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ABSTRACT

We demonstrated the microtransfer molding of Norland Optical Adhesive 81 (NOA81) thin films. NOA81 nanogrooves and flat thin films
were transferred from a flexible polydimethylsiloxane (PDMS) working mold. In the case of nanogrooves, the mold’s feature area of
15 x 15 mm?® contains a variety of pattern dimensions in a set of smaller nanogroove fields of a few mm?* each. We demonstrated that at
least six microtransfers can be performed from the same PDMS working mold. Within the restriction of our atomic force microscopy mea-
surement technique, nanogroove height varies with 82+ 11 nm depending on the pattern dimensions of the measured fields. Respective
micrographs of two of these fields, i.e., one field designated with narrower grooves (D1000L780, case 1) and the other designated with wider
grooves (D1000L230, case 2) but with the same periodicity values, demonstrate faithful transfer of the patterns. The designated pattern
dimensions refer to the periodicity (D) and the ridge width (L) in the original design process of the master mold (dimensional units
are nm). In addition, neither NOAS] itself (flat films) nor NOA81 nanogroove thin films with a thickness of 1.6 um deteriorate the imaging

quality in optical cell microscopy.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0001333

I. INTRODUCTION

To be able to further our knowledge on nanogroove-cell inter-
actions with different materials, we investigate in this paper the fab-
rication method of Norland Optical Adhesive 81 (NOAS81)
nanogrooves by microtransfer molding.

NOASI (Norland Products Inc., NJ, USA) is a single compo-
nent adhesive which is applied in liquid form and subsequently
cured under ultraviolet (UV) light within a few seconds to minutes
at a peak sensitivity around a wavelength of 365 nm." This trans-
parent material was first introduced as a fast bonding agent for
optical components and later as a biocompatible alternative for pol-
ydimethylsiloxane (PDMS) in microfluidics,” cost-effective micro-
channel fabrication,” and cell culture devices,”” including
brain-on-chip (BOC) applications.”” Microfluidic BOCs have

emerged rapidly in the BioMEMS field to advance neurodegenera-
tive disease modeling.s’m Furthermore, the toolbox for clinical rele-
vant organ and disease models relies on innovative micro- and
nanofabrication techniques, allowing the mimicry of well-defined,
reproducible, and controllable microenvironments for culturing
tissues.'' ™" These in vivo like environments can be designed to
exert control over the organization, manipulation, and analysis of
the cultured cells. In particular, topographical features and material
stiffness affect cells’ morphology during the neuronal cell network
formation in vitro.'°' Hence, in culturing neuronal cells, nano-
scale topographies can alter neural cell network architecture,
enhancing neuronal differentiation and, therefore, advance in vitro
neurodegenerative disease models.

In our previous work, we demonstrated nanogrooves made of
silicon nanoimprint resist as well as PDMS of which the latter
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showed at different ratios of elastomer and curing agent alterations
in soma size and neural outgrowths.”’ In another effort, we also
demonstrated the feasibility of nanogroove replica molding in
Ostemer.”” Compared to these materials, NOA81 has a higher
Young’s modulus (1.38 GPa)”’ than PDMS (0.57-3.7 MPa depend-
ing on the elastomer base to curing agent ratio of 33:1 to 5:1)** but
has a similar high Young’s modulus as commercially available
Ostemer (OSTEMER 322 Crystal Clear, Mercene Labs, Stockholm,
Sweden).”** In addition, NOA81 showed good cell compatibility,
optical performance, and mechanical stability in microsieve-
assisted cell cultures. Moreover, NOA81 demonstrated to be a
useful mold material for the production of large aspect ratio struc-
tures even with the nanoscale size.”” Benefitting from our experi-
ence in expanding pattern fidelity in the fabrication process of
NOAS81 microsieves,” we hypothesize that the material can further
add to the in vitro organ-on-chip and disease modeling toolbox.
Therefore, we proposed here the application of microtransfer
molding as a new fabrication method for NOA81 nanogroove
thin films.

Microtransfer molding (uWTM) is known as a variation of soft
lithography to assemble a wide range of micro- and nanopatterned
materials in 2D/3D spatially organized platforms.”® Creating repro-
ducible patterns with well-defined layer thickness is critical, espe-
cially in microscopic observations of cells, as any variation in the
patterns and thickness of the film might influence the cells’ behav-
ior and the outcome of the image quality. Not only film thickness
variations and substrate uniformity but also optical path length and
its variations through the material stacks of the devices used in
optical imaging of cells should be kept minimal for high optical
performance. Hence, the control of the film’s thickness below a
couple of micrometers is essential. On the other hand, handling a
very thin NOAS8I1 foil is almost impossible; therefore, here the aim
is to solve this handling challenge by microtransfer of a spin-coated
NOASI thin film to an acceptor substrate. We further demonstrate
the integration of NOA81 nanogroove thin films in a well-plate
format for biological experiments.

