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Introduction 

New chamber stapes prosthesis (ChSP) [1, 2] is 
a middle-ear prosthesis device designed for applica-
tion in ear surgery for restoring the patient’s mid-
dle-ear function. Stapes prostheses are commonly 
implanted in patients suffering from conductive or 
mixed hearing loss that is caused by stapes otoscle-
rosis. In otosclerosis [3], the mobility of the stapes 
is signifi cantly reduced by the abnormal bone growth 
in the oval window niche, or by the stiffening of the 
stapes annular ligament. Due to its limited ability to 
self-repair, otosclerosis needs to be mostly treated 
by stapedotomy surgery [4]. 

Stapedotomy with a piston prosthesis is the stan-
dard procedure, as it is minimally invasive, relatively 
safe, and effi cient [5, 6]. During surgery, the stapes 
superstructure is removed, a small hole is made in 
the stapes footplate, the piston of the prosthesis is 
introduced into the hole, and the prosthesis is at-
tached to the incus or malleus. Auditory outcomes 
are generally perceived as good but only for low and 
medium frequencies (0.5–3 kHz), and a large num-
ber of patients report a lack of satisfactory results 
for higher frequencies [7, 8]. Moreover, the piston 
prosthesis malfunction (displacement from a small 
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hole or of incus, immobilization by adhesion or fi -
brous tissue, necrosis or erosion of the long process) 
causes the reappearance of conductive hearing loss 
and requires revision stapes surgery [9]. Following 
revision stapedotomy, the hearing results are less 
satisfactory than after the primary operation, and 
the incidence of vertigo, high-frequency tinnitus, 
and/or sensorineural hearing loss are the most prob-
able complications [10, 11]. 

The ChSP allows overcoming the unsatisfac-
tory hearing results and malfunction observed 
occurring following classical piston stapedotomy 
or re-stapedotomy [2]. Furthermore, for the ChSP, 
the surgical procedure remains the same as for the 
piston stapedotomy. The ChSP (Fig. 1) mimics the 
natural ear and consists of: (1) a chamber mimick-
ing the vestibule, (2) a fl exible membrane mimick-
ing the stapes annular ligament, and (3) a rigid 
plate mimicking the stapes. Both the chamber and 
the rigid plate are designed to be made of UV 
curable polymer and the membrane of a thin 
poly(dimethylsilaxane)(PDMS) fi lm. To restore 
normal hearing after the ChSP stapedotomy, the 
stiffness of the fl exible membrane should be close to 
the stiffness of the normal stapes annular ligament 
(120 N/m, [12]). 

As the ChSP is an implantable medical device 
(class III), it must be sterilized before use [13]. Ef-
fi cient sterilization is crucial to minimizing the inci-
dence of medical device-related infections, which are 
a major concern in health care [14]. For implants, 
ISO 14630:2013 [15] requires a sterility assur-
ance level (SAL) of 106, which is equivalent to the 
probability of one in a million spores surviving the 
sterilization process [16]. This level can be achieved 
using a number of physical and chemical methods [17, 
18] such as high temperature exposure (e.g,. moist or 
dry heat sterilization), chemical (e.g., ethylene oxide, 
formaldehyde), or chemical plasma exposure (H2O2), 
and ionizing radiation (IR). However, the sterilization 
methods employed may lead to adverse changes in the 
physical, mechanical and chemical properties of the 
materials, eventually allowing the formation of toxic 
residues, and may also change the functional proper-
ties of the whole device [19–21]. Steam sterilization 
can lead to hydrolysis, softening, and degradation 
of the polymers due to the high temperature, pres-
sure, and humidity [17]. IR (gamma and electron 
beam [EB]) initiates the formation of very reactive 

species in polymers (free neutral radicals, cationic 
and anionic ions, excited molecules), leading to the 
changes in the physicochemical properties of the 
irradiated materials. This results in cross-linking, 
chain scission, or oxidation [22]. Furthermore, both 
steam and IR may deform and cause yellowing of the 
polymeric materials. For these reasons, the effects 
of sterilization on the properties of the ChSP must 
be carefully examined. 

