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Abstract: The paper describes a cheap and accessible technique of a poly(dimethylsiloxane) (PDMS)
master treatment by thermal aging as a step of double casting microfabrication process.

Three-dimensional PDMS microstructures could have been achieved using this technique. It was

proved, that thermal aging changes nanotopology of a PDMS surface and thus enhances efficiency of
double casting prototyping. The thermally aged PDMS master could have been used for multiple and

correct replication of over 98% of the fabricated microstructures. Moreover, lack of chemical

modification preserved the biocompatibility of PDMS devices. The fabricated microstructures were

successfully utilized for 3D cell culture.
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1. Introduction

Poly(dimethylsiloxane) (PDMS) is one of the most commonly used materials for fabrication of
lab-on-a-chip devices as well as Micro-Electro-Mechanical Systems dedicated to life sciences and
biomedical applications [1,2,3]. Due to its mechanical properties, simple fabrication process and
design flexibility, PDMS has become a popular polymer for applications ranging from surface
micropatterning to the casting of 2D and 3D geometries from stiff master molds with a submicron
resolution [4,5]. Using PDMS as a substrate for fabrication of microdevices for laboratory purposes
is a relatively cheap solution (approximately fifty times cheaper than using silicon) [6]. Moreover,
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PDMS is biocompatible and gas permeable, which renders that it is an attractive material for cell
engineering applications [7—13].

There are a number of methods of microfabrication in PDMS, mostly based on the replica
molding technique [14]. The step determining cost and time of prototyping of a PDMS microdevice
is fabrication of a master, for which photolithography-based techniques are most commonly used [1].
However, there are applications that require more complex techniques of master micromachining.
For example, fabrication of 3D masters using photolithography is a toilsome task, as it requires
sequencing coating, precise alignment and complicated processing under clean-room conditions [15,16,17],
and it cannot provide curved surfaces [13]. Demolding of such masters can also cause their damage.
To extend durability of photolithography-made masters a protective coverage is applied [18]. Other,
non-photolithographic, microfabrication techniques may be improper for fabrication of a convex
master for certain applications due to technical or economic reasons. For example, micromilling is
fast and accurate, but micromachining of some types of structures (i.e. sharp corners) requires
application of small and fragile tools, which increases time and cost dramatically. For those
applications, double casting of PDMS is applied, where first replica is used as a master for second
replication [19,20]. However, this is troublesome, because native PDMS layers strongly adhere to
each other. Presence of uncured low molecular weight (LMW) chains inside a PDMS mold [21]
causes partial cross-linking between a master and a replica. Although chemical modification of a
surface of a PDMS master is a widely used solution for this problem [19,20,22,23,24] it has some
weak points. Mostly, PDMS surface modification requires homogenous coverage with a hydrophilic
material [25]. Therefore, thickness of a cover layer should be set precisely, as it can influence
dimensions of a microstructure [19]. The thickness and homogeneity of a coverage should be
considered in the context of replication of micrometer-size structures. On the other hand, molecules
of the hydrophilic layer can be transferred to the cast surface and remain in a microdevice. It is
particularly unwelcome for those applications where the highest purity of the device is required.
These reasons motivate efforts to develop other, coverage-free PDMS master treatment methods.

In this paper, we present our non-chemical PDMS master surface modification for double
casting. On the contrary to chemical modifications, we proposed an application of physical treatment
of a surface by thermal aging, also known as an extended curing process [21,26]. Thermally aged
PDMS has been already presented as a potential substrate for cell culture in a microfluidic device,
due to reduced hydrophobic recovery after oxygen plasma treatment [21]. During thermal aging
LMW chains remaining in the bulk are gradually cross-linked. Thus, we expected that cross-linking
between a thermally aged master and a molded polymer would be limited. This hypothesis was
confirmed by our experimental results. We proved better demolding of a PDMS cast on of the PDMS
master. On the contrary to the previously published works [21,26,27], we performed low-temperature
aging preventing master deformation [27] and applied relatively short aging time [21]. The novel
technique was successfully applied and briefly reported by our team in [12,13]. Here, we present a
broader study aiming in explanation and optimization of the process. Changes of nanometer-scale
PDMS surface topology were detected, and reduction of hydrophobicity of the PDMS surface was
observed during the thermal aging process. PDMS masters of different rigidity were used and
optimal parameters for PDMS double casting prototyping were set. Therefore at least ten subsequent
replications of the thermally aged PDMS master could have been performed. Hydrophobic PDMS
microstructures fabricated using the developed technique were applied for a microfluidic device for
formation and long-term culture of human tumor spheroids. Presented data confirmed usability and
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biocompatibility of microstructures fabricated using proposed technique. To our knowledge, we are
the first team applying thermal modification of a PDMS master for double replication.