Il. EXPERIMENT
A. Nanogroove fabrication
1. PDMS working mold

A cyclic olefin copolymer (COC) nanogroove master mold for
fabrication of PDMS working molds was used in these experiments.
This mold was previously fabricated utilizing jet-and-flash imprint
lithography (J-FIL) and thermal nanoimprint lithography by Xie.”
A detailed description of the PDMS working mold fabrication steps
was given already by Xie and Luttge’ and Bastiaens et al”
To recap, fabrication of a nanoresist scaffold on a silicon wafer is
realized by means of pattern transfer from an originally manufac-
tured quartz stamp using electron beam lithography and etching.
The stamp contains 27 fields with nanogrooves of a variety of
dimensions. Resolved pattern periodicity (D) ranged from 200 to
2000 nm with ridge widths (L) from 100 to 1340 nm, and a resist
height of 118 nm in the original jet-and-flash nanolithography step.
Next, the patterns on the fabricated nanoresist scaffold were trans-
ferred into a COC substrate (optical grade TOPAS 8007S-04,
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Kunststoff-Zentrum) by a thermal nanoimprint lithography system
(EITRE 6, Obducat) at a temperature of 108 °C while a pressure of
4 MPa was applied. The COC [Fig. 1(i)] is subsequently used to
fabricate the PDMS working mold for this research on NOAS81
nanogroove thin-film microtransfer molding.

The PDMS working mold is hence an inverted copy of the
patterns in the COC master mold and was fabricated using PDMS
elastomer and cross-linking agents (SYLGARD 184, Dow Corning,
Midland, MI, USA) mixed at a ratio of 10:1. The mixture was
first degassed for 20 min in a vacuum desiccator. Subsequently,
PDMS was poured on the COC master mold and spin-coated
(WS-650Series Spin Processor, Laurell Technologies, PA, USA)
for 30s with 250 rpm to achieve an ~200um thick PDMS layer
[Fig. 1(ii)]. After placing the assembly in an oven at 65 °C for 2h,
the completely cured PDMS was peeled off from the COC. Next, a
set of nanogrooved fields of interest were cut by a scalpel to size
(here, 15 x 15 mm?) and was then carefully placed by a fine tweezer
on a clean cover glass (Thermo Scientific, Menzel-Glaser,
Germany) with a diameter of 30 mm with the nanogroove features
facing up for further handling steps during fabrication.

2. Microtransfer molding

To allow the wetting of NOA81 during spin-coating, the
PDMS working mold surface needs to be hydrophilic. Therefore, it
was treated with oxygen plasma for 30s with 3W in a plasma
asher (EMITECH K1050X, Quorum, Laughton, UK) [Fig. 1(iii)].
The surface of the PDMS working mold has been shown to remain
activated throughout six consecutive microtransfer molding steps.
Shortly after this surface activation, the NOAS81 liquid was poured
in excess on the PDMS mold [Fig. 1(iv)] and spin-coated in three
successive spinning steps: starting with (a) 500 rpm for 30s at an
acceleration of 200 rpm/s, then continue spinning (b) for 60s at a
speed depending on the desired final NAO81 film thickness with
an acceleration of 500 rpm/s, and finally (c) decelerating at
1000 rpm/s [Fig. 1(v)]. Finally, the NOA81 nanogroove thin film is
ready for the microtransfer molding step onto the surface of an
acceptor substrate.

To demonstrate microtransfer molding of the NOA81 nano-
groove thin film, the NOA81-loaded PDMS mold was peeled off
from the coverslip and flipped over onto the acceptor substrate, here
a glass slide (VWR, Catalog Number 631-1552, The Netherlands).
Positioning of the mold onto the acceptor substrate is performed by
starting from one corner of the mold with caution in order to avoid
trapping any air bubbles between the film and the glass. After this
step, the stack was placed inside a UV-LED exposure system
(IDONUS, UV-EXP 150R, Neuchatel, Switzerland) to receive a
light dose of 4000 mJ/cm” with the intensity set to 15 mW/cm®
[Fig. 1(vi)]. The mold was then peeled off from the precured
NOAS8I and the microtransferred patterned film received an addi-
tional light dose of 5000 mJ/cm® with the same intensity settings
to fully cure the NOA81 nanogroove thin film on the glass sub-
strate [Fig. 1(vii)]. Additionally, we examined the possibility of
microtransfer molding of an NOAS8I nanogroove thin film to
other acceptor substrates, e.g., on a flat NOASI, too. To create a
flat NAO81 substrate, liquid NAO81 was poured on a coverslip
and spin-coated at 800 rpm for 60 s. Subsequently, it was placed
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Microfluidic component

