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Abstract—Three-dimensional cell cultivation (3D models) has
been shown to be a more effective way of mimicking in vivo
cells compared to the 2D models used today. One challenge
that prevents the wide use of 3D models is the limited diffusion
of oxygen within them. Only cells located close to the surface
survive. The introduction of a vascular system would counteract
this problem and aid in making 3D models viable for drug
development research. The aim is to study the possibility of using
a femtosecond laser to induce perfusable channels into collagen-
based hydrogels. This is done by experimentally processing
the hydrogel with a femtosecond laser and studying if visible
manipulation is made. The results show that perfusable channels
can be induced into the bulk of the collagen-based hydrogel.
Further results also suggest how the size of the channel varies
with different parameters. Femtosecond lasers seem to be a good
candidate for creating artificial vascular systems and advancing
current methods in drug development.

Index Terms—Femtosecond laser, collagen, hydrogels, artificial
vascular systems, 3D models.

I. INTRODUCTION

3D models are systems where cells are arranged and can in-
teract in a three-dimensional environment. These models have
been shown to be very effective at mimicking the environment
that cells experience within animals (in vivo). 3D models have
the potential to be used in drug development as a way to
test the effectiveness and safety of potential drug candidates
although most modern research is done using 2D models [1].
Monolayer cells (2D models) are cells that are restricted to
two-dimensions during their development, usually cultivated
on a flat plastic dish. These 2D models are used extensively in
drug development before proceeding with animal testing and
ultimately human trials [2]. There is a question of external
validity of the results of these models in relation to the effects
in vivo which could contribute to the relatively low success
rate of clinical trials [1]. Cells in their native environment
are allowed to grow and interact in three-dimensions. It has
been shown that the restrictions imposed on cells in a 2D
model can cause the cells to behave unnaturally, that is, not
like they would in vivo [3]. This shows that monolayer cells
are an ineffective way to study living cells. A much more
representative way of mimicking in vivo cells is the use of 3D
models. Enabling 3D models in tissue engineering could help
to limit the amount of animal testing done as more accurate
models of in vivo tissues could be produced inside a lab. 3D
models could help to decrease the cost of drug development
by screening out non-viable drug candidates before major
investment is done, thereby making medicines more affordable
for the consumer. A promising method for realizing 3D models
is the use of hydrogels.

A hydrogel is made up of highly hydrophilic polymers
who have the capability to retain a large amount of water
[4]. The hydrogel can be based on various types of polymers
which include cell synthesizing proteins, such as collagen.
Collagen is a fibrous protein and is the most abundant protein
in the human body [5]. Collagen-based hydrogels have been
shown to be a good candidate for 3D models as it mimics the
environment in the body and allows for good cell adhesion
and growth [6]. A challenge when working with 3D models is
the limited depth at which cells can survive due to the oxygen
diffusion limit [7]. Living cells need oxygen to survive and in
vivo they are located within 100 to 200µm of oxygen providing
blood vessels [8]. One approach to creating a larger hydrogel
scaffold, that is viable for cell cultivation, is to introduce an
artificial vascular system [9].

To create an artificial vascular system, there are different
methods such as soft lithography, photopatterning, and 3D
bioprinting [10]. A limitation that the current methods seem
to have is the lack of an apparent way to manipulate the
hydrogel after cells have been introduced to the scaffold. A
possible new method for creating artificial vascular systems
uses a femtosecond laser to micromachine tunnels inside of
hydrogels. Femtosecond lasers have been shown to be able
to micromachining in various materials [11] as well as being
able to micromachine inside of transparent materials due to
nonlinear ionization [12].

Multiphoton interaction or nonlinear ionization is a phe-
nomenon in which a molecule absorbs two or more photons to
reach an excited state. In linear ionization, only one photon is
absorbed. The probability of absorbing two photons is usually
several orders of magnitude smaller than absorbing one which
makes multiphoton absorption negligible in normal circum-
stances [13]. Micromachining with a laser in linearly absorbing
materials is restricted to two dimensions as the top surface
will absorb the photons. By using a transparent material and
a strong focused laser beam, the probability of multiphoton
interaction is increased [12]. The interaction can be seen in
Figure 1. The volume at which this interaction happens will be
called critical intensity. Assuming that a material is transparent
to the light produced by the laser, by focusing the laser inside
the material it is possible to manipulate areas inside the bulk
of the material without affecting any exterior surfaces.

