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Abstract: The design of Smart Biomedical Devices will be a
defining element of future research in the context of intelligent
medical devices for the Internet of Medical Things (IoMT). A
prerequisite for serving the disposable market is the use of
the highest

terms of

cost-effective electronic components and
the
biocompatibility and bioprotection. In the study, resistors,
capacitors, and light-emitting diodes, different in their
materials and construction forms, were examined. The

selected types represented electronic components as they are

reliability of developed products in

commonly installed on electronic system from the segment of
low-cost standard components. These were subjected to steam
sterilization with up to 50 cycles, gamma sterilization, and a
CCK-8 assay to test in vitro cytotoxicity. Functional failure
could not be determined for any component. Gamma
sterilization did not result in significant changes in resistance
values, but in capacitors with barium titanate as dielectric.
Non-cytotoxic electronic components could be identified. The
results show that certain electronic standard components are
suitable for disposable Smart Biomedical Devices.
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1 Introduction

In recent years, the Internet of Medical Things (IoMT) has
become increasingly important in all areas of medical
technology [1]. the

For the medical device market,
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development of [oMT products, which are used for diagnostic
and therapeutic purposes [2], presents new and highly
demanding challenges. In particular, the development of
disposable or limitedly reusable smart medical devices with
embedded electronic components, which are essentially in the
context of modern in vitro diagnostics, will be a future
research focus [3]. For biomedical products, this means that
the plastic components equipped with electronics must be
biologically compatible. The materials used must therefore be
examined for their sterilizability and biocompatibility [4, 5].
Sterilization processes expose electronic components to
extreme conditions such as high humidity and temperature or
high-energy radiation. Products for multiple applications are
often prepared with steam, disposables are industrially
sterilized with gamma rays [6]. The demand for autoclavable
electronic components is the subject of current research and
product developments [7]. Biocompatibility refers to a
compatible interaction of a technical system with the
biological conditions [8]. The release of potentially toxic
foreign substances must be prevented by suitable
encapsulation [9-11]. Electronic components contain a large
number of materials (e.g. copper, nickel, manganese) [12]
which have a toxic effect on biological systems at high
concentrations [13]. Today's electronic components usually
have plastic housings (packages) that have a certain resistance
to environmental conditions [14]. Plastics show, however, a
permeation - the pressure or concentration-related mass
transport through a solid - of water from the air or through
water storage [15]. Consequently, plastics form a non-
hermetic seal around electronics. In order to address this
problem, electronic assemblies are protected from climatic and
operational stresses by means of superordinate protective
coatings [16, 17]. The use of already non-cytotoxic package
materials around the electronic structures minimizes the risk
of toxic components escaping if protective coatings fail.

The disposable market is mainly driven by costs, which
means that commercially available mass electronics are
moving into the focus of interest. Passive components, such as
resistors and capacitors, and active components, such as light

This work is licensed under the Creative Commons Attribution 4.0 License.



V. M. K. Werner et al., Cytotoxicity and Sterilization Resistance of Electronic Components for Disposable Smart Biomedical Devices — 298

emitting diodes, usually represent an almost negligibly small
part of the costs of IoT and IoMT systems. A failure of these
components, on the other hand, can lead to the defect of further
- often more expensive - components and thus cause an
overriding system damage. of passive
components installed accounts for the largest proportion of

The number

printed circuit boards controlled by microcontrollers. The
most frequently used components for the realization of circuits
are resistors, semiconductors and capacitors [18].
example, a microcontroller IC requires a multiple of resistors
and capacitors in its
investigation of the effects of environmental conditions in the

For

standard circuit. An extensive
application on functionality and reliability is therefore of the
highest priority. [19]

In our study we therefore examined common electronic
standard components in steam sterilization up to 50 cycles,
gamma sterilization with a typical dose of 25 kGy and
cytotoxicity according to the requirements of the standard for
the biological evaluation of medical devices DIN EN ISO
10993-5. The aim was to make statements on resistance by
means of well-founded observations of the influences of the
load spectrum humidity and temperature, radiation as well as
toxic behavior of the electronic components.

2 Materials and Methods

2.1 Electrical Components

A representative selection of components with regard to
different materials was made. The criteria for the selection
were low cost segment, standard packages and low tolerances.
RESISTORS. Fixed resistors of the layer resistor type
were selected according to the designs Through-Hole
Technology Device (THT) and Surface Mounted Device
(SMD) and differentiated according to resistor type and
material composition (see Table 1). The most commonly used
package size for THT resistors is 0207 followed by 0204 [20].
CAPACITORS. Four different capacitors of the
commercial grade class were selected for the test series. A foil
capacitor and a sintered tantalum electrolytic capacitor from
the THT series were investigated, while ceramic multilayer
capacitors of type 1 with low (NDK, gypx =10 ... 200) and
type 2 with high dielectric constant (HDK, gypx = 10,000)
were tested as SMD representatives (see Table 2).
LIGHT-EMITTING DIODES (LEDs). LEDs were
selected as semiconductor representatives (see Table 3). LEDs
are manufactured from semiconductor materials such as non-
cytotoxic silicon (Si) or carcinogenic gallium arsenide (GaAs).
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Table 1: Technical data and materials of the investigated resistors
according to manufacturer's specifications.

