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A B S T R A C T

Organ-on-chip (OoC) technology is increasingly used for biomedical research and to speed up the process of
bringing a drug from lab to the market. The main fluidic components of an OoC device are microfluidic channels
and porous membranes arranged in three dimensions. Current chips are often assembled from several parts. In
the development phase a small change in design will cause a delay in the research because a new prototype has
to be built and assembled again step-by-step. The research discussed in this paper addresses this point by tar-
geting a monolithic 3D device that can be fabricated in a single lithography and development step, enabling
rapid prototyping. Two-photon lithography (TPL) was used in combination with a positive photoresist AZ 4562.
The exposure process was characterized, which included an experimental and theoretical study of the voxel size
and shape. It was found that the voxel has an hourglass-shape for the laser power settings that were required for
process stability. The smallest pores we could produce with these settings measured 250 nm in diameter. The
TPL process was then used to fabricate a microfluidic device featuring two crossed channels each one on a
separate height-level, connected by a membrane in the centre. Access to the channels was provided through 4
reservoirs from the top-side of the device. The device was successfully filled with water and dried to see whether
it can withstand the corresponding capillary forces.

1. Introduction

The time for a newly developed biomedical drug to reach the
market is long [1]. Currently this process takes ten to twelve years,
which is mainly due to the length of the testing phase [2]. Substances
are tested in vitro, by plain cell-culture experiments and in vivo, i.e. in
animals before clinical testing can start. The main advantage of current
in vitro tests is its high-throughput by simultaneously operating many
devices in parallel. Organ-on-chip (OoC) technology shares this ad-
vantage, but in addition it produces more relevant results, as it offers
the possibility to simulate essential physiological aspects of the organ or
tissue [3], i.e. it is closer to in vivo testing. Besides having ethical issues,
in vivo animal testing is time consuming and expensive [4]. OoC
technology addresses also these points, because it offers a significant
reduction in the number of animal tests. After animal testing, additional
tests have to be conducted using human tissue before entering clinical
trials [5]. These tests could also be reduced when using OoC devices.

Microfluidic channels and porous membranes are the main com-
ponents of an OoC device [6]. In academic research, channels are ty-
pically fabricated in-house by moulding their shapes into poly-
dimethylsiloxane (PDMS), while the membranes are usually purchased

from commercial sources and assembled [7]. Assembling and stretching
flimsy membranes can be time consuming and it is challenging to
achieve good leak-tight sealings to the channels. Bilayer fabrication
approaches using standard photolithography have been used to produce
channels and membranes based on both a chemically amplified resist
(EPR) [8] as well as SU-8 [9]. In both cases the UV absorption sensi-
tivity of different layers were adjusted to achieve selectivity, meaning
that more complicated multilayer structures would need increasingly
complex process optimization. A monolithic fabrication process, which
allows fabricating relatively large channels and porous membranes at
different height levels and in one process would be attractive and come
with the advantage of rapid prototyping. Stereo-lithography is one
suitable process, albeit with a resolution limit of ~25 μm [10].

Here we propose such a technique, which is based on two-photon
lithography (TPL). TPL is a direct laser writing method, which is cur-
rently used in many micro fabrication applications [11–15]. It exploits
the fact that a two-photon process non-linearly depends on the light
intensity [11]. The required intensity is only achieved in a small volume
around the focal point of the laser, called the voxel [12]. The laser can
be focused within the photosensitive resin, and by moving the voxel,
three dimensional structures can be created. In earlier research, TPL is
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almost always used in combination with a negative photoresist, which
is then called two-photon polymerization (2PP) [16]. The shape of
voxel in that case is found to be ellipsoidal. Hence, the maximum dia-
meter of the voxel is found at the height of the focal plane, i.e. at z = 0
[12,13].

Using 2PP with negative-tone photoresist for additively fabricating
channels in a piece of bulk would significantly increase the processing
time [17]. Subtractive fabrication of channels and pores in negative
photoresist using femtosecond laser ablation via 3-photon absorption
has been demonstrated, although the process is slow as the 3-photon
process requires slow scan speeds to achieve the necessary light in-
tensity [18]. Microfluidic structures have also been written in a posi-
tive-tone chemically amplified resist using 2PP with a custom tailored
photoacid generator [19]. Instead, we used TPL with AZ 4562, a
commercially available positive photoresist. This allowed fast produc-
tion of a complete microfluidic device featuring two channels crossing
each other at different height and being separated by a membrane, in
one lithography and development step. In future the technique would
also permit one-step fabrication of integrated devices within micro-
fluidic channels, such as filters, traps, pumps, lenses, gratings, and so on
[20,21].

