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ABSTRACT: The purpose of this study is to compare the in vitro
cytotoxicity tests according to the ISO 10993-S (2009) standards
using direct contact and the test on liquid extracts of compounds
previously identified as possible toxic impurities in perfluorocarbon
liquids (PFCLs) for use in vitreoretinal surgery. Compounds
including perfluorooctanoic acid (PFOA), 1H-perfluorooctane
(1H-PFO), 2H-tridecafluoro-2-methylpentane, 1H,2H-octafluoro-
cyclopentane, and 2H,3H-decafluoropentane were analyzed by '°F
NMR before and after extraction using an aqueous solution and
tested by both the direct contact and liquid extract tests in 1929,
BALB 3T3, and ARPE-12 cells. The concentration that reduced in mPUATIES
vitro cell viability by 30%, the cytotoxicity concentration threshold

(CCyp), was determined for each compound. '’F NMR spectroscopy confirmed the immiscibility of perfluoro-n-octane (PFO) and
1H-PFO and the solubility of PFOA with the extraction vehicle. The other samples reacted with the extraction vehicle, releasing
fluoride ions. Using the direct contact test, the CC;, of PFOA, 1H-PFO, 2H-tridecafluoro-2-methylpentane, 1H,2H-
octafluorocyclopentane, and 2H,3H-decafluoropentane corresponded to 48 124, 50, 14, 8035, and 46 ppm, respectively. The
method on liquid extracts did not detect cytotoxicity in three out of five tested compounds, and CCj;, could not be determined. In
conclusion, the in vitro cytotoxicity test by direct contact revealed a positive correlation between cell toxicity and the concentration
of the tested substance. Conversely, the test on liquid extracts hardly detected the cytotoxicity of toxic impurities in PFCLs. Thus,
only the cytotoxicity test by direct contact, according to ISO 10993-5 (2009), is a sensible and reliable method to detect possible
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cytotoxic impurities in PFCLs to guarantee patient safety.

Bl INTRODUCTION

Perfluorocarbon liquids (PFCLs), such as fully fluorinated
perfluoro-n-octane (PFO), are safe and valuable tools in
ophthalmic surgery for the management of vitreoretinal
diseases, thanks to their physical-chemical characteristics of
high gravity, optical clarity, and immiscibility with water.'™
Nonetheless, severe episodes of ocular toxicity after using the
commercially available PFCLs batches were reported in Spain
throughout Europe since 2013.°"" The origin of PFCLs toxic
effects was thought to be due, among other factors, to the
presence of various hazardous impurities whose toxicity was
not identified by the manufacturer before the release of the
medical device on the market.”'" Nevertheless, the manu-
facturers claimed that the raw material’s purity and the finished
products’ safety were tested by an in vitro cytotoxicity test on
aqueous extracts according to ISO 10993-5 (2009)."”

Thus, the debate arose on the reliability of the cytotoxicity
test on extracts versus the in vitro cytotoxicity test by direct
contact, both described by ISO 10993-5.%' The test on
liquid extract does not take into full consideration the
hydrophobic and volatile characteristics of the PFCLs’ and,
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therefore, may leave undetected the toxicity of some
unextracted impurities. The direct contact test, coupled with
accurate physical-chemical methods for testing the purity of
the raw material (e.g, NMR analyses or gas chromatography
techniques), could truly ascertain the complete absence of
potentially hazardous impurities in the PFCLs medical
devices, 67101316

Using a fluoride-selective potentiometry, some authors
introduced the so-called H-value to detect the presence of
reactive, incompletely fluorinated impurities and partially
hydrogenated perfluoroalkanes capable of inducing toxic side
effects due to the release of hydrogen fluorine.”'’ However,
the H-value is not identical to the H concentration since the
“H-value only covers the reactive H-containing impurities that
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Figure 1. '’F NMR spectra of the PFO diluent and test samples (as pure compounds) before (in red) and after (blue) treatment with DMEM-
extracting aqueous solution. (A) PFO; (B) 1H-PFO; (C) PFOA; (D) C¢HF,3; (E) CsH,F,, and (F) CsH,F;. Please note that to ease viewing both
PFOA spectra (Figure 1C), the one obtained after DMEM extraction was deliberately shifted (of 1 ppm) to the right.

