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Abstract

Cell viability monitoring is an important part of biosafety evaluation for the detection of toxic effects on cells caused by nanomate-
rials, preferably by label-free, noninvasive, fast, and cost effective methods. These requirements can be met by monitoring cell
viability with a capacitance-sensing integrated circuit (IC) microchip. The capacitance provides a measurement of the surface
attachment of adherent cells as an indication of their health status. However, the moist, warm, and corrosive biological environ-
ment requires reliable packaging of the sensor chip. In this work, a second generation of low temperature co-fired ceramic (LTCC)
technology was combined with flip-chip bonding to provide a durable package compatible with cell culture. The LTCC-packaged
sensor chip was integrated with a printed circuit board, data acquisition device, and measurement-controlling software. The pack-
aged sensor chip functioned well in the presence of cell medium and cells, with output voltages depending on the medium above the
capacitors. Moreover, the manufacturing of microfluidic channels in the LTCC package was demonstrated.
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Introduction

Biosafety regulations require ethical, simple, rapid, and cost
effective methods for evaluating cytotoxicity, both short and
long term. Traditional in vitro cytotoxicity evaluation methods
include cell cultivation and label-based assay kits, which are
often expensive and time-consuming end-point measurements.
Furthermore, the labelling techniques used for cell viability
screening are lethal to the cells. Hence there is a growing inter-
est in noninvasive, label-free, real-time, data-rich biosensing
systems that measure electrical, optical, magnetic, or mass
related properties of the biological sample. Such sensing tech-
niques include surface plasmon resonance spectroscopy [1],
electrochemical quartz crystal microbalance measurements [2],
optical sensing [3], impedimetric sensing [4-6], and capacitive

sensing [7-11].

The lab-on-a-chip (LoC) concept is an excellent way to imple-
ment label-free, noninvasive, cost-effective cytotoxicity assess-
ment. LoCs are miniaturized analytical tools that combine
sophisticated microfluidics with sensing or analysis [12-14].
Lab-on-CMOS (LoCMOS) is an emerging class of LoC that
combines LoC with integrated circuits (ICs). LOCs are often
used for analyzing chemical or biological samples. However,
when the wet world of biology meets the dry world of elec-
tronics, the technical challenge arises to build a package for the
LoCMOS device that is able to withstand the hostile biological
environment, which may include high temperature, humidity,
and corrosive liquids (mammalian cells typically require 37 °C,
>95% humidity, and a salt-containing medium for growth).

Low temperature co-fired ceramic (LTCC) technology in com-
bination with flip-chip bonding is one method of producing
durable, biocompatible packaging for LoCMOS devices. The
advantage of the LTCC technology is the possibility of fast and
simple 3D processing of ceramic material, and the possibility to
integrate advanced functionality like buried active or passive
components, heat sinks, sensors, actuators, microchannels, and
energy harvesters in the package in one firing step during the
processing [15]. The LTCC is tailor-made from multiple layers
containing the printed components; the layers are laminated and
sintered to form a 3D block. Since the previous versions of
LTCC produced devices with toxic properties in biological
applications, it has not really been considered in this area until
recently [16-21]. For example, Luo and Eitel reported a LTCC
material as a substrate for biosensors that is regarded as
biocompatible [22]. Also, from our experience, cell growth, at
least over 24 h, seems to be fully compatible with the LTCC
material [23]. We suggest that the previous statement about
LTCC material being non-biocompatible was probably made
too hastily based on our current knowledge of the LTCC materi-
al.
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We recently reported on an LTCC package that was flip-chip
bonded to a complementary metal-oxide semiconductor
(CMOS) integrated circuit (IC) chip to form a LoCMOS system
[23]. It was designed with a CMOS chip for capacitance sensing
and the intention is to develop a method for nanoparticle expo-
sure of cells to establish cytotoxicity assessment of nanomateri-
als.