2. Materials and Methods
2.1. Fabrication

The fabrication method is presented schematically in Figure la. 3D microstructure was
fabricated in poly(methyl methacrylate) (PMMA) by micromilling using CNC micromilling machine
(Minitech Machinery Co.). Poly(dimethylsiloxane) (Dow Corning, Sylgard) was prepared by mixing
of pre-polymer with curing agent in a proper weight ratio (see Section 3). Liquid mixture, after
degassing, was poured over a PMMA master and left for curing in 70 °C for 3 h (replica molding
step). Then, the cured cast was peeled off and the convex master was obtained. Thicknesses of the
casts were 4—6 mm. The PDMS master was exposed to thermal aging in a laboratory dryer in 100 °C.
Different times of thermal aging were applied (range between 16 and 72 h). Next, replica molding
was performed and a concave replica of a PMMA structure was obtained in PDMS. Two PDMS
microstructures were bonded using oxygen plasma treatment to form a microfluidic system.
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Figure 1. Scheme of the fabrication method: (a) concave initial microstructure of PMMA,
(b) first replica molding, (c) convex replica of PDMS, (d) convex PDMS master
modified by thermal aging (TA PDMS), (e) second replica molding, (f) concave replica
of PDMS.

2.2. Measurements

Wetting properties of a thermally aged PDMS surface were determined by water drop contact
angle measurements [28] using Olympus MIC-D microscope and Cell-F image analysis software
(Olympus). Probes of PDMS were aged for different times, rinsed with 96% ethanol and DI water,
dried using compressed nitrogen and used in the experiment. 3 pL. DI water drops were placed at 5
different places of each probe and pictures were immediately captured via the microscope. The
measurements were performed at room temperature after the end of thermal treatment and repeated 4
days later.

Fabricated microstructures were observed using a tabletop scanning electron microscope
(TM-1000, Hitachi) and 3D Laser Measuring Microscope (LEXT, Olympus). The testing
microstructure consisted of 60 identical microunits—triangle inserts separating microchannels (Figure 2b).
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The accuracy of replication was defined as a percentage of microunits properly replicated (proper
replication mean achievement of a structure which is an exact replica of a master within boundaries
explained in Section 3. Any changes of the shape, cracks and cavities were considered as failure in
Figure 2) to the total number of microunits of the structure.

Surface nanometer-scale topology was measured by atomic force microscopy (AFM) using
Ntegra Aura System (NT-MDT, Russia). 9:1 PDMS was cross-linked on a plain PMMA slab, peeled
off and bisected. One probe was thermally aged for 48 h, while the other was stored at room
temperature. Measurements were carried out one week later at room temperature, 37% humidity.
Data analysis was performed using Gwyddion 2.27 software.

2.3. Cell culture

The microdevice was sterilized by UV light and 70% ethyl alcohol. Then the system was filled
with cell culture medium (RPMI, supplemented with 20% FBS). A suspension of HT-29 cells (10°
cells/mL) was introduced into the microchambers. The cells were cultured as Multicellular
Spheroids [11,12,13] for two weeks, with medium exchange every 48 h. Life/dead cell viability assay
was performed using fluorescent dyes: Calcein-AM and Propidium Iodide (Sigma-Aldrich).

3. Results and Discussion

The goal of our work is to fabricate a 3D biocompatible microstructure of PDMS for 3D culture
of human cells. The designed structure (Figure 2) consists of a network of microchannels (100 pm
deep, 100 um wide) and an array of the microchambers of different depths (50-250 pum). The
structure was quite difficult to achieve by photolithographic methods, because it would require
multi-step exposition and processing in a clean-room. The PMMA master for the first replication was
prepared by micromilling, which provided fabrication of the microstructures of various depths. Then,
PDMS double casting was chosen to fabricate a PDMS copy of a PMMA structure. PDMS double
casting included two replication steps: (1) replica molding of a PMMA master and (2) sequencing
replica molding of a PDMS structure fabricated in the first step.