only become acute or latent toxic impurities through their B EXPERIMENTAL SECTION

reactivity”." The potentiometry method doeslén"t detect an Preparation of Test Samples. Serial dilutions of PFOA
extensive range of potentially toxic impurities. (CAS 335-67-1, Merck, Italy), 1H-PFO (CAS 335-65-9,

This study compared two in vitro cytotoxicity test methods Fluorochem, UK), C4HF,; (CAS 30320-28-6, UK), CH,Fq
for testing PFCLs: the test by direct contact and the test on (CAS 828-35-3, Fluorochem, UK), and CH,F,, (CAS
liquid extracts, both described in the ISO 10993-5."> We tested 138495-42-8, UK) were prepared by adding PFO (purity >
the cytotoxicity of perfluorooctanoic acid (PFOA) and 1H- 99%, AL.CHLMILA Srl, Italy) as a diluent and continuously
stirring for 30 min at room temperature.

Preparation of Liquid Extracts of Test Samples. The
extraction of test samples was performed according to ISO
10993-5 (2009)'* and as described by Menz et al.” by mixing

perfluorooctane (1H-PFO) impurities previously detected in
the toxic PFCLs batches”'"'® and three reactive hydrogen-
containing compounds, including the 2H-tridecafluoro-2-

methylpentane—CsHFy3, the 1H,2H-octafluorocyclopen- 2.0 g of each test sample diluted in PFO with 6.6 mL of the
tane—CsH,Fg, and the 2H,3H-decafluoropentane—CH,F,, Dulbecco’s Modified Eagle’s Medium (DMEM) extraction
which are potentially capable of inducing cytotoxic vehicle containing 10% fetal calf serum (FCS, Sigma-Aldrich)
effects.”'”'® First, we analyzed the ""F NMR spectra of the at 37 °C for 24 h. The extraction of the test samples containing
tested impurities before and after extraction in an aqueous the PFOA was performed in the absence of FCS, as
solution. Afterward, we compared the cell viability of 1929, recommended by the ISO 10993-S (2009)"* for polar

BALB 3T3, and ARPE-12 cell lines using the two cytotoxicity substances; however, FCS was added to the DMEM vehicle
test methods according to ISO 10993-5 (2009).' Finally, we before.application to the cells in the c.ytotO).(icity test. After
conducted dose-response studies using both cytotoxicity test extraction, each sample underwent centrifugation at 5000 rpm

) ) ) for 15 min: the water-insoluble phase was discarded, and the
methods on L929 cells to determine for each tested impurity aqueous phase was used for the cytotoxicity test on the

the cytotoxicity concentration threshold (CCs,) that reduced extracts.

the in vitro cell viability by 30% and therefore resulted in being NMR Analysis of the Test Samples and Liquid

cytotoxic according to the 1SO10993-5 (2009)." Extracts. NMR spectra were acquired on a Bruker AVANCE
366 https://doi.org/10.1021/acsomega.2c04697
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III HD spectrometer (1H: 400 MHz) with a QNP probe
(Bruker BioSpin, Germany) using Wilmad coaxial NMR tubes
(inner tube: 2.97 mm X 196 mm, O.D. X LD.) for
perfluoroalkanes and Wilmad NMR tubes (5 mm) at 298 K.
The data acquisition and processing were performed using the
Topspin 3.0 software (Bruker BioSpin). Before the data
acquisition, the sample was well-tuned and matched manually.
The acquisition parameters used for performance tests were set
as follows: pulse sequence, zgflgn; relaxation delay (D1), 2 s;
spectral width (SW), 200 ppm centered at —100 ppm; data
acquisition time (AQ), 0.9 s; dummy scans (DS), 8; number of
scans (NS), 8 for perfluoroalkanes or 1800 for buffer solutions;
and spinning, OFF. RG was automatically set by Topspin
software.