FIG. 1. Schematic representation of the steps of the new fabrication method: (i) access to a master, here containing an area of a set of 27 smaller nanogroove fields in
COC, each with an area of ~3 x 9 mm?> (ii) replication of nanogrooves from the COC master to a PDMS working mold; (iii) oxygen plasma treatment of the working mold
to yield a hydrophilic surface; (iv) dispensing NOA81 liquid on the PDMS working mold; (v) spin-coat NOA81 on to the mold; (vi) microtransfer molding of NOA81 nano-
groove thin film on to an acceptor substrate and exposure under UV light through UV transparent PDMS mold to semicure NOA81; (vii) peeling off the PDMS mold from
the transferred NOA81 nanogroove thin film and perform an additional UV exposure to fully cure NOA81 on the acceptor substrate; and (viii) assembly with other

components.

under a UV-LED exposure system to receive energy dosage of
9000 mJ/cm?, with the above-mentioned intensity settings.

B. Characterization of the nanogroove dimensions
in the PDMS working mold and of the corresponding
NOAS81 nanogroove thin films

To measure the thickness of a transferred NOAS8I thin film on
the acceptor substrate, the samples were submitted to a Dektak XT
profilometer (Bruker Corporation, MI, USA). The nanogrooves in
the PDMS working mold and the microtransfer molded NOA81
nanogroove thin film patterns were examined by scanning electron
microscopy (SEM). The SEM images of two selected patterned fields
(case 1 and 2) were taken using a QUANTA 600F tool (FEI, The
Netherlands) in the low vacuum mode. Additionally, surface topog-
raphies of the transferred NOA81 nanogrooves were studied in more
detail by applying atomic force microscopy (AFM). Topographical
data from the samples were acquired and recorded by XE-100 (Park
Systems Corporate, Suwon, Korea) in the tapping mode and with a
noncontact cantilever (PPP-NCHR, Park Systems Corporate, Suwon,
Korea). This AFM tool runs in the xep software (Park Systems

Corporate, Suwon, Korea). However, to analyze the captured data,
GwYDDION software’' is used. For a simple and quick optical perfor-
mance test of microtransferred NOA81 flat or nanogroove thin films
on glass substrates, these were mounted underneath of a culture dish
containing differentiated neural stem cells, and respective images
were taken using a Leica DMi8 fluorescent microscope (Leica
Microsystems, Wetzlar, Germany) in the phase contrast mode.

C. Fabrication of a well-plate

To provide a single well-plate implementing nanogrooves, e.g.,
neural cell culture platforms, a flat PDMS slab with a thickness of
3mm is fabricated and cut to 15x 15cm? pieces [Fig. 1(viii)].
These pieces were punched in the center using a 3 mm diameter
biopsy puncher. Such a simple PMDS reservoir was also fabri-
cated using the PDMS mixing, degassing, and curing protocols
described in Sec. II A 1 and pouring the mixture on a clean
silicon wafer, which was precoated with the silanization agent 1H,
1H, 2H, 2H-perfluorodecyl-triethoxysilane (658758, Sigma
Aldrich, Zwijndrecht, The Netherlands) for 2 h inside a vacuum
desiccator. To adhere NOA81 nanogrooves to the PDMS slabs, we
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used an additional amount of NOAS81 liquid as bonding agent.
For this purpose, the bottom side of the PDMS slab was treated with
oxygen plasma for 30 s with 3 W to provide the wetting properties of
the surface. Then, several NOA81 drops were transferred carefully
using a sharp tip onto the PDMS part evenly distributed on the
surface around the punched hole. Next, the hole in the PDMS slab
was manually positioned to the desired location on the NOAS81
nanogroove thin films and subsequently exposed to UV light to com-
plete the assembly and bonding process between the parts using the
settings previously mentioned in Sec. II A 2. To verify whether the
bonding process between the PDMS and NOAS1 parts provides a
leak-free device, a dye solution contacting Brilliant Black BN (Sigma
Aldrich, Germany) dissolved in deionized water (1 mg/ml) was pre-
pared and added in the reservoir.