Capacitance measurements reflect the surface attachment of
adherent cells. While healthy cells attach to the cultivation sur-
face and spread out, dying cells ball up and eventually detach
from the substrate. Therefore, the strength of the coupling as
well as the area of the sensor surface covered by cells, measured
by the capacitance of the chip, is an indication of cell viability.
Capacitive sensing of a cell population on the chip is label-free,
noninvasive, fast, and continuous.

Preliminary testing of the first generation LTCC package was
performed using human epithelial cells cultivated on the chip. A
very short, 3 h in total, trial measurement was performed and a
small response related to sedimentation of cells on the chip was
reported. Since the cell proliferation thus seemed to be normal,
the use of the LTCC package for the sensor chip was regarded
as promising [23].

Here we have tested version 2 of the LTCC package made from
Dupont™ 951 LTCC tape instead of the Heraeus HeraLock®
Tape HL2000 (no longer produced) used in our earlier version
[23]. Human lung epithelial cells (BEAS2B) were cultivated on
the chip to verify the biocompatibility of the package material.
Responses were obtained on dry chips, chips covered with only
cell growth medium (DMEM), and chips covered with a solu-
tion of cells in DMEM, demonstrating the robustness and func-
tionality of the package. In addition, integration of microfluidic
channels in the package was demonstrated.

Experimental

Dummy chips

Dummy chips for testing purposes were fabricated on a 4 in
silicon wafer (p++ type, boron-doped, resistivity <0.005 Q-cm)
with 500 nm of SiO, (PECVD grown). Contact pads in the form
of a U-shaped loop mimicked the location and size of the con-
tact pads on the sensor chip. They consisted of RF sputtered
gold (300 nm with 10 nm of chromium as adhesion layer,
deposited by e-beam) (Figure 1a). The wafer was diced into
3 x 3 mm? chips by laser scribing.

Capacitance sensor chip

The capacitance sensor chips (3 * 3 mm?) were fabricated in a

commercial 2-poly, 3-metal, 0.5 pm CMOS process, as demon-
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Figure 1: (a) Layout of the dummy chip mimicking the size of the sensor chip and the contact pad positions and sizes. (b) Microscope image of the
capacitance sensor chip showing contact pads at the periphery and an array of sensors distributed over 16 rows and 5 columns. (c) Close up of

capacitive finger electrode structures.

strated in Figure 1b and c. The fully differential sensor chip was
designed for measuring capacitance in the £25 fF range. Each
sensor contained two interdigitated capacitors, one reference
and one test capacitor for differential measurements, and four
minimum-sized transistors, allowing the sensors to be packed
densely. Cells located over the interdigitated plates of the
capacitors increase the effective capacitance. The sensor array
consisted of 16 rows and 5 columns. Within each pixel, charge
accumulated on the capacitors. The four transistors acted as
switches to: 1) reset the pixel voltage between measurements
and 2) select the desired row for readout. The readout circuit in-
corporated a floating gate transistor that allowed compensation
for fabrication mismatch [10]. The chip had 40 Al/TiN/Cu con-
tact pads with a size of 85 pm and a 120 pm spacing. Because
oxidation of the Al in the pads at the rim of the chip prevented
the bonding of the chip to the LTCC package with conductive
adhesive, gold bumps were applied onto the pads with a gold
wire (20 um in diameter) bonder. The wire bonding process im-
proved the electrical contact between the chip and the LTCC
package, presumably by punching through the Al oxide. The
gold wires were then manually removed, leaving a gold bump

on the contact pads for the following steps.

LTCC package

Commercial Dupont 951 Green Tape™ LTCC was used to
fabricate packages for the sensor chip. On the tape, the conduc-
tor lines were printed with Dupont 6142D silver co-fireable
conductor paste. The recommended standard LTCC process
(data sheet from manufacturer) was used to manufacture and
fire the package, while a special process, described below, was
adapted for the microfluidic channels.

The sensor chips were glued to the LTCC packages with
isotropic conductive adhesive (ICA) (EPO-TEK, H20E-PFC).

