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ABSTRACT

Handling of picoliter-to-nanoliter-scale volumes and objects has increasing importance in life sciences. This is the volume scale of cell
extractions and individual living cells. Here, we introduce a method of generating a picoliter-scale device by direct writing of picowell arrays
on a ZEONOR™ copolymer surface with high-energy medium-mass ion microbeam. Arrays of various microstructures were written in the
sample using a microbeam of 10.5 MeV N* ions at various implanted ion fluences. The best array was obtained by implantation of annuli of
10 and 11 um of inner and outer diameters with a fluence of 7.8 x 10'? jons/cm?.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0155681

An array of 9 x 9 picowells, in the form of chalice-like structure,
was obtained and tested. The implanted surface structures were stud-
ied by optical and atomic force microscopy (AFM). The average vol-
ume of the picowells was 820 femtoliter (fl), ideal to host a single
living cell. AFM microhardness measurements showed that the
implanted toroidal wall of the picowell had the same hardness as the
unimplanted parts of the sample. Applicability of the ion microbeam
written picowell array in biomedical single-cell assays was demon-
strated by placing individual cancer cells with the cell-cycle reporter
fluorescent construct in some of the wells and detecting their fluores-
cence signal.

Microplates, consisting of multiple wells, are standard tools
in analytical research and clinical diagnostic testing.' The earliest

microplate was created in 1951 by Takatsy, who machined six rows of
12 wells in Lucite.” Nowadays, the volume of an individual well on a
microplate typically varies between tens of nanoliters to several
milliliters.

In modern biochemical assays, there is a need for decreasing indi-
vidual microwell volume; hence, the need for increasing microwell
density arises. Nanowell arrays are nowadays quite common.™”
Fabrication of even smaller microrecipients in the picoliter or even
femtoliter range is challenging.” '’ An example of a commercial pico-
well plate product is a 5 x 12 array of a volume of 28 pl.'" Spatial
arraying allows for the characterization and identification of single
cells based on genetic profiling,'” ' cytokine expression, ”'® antibody
production,”” " and most recently proteomics.”” The potential of
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applying and activating single cells in separate wells, allows for high-
throughput analysis of multiple targets simultaneously. Smaller cell
culture volumes may provide more concentrated supernatants,
improving detection limits and sample recovery rates as well.”"

Cyclo-olefin copolymers (COC) have excellent optical properties,
biocompatibility, and inertness,””** making them well-suited for bio-
marker detection in various biological fluids.”* COCs are becoming
more and more popular in generating microdevice and microfluidic
substrates.”””” Compared to polydimethylsiloxane (PDMS), a com-
monly used support material, COCs demonstrate longer shelf life and
improved stability. Moreover, the functionalization of COC and its
applications have been demonstrated in immunoassays”* and DNA
hybridization.”® Nowadays, COCs are considered excellent starting
polymers to produce next-generation optical biosensors.”’ '
Functionalization of ZEONOR™ (Zeon, ZEONOR) has been demon-
strated with DNA,” protein probes,” and nanoparticles.”” Efforts
have also been made to reduce nonspecific binding with ZEONOR™-
based sensors and microdevices.™*

Fabrication of optical, microfluidic, and other elements and devi-
ces in polymers is a broad and dynamic research field.”” " A critical
review on nanomanufacturing of biopolymers using electron and ion
beams was written by Jiang et al*’ However, effects of ion beam
implantation on the target material depend on various factors, includ-
ing the material composition, ion species, energy, implanted fluence,
and current density during implantation. The surface structure is gov-
erned by different, competing physical and/or chemical processes
(such as chain scissioning and cross-linking in polymers) on the
microscopic level. In polydimethylsiloxane (PDMS), for instance,
compaction has been observed over a wide range of ion fluence when
irradiated with both light”” and medium-heavy ions.”” However, in
polytetrafluoroethylene (PTFE), the surface topography change
depends not only on the delivered ion fluence,” but also on the cur-
rent density of the irradiating beam."® In general, in the lack of knowl-
edge of the exact physical and chemical processes for a given system, it
cannot be determined a priori whether an implantation results in
swelling or compaction of the implanted area of the polymer target.
Likewise, one cannot always predict the distribution of refractive index
change induced in the material.