I1l. RESULTS AND DISCUSSION
A. NOA81 nanogrooves

Although the details of nanoscale-size patterns are not visible
by the naked eyes, all patterned fields are still resulting in

TU/ HV  [mag B |spot| WD
i 5.00 kv | 7991 x | 4.0 |9.8 mm

TU/e 10.00 kV| 8 12
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groovelike features discernible by the interference effect of these
grating structures. Although the high quality in transferring the
smallest features by jet-and-flash nanoimprint lithography from the
original quartz stamp into nanoresist scaffolds has been jeopardized
by applying multiple copies in the process to reach the final
NOAS81 nanogroove thin films on acceptor substrates, microtrans-
fer molding is successfully demonstrated according to the descrip-
tion given in Sec. II A. The presence of nanogrooves in the PDMS
working mold [Fig. 2(a)] as well as successful transfer molded
NOA8I1 nanogroove thin films on glass [Fig. 2(b)] and flat NOA81
[Fig. 2(c)] acceptor substrates can be already confirmed by the
appearing colors due to light interference in normal room light.
The thickness of the PDMS working mold and the microtransferred
NOAS81 nanogroove thin film is ~200 and 1.6um, respectively.
In the experiments, a working mold with an area of ~15 x 15 mm? is
demonstrated containing fewer variations of nanogroove patterns,
which, for the purpose of this experiment, was simply cut manually
from the larger PDMS replica containing the full array of all 27 pat-
terned fields using a scalpel. For a more detail visualization of the
microtransfer results of these anisotropic nanotopographic features

3.5 [15.9 mm

FIG. 2. Nanogroove patterns are visible by appearing colors due to light interference on the surface of the PDMS working mold (a), and after the transfer of NOA81 thin
films onto a microscope glass slide (b) as well as onto the flat NOA81 that was spin-coated and cured on the coverslip acceptor substrate prior to the NOA81 microtransfer
molding step (c). SEM images show the microtransferred NOA81 nanogroove thin film onto a glass substrate for the two types of selected pattern cases 1 and 2,

D1000L780 (d) and D1000L230 (e), respectively. Scale bars: 1 cm for (a)—(c).
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on the substrate, an NOA8I nanogroove thin film on a glass slide
was observed by SEM. For this purpose, two SEM samples were
prepared, one sample was marked-up in the COC mold having a
nanogroove pattern periodicity (D) of 1000 and a ridge width (L)
marked-up as 780 (here, referred to as case 1: D1000L780), and the
other having a nanogroove pattern periodicity (D) of also 1000 but a
ridge width (L) of 230 (here, referred to as case 2: D1000L230). As
can be observed from these two SEM images, microtransfer molding
using PDMS molds for case 1 [Fig. 2(d)] has a good visibility of the
groove bottom due to the lower filling factor compared to the result-
ing nanogrooves in case 2, in which the bottom of the grooves is
harder to be visualized [Fig. 2(e)]. The SEM micrographs taken for
these two patterns qualitatively confirm the presence of nanogrooves
in NOAS8I1 after microtransfer molding. However, more accurate
measurements were obtained by atomic force microscopy and the
results thereof are discussed in Sec. III B.

B. Nanogroove pattern transfer fidelity

To assess the pattern transfer performance of NOA81 nano-
grooves by microtransfer molding in a quantitative manner, AFM
area plots of the PDMS working mold structure and their resulting
NOAS81 relief pattern on glass substrates were recorded. For this
purpose, like in the SEM images, the two PDMS working mold pat-
terns marked-up with D1000L780 and D1000L230 were examined

89 nm
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by means of an example for the pattern fidelity. After transfer
molding NOA81 nanogroove thin films, the patterned fields
marked-up with the same description were then scanned by AFM.
The fabricated nanogroove periodicity can also be experienced in
an optical diffraction experiment, which is elaborated in the supple-
mentary material.”” In AFM, an area of 6 X 6 ,umz on all the surfa-
ces have been explored, and the measurement resolution was set to
256 x 256 pixels. Figures 3(a) and 3(b) present the nanogroove top-
ography recognized in the PDMS mold and NOASI transferred on
glass substrate, with the PDMS mold having pattern parameters of
D1000L780. Accordingly, Figs. 3(c) and 3(d) show the topographies
on the PDMS mold and NOAS81 thin films for case 2, ie.,
D1000L230. Figures 3(e) and 3(f) depict the line profiles between
the PDMS working molds against the ones of the transferred
NOAS81 nanogroove thin film, for D1000L780 and D1000L230,
respectively. In these two figures, the transferred NOA81 nano-
grooves have the inverse shape; yet, similar pattern line profiles are
clearly recognized. In more details, in the case of using mold fea-
tures designated D1000L780, the nanogrooves of PDMS have a
measured periodicity of 951.0+8.0nm and a ridge height of
719+4.1nm (n=4), while for the transferred NOAS81 nano-
grooves, the inverted pattern has a periodicity of 980.5 6.5 nm
and a ridge height of 68.9+ 1.1 nm (n=4). Here, “n” refers to the
number of consecutive groove features on the same profile line.
The analysis for the second case (the patterned field marked with