Replica molding of a native PDMS master (cured for 3h in 70 °C) appeared to cause errors.
Strong adhesion and partial cross linking between two PDMS surfaces were observed, which resulted
in destruction of the master and the replica (Figure 2a, b). Damage of the replica could have been
related to the stiffness of a PDMS bulk. The stiffness of PDMS was regulated by a composition of a
polymer, which was quantified elsewhere [28]. Liquid pre-polymer was mixed with a curing agent at
different weight ratios (10:1, 9:1 and 8:1). Different PDMS types were used for both master and
replica preparation, and accuracy of replication was determined (Table 1). The best results were
obtained for 9:1 PDMS master. 10:1 PDMS was the most elastic one and it appeared to be too soft
and sensitive. On the other hand, 8:1 PDMS was too rigid and could be easily broken during
demolding. Therefore, 9:1 PDMS master was selected for further investigations.

Next, the influence of thermal aging of a PDMS slab on its surface properties was investigated.
The chemical properties of PDMS remain stable during the aging process at 100 °C, according to [30].
Therefore, submicron changes of the surface topography were expected. Different thermal aging
times were applied (16-72 h) and a contact angle of a water drop placed on a polymer surface was
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Figure 2. Verification of replication of a microchamber structure (consisting of four
triangle microunits): confocal laser microscope profiles of (1a) a convex PDMS master
and (1b) concave PDMS replica; SEM micrographs of (2a) native 10:1 PDMS master
damaged during demolding, (2b) damaged 10:1 PDMS replica of a native 10:1 master;
(3a,3b) 9:1 48h-aged PDMS master and 9:1 PDMS replica (first replication) and (4a,4b)
third replication.

Table 1. Results of measurements of accuracy of replication for different types of PDMS
masters and replicas. Standard deviations of 4 experiments. Best result for each set of
experiments marked with a *.

Native
Mold
Replica PDMS 8:1 PDMS 9:1 PDMS 10:1
Accuracy [%] SD Accuracy [%] SD Accuracy [%] SD
PDMS 9:1 - - 35.9 16 30.3 6.6
PDMS 10:1 16 4 66.7* 4.3 14.7 5.4
PDMS 9:1,
Thermally aged
Mold
Replica 24h aged 48h aged 72h aged
Accuracy [%] SD Accuracy [%] SD Accuracy [%] SD
1 68.1 5.4 98.7* 1.5 98.3 1.5
g?MS 2 94.3 3.7 95.2 2.8
' 31 88.2 4.6 90.3 4.3
PDMS 10:1 87.3 4

measured (Figure 3). The contact angle of a water drop defines a hydrophobic/hydrophilic character
of the surface. The angle of 90° is a conventional boundary between hydrophobic surface (values > 90°)
and hydrophilic surface (values < 90°). In the experiment, the contact angle changed from 97 + 3°

AIMS Biophysics
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(native PDMS) to 84 + 3° (72h-aged PDMS). Another parameter characterizing surface properties is
roughness of the surface. AFM measurements of the PDMS surface demonstrated significant changes
of nanometer-scale topology during thermal aging (Figure 3). The surface roughness was reduced
from R, = 3.33 nm and Ry = 4.98 nm (native PDMS) to R, = 0.47 nm and Ry = 0.63 nm after 48 h
thermal aging at 100 °C (R, refers to arithmetic mean surface roughness and Ry refers to root mean
square roughness). Surface flattening led to reduction of contact surface between two PDMS molds
and thus weakened adhesion and enabled demolding.

v, -

Contact angle
8

o 24 as 7
Time of exposure (h)

Figure 3. Investigations on changes of the PDMS surface during thermal aging: (a, b)
AFM micrographs of (a) native and (b) 48 h-aged PDMS, both graphs of the same scale;
(c) results of measurements of contact angle of a water drop on a surface of a PDMS slab
exposed to 100°C (error bars correspond to standard deviation of 5 measurements).