The choice of the most suitable sterilization meth-
od for the ChSP depends on the nature and character-
istics of each specifi c material used for the production 
of the prosthesis. Since the polymers to be used are 
sensitive to most of the sterilizing agents, including 
heat, ethylene oxide, formaldehyde and also due to 
the risk of membrane damage, radiation sterilization 
of the ChSP is foreseen to be the technique of choice. 
The advantages of radiation technique comprise high 
penetration, high effi ciency in destroying microorgan-
isms, good assurance of device sterility, no leaving 
behind chemical residues, the ability of operating at 
low temperatures, and the possibility of using the 
materials immediately after the sterilization process 
[23]. However, possible alterations in the material 
and the functional properties after irradiation can 
affect the safe use of the prosthesis. Therefore, com-
prehensive chemical characterization and analysis of 
the fi nal sterilized ChSP are important aspects of the 
biological evaluation according to the ISO 10993-18 
standard [24]. 

Radiation sterilization is generally used for the 
sterilization of pharmaceutical formulations and 
medical devices, such as syringes, needles, and 
cannulas [25]. For this technique, the reference 
sterilization conditions refer to an absorbed dose of 
25 kGy, but other levels can be employed provided 
that has been a validation process conducted [26]. 

The use of IR was successfully applied for the 
sterilization of many polymeric biomaterials includ-
ing nondegradable polymers and biodegradable ones. 
For example, Zhao et al. [27] demonstrated that 
EB can be applied for the sterilization of polymer 
blends of polyactive (PLA), poly(butylene adipate-
-co-terephthalate) (PBAT), and their blends, where 
PLA can be used for transparent medical devices 
such as the barrel of syringes or microfl uidic chips, 
while PBAT and PLA/PBAT blends for other non-
transparent medical packaging applications. Other 
studies conducted by Münker et al. [19] confi rmed 
that the gamma ray sterilization appears to be a suit-
able technique when used to sterilize poly(methyl 
methacrylate) PMMA-based personalized medical 
devices. Radiation sterilization has also been suc-
cessfully used for the sterilization of bone grafts 
[28], dental grafts [29], and collagen scaffolds [30]. 

The objective of this study was to determine the 
effects of radiation sterilization on the chemical, 
biological, mechanical, and functional properties 
of a new ChSP. We intend to confi rm that the ra-
diation sterilization is an appropriate method and 
ensures safe and effective functioning of the ChSP. 
An additional objective was to provide data for the 
future optimization of some important ChSP design 
parameters. 

Fig. 1. Chamber stapes prosthesis. 1 – chamber, 2 – fl exible 
membrane, 3 – rigid plate as a function of applied fi eld. 



207New chamber stapes prosthesis: Effect of ionizing radiation on material and functional properties

Methods 

Materials 

The ChSPs were made of two components: (1) Sil-
puran® fi lm 2030 (Wacker Chemie AG, München, 
Germany, www.wacker.com) and (2) DS3000 (DWS 
srl, Thiene, Italy, www.dwssystems.com). 

Silpuran® is a chemically stable and biocompat-
ible (USP Class VI) cross-linked silicone rubber 
(PDMS). We have used the 50 m, 100 m, and 
200 m fi lms to make up the fl exible membrane for 
the ChSP samples. 

DS3000 is a photosensitive and biocompatible 
(USP Class I) liquid polymer. We have polymerized 
this polymer using a self-made 3D printer (PW-IMIF, 
Warsaw, Poland) working using the digital light pro-
cessing (DLP) technology. The PW-IMIF printer is 
equipped with a high brightness modular DLP-based 
projector (PRO4500, Wintech Digital System Tech-
nology Corp., San Marcos, CA, USA) that consists 
of a light engine (UV light, 385 + 10 nm) and a 
driver board. For all the samples, the polymerization 
process was performed in the same environment and 
according to the same validated methodology. 

The objective of our research was to study the 
radiation stability and the functionality of the ChSP. 
However, in order to facilitate the interpretation of 
some research results, the component materials were 
also analyzed, i.e., the Silpuran membrane (with 
various thicknesses) and the polymerized DS3000 
polymer. 