Manufac. Yageo TE Connectivity

Part RCO0603FR- CPF0603F10:CFR100J10 LR0204F10

Number 0710KL KC1 K K

Type Thick film Thin film Carbon film Metal film

Package SMD 0603 SMD 0603 THT 0207 THT 0204

Resistance 10kQ+1% 10kQ+1% 10kQ+5% 10kQ+1%

Resistor Precious NiCr alloy Carbon NiCr alloy
metal, glass

End contact, Ni/Sn Sn Metal Metal

wire Sn, Cu Sn, Cu

Protective Glass, Epoxy resin phenolic/ phenolic/

layer epoxy resin epoxy resin  iepoxy resin

Table 2: Technical data and materials of the tested capacitors
according to manufacturer's specifications.

Manufac. Kemet Kemet Yageo AVX
Part number R82EC2100 :C0603C101J:CC0603KR TAP106K01
DQ50K 5GACTU X7R7BB104 6SCS
Type Thick film Thin film Carbon film Metal film
Package THT 7.2x2.5 iSMD 0603 SMD 0603 THT I: 9mm,
x6.5 (mm) diam.: 5mm
Capacity 10 nF £10% 1100 pF +5 % 100 nF £10% 10 uF £10%
Dielectric Polyester, CaZrOs3 CaZrOsz or  Ta20s
PET BaTiOs
Contact, Al or Zn Sn NiSn Sn (cath.)
Wire Sn-Cu Ta (anode)
Cover/Filler Plastic/resin i- - Epoxy resin

Table 3: Technical data and materials of the examined LEDs
according to manufacturer's specifications.

Manufacturer Opto Supply Lucky Light

Part number OSG50603C1E LL-S194PUYC-Y2-2B
Type Thick film, SMD 0603  Thin film, SMD 0603
Forward voltage 25-34V 1.6-24V

Color green yellow
Semiconductor AlGalnP

Protective capsule Epoxy resin

Leadframe CuNi alloy, Au Plating §CuNi alloy

CYTOTOXICITY. Generally zinc (Zn), nickel (Ni)
and copper (Cu) are classified as cytotoxic. Aluminium (Al),
silver-palladium alloy (AgPd), gold (Au), barium titanate
(BaTiO3), calcium zirconate (CaZrOs), manganese dioxide
(MnO:), Polyethylene terephthalate (PET), silver (Ag), silver-
palladium alloy (AgPd), tantalum (Ta), tantalum pentoxide
(Ta;0s), and tin (Sn) are listed in the literature as non-
cytotoxic and biocompatible [21, 22]. No blanket statement
can be made for epoxy resins. Since these mostly form the
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sheath material around the components, there is a need for
individual testing for biological compatibility. Due to the
mostly internal toxic components, knowledge about the barrier
effect of the outer layers can be gained over the test duration
and the associated corrosion situation on the package material.

2.2 Sterilization Processes

STEAM STERILIZATION. Before
functional test was carried out using digital technology. A total

sterilization, a

of five test series for steam sterilization were carried out:
single, five-, ten-, 25-, and 50-fold. The electronic components
were repackaged in sterilization packaging for the experiments
after each cycle. The hot steam sterilization was carried out
with the parameter combination 121°C, 20 min, 2 bar. After
24 h of drying and cooling of the samples under laboratory
conditions, the electrical values were recorded.

GAMMA RADIATION. The electronic components
packaged in ESD bags were gamma sterilized at a dose of
29.1 kGy to 41.7 kGy. Gamma rays have a highly energetic
and ionising effect, so that changes in the material structure
can be caused long after the sterilization process. The test
samples were therefore stored under ambient conditions and
measured electrically after 14, 28 and 42 days.

2.3 Cell Culture

The biocompatibility test for cytotoxicity was carried out in
vitro using CCK-8 assay using an eluate test according to DIN
EN ISO 10993-5. Human fibroblasts of cell line Hs 27 were
used. The tinned copper connecting wires of the THT
capacitors were isolated by non-cytotoxic silicone, and from
the THT resistors
focussing on cytotoxicity and barrier effect of the plastic

completely removed. This allowed
packages. The eluate was prepared using Dulbecco's Modified
Eagle Medium (DMEM), incubated at 37°C, 10% CO,, 72 h.
The Hs 27 cells inoculated with the eluates were incubated for
72 h. The evaluation was performed with WST-8 reaction
solution and absorption measurement using a photometer.