While COC microchannels have the potential to improve both
the optical detection sensitivity and the chemical resistance of polymer
microanalytical systems, their surface properties have not been

TABLE I. Parameters of the ion microbeam-written microstructures.
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characterized thoroughly so far. These surface properties play a crucial
role in various aspects, including electrokinetic effects in the presence
of electric fields. Although the source of the surface charge remains
unclear, chemical functionalization studies have indicated the absence
of carboxylic acid groups on the surface, which is consistent with the
chemical structure of ZEONOR™."” The main characteristics of this
material are excellent: less than 0.01% water absorption per 24 h, 92%
optical transmission in the 400-800 nm range, small specific gravity of
1.01 g/cm’, glass transition range of 100-130°C, melt flow rate of
20-60 g/10 min, high chemical resistance, and low permeability."18

In view of our previous results regarding ion beam implantation
of optical and mechanical elements in polymers, we designed two
types of implanted patterns: a homogeneously implanted disk and a
homogeneously implanted annulus. In focused ion beam lithography,
low-energy ion (1-50keV) is used, which creates microstructures on
the surface by sputtering.”*” We used a microbeam of a high-energy
medium-mass ion for the fabrication of the picowell arrays, exploiting
the chain scissioning and cross-linking processes; hence, producing
compaction or swelling of the material.

Some recent experience was also obtained in the use of such ion
beams for the fabrication of microstructures in polymers.”’ >
Romanenko et al. reported surface relief structures of an amplitude
of 900 nm using a microbeam of 2 MeV He*" ions at a fluence of 1.6
x 10" ions/cm”. They also achieved an amplitude of 2 um by a micro-
beam of 10 MeV O** ions at a fluence of 8 x 10" ion/cm” in a pure
PDMS sample.”’

Irradiations were conducted at the 3MV Tandetron 4130 MC
accelerator (High Voltage Engineering Europa B.V.) of the Rez
Nuclear Physics Institute, Czech Republic.”* A microbeam of
10.5MeV N** jons was used for direct writing of the structures. The
beam size was 3 x 3 umz, the current was 800 pA, resulting in a beam
current density of 88.9 A/m> Ten arrays of microstructures were irra-
diated, the parameters of these arrays are presented in Table I.

The Stopping and Range of Ions in Matter (SRIM) code’ was
used to calculate the electronic and nuclear stopping power. Electronic
stopping power was 98 eV/A at the sample surface, and it reached a
broad peak of 104eV/A at 4.5 um below the surface. It decreased to
half of the maximum at a depth of 10.4 um. Nuclear stopping power
had a sharp Bragg peak of 3 eV/A at a depth of 12.8 um. The electronic
interaction was clearly dominant. This is presumably responsible for
the surface structure formation, since molecular re-arrangement due

Array name Irradiation pattern r; (um) 1y (um) Spacing between individual wells (um) Fluence (10" ions/cm?)
A Disk 5 15 100
B Disk 5 15 15.6
C Disk 5 15 15.6
D Disk 5 15 7.8
E Disk 5 30 7.8
F Disk 5 30 15.6
G Disk 5 30 >15.6
H Annulus 3 4 50 7.8
I Annulus 3 4 50 7.8
] Annulus 10 11 50 7.8

Appl. Phys. Lett. 123, 053701 (2023); doi: 10.1063/5.0155681
Published under an exclusive license by AIP Publishing

123, 053701-2

LpE:LL €202 18BNy €0


pubs.aip.org/aip/apl

Applied Physics Letters

A

to bond-breaking and bond-formation in polymers upon ion irradia-
tion is effectively induced by electronic interactions with the ion
beam.”*”’

It was found that the ion microbeam implanted structures could
hardly or not at all be detected by conventional transmission micros-
copy. In other words, they were phase objects, that is the ion beam
implantation caused variations mainly in the surface topography and
in the index of refraction of the sample. Consequently, the structures
were studied by a Zeiss Peraval optical transmission microscope in the
INTERPHAKO mode.” That technique, along with interference- and
phase contrast microscopy, transforms optical path variations across
the object into absorption variations. INTERPHAKO microphotos of
two structures are shown in Figs. 1(a) and 1(b). The first one was pro-
duced by homogeneously irradiating a disk-shaped area, while the sec-
ond by homogeneously irradiating a ring-shaped area. It must be
noted that white light illumination results in the appearance of inter-
ference colors in the microscopic image. The microphotos presented
in Fig. 1 were recorded by using a green interference filter. This tech-
nique shows the integral of the optical path variations through the
sample, ie., changes both in the surface relief and in the index-of-
refraction. Thus, profilometry is required to determine the surface
map of the irradiated structures, for which we employed AFM.

The topographical structure of the samples was investigated using
a Nanosurf Easyscan 2 AFM instrument in air, with a ContAI-G canti-
lever. No elastic modulus was observed using atomic force spectros-
copy. AFM image of part of array D and the topographical height
profile of one of its elements are presented in Fig. 2. It is clearly shown
that irradiation of a disk area produced a lens-like swelling at a height
of 700 nm. Consequently, no picowell was formed by irradiating that
pattern.