EB sterilization 

The sterilization process was carried out at the 
Radiation Sterilization Station for Medical Devices 
and Allografts of the Institute of Nuclear Chemistry 
and Technology (Warsaw, Poland). EB sterilization 
in the presence of air, in vacuum, and with deionized 
water was performed at room temperature using a 
10 MeV EB generated in a linear electron accelerator 
Elektronika 10/10 to a dose of 25 kGy. The absorbed 
dose was controlled using polystyrene calorimeters 
from RISØ High Dose Reference Laboratory. 

Gamma sterilization 

Gamma sterilization in the presence of air at room 
temperature was performed in the Gamma Chamber 
GC5000 cobalt source (BRIT, India) to a dose of 
25 kGy at a dose rate of about 2.8 kGy/h. The 
absorbed dose was controlled with an alanine do-
simeter according to ISO/ASTM 51607:2013(E) 
Standard Practice for Use of an Alanine-EPR Do-
simetry System. 

EPR spectroscopy 

Radiation-generated paramagnetic species in the 
Silpuran® fi lm 2030 (thickness 200 m), DS3000, 

and whole ChSPs were tested using the electron 
paramagnetic resonance (EPR) method. In addi-
tion, two ChSP samples irradiated under different 
conditions, such as (1) immersed in deionized water 
and (2) closed in a vacuum, were also studied to 
investigate the infl uence of irradiation conditions 
on the tested materials. 

Before the EPR measurements, the samples were 
irradiated in the gamma source (GC5000) and in 
the electron accelerator (Elektronika 10/10) with a 
dose of 25 kGy at room temperature with air access. 
After irradiation, the samples were placed into supra-
sil tubes, and the EPR spectra were recorded at room 
temperature using an EMXplus Bruker X-band spec-
trometer equipped with a nitrogen cryostat having 
an ER4131VT temperature controller and a cylindri-
cal resonant cavity with high sensitivity. The follow-
ing parameters were applied: sweep width to 60.0 mT, 
microwave power 1 mW, modulation amplitude 
0.1 mT, conversion time 15 ms, and time constant 
1.28 ms. The number of scans was adjusted accord-
ing to the intensity of the experimental signals. The 
radicals generated in the irradiated materials were 
monitored and identifi ed using WinEPR (Bruker, 
Germany) software. 

Mechanical testing 

Hardness and the elastic modulus for the polymer-
ized DS3000 in the cuboids form (5 mm × 2 mm 
× 2 mm) before and after the EB sterilization were 
measured using a Micro-Indentation Tester (MHT, 
CSM Instruments, Needham, MA, USA) equipped 
with a calibrated Vickers indenter tip. The tests were 
performed in accordance with recommendations of the 
ISO 14577 standard [31]. The trapezoidal indentation 
load profi le with a maximum force of 5 N, a 5 N/min 
loading and unloading rate, and a 2 s holding period 
have been set. For each sample, 10 indentations were 
carried out. 

During the indentation, the force (F) and the 
indentation depth (dc) were continuously monitored 
and a curve of force vs. depth (F-dc) was recorded. 
Hardness and elastic modulus were calculated using 
the Oliver and Pharr method [32, 33]: 

(1)

Stiffness of the Silpuran membrane of the 50 m, 
100 m, and 200 m thicknesses before and after the 
EB sterilization was measured using an AFM NT-206 
system (Microtestmachines Ltd., Gomel, Belarus) 
(Fig. 2). The system consists of a scanning unit, 
a controller, and software for AFM-data processing, 
visualization, and analysis. The measurement proce-
dure was the same as described in Ref. [12]. Briefl y, 
the AFM was equipped with a cantilever made in the 
Institute of Micromechanics and Photonics at the 
Warsaw University of Technology. The rectangular 
cantilever beam was etched out of a thin (60 m) 
beryllium copper plate (Alloy Brush 190 CUBE2, 
BE 1.8%, Co+Ni 0.3%, Laminaries Matthey SA, La 
Neuveville, Switzerland) with a polished refl ective 
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upper surface. As a tip of the cantilever, a stainless-
-steel bearing ball with a diameter of 0.7 mm was 
used. The real spring constant (kc) of the canti-
lever was measured using the calibration method 
described by Ekwińska and Rymuza [34]. Based on 
the calibration curves, the kc value was 200.0 N/m. 
After the calibration, the cantilever was mounted 
in the cantilever holder of the measuring head. The 
ChSP sample was placed on the AFM table and 
moved to contact with the cantilever tip. Then, the 
force-distance (F-d) curves were recorded using the 
closed-loop force mode with a maximum displace-
ment of 450 nm applied at a rate of about 100 nm/s. 
For each sample, 40 measurements were done, and 
the stiffness of the membrane was determined based 
on the recorded F-d curves. 