3 Results and Discussion

3.1 Sterilization

After the up to 50-fold sterilization by means of saturated
steam has been carried out, no functional failure of any
component can be detected in the electrical function test. The

average resistance values and their changes of the resistors are
shown in Figure 1, the average capacity changes in Figure 2.

(a)

(€)

Figure 1: Results of the electrical parameters unsterilized (default)
and after up to 50 cycles steam sterilization (sterilized) of
resistor types a) thin film, b) carbon layer, c) metal layer.

Overall, the changes in the resistance values were within
the tolerance range of the components. Device-specific
measurement tolerances of the multimeter used had to be taken
into account. In principle, the penetration of water vapour into
the electronic packages promotes ageing of the materials and
corrosion, which favours changes in resistance.

(a)

Figure 2: Results of the electrical characteristics unsterilized
(default) and after up to 50 cycles of steam sterilization
(sterilized) of a) ceramic capacitors type 2, b) yellow LEDs.

The capacitance values determined for all capacitors after
sterilization were within the component tolerance range of
10%. Negative effects on the SMD LEDs due to steam
sterilization couldn’t be determined. Non-significant changes
in the through-voltages were detected.
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Figure 3 shows the results of gamma sterilization of the
tested electrical components. The resistance values of the thin-
film resistors showed no measurable changes 42 days after
gamma sterilization and are therefore not shown.

(a)

(b) ()

Figure 3: Results of electrical parameters unsterilized (default)
and after gamma sterilization of a) carbon and metal
resistors, b) ceramic capacitor type 2, c) yellow LEDs.

The resistors proved to be functionally stable, changes
were not significant. 14 days after the irradiation of the
capacitors, a significant decrease in capacitance of approx.
5.7% was observed. Measurements of the LEDs showed a
decreasing trend of the mean forward voltage. The irradiation
of polymer materials with gamma rays can cause effects such
as chain splitting and cross-linking in the polymer [23]. The
cleavage of molecular chains leads to a decrease in molecular
weight, which leads to embrittlement. Crystal dislocations and
ionization of semiconductor materials have different effects on
electrical properties [24]. Dielectrics based on barium titanate
with a radiation dose of up to 0.5 kGy show a decrease in
crystal size [25]. Structurally, barium titanate remains after
irradiation, but a change of the structure can be detected by
changing the lattice parameters [26]. This can lead to a
deterioration of the ferroelectric properties.

3.2 Electronic packages cytotoxicity

Figure 4 shows the results of the cytotoxicity test. In the mean
value, the SMD resistors were above the 70% limit (non-
cytotoxic), THT resistors at the threshold. When the tinned
copper wires were removed, open entrances remained where
remaining copper particles could not be excluded. The results
show that the epoxy protective layer of the thin film resistor
has a sufficient barrier effect on the NiCr alloy. The
hermetically sealed resistance layer of the thick film resistor
also has a sufficiently protective effect.
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Figure 4: Results of the cytotoxicity test using CCK-8 assay for
resistors (blue), capacitors (purple), and LEDs (green).

The unspecified epoxy resin package of the tantalum
capacitor was cytotoxic. The cytotoxicity of the ceramic
capacitors was caused by the ceramic body or the tin-coated
electrodes. An influence of the underlying nickel and copper
may also have contributed to the death of the cells. The shell
of the foil capacitors made of a plastic that could not be
determined more precisely did not react cytotoxically. The
value of more than 100% proliferation can be explained by
uneven seeding of the cells (larger cell count leads to
metabolism of larger volumes and thus to higher proliferation
values in comparison to the reference) in the wells or by media
change (eluate inoculation) and thus a nutrient boost for the
cells, which the control did not receive. For miniaturized
electronic assemblies, ceramic and tantalum capacitors are
preferable to foil capacitors. Film capacitors, however, are
characterized by high dielectric strength and have the
advantage of self-healing [18], which means that they can be
advantageous for corresponding applications.

The eluates of the tested LEDs had a strong cytotoxic
effect. Corrosion was observed at the terminal contacts of the
components. The metallic frame made of a copper-nickel alloy
can be regarded as the cause here.

4 Conclusion

The study showed that the electronic components were not
significantly damaged functionally by steam sterilization with
50 cycles. The percentage change was less than 0.5% of the
initial values. Gamma sterilization of resistors did not lead to
significant changes in resistance values. Capacitors with the
dielectric barium titanate were found to be highly susceptible
to gamma radiation. Non-cytotoxic electronic components
could be identified. The results show that certain electronic
standard components are suitable for the realization of
disposable Smart Biomedical Devices.
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