(d)

0.15

7 PDMS D1000L230 —

] UTM NOAS81 -
0.10
T4
=2 o
> ]
0.05

oo AT W v ; ‘
]|Illlllll|Il||||||I|||||||||||||||||||||I|||||||||||||||||
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3
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FIG. 3. AFM is used to measure nanogroove patterns on the PDMS working mold and their corresponding microtransfer molded NOA81 nanogroove thin film on glass
substrates. These AFM data are depicted as 3D topographic area plots for PDMS with nanogroove pattern periodicity of 1000 nm and ridge width of 780 nm (D1000L780,
case 1) (a) and its resulting transferred NOA81 nanogrooves (b), as well as for PDMS with nanogroove pattern periodicity of 1000 nm and ridge width of 230 nm
(D1000L230, case 2) (c) and the resulting transferred NOA81 nanogrooves using this mold (d). Moreover, the respective cross-sectional line profiles are presented for the

same designated pattern parameters, i.e., D1000L780 (e) and D1000L230 (f).
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D1000L230) has a measured periodicity of 979.0+8.0nm and a
ridge height of 91.3 + 0.7 nm (n =4) for the PDMS mold and peri-
odicity of 971.0 £ 0.5 nm and ridge height of 78.1 £ 1.8 nm (n=4)
for the NOASI transfer. The results show that by using microtrans-
fer molding, these nanoscale-sized structures can be transferred
from PDMS working molds within reasonable error margins.
Although the change in the nanogroove height could potentially be
an influential factor in the cell experiments, since the height affects
cell culture results, nanogroove dimensions within the range of the
measured values from the structures gained in this work have
expressed an alignment effect on neuronal cell growth.”” Even
though in the first case (D1000L780) we did not observe a substan-
tial difference in the measured nanogroove height, a reduction by
~24% was detected for the second case (D1000L230). However, the
overall reduction in height in either case is not significant and since
the values are measured from a random spot on the surfaces and
not the same location, the achieved fluctuation might result from
this random factor. Moreover, the reported data are the average of
four consecutive groove features on the same profile line, and that
is also limiting the final measurement. To address the potential
causes of a change in height, we can mention the restriction in the
resolution of the AFM measurements due to the size of the AFM
cantilever probe tip. Moreover, the narrow width of the grooves
could also lead to the incomplete release of NOA81 during the
microtransfer step, although in the present study we did not find
evidence for such a defect. Another potential cause of change in
height of the final NOAS8I ridges compared to the original grooves
in the COC master mold could be related to the PDMS mold,
where in the PDMS mold grooves were not fully filled with
NOAS81, or during the PDMS working mold fabrication the nar-
rower the nanogrooves in the COC, the lesser the likelihood that
these structures were equally filled with PDMS initially. Hence, we
refer to the PDMS working mold as a reference for performance
evaluation of the NOAS8I pattern transfer fidelity rather than the
original COC mold. By increasing the resting time of the filling
material into a mold™ (as for NOA81 on PDMS as a filling mate-
rial) before transfer or release or by applying additional treatments
to the mold surface, like surface modifying coatings beyond a
simple oxygen plasma,”*” filling and release properties can be facil-
itated and hence could also result in further improvements of the
pattern fidelity for such narrow features. Finally, although the
dimensions of the microtransfer molded NOA81 nanogroove thin
film were measured on glass substrates, we did not expect that the
acceptor substrate material influenced the pattern transfer fidelity
directly, but it may influence the measurement results in AFM since
such a glass carrier substrate is a stiff substrate and the NOAS81 film
is relatively thin. Overall, the results on the transfer performance
itself can be probably generalized for other acceptor substrate mate-
rials as long as the adhesion of the precured NOASI to the acceptor
substrate material is higher than the adhesion to the PDMS
working mold and the carrier substrate is not a soft substrate.