ICP-MS 

The ICP-MS was used to determine the content of 
toxic elements in the main component of ChSP, i.e., 
sterilized DS3000. The analysis was performed us-
ing an Agilent 7800 ICP-MS spectrometer (Agilent 
Technologies Inc., Santa Clara, CA, USA) with 
MassHunter 4.2 Software and Pre-set Methods. 
After ashing the sample, the residue was dissolved 
in a 1% nitric acid solution and introduced into the 
nebulizer. The content of arsenic (As), selenium 
(Se), cadmium (Cd), antimony (Sb), mercury (Hg), 
and thallium (Tl) was tested. The limits of quantifi -
cation (LOQ) for these elements are listed in Table 1. 

In vitro-cytotoxicity test 

The cytotoxicity of the ChSP was tested at the Na-
tional Medicines Institute (Warsaw, Poland) in ac-
cordance with recommendations of the ISO 10993-5 
standard [35]. The methods used were covered by 
the PCA accreditation (certifi cate no. AB 774, Pol-
ish Centre for Accreditation). Mouse fi broblasts, 
a clone of strain L (NCTC clone 929, ATCC No 
CCL-1, American Type Culture Collection, Rockville, 
MD), were trypsinized and resuspended in Eagle’s 
minimum essential medium with glutamine (MEM, 
Biowest, batch no. 9918369L0415) supplemented 
with 10% fetal bovine serum (FBS, Biowest, batch 
no. S16337S1810), 1% antibiotics solution (am-
photericin B, penicillin, and streptomycin; Biowest, 
batch no. S17660L0010). The cells were routinely 
grown in the 96-well microliter plates in a humidifi ed 
atmosphere (5% CO2, 95% air) at 37C. After 24 h, 
the cells were exposed (48 h) to the extract of the 
ChSP sample. The extract was prepared under ster-
ile conditions by incubating the sample suspension 
(0.2 g/mL) in MEM with 10% FBS at 37C for 
24 h. The cytotoxic effect induced by the ChSP 
extract was evaluated visually (qualitative evalua-
tion) by microscopic observation using a cytotoxicity 
scale according to ISO 10993-5 [36], i.e., 0 (none): 
discrete intracytoplasmic granules, no cell lysis; 
1 (slight): not >20% of the cells are round, loosely 
attached, and without intracytoplasmic granules; 
occasional lysed cells present; 2 (mild): not >50% 
of the cells are round and devoid of intracytoplas-
mic granules; no extensive cell lysis and empty 

Fig. 2. Measurement of stiffness of the chamber stapes prosthesis membrane. Top left – the AFM system; top right 
– the scanning unit of the AFM; bottom left – the cantilever; bottom middle – ChSP; bottom right – the cantile-
ver mounted in the holder and the sample placed on the AFM Table 1 – cantilever beam, 2 – tip of the cantilever. 
A – a ring for attaching the membrane to the chamber, B – the chamber, C – the membrane. 

Table 1. Limits of quantifi cation (LOQ) for the determined elements 

Element As Sb Se Hg Cd Tl

LOQ (g/kg) 0.0005 0.0008 0.03 0.04 0.0002 0.008
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areas between cells; 3 (moderate): not >70% of the 
cell layers contain rounded cells or are lysed; and 
4 (severe): nearly complete destruction of the cell 
layers. The achievement of a numerical grade >2 is 
considered a cytotoxic effect. 

