even inmultilayer pattern.

3.3.5. Influence of GelMA stiffness on densification
induced cell alignment
To assess the influence of global stiffness on cell
alignment, we compared cell alignment results from

Figure 3. (A) Fluorescence images showing nuclei (blue)morphology and actin (green)morphology ofHUVECs around patterned
regions for a lined spacing of 50, 100 and 200 μmonDay 5. Controls shows un-patterned results onDay 5 (B)Quantification of
changes in nuclear alignment as a function of line spacing onDay 5. (C)Quantification of changes in shape index as a function of line
spacing onDay 5. (Scale bar: 100 μm) (Error bars:Mean±SD; ***p<0.001; **p<0.01; *p<0.05).
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7% GelMA (3.179±1.819 kPa) and 10% GelMA
(12.198±2.296 kPa) irradiated with the same UV
exposure time of 30 s. (SI-6) The higher global
modulus of GelMA resulted in almost 100% degree of
nuclei alignment for encapsulated 10T1/2 s close to
the densified line patterns (zone 2). Cells even 20 μm
away from the densified lines showed no nuclei
alignment (zone 1) (figure 7). The overall cell spread-
ing of 10% GelMA (30 s) is limited as compared to
both 7% GelMA (30 s from SI-6, and 5 s from
figure 4(A)). Thus, it is clear that global stiffness of
GelMA prior to fs-laser densification also influences
the cellular response.

4.Discussion

Femtosecond (fs) laser is capable of introducing
internal modifications within transparent materials
due to their unique nonlinear two-photon absorption
property. In this work, we report material modifica-
tion in form of densification within GelMA. Pre-
viously, fs laser writing has shown the densification
phenomenon within glass, polymers, silicone hydro-
gels and BSA protein solutions, however the under-
lying mechanisms are not well understood. In silica
glass, PMMA polymer and silicone hydrogels, densifi-
cation was linked to a change in their refractive index
property [16, 21]. In these studies, the changes in
refractive indices were attributed to the generation of

shockwaves [28], the formation of color centers [29],
and structural material modifications [16]. In another
study with BSA proteins, densification was shown to
induce volume contraction and changes in topogra-
phy. [30] Similar to previous reports, we hypothesize
that thermal accumulation induced by high repetition
rate pulsed laser (80MHz) could result in localized
additional crosslinking within GelMA that expels
water in the laser focus, resulting in possible collapse
and entanglement of chains or material densification
that can be visualized by a change in refractive index
[31]. In the ablation regime, we observe a void
surrounded by a densified shell within GelMA hydro-
gel. This result also alignswell with similar studies with
glass, silica and some thermoplastics that have demon-
strated the presence of shockwaves and densified shell
formation around voids [32]. Brightfield images
clearly show the presence of a dark center line
surrounded by a bright region and adjoining darker
regions (figure 1(B)) that point to the creation of
compaction and rarefactionwaves during laser writing
process.

Although, fs laser enabled material modifications
of hydrogels have been used to investigate cellular
adhesion, migration, alignment and differentiation,
we report the influence of densification within cell-
laden GelMA. We found that fs laser induced densifi-
cation material modification within cell-laden GelMA
is able to provide preferential localized control over
cellular alignment within GelMA, a widely used

Figure 4. (A) Fluorescence images showingmorphology ofmouse IDG-SW3osteoblasts,mouseC3H-10T1/2fibroblasts, and
hiPSCs-MSCs around un-patterned (control) and patterned regions onDay 5. (B)Characterization of changes in nuclear alignment
between un-patterned and patterned regions for all cell types (line spacing=50 μm;Day 5). Dashed square: IDG-SW3were
encapsulated onDay 0, cultured for 24 h, before introducing densified line patterns onDay 1, and immunostainingwas performed on
Day 5. For all other cells, densified lineswerewritten onDay 0, and immunostainingwas performed onDay 5. (C)Plot of nuclear
shape index of different cell types for a pattern spacing of 50 μm. (Scale bar: 100 μm) (Error bars:Mean±SD; ***p<0.001;
**p<0.01; *p<0.05).
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naturally derived hydrogel. This is a new method to
align cells in arbitrary patterns within cell-laden
hydrogels. Previously, inspired by the native extra-
cellular matrix, significant research has been directed
towards controlling the spatial alignment and organi-
zation of cells [33–36]. Although 2D micro/nano-

patterns are widely used to align cells, controlling the
organization of cells within a 3D hydrogels remains a
challenge [35, 37]. Large scale or global alignment of
cells within gels have been achieved via (i) partially
constrained with matrigel or collagen gels [38, 39],
(ii) use of external stimuli such as mechanical stretch

Figure 5. (A) Schematic of the 0° and 90° line pattern design and representative brightfield (i) andfluorescence images (ii) showing
alignment of 10T1/2 cells in the vicinity of patterns (line spacing=50 μm;Day 5). (B)Plots of (i)nuclear alignment and (ii)nuclear
shape index for cells in the vicinity of patterns within 10T1/2-ladenGelMA as compared to cells from the un-patterned regions.
(C)Representative brightfield (i) andfluorescence image (ii) showing cellular alignment around user-defined concentric-circle
patterns (spacing=50 μm;Day 5)within 10T1/2-ladenGelMA. (Scale bar: 100 μm) (Error bars:Mean±SD; ***p<0.001;
**p<0.01; *p<0.05).

Figure 6. (A) Schematic and representative fluorescence images captured at different z-planes within 10T1/2-ladenGelMA.
(B) Schematic of a line patterns written in two distinct layers. Fluorescence images from (i) layer 1 (80 μmfrom the top surface), and
(ii, iii) layer 2 (160 μmfrom the top surface). (iv)Plot shows differences in nuclei alignment between layers 1 and 2 fromun-patterned
and patterned regions. (Error bars:Mean±SD; *** p<0.001; ** p<0.01)
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[40], electrical impulse [41] and flow induced shear
stress [42], or (iii)micropatterning using PDMS-mold
with parallel grooves [37, 43]. All these methods
involve complicated processing steps and do not pro-
vide local and/or user-defined control over cellular
alignment. Two photon laser processing have also
been used to pattern cell adhesive ligands within 3D
gels to direct cellular migration and alignment [7],
however this method requires specialized hydrogels,
and are limited by low hydrogel-adhesive ligand con-
jugation efficiency. The densification approach does
not require specialized chemical modification (photo-
labile groups) [3, 13], inclusion of nanoparticle for
enabling two-photon induced thermal degradation of
micro-channels within hydrogels [12], or any external
stimulation or guidance systems. The fs-laser enabled
densification method allows the introduction of pat-
terns during active cell culture providing temporal
design flexibility. This novel method could be used to
investigate cell behavior within 3D hydrogel systems.
For instance, fs-laser densification can be potentially
used as a new tool to recreate localized variations in
stiffness of 3D extracellular matrix by fs-laser densifi-
cation. This will be important in elucidating new
mechanisms of metastasis, as well as migratory beha-
viors during wound healing and development that
have been shown to be influenced by spatial and loca-
lized variations inmatrix stiffness [44–46].

5. Conclusion

In this work, we report a new material modification
phenomenon coined as ‘fs-laser induced densification’
within widely used GelMA hydrogels. It was found that
introduction of densified line-patternswithin cell-laden
GelMA resulted in preferential and localized cellular
alignment. This method is capable of aligning variety of
encapsulated cells in user-defined patterns. We show
that densified patterns can be introduced during
ongoing cell culture experiments. This first report of
physical densification within cell-laden GelMA can be
potentially extended to study cell behavior within a
range of other photosensitive hydrogels.
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