A femtosecond laser has been used to create 3D structures
inside of silk-based hydrogels and shown to be non-toxic to
the cells immediately adjacent to the damaged area [14]. This
indicates that it is possible to manipulate the scaffold after cells
are cultivated. According to [5], collagen is more abundant
in biological tissue as well as being a better environment
for cell adhesion and cell growth compared to silk. The
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Fig. 1. Micromachining with multiphoton interaction. (a) Conceptual drawing of a focused laser inside of a transparent material. (b) Visualization of
multiphoton interaction. The photon density, or the light intensity, increases close to the focus of the lens. Within a certain volume close to the focus the
photon density becomes high enough for the molecules to absorb multiple photons. The volume at which the multiphoton interaction is taking place is called
Critical intensity. In transparent materials, the energy from one photon is not high enough to excite a molecule while the energy from multiple photons could
excite the molecule within the material. (c) An example of a micromachined vascular system. The multiphoton interaction permits the laser to only interact
with the material within a small volume which allows for complex three-dimensional micromachining within transparent materials.

ability to utilize ultrashort laser pulses to induce perfusable
channels in collagen-based hydrogels could possibly permit
scientist to precisely control the development of an artificial
vascular system which can introduce new possibilities in drug
discovery. In this work, the main goal will be to examine the
possibility of inducing a perfusable channel inside of collagen-
based hydrogels with the help of a femtosecond laser and study
the precision that this method could produce.

II. METHOD

A. Laser
The laser used in the experiments is the Spirit 1040-4. The

laser produces ultrashort laser pulses with a single pulse lasting
for 400 femtoseconds. With the help of the laser software it
is possible to control the following variables :

• Wavelength : The laser is capable of producing light with
a wavelength of 520 and 1040nm. All the experiments in
this paper use a wavelength of 1040nm.

• Repetition rate : The pulse duration is fixed but we are
able to control the time between each pulse.

• Power : The values of power available are in the range
of 0 to 4000mW. The software automatically calculates
the intensity needed for each pulse based on the power
and repetition rate.

• Peak divider : A feature that periodically blocks pulses.
A peak divider of 2 would, for example, block every other
pulse while a peak divider of 10 would let one pulse
through and block the next 9 pulses, and repeat.

Note that the power is calculated for a peak divider value of
1, that is, if the power is set to 1000mW and peak divider to
2 then the actual power is 500mW.

B. Experimental setup
A picture of the setup can be found in Figure 2, below is a

description of the components :

Fig. 2. The experimental setup. An optical side-view image showing the lens,
sample, and stage.

1) Stage A stage capable of moving in three dimensions
with an input accuracy of 1µm.

2) Lens Olympus Plan Achromatic Objective with a mag-
nification of 10X and a numeric aperture of 0,25.

The laser beam, the camera, and an LED-lamp use the single
lens seen in Figure 2 which means they are all mounted in
series.

C. Collagen-based hydrogel

The preparation of the hydrogel was done according to the
instructions supplied by the manufacturer. The collagen comes
pre-mixed with acetic acid to lower the pH value. The low
pH-value along with storing the collagen in a fridge inhibits
crosslinking. Crosslinking is referring to the curing process of
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the collagen. To prepare the hydrogel the chemical BSS was
used to dilute the concentration of collagen. BSS was used
for its physiological pH, around 7.4, and its ability to supply
nutrients to embedded cells. To allow the collagen to crosslink
naturally, the pH value has to be kept at a physiological level.
NaOH was added to balance the pH-value of the hydrogel.
The concentrations in the final sample were

• 26 µl of 10X BSS.
• 161 µl of 1X BSS.
• 5.9 µl of NaOH.
• 250 µl of CORNING COLLAGEN I, RAT TAIL

Two different concentrations of BSS (1X and 10X) were used
to properly balance the solution. Transglutaminase (TG) was
also added. TG is not needed for natural crosslinking but it
helps to make the binding of proteins stronger and acts as
a catalyst for the reaction. The final collagen concentration
was 5 mg/ml. The sample was then put into an incubator that
regulates the temperature to ≈ 37C e.g., body temperature. The
sample was left in the incubator for 50 minutes and thereafter
kept in a fridge (≈ 4C) for ≈ 20h.