To verify, whether change of the topology of the master’s surface effects replication and
demolding, convex PDMS masters were exposed to 100 °C for 24, 48 and 72 h. Next, a subsequent
replica molding was performed using these masters. Accurate replication and lossless demolding
were obtained for 48 h- and 72 h-aged PDMS masters (Table 1). Replication of the 24 h-aged master
was better than of a native master, but it was not efficient enough. Comparison of these observations
and the results of contact angle measurements led to a conclusion, that changing of a PDMS surface
character to conventionally hydrophilic (after approximately 40 h of aging) sufficiently enhances
subsequent replica molding. Taking into account a compromise between accuracy of replication and
time needed for master preparation, 48 h thermal aging was chosen as the optimal period of thermal
aging.

To verify whether the applied thermal treatment affects microstructure’s dimensions, the
dimensions of the PDMS master were measured using LEXT profilometry and SEM microscopy
before and after thermal aging. After 48 h aging, differences of microstructures dimensions detected
by profilometry have not exceeded 0.8%. The widths of the structures remained unchanged (changes
within error bars of the measurement method) while the heights of the structures decreased of 0.35%
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on average.

Another issue of our interest was a durability of a master effecting a number of successive
replications possible to perform using one master. Our low-cost, thermally aged PDMS masters were
used for multiple replications. Masters made of 9:1 PDMS, aged at 100 °C for 48 h were used for
replica molding of 10:1 PDMS, and 9:1 PDMS. It was observed that during demolding of a 10:1
PDMS cast, fragments of the replica remained in the master’s hollows disabling its further usage. On
the other hand, demolding of a 9:1 PDMS replica was easy and lossless, therefore further replications
using the same master were possible. The changes were attributed to mechanical properties of these
two types of PDMS, which were discussed above. Finally, optimal conditions of a fabrication
process were set as follows: composition of PDMS master and replica: 9:1 PDMS, time of thermal
aging: 48 h. Application of these conditions provided at least ten replications using one PDMS
master, leading to fully usable elements of a microsystem (see Supplementary Information). In our
routine laboratory practice, thermally aged PDMS masters are being used for over ten successful
replications (data not shown). The thermally aged masters were useful for second casting step even
several months after aging (stored at room temperature). Utilization of a thermally aged PDMS
master, with no chemical treatment, suitable for multiple replications significantly reduces the cost of
a final device.

The microsystem fabricated using double casting with thermal aging was used for 3D cell
culture. HT-29 cells were cultured inside the fabricated microchambers as Multicellular Tumor
Spheroids (MCTS) (Figure 4). The 3D microstructure consisted of microchambers with diameter of
300 pm—dimensions corresponding with MCTS diameters—and narrower microchannels for medium
in- and outflow. The culture was carried out for two weeks and high viability was maintained, proving
that the biocompatibility of the substrate was not affected by the presented method of fabrication [12,13].

Figure 4. (a) Cell culture microsystem fabricated using double casting technique, (b)
single microchamber for 3D cell culture, (c—e) long-term HT-29 spheroid culture inside
the microchamber, (e, f) cell viability assay—viable cells demonstrate green fluorescence
(Calcein-AM). Scale bars are equal to 50 pm.
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4. Conclusion

In this work, a method of enhancing of efficiency of double casting replication was developed
and described. The surface of the first PDMS replica, constituting a master for second replication,
was modified by the thermal aging process. Thermal aging causes gradual cross-linking of low
molecular weight chains in the polymer bulk. Therefore reduced master-to-cast adhesion and
cross-linking were observed, and lossless PDMS demolding over the PDMS master was possible.
Changes of PDMS surface topology were confirmed by AFM measurements and observations of
wetting properties. Different types of PDMS, characterized by different stiffness, were tested.
Optimal conditions were found for the PDMS double casting with the thermal aging technique, and
several subsequent replications were successfully performed using one thermal-aged PDMS master.
Development of a PDMS master not requiring chemical treatment enabled multiple (at least ten)
replications of microstructures of strictly defined dimensions. It is also a solution for reduction of
costs of 3D PDMS microsystems, because 3D PDMS masters are much cheaper than
photolithography-made masters. Structures fabricated using the described technique were used for
construction of a fully functional microfluidic cell culture system. The microfluidic system was used
for long-term 3D cell culture of HT-29 human colon carcinoma cells.
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