Results and discussion 

The ChSP is a new implantable medical device 
whose effectiveness has been confi rmed in preclini-
cal tests [2]. The purpose of the tests was to check 
the sound transmission characteristics in human 
cadaver temporal bone specimens. Therefore, non-
-sterile prostheses have been used during the im-
plantation procedure. However, for planned clinical 
trials, sterile prototypes have to be prepared. These 
prototypes should ensure both the effectiveness and 
safety of use. Thus, choosing the proper biocompat-
ible materials and the appropriate sterilization meth-
ods is particularly important. Below, we present the 
results of the studies for ChSP irradiated with EBs 
and gamma rays, in order to check whether radiation 
sterilization has an impact on the physicochemical 
properties of this type of biomaterial. 

EPR spectroscopy 

The EPR spectroscopy is a very sensitive method that 
allows to detect and identify paramagnetic interme-
diates in the irradiated materials. Knowledge of the 
radical processes occurring in irradiated polymers is 
crucial because IR may affect the physicochemical 
properties of the sterilized product [36–38]. The 
result of radiation sterilization of the polymers can 
be infl uenced by the irradiation conditions (inert gas 
atmosphere, air, vacuum), temperature, selection of 
the irradiation source, absorbed dose, and dose rate. 

For the Silpuran membrane (PDMS), both irradi-
ated in the electron accelerator and gamma source, no 
EPR signals were recorded. This result indicates that 
radicals generated by radiation in the cross-linked sili-
cone rubber are highly unstable at room temperature. 

In the case of the polymerized DS3000, the EPR 
spectrum (Fig. 3, left) recorded at room temperature 

is complex and consists of at least two signals. The 
fi rst is a pentet with splitting of A = 2.3 mT and the 
second signal is diffi cult to identify due to signal 
overlapping. Lamblin et al. [39] observed a similar 
spectrum in dental resin and assigned it to two radi-
cals: (1) the allylic radical and (2) the propagating 
radical giving nine broader lines (Fig. 3, right). 

The intensity of EPR signals of DS3000 de-
creases rapidly as shown in Fig. 4 that presents the 
EPR spectra of the sample irradiated in the gamma 
source and recorded immediately after irradiation 
and after 24 h. The signals from the allyl radical 
and the propagating radical disappear, while the 
low-intensity doublet remains, which is no longer 
subject to further changes. 

The signals recorded in the ChSP sample irra-
diated with an EB behave differently for samples 
placed in deionized water and in vacuum (Fig. 5). 
The sample irradiated in deionized water was imme-
diately after irradiation dried with tissue paper and 

Fig. 3. Left – EPR spectrum of polymerized DS3000 recorded at room temperature after the irradiation with a dose 
of 25 kGy in the Elektronika 10/10 electron accelerator. Right – the propagating and allylic radical in dental resin. 

Fig. 4. EPR spectra of the polymerized DS3000 irradi-
ated in the GC5000 gamma source with a dose of 25 kGy 
recorded immediately after irradiation and after 24 h. 
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placed in a measuring tube. From that moment, it 
was in contact with the air. The sample irradiated in 
vacuum remained in the quartz tube all the time. In 
both cases, the disappearance of signals occurs much 
more slowly, and all the time, there were signals of 
radicals as identifi ed by Lamblin et al. [39]. In the 
sample irradiated in water, in addition to the pentet 
derived from the allyl radical, a series of weaker lines 
attributed to the propagating radical can be seen, 
while there is no signal of g = 2.010, occurring in 
samples irradiated under other conditions. 

Based on the EPR spectra recorded for the polym-
erized DS3000 and ChSP samples irradiated under 
different conditions, the relative relationship of EPR 
intensity as a function of time after irradiation, de-
fi ned as a measure of the double integral of the entire 

EPR spectrum, was analyzed. Figure 6 shows that 
the disappearance of the total population of radicals 
is similar for the DS3000 sample irradiated with 
air access when the radicals disappear quickly, and 
similar for the samples irradiated without air access 
(vacuum, deionized water) when the radicals decay 
much more slowly. It can be hypothesized that the 
oxygen participates in the reaction causing radicals 
decay. However, the explanation of this hypothesis 
requires additional tests to be performed. 