D. Calibration of laser focus

To proceed with the experiments, an attempt was made to
focus the laser on the top surface of the hydrogel. This is
to make sure that once processing begins, it is possible to
estimate the depth at which any manipulation is taking place.
The container is turned upside down so that the hydrogel is in
direct contact with the top of the container. This can be seen
in Figure 3. The top surface references the hydrogel surface
that the laser comes in contact with first. As can be seen in
Figure 3, the laser first goes through the container and then
hits the hydrogel. To find the top surface, low power pulses
are applied within the container. Low power is used in order
to have a small critical intensity volume since a needlessly
large focus would produce more uncertainty. The focus is then
incrementally moved upwards and at the point at which plasma
is being produced, the top surface of the container should
be located. This point is defined as z = 0 and negative z
values move inside the hydrogel, that is, z = −100µm would
indicate 100µm below the surface of the hydrogel. At each
step, the laser was made to move horizontally for 100 µm. The
exact power used varied between containers and sessions but
it was kept at orders of magnitude lower than the power used
on the hydrogel. The power needed to affect the container is
significantly lower than the power needed to affect the collagen
which is what allows the use of this method. After the top
surface of the hydrogel was found, the focus was put within
the bulk of the hydrogel and an examination of different laser
parameters was made. This was done to find parameters, such
as power and peak divider, that produced visible modifications
in the hydrogel. The interaction between ultrashort laser pulses
and collagen-based hydrogels is not well documented so a
decent configuration was found experimentally.

Fig. 3. Laser-hydrogel interface. A conceptual drawing of the interface
between the laser, container, and hydrogel. The container in the figure is
upside down and the hydrogel is hanging from the top surface. The laser
first goes through a thick piece of plastic before coming in contact with the
hydrogel.

III. RESULTS

A. Artifacts

The presented images are taken from the software that is
controlling the stage and laser. As this kind of documentation
is not the purpose of the software, there are some artifacts
present :

• Black shapes The black shapes in the images are bub-
bles. The bubbles appear black as the difference in the
refraction index between the hydrogel and the gas scatters
the light. As mentioned in section (II-B), the light and the
camera are located in series which produces black circles
with a light spot in the middle.

• Red cross The red cross seen in the images is an
indication of where the laser is focused. The presence
of the cross does not indicate that the laser is shining,
this is controlled separately.

B. Observing a channel

It can be seen in Figure 4 that a perfusable channel has been
induced inside a collagen-based hydrogel. As seen in Figure
4c, a bubble is forced to expand in a certain direction which
directly correlates with the line that was previously processed.

C. Channel width variation

There seems to be a certain power threshold to produce
channels. As can be seen in Figure 5a, powers below 1000mW
were not able to produce channels. Once the power is above
the threshold, higher power seems to produce wider channels.

D. Confinement in three dimensions

It is clear that the channel is confined within an area when
observing the plane that is orthogonal to the propagation of
the laser beam. In Figure 6 it can be seen that the channel is
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(a)

(b)

(c)
Fig. 4. Creating a channel. The laser processed a line inside the collagen-
based hydrogel. A bubble was then created inside the processed line and
forced to expand. False color is added to emphasize the channel. t = 0s is
defined as the time at which the laser has traveled the full width of the line
and stopped shining. At t = 51s the laser started shining in the middle of the
bubble. (a) Shows the line at t = 0s. A bubble has been created and a channel
is produced. (b) Shows the line at t = 50s. The bubble has diffused into the
hydrogel and decreased in size. (c) Shows the line at t = 64s. When the
bubble is forced to expand it expands into the channel previously processed
by the laser.

also confined with respect to the axis at which the laser beam
propagates. This motivates that the interaction is indeed a
multiphoton interaction as there is no visible linear absorption.

E. Error analysis

The technique used to measure the widths of the channels
is prone to error as the distance was manually measured
from the images taken from the software. An estimation
of the measurement error is about ±6µm. There are also
uncertainties in the laser although it is unclear how these affect
the results. The largest contributor to the uncertainty of the
data is assumed to be the measurement error which is what is
presented in the graphs.

IV. DISCUSSION

A. Physical process

The process with which these channels are created is not
understood. An underlying assumption is that when the laser
pulse hits the collagen, it creates heat. This heat increases
the pressure which pushes the collagen outward. This should
be motivated by the fact that bubbles are created. Possible
explanations of the channels could be :

(a)

(b)
Fig. 5. Channel width variation. Channels were produced in collagen-based
hydrogels and the widest part of the channel was measured. The values
presented are mean values taken over three samples. The power which is
located on the x-axis is the input power which is given to the laser and not
the true power outputted. (a) Variation of channel width with respect to laser
power. No channel is produced when the power is lower than 1000mW. There
seems to be a proportionality at 1500mW and above. (b) Comparison between
two different peak divider values. The graph suggests that higher peak divider
values produce narrower channels.