The adhesive consisted of conductive silver particles embedded
in adhesive polymer resins. This two-component epoxy was
chosen for its ability to form small-sized patterns to connect the

closely spaced contact pads.

The ICA was applied on the contact pads of the LTCC as
“bumps” with a stamping process (Figure 2). The stamp was
made of alumina by laser processing. The sensor chip was glued
onto the bumps by epoxy and cured at 150 °C on a hot plate.
For alignment a flip-chip bonder was used. An epoxy underfill
(EPO-TEK, 302-3M) was applied around the bumps and cured
at 65 °C, to provide a seal between the chip and the LTCC
against the liquid as well as additional attachment strength. To
hold the fluid over the sensor surface, the same underfill materi-
al was used to glue a well on top of the LTCC package. Further-
more, a nonstandard process was used to manufacture a package
with an integrated microfluidic channel [24]. Fluidic channels
were manufactured using special lamination technique involv-
ing lower pressure (150 bar, 15 min) and sacrificial carbon tape
(C12, Advanced Technologies). The intention was to attach
suitable tubes between the fluidic channels and a reservoir and
to use, for example, a peristaltic pump to transport the liquid to
the sensor chip.

The packaged chip was connected, using a zero insertion force
(ZIF) connector, to a printed circuit board (PCB). Figure 3a,b
shows the manufactured package and Figure 3¢ the prototype
package with microfluidic channel.

Results and Discussion
Reliability of the packaging method

The new LTCC material was first tested using a dummy chip
packaged in the LTCC and connected to a PCB that linked the
pads in a daisy chain pattern. Two packaged dummy chips with
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Package manufacturing process

Green sheet blanking:
laser pattern

Laminating: 75 °C, 300 bar  Sintering (870 °C).

Alumina stamp for silver
epoxy "bumps” on LTCC
contact pads

p _ﬁ
Screen printing conductors
(silver paste)

PRI

Align and attach chip on
ceramic package by epoxy.

Stacking:
mechanical aligning

Gold bumps by
wire bonder on
contact pads.

Separate packages
and cut holes by
laser.

Add underfill and cure.

Figure 2: Schematic image of the isotropic conductive adhesive stamping process, sensor chip mounting, and underfill application.

Figure 3: (a) Bottom side of the LTCC package showing the rear side
of the sensor chip. (b) The sensor chip in the LTCC package
connected. The active side of the chip is inside the cell culture vial
glued on the top of the LTCC package. (c) Prototype of the package
with integrated microfluidic channel.

wells filled with cell medium were placed in a cell incubator for
8 days (37 °C, 5% CO», 95% air). The total resistance of the
package was monitored by a two-point measurement using a
digital multimeter. On the 6th day, BEAS2B cells were added
onto the chip.

Figure 4 shows the total resistance of the first dummy chip in
the cell cultivation environment; the second one showed simi-
lar behavior. The average of the total resistance over the bond
pads in series was 26 £+ 0.6 Q during the measurement period,
showing that the bonds were electrically and mechanically
stable and protected from the cell medium. The resistance in-
creased by a few ohms when the cells were added on the chip.
When taking the package out of the incubator (the last part of
the curve in Figure 4), the resistance value returned to the orig-
inal level possibly due to mechanical disturbance caused by the
procedure.

Biocompatibility of the LTCC package

The earlier reported [23] biocompatibility of the LTCC package
to cell culture was also confirmed here for the new LTCC mate-
rial by growing BEAS2B cells on a dummy chip and on the sur-
rounding LTCC. The attachment of the cells on the chip, as well
as LTCC, was monitored by fixing the cells with 4% paraform-
aldehyde 24 h after inoculation and staining the cells with a
DNA binding dye (Hoechst, 33342) and anti-a-tubulin anti-
body. Based on the cell morphology shown in Figure 5a—f, the
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Figure 4: The total resistance of an LTCC packaged dummy chip
placed in a cell culture incubator before and after cell growth media

and BEAS2B cells were added onto the chip.
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cells attached normally and spread out over the surface of the
chip and LTCC. The Dupont 951 LTCC material has also been
reported as biocompatible by others [25].