The obtained NMR spectra were processed by multiplying
with exponential (0.3 Hz line broadening) and zero filling. The
phases were manually corrected, and a fifth-order polynomial
corrected the baseline. The NMR spectra of the neat
perfluoroalkanes were obtained by acquiring eight repeats.
To evaluate the presence of perfluoroalkanes in the DMEM-
extracting vehicle, the NMR spectra were obtained by
acquiring 1800 repeats. Therefore, the spectra of each tested
perfluoroalkane before and after treatment with DMEM were
reported with different scales (Figure 1).

F NMR analysis was also used to evaluate the presence of
perfluoroalkyl or fluoride contaminants in the DMEM buffer
used in different experiments (data not shown).

Preparation of Cell Cultures. The connective mouse
tissue 1929 cell lines [NCTC clone 929 (L cell, L929, a
derivative of Strain L)] were obtained from the American
Tissue Culture Collection (ATCC, Manassas, VA, USA). The
L929 cells were grown in DMEM with high glucose, L-
glutamine, sodium pyruvate, and sodium bicarbonate (Sigma-
Aldrich) and supplemented with 10% iron-fortified bovine
FCS and 1% penicillin—streptomycin (Sigma-Aldrich), in 75
cm? culture flasks at 37 °C + 1 °C, 90% + 10% humidity, and
5.0% + 1.0% CO,/air. The murine fibroblast cells BALB 3T3
clone A31 (ATCC CCL163) and the human retinal pigment
epithelial cell line ARPE-19 (ATCC CRL-2302) were obtained
from the American Tissue Culture Collection and were grown
as previously described by Romano et al."”* For each cell line,
at 80% confluence, the cells were removed from the flasks, and
suspensions containing 1.0 X 10° cells/mL were seeded into
96-well microtiter plates and incubated at 37 °C + 1 °C, 90%
+ 10% humidity, and 5.0% + 1.0% CO,/air for 24 h with their
respective DMEM growth medium (the vehicle).

Cytotoxicity Test by Direct Contact. The direct contact
cytotoxicity test was performed using a validated method
according to ISO 10993-5 (2009)"* described by Romano et
al.'"”*° using the BALB 3T3 and ARPE-19 cell lines for the 1H-
PFO test sample only. The previously used method assessed
the risk and excluded possible test failure due to evaporation of
PFCLs during testing.'” The same procedure was used with
the L929 cell line for all the test samples. The culture medium
was removed and replaced with 250 uL of a fresh vehicle, and
50 uL of the test sample or control was gently applied to the
cell layer."” Samples of ultrapure PFO were used as negative
controls, and samples of 1H-PFO at a concentration of 12.5%
(w/v) in PFO were used as positive (cytotoxic) controls. All
test samples and controls were kept in direct contact with the
cell layer for 24 h at 37 °C.

Cytotoxicity Test on Liquid Extracts. This test was
carried out in compliance with ISO 10993-5 (2009)"” and as

367

described by Menz et al.® For each cell line, the culture
medium was removed and replaced with 300 uL of each test
sample extract. Afterward, 300 uL of latex gloves (6 cm?/mL)
and polypropylene (1.0 g/5 mL) extracts, corresponding to
positive (cytotoxic) and negative (non-cytotoxic) controls,
respectively, and test samples were applied to the cells for 72 h
at 37 °C.

Cytotoxicity Measurements and Statistics. The MTT-
based TOX-1 in vitro toxicology assay kit (Sigma-Aldrich
Corp.) was used to test the ARPE-19 cell line’s viability as
previously described by Romano et al."”*° The Neutral Red-
based (NRU) TOX4 toxicology assay kit (Sigma-Aldrich) was
used to assess the viability of the BALB 3T3 cells,'”'” and the
BCA staining was performed as a measure for cytotoxicity in
the 1929 cell cultures.*'**"*

For all cell lines, the mean percentage of cell viability was
calculated as follows

mean % of cell viability
OD test sample — OD blank |
OD vehicle — OD blank

= mean

The mean percentage of cell viability and standard deviation
of the mean (SD) were calculated for each tested sample
concentration and control.