• Critical density The pressure front which is induced by
the laser would increase the collagen density around the
formed bubble. At some point, the collagen would hit
a critical density where it becomes stable. This would
indicate that there is a mechanical ”squishing” of the
collagen as they become packed in a way that they do
not unfold despite the induced heat by the laser. This
would mean that the process is directly dependent on the
concentration of collagen in the hydrogel.

• Forced crosslinking Instead of there being a mechanical
process, the heat from the pressure front could stimulate
collagen crosslinking. Protein folding is a temperature
dependent process where higher temperatures increase the
crosslinking rate. The extreme heat from the laser could
reach a critical heat where the collagen is crosslinking at
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Fig. 6. Confinement of laser interaction. A circle was processed with the laser
inside of the collagen-based hydrogel. The circle was processed in focus where
the red line was added to indicate the path. At the depth of the focus, bubbles
are created suggesting that the laser interacted with the hydrogel. There are
no visible modifications directly above and below the focus.

the pressure front and increasing the local density. This
is a more gradual process as there could be a need for
multiple pulses for the probability of crosslinking to be
significant.

Realistically, the process could be a combination of the two
explanations as a critical heat and density might be needed
while also depending on other less apparent factors.

B. Precision
Ultimately, the goal of this method is to be able to produce

human-like vascular systems which include capillaries about
5µm wide. As seen in Figure 5, it seems to be possible to vary
the width of the produced channel. These variations could be a
consequence of the varying volume of critical intensity. Higher
power induces a larger volume of critical intensity. This could
be tested by comparing the depth at which a channel is formed
when using high and low power. The higher power channel
should be higher up the hydrogel as the critical intensity is
achieved at a shallower depth compared to the low power
channel. If the size of the channel was only dependent on the
size of the area of critical intensity then it would be possible
to produce arbitrary small channels. The dependence does not
seem to be that trivial as the results show that a threshold has
to be passed in order to produce a channel. As shown in Figure
5, 500 and 1000mW did not produce any visible channel
while 1500mW did. This does motivate the critical density
hypothesis as there seems to be a need for a larger amount
of collagen for the process to take place. The heat generated
should stay relatively the same as the critical intensity is the
same. Perhaps it would be possible to study hydrogels with
higher collagen concentrations to see if lower powers would
be capable of inducing channels in them.

C. Confining channels in three dimensions
As mentioned by [12] and [14], focusing the laser inside a

transparent material will induce absorption within the vicinity

of the focus. This is studied in Figure 6 where one can see
that it is possible, even in collagen, to neglect linear absorption
and contain the damage. This phenomenon would permit the
creation of complex three-dimensional structures within the
hydrogel, even if perfused with living cells. Note that only
visible manipulation is being considered. Further investiga-
tions are needed to ensure that no significant manipulation is
being done outside of the visible channel.

D. Future research

A problem that was persistent when gathering the results
was the inconsistency of the laser-collagen interaction. An
interesting point of investigation could be to thoroughly char-
acterize how the laser affects the collagen as a function of
crosslinking time and temperature. As has been shown in
previous sections, it is possible to micromachine inside of
collagen and with this starting point, further characterization
can be made. Research which would take this technology
further could consist of a number of topics including :

• Greater precision This could be done by finding a better
hydrogel composition that fits the purpose of microma-
chining. Greater precision would be needed for medical
applications. This would require a greater understanding
of the physical process of channel creation.

• Cell viability It would be of interest to investigate
how cell viability correlates with the viability of the
presented method. It could be possible that the hydrogel
composition which favors micromachining is suboptimal
for cell cultivation. It could serve as motivation for further
research if it was observed that these two applications
were mutually compatible.

V. SUMMARY

3D models provide a better way of mimicking in vivo cells
which could revolutionize the drug development process. One
of the challenges that 3D models face is the lack of oxygen
diffusion which only permits the cells close to the surface to
survive. The potential of using a femtosecond laser to induce
perfusable channels inside of collagen-based hydrogels was
studied and the results show that a channel can be produced
inside the bulk of the hydrogel. This is a promising result as
it should encourage further research.
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