Cell measurements

To demonstrate the feasibility of using the LTCC package in
biosensing applications, data were recorded for several hours
from a CMOS sensor chip in the package. The cell measure-
ment set up included an LTCC module and a printed circuit
board (PCB), placed inside the incubator, and a data acquisition
system (National Instruments, NI-USB 6259) connected to a
computer running Matlab-based control software, placed
outside the incubator.

Prior to the measurements, the outputs of the capacitance
sensors were adjusted using the custom software until they
reached an initial target value of approximately 1.5 V. This pro-
cedure centered the sensor response within the power and
ground voltage range, allowing variations in both directions

from the baseline to be recorded.

A sensor chip with no fluid in the well was placed inside the
incubator and data was recorded for 12 min. Then 300 uL of

Figure 5: Normally proliferating BEAS2B cells on a dummy chip in LTCC package. (a—c) the cells grow on top of the chip. (d—f) The cells grow on top
of LTCC. In (a) and (d), the blue color indicates the cell nuclei stained with a DNA binding dye, Hoechst 33342. In (b) and (e), immunofluorescence
staining was performed with anti-a-tubulin antibody and Alexa 488 secondary antibody. The green color shows the microtubules of the cell
cytoskeleton. In (c) and (f), the merged image of the nuclear staining and cytoskeleton are shown. The images were taken with a Zeiss LSM700
confocal microscope with 63x plan-apo immersion objective and appropriate filter sets.
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cell growth medium (DMEM) was added into the well, and data
was recorded for 50 min with data points taken every 2 min.
The maximum rate of the system was 60 frames/min. The
CMOS chip continued to function upon the addition of the
fluid, confirming the robustness of the package. The important
thing to note is that the signal increased upon the addition of
DMEM (Figure 6). This was expected because the dielectric
constant of water is higher than that of air, resulting in a higher
capacitance between the electrodes. The chip returned to its
original level after the liquid was removed (not shown). Finally,
cells were added to the surface of the chip in growth medium,
and data was recorded for 3 hours. Again the CMOS chip
continued to function upon the addition of cells. The capaci-
tance signal again increased with the addition of cells, which is

consistent with expectations and prior work [7,9].

0.060
—— Dry chip
—— Cell growth media
_0.055- Cells in media
2
bCJ
< ooso{_~
[=%
3 A
0.045
0.040 T T T
0 60 120 180
Time (min)

Figure 6: Average voltage change from the baseline over time from all
sensors on one chip after cell media and cells were added. The aver-
age signal from the sensors on the dry chip is added for comparison.

Conclusion

A commercial LTCC material was used to package CMOS
sensor chips. LTCC provides the possibility to integrate new
functions into Lab-on-CMOS packages, and the integration of
microfluidics into the package was demonstrated. Normal cell
morphology on packaged dummy chips demonstrated the feasi-
bility of using the LTCC package for cell culture; no cytotoxici-
ty was observed. Furthermore, it was possible to obtain sensor
measurements in real time. The capacitance varied abruptly as
the overlying medium changed, demonstrating that the package
and chip were communicating successfully. Future develop-
ments will include applications such as monitoring the influ-
ence on cell viability of nanomaterials or drugs.

Acknowledgements
This work has been financially supported by the Academy of
Finland (The ClintoxNP project #268944) and TEKES (The

Beilstein J. Nanotechnol. 2016, 7, 1871-1877.

Chempack project # 1427/31/2010). The Center of Microscopy
and Nanotechnology at the University of Oulu is acknowledged
for technical support.