According to ISO 10993-5 (2009)"* and ISO 10993-12,**
evident cytotoxicity is defined as an effect leading to an
inhibition of cell growth of more than 30% compared to that
induced in cultures treated with the control vehicle. As
previously reported, theoretical values of cytotoxic concen-
tration (CCsy)*° and 50% inhibitory concentration (ICs,),"”
corresponding to the concentrations that would reduce 30 and
50% of cell viability in L929 cells, respectively, were calculated
for impurities including 1H-PFO, PFOA, C(HF;, CH,F,,
and CsH,F; from the fitted regressions. The differences in
percent relative viability between two cell lines were compared
using the nonparametric Mann—Whitney U test.

B RESULTS

"F NMR Analysis. The detection of perfluoroalkanes in
the DMEM-extracting vehicle used in the cytotoxicity test on
liquid extracts was performed by 'F NMR spectroscopy.

Figure 1 shows that the '’F NMR spectra of neat tested
perfluoroalkanes were characterized by the presence of a strong
peak in the —80 to —95 ppm range split into three peaks with
an area in the ratio 1:2:1 attributable to the —CF; moiety
(Figure 1A—E). Peaks with coupling patterns were observed in
the —110 to —140 ppm range and attributable to either CF, or
CF moieties (Figure 1A—E). Figure 1A,B shows that the
extracts of PFO and 1H-PFO did not show the presence of
fluorine signals confirming the immiscibility of the DMEM-
extracting vehicle with the selected perfluoroalkanes. On the
other hand, the ’F NMR spectrum of the PFOA extract
showed the presence of fluorine signals, superimposable to
those of a reference PFOA in an aqueous solution (Figure 1C),
confirming the solubility of PFOA in water and thus its
extraction.

Surprisingly, the "’F NMR spectra of C¢HF,5 (Figure 1D),
CH,F; (Figure 1E), and CsH,F,, (Figure 1F) extracts were
characterized by the presence of a peak at about —120 ppm
attributable to the fluorine anion and by the presence of signals
in the region of mono-, or di-substituted carbon fluorides not
superimposable to the parent compounds (Figure 1D—F).

https://doi.org/10.1021/acsomega.2c04697
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Figure 2. Cytotoxicity testing results of cell viability in 1929 cell lines using the direct contact procedure (full bars) and the test on liquid extracts
(empty bars), according to ISO 10993-5 (2009)'* obtained with the different test sample concentrations in PFO: (A) 1H-PO; (B) PFOA; (C)
C¢HF5; (D) CsH,F), and (E) C;H,Fg. The dashed line indicates the cytotoxicity threshold at 70%. For a statistical evaluation of differences
between the two procedures, please refer to Table SI in the Supporting Information.
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Figure 3. Cytotoxicity testing results of cell viability in (A) BALB 3T3 and (B) ARPE-19 cell lines using the direct contact procedure (full bars)
and the test on extracts (empty bars), according to the ISO 10993-S (2009)"* standards obtained with two concentrations of 1H-PFO in PFO (%,
w/v). The dashed line indicates the cytotoxicity threshold at 70%. For a statistical evaluation of the differences between the two procedures, please
refer to Table S2 in the Supporting Information.

Table 1. Estimated CCs, and ICy, of Test Sample Values Obtained with the Two In Vitro Cytotoxicity Test Procedures in the
L929 Cell Line”

test by direct contact test on extracts
tested impurity CCy (ppm) ICs, (ppm) CCy (ppm) ICs, (ppm)
lH-perﬂuorooctane(lH-PFO) 48,124 212,187 ND ND
perfluorooctanoic acid (PFOA) S0 5830 324 517
2H-tridecafluoro-2-methylpentane (C,HF;) 14 101,343 ND ND
2H,3H-decafluoropentane (CsH,Fy,) 8035 789,899 ND ND
1H,2H-octafluorocyclopentane (CsH,Fy) 46 1140 2078 4167

“ND: not determinable. CCy, is the concentration that reduces 30% of cell viability. ICyj is the concentration of each compound which inhibits
50% cell viability. CCsy and ICs, were calculated from fitted regressions of concentration—response curves.