AFM image of part of array ] and the topographical height profile
of one of its elements are presented in Fig. 3. Irradiation of a ring-
shaped area resulted in the formation of a chalice bounded by a torus of

28

ARTICLE pubs.aip.org/aip/apl

FIG. 1. INTERPHAKO microphotos of ion
microbeam irradiated microstructures in
ZEONOR™. (a) Part of array D, disk-
irradiated elements. Diameter of the irradi-
ated disks is 5um. (b) Part of array J,
ring-irradiated elements. Outer diameter of
the irradiated rings is 22 um. Zeiss
Peraval microscope, 63 objective, 63x
ring aperture, green interference filter for
both microphotos.

a height of 4700 nm. The height of the lens-like structure shown in Fig.
2 is much smaller than that of the torus shown in Fig. 3, in spite of hav-
ing received the same fluence of 7.8 x 10'? ions/cm”. This can be attrib-
uted to the fact that, due to the elasticity of the sample surface, it is
much easier to inflate the surface on a narrow ring than on a large disk.

The torus encloses a truncated cone-shaped volume. The lower
diameter of the truncated cone is about 5 um, whereas the upper one is
about 10 ym. The height of the picowell was calculated as the average of
the three profiles in Fig. 3(b). The average volume of picowells in the
array was 820 £ 65 fl. This volume is much smaller than those of the
individual wells of the majority of commercially available picowell
arrays. Although in this work, we demonstrated only one effective chip,
it is important to note that the direct-write nature of the proposed fabri-
cation method enables the simple re-design of the pattern, allowing for
easily modifying the geometry or the array size. In addition, the use of a
different beam (mass, energy, or spot size) also opens the possibility to
fine-tune the exact shape of the picowells in the array.

It must also be stated that the depth of the implanted picowells
depends not only on the implanted ion fluence but also on the current
density of the implanting ion microbeam. We have performed the
implantation of picowells using the same fluences, but the beam cur-
rent of the 10.5MeV N* ion beam was only 16 pA in the first addi-
tional experiment, and 125pA in the second one. Microbeam sizes
were slightly varying between 2.5 x 2.5 um*and 3 x 3 um’.

The present experiments performed with a microbeam of a cur-
rent of 800 pA and a current density of 88.9 A/m” resulted in picowells
of an average depth of 4.7 um. The 125 pA microbeam of a current
density of 20 A/m” produced a maximum of 400 nm of picowell depth.
Picowells of a maximum depth of 50 nm were obtained with the
microbeam of a current of 16 pA and a current density of 2.19 A/m”,

To check mechanical stability of the picowells, nanoindentation
was performed both on an irradiated torus and on an unirradiated
part of the sample. This way the microhardness in both the irradiated
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FIG. 2. Height-contrast AFM image (a) of
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and unirradiated parts was determined. Microhardness of the toruses
and the unimplanted regions in array ] was measured with a Cypher
ES instrument (Asylum Research, Santa Barbara, CA), in which an
OMCL-ACI160TS cantilever (Olympus Corporation, Japan) was used,
with nominal spring constant and resonance frequency of 26 N/m and
300kHz, respectively. The actual spring constant was measured by
using the thermal method by using the procedure built into the driver
software of the instrument (AR v.16, based on IgorPro, Wavemetrics,
Lake Oswego, OR).

Average picowell dimensions measured in the two AFM experi-
ments were in good agreement. Spatial resolution in both the sample
plane and along the normal was below 1 nm in AFM measurements
by both Nanosurf Easyscan 2 and Cypher ES.

The results of the microhardness measurements are shown in
Fig. 4. The Z-sensor data show the position of the base of the cantilever
during indentation (a) and retraction (b). The stiffness, measured
from the slope of the indentation curve, of both the background and
the torus was about 12 N/m. Considering that the force traces collected
in the background (non-irradiated part) and the torus coincide, we
may conclude that the ion microbeam irradiation has not altered the
microhardness of the ZEONOR™ sample.

To demonstrate the applicability of the picowell array to biologi-
cal measurements, microfluorescence of HeLa Fucci cells was per-
formed. HeLa Fucci cells (RCB2812, RIKEN BRC)” were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, 21885025 Gibco) with
10% fetal bovine serum (Biowest SAS, France), 100 U/ml penicillin,
and 100 pug/ml streptomycin mixture solution (Merck, Germany).
Cells were kept in a humidified incubator at 37 °C and 5% CO,.