Based on AFM data, the measured microtransfer molded fea-
tures demonstrate a good pattern transfer fidelity between the
PDMS mold and the released NOAS81 nanogroove thin films.
However, it is essential to study the pattern transfer process in
more detail also using scanning electron microscopy in characteriz-
ing also the cross-sectional shape and evaluating also the bottom of
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the nanogroove features carefully prior to utilizing such patterns in
cell culture experiments. Here, to provide an insight into the side-
walls of the nanogrooves as shown in Fig. 4, an SEM image was
taken under the condition when the sample was tilted by 30° (see
Fig. S2 in the supplementary material)."” If the patterns are faith-
fully transferred indeed, this route of fabrication could add value
by economically attractive multiplying such cell culture substrates
in sufficient high numbers from the same mold. Hence, we also
investigate whether the described fabrication process deteriorates
the patterns and damages the nanogroove on the PDMS working
mold after multiple microtransfer molding steps from the same
mold. To be able to characterize the process on this merit, a PDMS
mold with nanogroove patterns of D1000L780 was selected, and
this specific PDMS mold was used six consecutive times to produce
multiples of the NOAS8I nanogroove thin-film topology. The
PDMS mold was fabricated with a thickness of ~200 um; hence, its
flexibility granted a high control over performing the transfer step
compared to the situation when a thicker PDMS mold was applied.
Using thicker molds hampered handling and led to air bubble
entrapment. Therefore, to have a higher process capability in
microtransfer molding, we keep the mold relatively thin; however,
if it is too thin (e.g., 100 um), the mold ruptured after the second
transfer. While this may be fixed with a stronger backing plate
attached to the mold after transfer but prior to peeling the mold off
the transferred film, we successfully demonstrated here that a
200-um PDMS mold suffices and six consecutive NOA81 nano-
groove microtransfers were performed. By means of an example of
all the line profiles taken from the six NOAS81 transferred thin
films (see additional data shown in S1 in the supplementary

curr | mode
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FIG. 4. SEM image of the microtransfer molded NOA81 nanogroove that was
tilted with 30 degrees to provide an insight into the sidewalls of the nanogrooves
(~20 nm of gold was sputtered on the sample prior to SEM imaging).
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material),*”” the AFM results of the first and the sixth transfer are
depicted in Fig. 5 next to the equivalent line scan of respective
pattern in the PDMS working mold. Furthermore, the data in
Fig. 5 show that the first transfer has patterns with a periodicity of
980.5+ 6.5nm with a ridge width of 232.5+1.5nm and a ridge
height of 68.9 + 1.1 nm (n=4). Here, the ridge width is measured
at half height of the received signal and “n” refers to the number of
consecutive groove features on the same profile line. The parame-
ters for the sixth transferred NOAS81 nanogrooves with the same
mold are 980.5+19.5nm for the pattern periodicity,
261.0+5.0nm for ridge width, and 79.8+22nm for the ridge
height (n=4). As shown in Fig. 5, the two profiles are well-
matched, and the ridge width did not change substantially. In con-
clusion, it is shown that the successful repetition of the microtrans-
fer molding step from the same PDMS working mold to NOA81
nanogrooved thin films including a plasma process and consecutive
repetition of peeling off precured NOA81 can be realized.

Consequently, if one wanted to move from simple research
substrates in biology to the manufacturing of robust brain-
on-chips, the whole fabrication chain should be validated. Hence,
the influence of the various parameters per step in the complete
fabrication procedure starting with the master mold should be dis-
cussed thoroughly. To this end, we can contribute as follows.

An endurable master mold is important for the repeatability
of this fabrication method in production across multiple batches of
PDMS working molds. The proposed method uses a COC master
mold, which has been devised as a more durable master mold for
the PDMS replication by soft lithography than a simple nanoresist
on silicon master mold, which was made by step-and-flash nanoli-
thography.”” This COC master mold was fabricated several years
ago and is still used for experiments today to fabricate PDMS repli-
cas thereof, which are here used as the working molds for the
NOAS81 microtransfer printing process.

The thermally nanoimprinted COC may have faced material
aging, and the structural dimensions of COC mold could be

NOAB81 1st transfer —mm
NOAB81 6th transfer s
PDMS working mold ===

FIG. 5. Cross-sectional line profiles by AFM for consecutive transfers made
using the same PDMS mold with pattern parameters of case 1 (D1000L780)
and line profile across the nanogrooves of the mold.
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affected by various temperature processes. In all our processes, we
aimed to keep the temperature at 65°C or below to cure the
PDMS, and it does not exceed the glass transition temperature (Tj)
of COC (78°C); hence, the patterns are preserved accordingly.
Multiple uses of this mold over years for replication of several
PDMS parts, however, can cause damage to the ridges by scratches
and the geometry of the ridge and groove pattern may have been
affected by accidentally heating the COC master above T, leading
to reflow. This effect would then potentially decrease the structural
height by transition of the rectangular ridge to a more semicircular
cross-sectional shape, but if this occurred most likely, we should
see this also in a change of the pattern periodicity. AFM does not
show any significant change in periodicity compared to the origi-
nally designed periodicity, neither in the simple diffraction test that
is given in the supplementary material."” Hence, we can conclude
that if such damage would have occurred, it is very small.