Mechanical tests 

The chamber and the plate of the ChSP are de-
signed to be made of the DS3000 polymerized by 
UV light (385 nm) in the validated 3D printing 
process [40]. The same process was used to make 
the polymerized DS3000 samples. The samples were 
printed with an XY-resolution of 50 mm × 50 mm 
and a layer thickness of 50 mm. After printing, no 
surface smoothing was performed. It is well known 
that the surface roughness is an important issue for 
nanoindentation tests [41, 42]. This is because the 
real contact area (A) between the indenter and the 
sample surface is not only dependent on the mate-
rial properties (hardness and elastic modulus) but 
also on the surface topography. Since the A(dc) is 
determined indirectly, the surface roughness of the 
polymerized DS3000 sample can cause errors in 
the A(dc) calculation. Consequently, this may lead 
to the incorrect determination of both the hard-
ness (H), Eq. (1), and the elastic modulus (E). Two 
situations may arise during the measurement. One, 
when the indenter comes into contact with a peak, 
which results in greater stress, greater contact depth 
(dc), and lower calculated hardness compared to the 
smooth surface indentation. The second, when the 
indenter comes into contact with a valley, which 

Fig. 6. Relative contributions of the EPR signal intensity 
for the DS3000 and chamber stapes prosthesis samples 
after irradiation under different conditions as a function of 
time. The spectra were recorded at a microwave power of 
1 mW. GI, gamma; EB, electron beam; rt, room tempera-
ture; vac, vacuum; H2O, deionized water. 

Fig. 5. The EPR spectra of the chamber stapes prosthesis irradiated in the Elektronika 10/10 electron accelerator 
recorded directly, 24 h and 216/144 h after irradiation. Left – the sample irradiated in deionized water. Right – the 
sample irradiated in vacuum. 
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results in the opposite phenomenon, i.e., the A value 
is underestimated and consequently, the calculated 
hardness is overestimated. 

The measurement results (Table 2) show that the 
EB sterilization (25 kGy) of polymerized DS3000 
signifi cantly increases the H value and slightly in-
creases the E value. This may indicate the EB irradia-
tion causes cross-linking that hardens the material 
[43]. Improvements of the mechanical properties of 
the DS3000 can positively infl uence by minimizing 
the risk of mechanical damage to both the chamber 
and the rigid plate during surgery. 

The membrane stiffness in the ChSP (chambers 
with membrane of the 50 m, 100 m, and 200 m 
thicknesses) was calculated based on the F-d curves 
recorded in the AFM measurements. The methodology 
of the calculation is described in detail in Ref. [12]. 
Figure 7 shows the stiffness of the membrane mea-
sured before and after the EB sterilization (25 kGy). 
Regardless of the thickness, irradiation signifi cantly 
reduces the stiffness of the membrane. 

The fl exible membrane that closes the chamber is 
designed to be made of the biocompatible Silpuran® 
fi lm 2030 (Wacker Chemie AG). The Silpuran® is a 
cross-linked silicone rubber, specially developed for 
the healthcare industry (USP class VI). The stiffness 
of the membrane depends on both the chamber ge-
ometry and the membrane thickness [44]. The stiff-
ness can be increased by reducing the surface area 
and/or increasing the thickness of the membrane. 
These two parameters must be carefully chosen 
to ensure a fi nal stiffness of about 120 N/m. Our 
measurement results (Fig. 7) show that the EB ster-
ilization (25 kGy) signifi cantly reduces the stiffness 
of the membrane. In the case of radiation-modifi ed 
polydimethylsiloxane, cross-linking is the dominant 
process, and the decrease of stiffness is likely due to 
a degradation of the cross-linking points based on 
(Si-O)n-Si-(O-R)4-n units. The obtained results 

showed that the Silpuran® fi lm 2030 with a thick-
ness of 100 m or 200 m, EB irradiated to a dose of 
25 kGy, should not be used to make the membrane 
closing the chamber. The surface area should be 
determined by performing validation tests. 

Due to the specifi c raster surface topography of 
the polymerized DS3000 samples (see the picture 
in Fig. 8), some indentations were omitted based on 
shape of the F-dc unloading curves. For example, for 
the polymerized DS3000 sample after the EB steriliza-
tion, the slope (S) for the magenta slope lines varies 
from 2.19 mN/nm to 2.29 mN/nm, whereas the S 
for the black slope lines varies from 1.32 mN/nm to 
1.71 mN/nm (mean value 1.48 mN/nm). This dif-
ference is due to a different location at which the 

Fig. 8. Ten micro-indentation F-dc curves (thick lines) for 
the polymerized DS3000 sample after the EB sterilization. 
The slope lines (thin lines) are added to the unloading 
curves to visualize the S parameter. Magenta F-dc curves 
correspond to indentations on a slope or between the 
fl at rasters (magenta diamond). Indentations were made 
with a trapezoidal loading scheme with maximum force of 
5 N. 