References

1. Patching, S. G. Biochim. Biophys. Acta, Biomembr. 2014, 1838, 43-55.
doi:10.1016/j.bbamem.2013.04.028

2. Chauhan, R.; Solanki, P. R.; Singh, J.; Mukherjee, |.; Basu, T.;
Malhotra, B. D. Food Control 2015, 52, 60-70.
doi:10.1016/j.foodcont.2014.12.009

3. Hawk, R. M.; Armani, A. M. Biosens. Bioelectron. 2015, 65, 198-203.
doi:10.1016/j.bios.2014.10.041

4. Chowdhury, A. D.; De, A.; Chaudhuri, C. R.; Bandyoipadhyay, P.;
Sen, P. Sens. Actuators, B 2012, 171-172, 916-923.
doi:10.1016/j.snb.2012.06.004

5. Nwankire, C. E.; Venkatanarayanan, A.; Glennon, T.; Keyes, T. E;
Forster, R. J.; Ducrée, J. Biosens. Bioelectron. 2015, 68, 382—389.
doi:10.1016/j.bios.2014.12.049

6. Couniot, N.; Bol, D.; Poncelet, O.; Fancis, L. A.; Flandre, A.
IEEE Trans. Circuits Syst. Il: Express Briefs 2015, 62, 159-163.
doi:10.1109/TCSI1.2014.2369111

7. Prakash, S. B.; Abshire, P.; Urdaneta, M.; Smela, E. A CMOS
capacitance sensor for cell adhesion characterization. In IEEE
International symposium on circuits and systems, Kobe, Japan; IEEE,
2005; pp 3495-3498. doi:10.1109/iscas.2005.1465382

8. Datta-Chaudhuri, T.; Abshire, P.; Smela, E. Lap Chip 2014, 14,
1753-1766. doi:10.1039/c4Ic00135d

9. Prakash, S. B.; Abshire, P. Biosens. Bioelectron. 2008, 23, 1449—-1457.
doi:10.1016/j.bios.2007.12.015

10.Prakash, S. B.; Abshire, P. IEEE Trans. Circuits Syst., I: Regular Pap.

2009, 56, 975-986. doi:10.1109/TCSI1.2009.2015202

.Miled, M. A.,; Sawan, M. IEEE Trans. Biomed. Circuits Syst. 2012, 6,

120-132. doi:10.1109/TBCAS.2012.2185844

12.Verpoorte, E.; De Rooij, N. F. Proc. IEEE 2003, 91, 930-953.
doi:10.1109/JPROC.2003.813570

13.Ghallab, Y. H.; Badawy, W. Lab-on-a-chip: Techniques, Circuits, and

1

-

Biomedical Applications; Artech House: Boston, 2010.

14.Huang, Y.; Mason, A. J. Lab Chip 2013, 13, 3929-3934.
doi:10.1039/c3Ic50437a

15. Sobocinski, M.; Putaala, J.; Jantunen, H. Multilayer low-temperature
co-fired ceramic systems incorporating a thick-film printing process. In
Printed Films: Materials Science and Applications in Sensors,
Electronics and Photonics; Prudenziati, M.; Hormadaly, J., Eds.;
Woodhouse Publishing Limited: Cornwall, 2012; pp 134-164.
doi:10.1533/9780857096210.1.134

16. Peterson, K. A.; Patel, K. D.; Ho, C. K.; Rohde, S. B.; Nordquist, C. D.;
Walker, C. A.; Wroblewski, B. D.; Okandan, M.
Int. J. Appl. Ceram. Technol. 2005, 2, 345-363.
doi:10.1111/j.1744-7402.2005.02039.x

17.Smetana, W.; Balluch, B.; Stangl, G.; Gaubitzer, E.; Edetsberger, M.;
Kohler, G. Microelectron. Eng. 2007, 84, 1240-1243.
doi:10.1016/j.mee.2007.01.155

18. Ciosek, P.; Zawadzki, K.; Lopacinska, J.; Skolimowski, M.;
Bemmbnowicz, P.; Golonka, L. J.; Brzozka, Z.; Wréblewski, W.
Anal. Bioanal. Chem. 2009, 393, 2029-2038.
doi:10.1007/s00216-009-2651-x