More importantly, the PDMS working mold is a part that
wears during (1) plasma treatment and (2) release of the NOA81
film after transfer. The PDMS used here is prepared using the base
elastomer and cross-linking agents mixed at a ratio of 10:1 demon-
strated up to six consecutive replicas without significant damage,
yet. Changing the mixing ratio differs the material properties of the
PDMS working mold such as densi‘[y,36 stiffness,”’ viscosity, and
ultimate tensile stress.”® Since the replication of the PDMS part
employs a spin-coating step at a certain spinning speed on the
COC mold, a change in the viscosity of the PDMS mix will influ-
ence the PDMS mold thickness. The latter can have an influence
on the microtransfer performance, which should be investigated in
greater detail for setting up a production process. PDMS of a
higher viscosity might also need a longer resting time for the
PDMS to fully fill the grooves in the COC, which can also have an
influence on the cross-sectional shape that is finally transferred
into the NOAS8I, and batch to batch variations on the shape could
occur. This is more critical for the patterns on the COC master
mold with very small dimensions to be transferred. A detailed
study into the actual critical dimensions of this process is still
required to give a more conclusive answer. However, given the fact
that PDMS soft lithography has been recognized as a high-
resolution lithography technique, it is probably (after some level of
optimization) not a concern for the nanogrooves envisaged in
BOC, which aims for a 400-2000 nm periodicity. The repetitive use
of the PDMS working mold during transfer printing could affect
some properties of the cured PDMS, too. For example, it increases
Young’s modulus over time meaning the molds become stiffer
gradually.” Therefore, for using the molds that are stored for a
long time, this factor needs to be explored comprehensively to
address the repeatability of the process in manufacturing.

In the spin-coating step, spin speed is a factor that controls
the thickness of the mold directly and is an influential feature in
the transfer step. This was touched upon earlier in this section.
However, most influential for a properly spin-coated layer of
NOASI on the PDMS working mold is its surface property. Prior
to spin-coating of NOA81, PDMS is exposed to an oxygen plasma,
whereas power and time provide the main parameters of the
process window in this step. This treatment makes the PDMS
surface hydrophilic. NOA81 will spread more uniformly on a
hydrophilic mold during the spin-coating step. However, this
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FIG. 6. NOA81 microtransfer molded film thickness on a glass substrate for dif-
ferent spin-coating speeds.

surface is thermodynamically unstable and loses its hydrophilic
property and becomes again hydrophobic in an hour due to low
molecular weight chains that over time diffuses to the surface.”"’
It has been observed in our experiments that when NOAS81 is cured
on a nonmodified PDMS mold, the cured NOA81 can be easily
peeled off but wetting is not as good as in the case of improved
wettability after repetitive plasma treatments just prior to the spin-
coating step. Unfortunately, with these repetitive plasma treat-
ments, NOA81 gets gradually more difficult to be peeled off. Still,
these conflicting requirements for wetting/peeling within the
current process window yield at least six repetitions. Here, overall
the plasma asher properties such as power and time as well as UV
exposure dosage and time are important factors in the repeatability
of the process and need further investigation.

200 ym
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Finally, in the spin-coating step of NOA8]1, the liquid is dis-
pensed directly from the bottle, and there is a chance that bubbles
entrap in the liquid. In that case, the visible bubbles can be burst
open carefully with a sharp tip. Smaller air bubbles may remain in
the material but will not be observed in the microscopy technique
as detrimental as demonstrated in Fig. 7 (Sec. III C), since the
focus height in the culture is not in the NOA81 nanogroove mate-
rial or directly at the exact interface between NOAS8I1 surface and
the cells themselves when utilized in 3D brain-on-chip cultures.

Resting time of NOA81 in the PDMS mold prior to UV exposure
could also positively affect the filling of narrow grooves by the liquid
adhesive and enhance the pattern fidelity for such features. Placing the
PDMS mold with NOAS8I on top in a vacuum chamber could aid
removing any microbubbles (if there are any), and even help for a
better filling of the grooves; however, whether a vacuum environment
influences the properties of NOA81 needs further investigation too.