Table 2. Hardness (H) and elastic modulus (E) of the polymerized DS3000 before and after irradiation (25 kGy) 

DS3000
Hardness, H (MPa), n = 4 Elastic modulus, E (MPa), n = 4

Average value 1 SD Average value 1 SD
Before EB   84.5 3.5 8500 1800
After EB 203.0 5.0 8900   400

Fig. 7. Stiffness (average value, before and after irradiation with 25 kGy) of the Silpuran membrane (thickness 
50 m, 100 m, and 200 m) attached to the chamber. 
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indentation was done. The raster topography of the 
sample surface implies that some indentations can 
occur on a slope or between the fl at rasters (magenta 
diamond). This will result in the overestimation of 
the slope S. Therefore, the three F-dc curves (magen-
ta) were omitted, and the H value was determined 
based on the seven F-dc curves (black). 

ICP-MS 

Table 3 summarizes the results of the ICP-MS 
analysis and shows the content of toxic elements in 
the polymerized and sterilized DS3000. The results 
show that no toxic element was introduced in haz-
ardous quantities during the manufacturing process.

In vitro cytotoxicity 

The DS3000 liquid raw material is probably a mix-
ture of two monomers, i.e, triethylene glycol dimeth-
acrylate (TEGDMA) and acrylic acid (AAc) with a 
certain amount of inhibitor. TEGDMA is commonly 
used as a photopolymerizable multifunctional mono-
mer in the commercial dental restorative materials 
[45, 46]. It is recognized as a biocompatible material, 
because hydrophilic TEG chains show negligible 
toxicity and immunogenicity [47, 48]. Polyacrylic 
acid is also a well-known biocompatible polymer, 
which cross-links to form a network structure of 
PAAc. It can be used as a carrier in the drug release 
systems [49], as hydrogel scaffolds in tissue engi-
neering applications [50, 51], or can be deposited 
on orthopedic implants to protect them from corro-
sion [52]. Since the TEGDMA is miscible with the 
AA over wide range dilutions [53], it is possible to 
obtain a biocompatible polymer with the mechanical 
properties suitable for the ChSP. 

On the basis of the in vitro-cytotoxity tests, 
only slight growth inhibition was observed and not 
>20% of the cells were round or showed changes 
in morphology in the cytotoxicity test done on the 
extract of the ChSP samples. Based on the qualita-
tive morphological grading (Table 1 in ISO 10993-5 
[25]), the cytotoxicity grade and the reactivity were 
determined as “1” and “slight”, respectively. As 
a result, the ChSPs were found to be noncytotoxic. 

Conclusions 

Our studies have shown that radiation sterilization 
(EB, 25 kGy) can be considered for sterilization 
of the ChSP. However, it should be borne in mind 
that irradiation changes the physicochemical prop-
erties of materials. On the one hand, the observed 
increase in hardness (from 84.5 MPa to 203 MPa) 
and Young’s modulus (from 8.5 GPa to 8.9 GPa) 

is a desirable phenomenon that improves the me-
chanical strength of the ChSP. On the other hand, 
the observed decrease in stiffness of the Silpuran 
membrane is an undesirable effect of IR since it 
reduces the effectiveness of the ChSP. In the next 
stage of research, it seems reasonable to irradiate 
ChSP with lower EB doses (5–20 kGy) in order to 
check the effect of radiation treatment on the me-
chanical properties of both the DS3000 polymer and 
the PDMS membrane. Perhaps using a lower dose 
would not cause such a signifi cant change in the 
stiffness of the Silpuran membrane. An important 
conclusion is the lack of cytotoxicity of the DS3000 
polymer, which is the main component of the ChSP 
(the cytotoxicity grade is “1” and the reactivity is 
“slight”, according to ISO 10993-5). 
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