These data suggested that the tested perfluoroalkanes may revealed that all the C4HF,; samples caused cytotoxicity with
have reacted with nucleophiles present in the DMEM- the only exception of the lowest tested concentration
extracting vehicle, forming new compounds and releasing (0.00074% C(HF,;). The H-reactive C.H,F;, was not
fluoride ions, according to the reaction described by Menz et cytotoxic when tested by the extraction method (Figure 2D);
al® instead, when using the direct contact test, the cell viability

In Vitro Cytotoxicity Tests: Comparison between the
Direct Contact Test and the Test on Liquid Extracts.
According to ISO 10993-5 (2009)"? direct contact cytotoxicity
test, a sample is cytotoxic when it causes a reduction of cell
viability greater than 30%.

When the concentration of 1H-PFO increased (Figure 2A),
the cytotoxicity test by direct contact revealed a decrease in the
1929 cell viability. Only the less concentrated 1H-PFO sample
(3.125% w/v) was not cytotoxic, as it showed viability above
the 70% limit. Liquid extracts at all test concentrations did not ) ) i
affect the cell viability (Figure 2A). Concerning the PFOA see Table Sll in the Supporting Infm.'mét'lon) C o
samples (Figure 2B), only its concentration of 0.001% was not Figure 3 illustrates the % of cell viability obtained in direct
cytotoxic when tested with the direct contact method, whereas contact or liquid extract tests in BALB 3T3 (Figure 3A) and
all the higher concentrations reduced the cell viability below ARPE-19 cell lines (Figure 3B) after the application of

decreased depending on the C;H,F,; concentration, resulting
in being cytotoxic at concentrations higher than 1% (Figure
2D). The H-reactive CiH,Fg was cytotoxic except for the
lowest concentration (0.0005% in PFO) when using the direct
contact test (Figure 2E); instead, the H-reactive sample
became cytotoxic at concentrations ranging between 0.5 and
1% when using the test on extracts (Figure 2E). A statistically
significant difference in cell viability was observed between the
two testing procedures for all the conditions (for more details,

70%; instead, only 0.05% PFOA sample extracts induced previously tested samples containing 25 and 12.5% 1H-PFO in
cytotoxicity in the test on extracts. The H-reactive C4HF 5 test PFO. Similar to the L929 cells, the tested samples of 1H-PFO
samples at all concentrations tested by the extraction method were cytotoxic by direct contact test and not cytotoxic by the

resulted in being not cytotoxic, showing cell viability higher test on liquid extracts in both BALB 3T3 and ARPE-19 cell
than 70% (Figure 2C); instead, the direct contact method lines (Figure 3A,B).
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The mean cell viability values between the two test methods
significantly differed for all tested concentrations in both cell
lines (see Table S2 in the Supporting Information).

Cytotoxic Concentration 30 (CC;,) and 50% Inhib-
itory Concentration (ICsy) in L929 Cells. Figure S1 in the
Supporting Information illustrates the tested samples’ concen-
tration—response curves obtained with the direct contact and
“on extracts” cytotoxicity test in the 1929 cell line. Table 1
reports the cytotoxic concentrations 30 (CCj,) and 50%
inhibitory concentration (ICs,), representing the concentra-
tions that reduced the in vitro cell viability by 30 and 50%,
respectively. CCsy and ICs, values were calculated from fitted
regressions of concentration—response curves. The CCj;, and
ICy, values obtained from the direct contact test for each
tested compound notably differed from the values obtained
with the test on extracts (Table 1).