2. Theory

TPL makes use of the two-photon absorption (TPA) of a photo-
sensitive molecule. AZ 4562 consists of Novolac as backbone polymer
and diazonaphtoquinone (DNQ) as photosensitive molecule [22]. The
main function of DNQ is an inhibitor to the dissolution of the sur-
rounding Novolac. During exposure the DNQ is functionalized with
carboxylic acid groups (COOH). The COOH-groups make the DNQ more
soluble and easily removed when immersed in a caustic-water devel-
oper solution. Once the DNQ is removed, the surrounding resin will also
be dissolved in the solution.

The process of TPL on a positive photoresist can be described by Eq.
(1). Here M is the unexposed DNQ, M* is the excited DNQ and P is the
relative amount of DNQ that reacted and was functionalized with a
COOH-group.
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It is well known that the amount of excited DNQ quickly reaches
equilibrium [23]. Therefore the second rate equation can be well ap-
proximated by =

∗
0dM

dt , which is used to solve the rate equations to
obtain Eq. (2).
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M0 is the initial amount of DNQ present in the resist, k1 is the rate at
which M is excited, k2 is the rate at which the excited DNQ molecules
fall back to the initial state and k3 is the rate constant describing the
transition from the excited DNQ to the product, functionalized with a
COOH-group. Finally tI is the interaction time between the laser and the
photoresist.

The rate equations and the interaction time are described by Cao
et al. [14], who also used these relations to obtain a final expression
describing the voxel diameter d(z) at distance z from the focal plane.
This equation is given in Eq. (3). In the original paper by Cao et al., it
was only used to determine the voxel width at z = 0. Here, we also use
it to define the entire voxel shape.
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In Eq. (3), η is the transmittance of optical system, Plaser is the laser
power, t is the exposure time during the process, f and τ are the

repetition rate and the pulse width of the laser respectively, h is Planck's
constant, ν is the light frequency and Mth is the material threshold value
for the dissolvable amount of DNQ. The beam radius w(z) at distance z
from the focal plane is described by Eq. (4), where w0 is the beam waist
radius and fL the Rayleigh length [15]. Finally C is a material constant
related to TPA, described by Eq. (5). Here Φ is the quantum efficiency, δ
the TPA cross-section, AE is Einstein's coefficient of spontaneous emis-
sion and C0 is a material constant.
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The voxel height can be expressed as 2zmax, where zmax is the dis-
tance from the focal plane to where d(z) = 0.

To simplify the modelling and fit the equation to the obtained data,
the constant C, the exposure time t and the material threshold value Mth

were combined into a variable KCtM, given in Eq. 6. The other fitting
variable is the beam waist radius w0.
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3. Methods and experiments

A 10 μm thick layer of AZ 4562 (Microchemicals GmbH, Ulm,
Germany) was spincoated on a 170 μm thick glass slide (Menzel-Gläser,
Bad Wildungen, Germany). After spin-coating, a soft-bake at 110 °C for
5 min was performed on a hotplate. Finally, before exposure the sample
was hydrated in air for 15 min. The specimen was exposed using TPL
(Photonic Professional GT, Nanoscribe, Germany) via an objective lens
(magnification 63×, numerical aperture 1.4). A femtosecond erbium-
doped fibre laser (Toptica Photonics AG, Munich, Germany) with a
mean laser power of 50 mW, a second harmonic wavelength of 780 nm,
80 MHz repetition rate and a pulse width of 100 fs was used. During the
exposure series, the laser power was gradually increased from 0.5 to
5 mW while the scanning speed was varied between 10 and 100 μm/s in
order to study the dose dependence. After exposure the sample was
developed in AZ 400 K developer (Microchemicals GmbH) diluted with
deionized water in a ratio of 1:4.

The pores were fabricated by vertically scanning a single voxel
through the resist. For evaluating the voxel height and shape, the voxel
was lowered into the resist in steps of 50 nm, starting 0.5–1 μm above
the surface of the resist. This value depended on the tilt of the sample.
After edge bead removal and tilt correction there was still a tilt between
0 and 0.25°. The lowering of the focal point into the resist is illustrated
in Fig. 1.

For the manufacturing of the channels, multiples of 10 μm thick
resist layers were spin coated on top of each other, up to a total
thickness of 50 μm. The exposure of the channels was performed with
10 mW laser power and a scanning speed of 20 mm/s. This increased
the processing speed at the expense of resolution. The channels were
developed for 80 min, during which the developer solution was stirred
with a magnetic stirrer (IKA Labortechnik RH basic, IKA-Werke GmbH,
Staufen, Germany).