19.Malecha, K.; Pijanowska, D. G.; Golonka, L. J.; Torbicz, W.
Sens. Actuators, B 2009, 141, 301-308. doi:10.1016/j.snb.2009.06.026

1876


https://doi.org/10.1016%2Fj.bbamem.2013.04.028
https://doi.org/10.1016%2Fj.foodcont.2014.12.009
https://doi.org/10.1016%2Fj.bios.2014.10.041
https://doi.org/10.1016%2Fj.snb.2012.06.004
https://doi.org/10.1016%2Fj.bios.2014.12.049
https://doi.org/10.1109%2FTCSII.2014.2369111
https://doi.org/10.1109%2Fiscas.2005.1465382
https://doi.org/10.1039%2Fc4lc00135d
https://doi.org/10.1016%2Fj.bios.2007.12.015
https://doi.org/10.1109%2FTCSI.2009.2015202
https://doi.org/10.1109%2FTBCAS.2012.2185844
https://doi.org/10.1109%2FJPROC.2003.813570
https://doi.org/10.1039%2Fc3lc50437a
https://doi.org/10.1533%2F9780857096210.1.134
https://doi.org/10.1111%2Fj.1744-7402.2005.02039.x
https://doi.org/10.1016%2Fj.mee.2007.01.155
https://doi.org/10.1007%2Fs00216-009-2651-x
https://doi.org/10.1016%2Fj.snb.2009.06.026

20

2

=

22.

23.

24,

25.

.Malecha, K.; Czok, M.; Hetnar, A.; Pawlik, A.; Sztajer, H,;

Golonka, L. J. Microelectron. Reliab. 2011, 51, 1250-1252.
doi:10.1016/j.microrel.2011.03.034

.Malecha, K.; Dawgul, M.; Pijanowska, D. G.; Golonka, L. J.
Biocybern. Biomed. Eng. 2011, 31, 31-41.
doi:10.1016/S0208-5216(11)70024-9

Luo, J.; Eitel, R. E. Int. J. Appl. Ceram. Technol. 2014, 11, 436-442.
doi:10.1111/ijac.12206

Halonen, N.; Kilpijarvi, J.; Sobocinski, M.; Datta-Chaudhuri, T.;
Hassinen, A.; Prakash, S. B.; Moller, P.; Abshire, P.; Smela, E.;

Kellokumpu, S.; Lloyd Spetz, A. Procedia Eng. 2015, 120, 1079-1082.

doi:10.1016/j.proeng.2015.08.769

Birol, H.; Maeder, T.; Jacq, C.; Straessler, S.; Ryser, P.

Int. J. Appl. Ceram. Technol. 2005, 2, 364-373.
doi:10.1111/j.1744-7402.2005.02036.x

Bartsch de Torres, H.; Rensch, C.; Fischer, M.; Schrober, A.;
Hoffman, M.; Mller, J. Sens. Actuators, A 2010, 160, 109—-115.
doi:10.1016/j.sna.2010.04.010

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:

(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.7.179

Beilstein J. Nanotechnol. 2016, 7, 1871-1877.

1877


https://doi.org/10.1016%2Fj.microrel.2011.03.034
https://doi.org/10.1016%2FS0208-5216%2811%2970024-9
https://doi.org/10.1111%2Fijac.12206
https://doi.org/10.1016%2Fj.proeng.2015.08.769
https://doi.org/10.1111%2Fj.1744-7402.2005.02036.x
https://doi.org/10.1016%2Fj.sna.2010.04.010
http://creativecommons.org/licenses/by/4.0
http://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.7.179

	Abstract
	Introduction
	Experimental
	Dummy chips
	Capacitance sensor chip
	LTCC package


	Results and Discussion
	Reliability of the packaging method
	Biocompatibility of the LTCC package
	Cell measurements

	Conclusion
	Acknowledgements
	References