C. Optical transparency of microtransfer molded
NOAS81 nanogrooves

The optical transparency of the film in imaging applications is
determined by the thickness, uniformity, surface quality of inter-
faces, and pattern fidelity of the microtransferred NOA81 nano-
grooves. The thickness and uniformity of the transferred film can
be controlled by the parameters in the NOAS81 spin-coating
process, and specifically by the speed in step (b) of the procedure
as given in Sec. II A. To characterize the influence of the spin
speed, a spin curve is taken, and the resulting film thickness was
measured by a profilometer, for which the data are depicted in
Fig. 6. The measurements are performed on the NOAS8I thin films
spin-coated with 6000-12 000 rpm with an interval of 2000 rpm
(n=3). The results show that thin films of less than 2 um can be
achieved with a speed of 10 000 rpm at the given NOAS8I viscosity
as provided directly by the supplier’s data sheet (300 cps at 25 °C).
We aimed to achieve the thinnest NOA81 film possible at this

200 ym 200 ym

FIG. 7. Comparing the images of differentiated neuronal stem cells with and without NOA81 in the optical path underneath the culture dish: on glass only (a), on flat
NOA81 substrate (b), and on NOA81 nanogrooves (c). The arrows highlight the locations of similar neurites and neuronal cell bodies in the images.
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given NOASI viscosity to show the potential of fabricating and
handling such thin nanogrooved films in microtransfer molding as
well as demonstrate its optical performance. Therefore, the
maximum spin-coating speed was selected. The highest speed avail-
able in the spin-coater in our lab is 12 000 rpm; hence, the samples
for the measurements were prepared with this condition, which
yielded a film thickness of 1.6 + 0.1 um.

To evaluate the optical transparency of NOASI films, Fig. 7
illustrates, by example, viewing cells in a culture. A culture dish
with cells was placed on a clean coverslip as a control experiment
[Fig. 7(a)], on flat NOA81 films [Fig. 7(b)], and nanogrooved
NOASI1 films [Fig. 7(c)], respectively. Comparing these three
images by observing neurites and cell bodies (arrows in Fig. 7), it
becomes obvious that the NOA81 layer (either patterned or not)
does not obstruct the optical transparency. Hence, tTM of NOAS81
nanogroove films can also be further implemented in devices,
wherein this level of detail in bottom-up microscopy is important,
e.g., in microsieves for brain-on-chip applications.” Microtransfer
molding of NOAS8I can be used, for example, to fabricate either
nanogroove or flat bottom microwell plates to study the influence
of these anisotropic patterns on cells further. The microwell fabri-
cation is described in Sec. III D.

D. Assembly of nanogrooves with PDMS parts for
microfluidic applications

To incorporate nanogroove substrates in cell culture experi-
ments, appropriate devices need to be fabricated. As described in
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FIG. 8. Microphysiological system on
glass slide (a) consisting of a 3-mm
diameter single PDMS well bonded
half to NOA81 nanogrooves and half to
a flat NOA81 surface side-by-side (b).
The dye is placed inside of the well to
verify the bonding properties of the
device (c) and (d). Scale bars: 5mm
for (a)—(d).

Sec. II C, a PDMS part with a single 3-mm diameter well is bonded
on NOAS81 nanogrooves as a proof-of-concept [Fig. 8(a)]. In this
device, different regions of nanogrooves and flat substrates can be
presented to the cultures inside a well-plate format to examine the
influence of nanogroove-cell interactions [Fig. 8(b)]. The conven-
tional way of bonding PDMS to glass or PDMS parts that includes
surface activation using plasma does not provide a permanent and
leakage-free bond between NOAS81 surfaces and PDMS compo-
nents. Therefore, we used an additional amount of NOA81 as a
bonding agent to fabricate this assembly. To verify whether the
bonding between these two components is well established, we
placed a dye inside the well [Fig. 8(c)] and we observed that it
remained in the well without leakage [Fig. 8(d)].

IV. SUMMARY AND CONCLUSIONS

Nanogrooves are established to show a beneficial influence on
neuronal cell differentiation and alignment of outgrowths. Hence,
we demonstrated a fabrication method for such structures using
NOA81, which is a biocompatible® optical adhesive. SEM images
show that qualitative nanogrooves have been transferred to some
extent. By AFM, we then demonstrated a quantitative proof of the
successful microtransfer molding of the pattern onto an acceptor
substrate by providing a well-defined thin film of NOAS81 (1.6 um
thickness) using spin-coating onto a plasma treated PDMS working
mold. Cross-sectional SEM studies would certainly add value to the
critical characterization of the structures. Unfortunately, these were
not yet achieved in this polymeric material, which is very sensitive
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to the heat generated in the focused ion beam (FIB) cross sec-
tional-cut preparation steps. We have also shown that a single
PDMS working mold can be used for at least six consecutive
pattern transfers. We have further demonstrated the fabrication of
NOAS81 nanogrooves implemented in a well-plate format made
from PDMS. In this arrangement, the bottom of the well is covered
half by nanogroove and half by a flat NOA81 surface.
Microtransfer molding of NOA81 nanogroove thin films therefore
provides a feasible route to facilitate biological experiments that
aim to introduce topographical cell guidance or neurite alignment.
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