For the measurement of the pores, the sample was sputter coated

Fig. 1. The voxel was lowered into the resist in steps of 50 nm.
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(SC7620, Quorum Technologies, Lewes, UK) with gold or gold/palla-
dium layers with a thickness of around 5 nm. The coated sample was
imaged in a scanning electron microscope (SEM, Jeol JSM-6010LA,
Tokyo, Japan) and the measurements were done with the SEM software
and a custom-made MATLAB script. The channels were also imaged
with an optical microscope (Keyence Digital Microscope VHX-6000,
Osaka, Japan), and a white light interferometer (Bruker). Finally, the
channels were filled with water via capillary action and dried under
optical microscope to observe liquid flow and structural integrity of the
channels.

4. Results and discussion

The data obtained from the voxel diameter and height experiments
was combined in a model where the main equation Eq. (3) was fitted for
KCtM and w0. The average result of three individual measurements for a
scanning speed of 40 μm/s is shown in Fig. 2a. The fitting values found
were KCtM = 2.75 × 10−60 m4s2 and w0 = 125.14 nm. For a laser
power of 1 mW and higher, the experimental data and the theory
correspond well. Hence, these values can be used for predicting the
voxel dimensions and as input for designing 3D structures. Similar
curves were found for experiments at scanning speeds between 10 and
100 μm/s. The fitted values for the beam waist radius were between

119.45 nm and 127.13 nm, with an average of 123.79 nm. The fitted
values for KCtM decreased linearly with decreasing scanning speed as
expected from Eq. (6).

The value found for w0 was slightly smaller than the one expected
from literature [13]. A cause of this difference could be the refractive
index of the photoresist. The w0 value for AZ 4562 was estimated based
on the paper by Cao et al. who used the similar photoresist AZ P4620
[14]. If the actual refractive index would be lower than assumed, a
smaller beam waist radius would be expected. Other causes for a dif-
ferent beam waist radius could be most likely overdevelopment, lens
aberrations, or systematic errors in the optical path of the laser. Small
fluctuations in the laser power could explain the variation in the values
obtained for w0.

The exposed voxel that was lowered step-by-step into the resist is
shown in Fig. 2b. The laser power was 3.5 mW and the scanning speed
40 μm/s. It can be observed that the diameter of the pores in row 3,
columns 4 and 5, is smaller than the diameter of the surrounding pores.
This indicates where the laser is focused at the height of the surface of
the resist. When the laser is focused above or below the surface, the
diameter of the pores increases at first, then decreases and abruptly
stops. This measurement demonstrates that if the laser intensity away
from the focal plane is still high enough to initiate two photon pro-
cesses, TPA is initiated in a larger cross-sectional area than at the waist

Fig. 2. a) Model fit to the measurements. The circles indicate the voxel diameter and the triangles indicate the voxel height, which is twice the distance z from the
focal plane. b) Micrograph of the voxel diameter and height test by lowering the voxel with steps of 50 nm, from right to left, starting in the lower right corner and
then rastering upwards. The scanning speed was 40 μm/s and the laser power was 3.5 mW. c) The 2D model of the voxel shows an hourglass-like shape. The measured
data is added with red circles. The diameter is smaller at the waist, i.e. where z = 0. The maximum diameter lies at z = 550 nm in the measurements and at z = 450
in the model. d) The cross-section of the voxel changes with laser power. As the laser power increases, the voxel takes a more hourglass-like shape. The laser power is
indicated in mW for each profile. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of the beam. Consequently a larger amount of material is removed
during the development process. For modelling the pore diameter, this
would mean that the maximum voxel diameter instead of the diameter
at z = 0 must be considered.

The found fitting parameters were used to calculate the voxel dia-
meter as function of the distance z from the focal plane. The result of
the calculation for the case of a laser power of 3.5 mW is shown in
Fig. 2c. It can be observed that the shape partially follows the profile of
the Gaussian laser beam and, hence, has an hourglass-like shape. The
dots display the measured voxel diameter and height as obtained from
Fig. 2b. The measured voxel dimensions also show the hourglass shape.
The actual diameter at the beam waist is larger than the modelled one.
This could be caused by diffusion of the functionalized DNQ into the
unexposed material. There will be more diffusion near the waist of the
beam than at the distance z where the maximum diameter is found,
because the DNQ will diffuse in all directions. Another cause of the size
difference could again be aberrations in the optical system, or, most
likely over-development. The actual voxel height is slightly higher than
calculated. Also here, over-development could explain this deviation. In
addition we have to consider that, the datapoints for a diameter of 0 are
drawn 50 nm above and below the voxel. In reality the real voxel top
and bottom can be anywhere within this extra step of 50 nm.