The cells were removed from a tissue culture Petri dish using
standard trypsinization protocol prior to the experiment. They were
washed with 1 ml of Dulbecco’s phosphate-buffered saline (DPBS,
Corning Inc., Corning, New York, USA) by resuspension and centrifu-
gation at 200x g for 5min and finally resuspended in DPBS solution.
The cells were transferred to a Petri dish (627161, Greiner bio-one,
Hungary), which was treated with 5% BSA solution for 30 min and
then washed and filled with DPBS. The picowell array sample, treated
with oxygen plasma, was also stored under the same conditions in a
separate Petri dish. Both Petri dishes were scanned with a motorized
microscope (Zeiss Axio Observer Z1, Carl Zeiss AG, Oberkochen,
Germany) fitted with a digital camera using a 20 objective with filter
sets 43 HE DsRed and 38 HE EGFP. Fluorescent mode observation
was used. For controlled single-cell pickup and subsequent position-
ing, a computer controlled micropipette system (CellSorter Ltd,
Budapest, Hungary) with a micropipette tip of 15 um internal diame-
ter (BioMedical Instruments, Z6llnitz, Germany) was employed.(’“ 6

In our experiment, we demonstrated the ability of our fabricated
wells to gather and position living cancer cells accurately using a
computer-controlled micropipette. ZEONOR™, a hydrophobic mate-
rial,” was used in the fabrication of these wells. The cell insertion effi-
ciency was virtually non-existent without plasma treatment, as all
attempts failed, and the cells were repelled by the wells. The introduc-
tion of plasma treatment remarkably increased the efficiency to 10%,
enabling effective deposition of cells within the fabricated structures.
The further application of a biological coating like fibronectin could
potentially augment this efficiency. We recognize the crucial roles of
various factors, including the size of the micropipette opening, its posi-
tioning precision, the speed of approach, and the distance between the
pipette tip and the targeted well. While these factors certainly influ-
enced the results, their thorough optimization was not the focus of this
particular study.

The HeLa Fucci cells were ideal for this experiment due to their
continuous expression of color-changing fluorescent protein probes
based on their cell cycle state,” easing the process of cell identification.
Effective cell insertion was confirmed through fluorescence, with an
example illustrated in Fig. 5.

Looking ahead, future studies could explore modifications to the
well design, like increasing their depth and size, to potentially improve
cell deposition efficiency. Furthermore, a more detailed investigation
into optimal micropipette operation could be beneficial, emphasizing
not the shortcomings of our study, but the potential advancements to
be made in this field.

In summary, a method, namely, direct writing by a high-energy
ion microbeam, was proposed for the fabrication of picowell arrays.

L] T T L} L] T L} L] T L} L} L] ] L}
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FIG. 4. Microhardness measurements of the picowells of array J. (a) Indentation of
the sample surface and the toroidal wall. Continuous line: background, dashed line:
torus. (b) Retraction traces for the sample surface and the toroidal wall. Continuous
line: background, dashed line: torus.
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FIG. 5. A Fucci cell emitting strong fluorescent signal is seen in the targeted well. A
43HE DSRED filter was used.

The feasibility of the method was demonstrated by the fabrication of a
9 x 9 matrix of picowells on Zeonor copolymer. Picowells had an
average volume of 820 = 65 fl. It was proven that the toroidal wall of
the ion microbeam implanted picowell had the same microhardness as
the unimplanted surface of the sample. Fucci cells were effectively
placed in some picowells. They were detected by fluorescence micros-
copy. By changing the parameters of the fabrication, such as ion spe-
cies, energy, fluence, and ion microbeam size, reducing picowell
volume down to about 100 fl and increasing the volume up to about
50 pl appear feasible. Thus, direct writing of such structures using
medium-to-high-energy ion microbeams can compete with direct
writing by laser beam. A clear advantage of ion microbeam writing
over laser beam writing is the better controllability in depth, allowing
for fabrication of three-dimensional structures. Moreover, the recent
introduction of ion nanobeam facilities with typical lateral beam sizes
in the 200-400 nm range further improve lateral resolution of the ion
beam irradiation technique.”*

Although ion beam accelerators are normally not easily accessi-
ble, the proposed method has some clear advantages. First, it is a one-
step fabrication. Second, it is a fast method: fabrication of an array can
take typically tens of seconds and may take a maximum of a couple of
minutes. The method permits a very quick and flexible design of the
picowells. Third, besides the polymer used in these experiments, other
materials, e.g., glasses, can also be used, although higher fluences (and
hence longer irradiation times) may be necessary. Finally, the fabri-
cated surface structures can be also applied as templates for PDMS
casting to obtain a negative replica. When a positive replica is needed,
the PDMS stamps could be used for UV replication, obtaining by this
way the exact copy of the fabricated structures.”” Hot embossing using
the PDMS stamps into a suitable polymer is also an option to fabri-
cate the structures in larger quantities in a straightforward manner.
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