The shape of the voxel strongly depends on the laser power. The
positive resist has a very low threshold value and the laser is operated
at low power. The predicted cross-section of the voxel for laser powers
between 0.1 and 5 mW is shown in Fig. 2d. The first laser power for
which the maximum voxel diameter occurs at z= 0, shows a voxel with
a cigar shape. As the laser power gets even lower, the expected shape
will look like an ellipsoid again. The same argument holds for constant
laser power but reduced sensitivity of the resist for two photon pro-
cesses.

4.1. Pores and channels

The smallest pores that were produced were around 250 nm in
diameter. They were produced with a scanning speed of 30 μm/s and a
laser power of 0.5 mW. This laser power did not initiate TPA for a
scanning speed of 40 μm/s, which is due to the related shorter exposure
time. A lower scanning speed corresponds to a longer exposure time.

In theory it should be possible to produce pores with a diameter

smaller than 250 nm. However, the experiments showed that for AZ
4562, TPA is initiated at very low laser powers. At such low laser
powers shot noise can come into play, which could become the limiting
factor. A solution could be to use a positive-tone resist with a lower
refractive index and higher threshold intensity for TPA. Finally dark
erosion is an important factor for the size limitations. The developer
also attacks unexposed resist [24], which in our case is very critical as
we need long exposure times for fully developing the long channels.

Channels of different sizes were produced, each with two access-
holes of 210 μm diameter reaching all the way to the glass-substrate.
Fig. 3a shows an optical microscope image of the channels, which can
be seen through the transparent resist. The halo-like feature encircling
the structure is most likely due to under etching from the access-holes
during the development. An SEM micrograph of the same channels is
shown in Fig. 3b, proving that the channels are buried inside the resist.
Finally, the one-step monolithic microfluidic device consisting of two
perpendicular channels at different heights separated by a membrane
was produced. An optical image of this device is shown in Fig. 3c. The
length of the channels is 350 μm and they are separated by a membrane
10 μm in height. At the intersection of the channels the pores of the
membrane are visible. The micrographs in Fig. 3d and 3e show a zoom-
in picture of access-holes, which have a height of 50 μm. The entrance
to the channels is visible in the left rim (Fig. 3d), and top rim (Fig. 3e)
respectively. Due to dark erosion during the development process, the
channels are wider at the entrance to the holes as seen in Fig. 3c. After
filling the device with water, the drying process was observed (see
Video S1 in supplementary information), showing the flow of liquid
inside the channels and structural integrity of the channels and mem-
brane after drying.

5. Summary and conclusions

A new method was used for a single step fabrication of a micro-
fluidic device that consists of two channels and a separating membrane.
Two-photon lithography was used on a positive-tone photoresist AZ
4562. Pore characterization showed that when the light intensity is
high enough to also initiate two-photon absorption further away from
the focal plane, the voxel shape follows the Gaussian beam profile and
takes an hourglass shape. The maximum voxel diameter, and therefore
pore diameter is not found at the focal point of the laser, but at a

Fig. 3. a) Optical image of three fully developed channels with a width of 100 μm and a length of respectively 180, 380 and 580 μm. The scale bar measures 100 μm.
b) SEM micrograph of the same channels imaged under a tilt-angle of 45°. The scale bar measures 200 μm. c) Optical image of a fully developed microfluidic device
with two perpendicular channels at different heights in the resist with a porous membrane of thickness 10 μm at their intersection (arrow). The width of the channels
is 100 μm and the height is 10 μm. The inlet and outlet holes have a diameter of 210 μm. d) SEM micrograph under a 45° angle of an in- or outlet hole for the higher
channel (from left to right in c). The scale bar measures 50 μm. e) SEM micrograph of an in- or outlet hole for the lower channel (from top to bottom in c). The scale
bar measures 50 μm.
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distance z from the focal plane. Experiments showed that the voxel
indeed takes the hourglass shape. Therefore, for the fabrication of high-
resolution pores, the maximum voxel diameter has to be taken into
account during the writing procedure. The smallest pores created were
250 nm. Due to the long development times, dark erosion, which is also
location dependent, must be taken into account when designing critical
dimensions. The channels in the fabricated microfluidic device have a
width of 100 μm, a height of 10 μm and a length of 350 μm. The
channels are separated in height by 10 μm. Atomic layer deposition of
silica could be used in future to render the 3D polymer structure more
robust and chemically inert as previously demonstrated by M.
Hermatschweiler et al. [25] for a photonic band-gap structure.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mne.2020.100054.
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