Bl DISCUSSION AND CONCLUSIONS

Our study compared in vitro cytotoxicity testing by the direct
contact test and the liquid extract test (concentration—
response study) of PFCL samples containing PFOA and 1H-
PFO impurities previously detected in the toxic PECL batches®
and reactive hydrogen-containing impurities.”' '’ We assessed
the suitability of the liquid extraction method by NMR analysis
of the liquid extracts for the presence of PFCLs. In addition,
we compared the CCy, values (the concentration that reduced
the in vitro cell viability by 30%, which is defined as cytotoxic)
for each compound calculated from the fitted regressions for
both methods.

The dose—response studies on L1929 fibroblasts showed
discordant cytotoxicity outcomes based on the used method
for all the tested compounds, confirmed by the statistically
significant differences in cell viability between the two testing
methods. In addition, the cytotoxicity of the 1H-PFO sample
was evaluated in the BALB 3T3 and ARPE-19 cell lines, by way
of example, and the results obtained in 1929 fibroblasts were
also confirmed in these two cell lines. In the present study, the
L1929 cell line was selected for comparison of the data with
previously published tests on PECL extracts,”'' the BALB 3T3
cell line was included as the most frequently used cell line for
the cytotoxicity tests and is indicated as the reference cell line
in ISO standards 1993-5 (2009),"” and the ARPE-19 cells were
included as they are derived from the human retina, and thus
allow mimicking the conditions of use of PFCLs in an
operating theater.

In order to properly compare our tests with those performed
in the literature, we followed the procedures described for the
validated in vitro cytotoxicity test by direct contact described
by Romano et al."” and those described by Menz et al." for
performing the cytotoxicity test on liquid extracts. In our study,
all tested compounds were diluted at different concentrations
in PFO to simulate a possible PECL medical device containing
impurities. Only the direct contact method detected the
cytotoxicity of 1H-PFO, C(HF,;, and CsH,F, while the test
on liquid extracts also noticed the cytotoxicity of PFOA and
C.H,F;. However, the extract method detected the PFOA and
CsH,F; cytotoxicity only at the highest concentrations.

The cytotoxicity test on liquid extracts of test samples
implies that the tested samples are miscible with an aqueous
extracting vehicle. Due to the immiscibility of perfluorocarbons
with aqueous solutions, the test on liquid extracts may not
detect water-insoluble toxic impurities. Instead, using the test
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by direct contact, the PFCL-containing or any potentially
poisonous impurity is brought in direct contact with the cells.

The ""F NMR spectroscopy showed the total absence of 1H-
PFO and PFO in DMEMe-extracting vehicles due to their
immiscibility in an aqueous solution. Consequently, the 1H-
PFO was absent in liquid extracts applied to the cells during
the cytotoxicity test of liquid extract; thus, the 1H-PFO
cytotoxicity was not detected at any extract concentration. On
the contrary, 1H-PFO was cytotoxic when tested by direct
contact, except for the lowest tested concentration.

The 'F NMR analyses of the DMEM extract of the three
hydrogen-containing compounds C¢HF,;, CiH,F,;,, and
CsH,F; revealed the presence of a peak attributable to the
fluorine anion and other newly formed peaks not super-
imposable to the parent compounds. We hypothesize that this
is due to the reactions of the reactive hydrogen present in the
perfluoroalkanes with nucleophiles present in the extracting
vehicle according to the reaction described by Menz et al,
forming water-soluble compounds. While the direct contact
method detected the cytotoxicity of C{HF,;, CsH,F,, and
CH,F; at most of the tested concentrations, the extracts of
C¢HF,; and CiH,F,, did not induce cytotoxicity at any
concentration, and only the C;H,F; extract was cytotoxic at
the highest tested concentration. As indicated by the C;H,Fg
DMEM extract "F NMR spectrum, its cytotoxicity was
induced by the newly formed compound that appeared after
the extraction treatment. The original compounds were
immiscible in an aqueous solution, and the cytotoxicity
obtained with the test on extracts was due to newly formed
substances that were not the original compounds. These
findings demonstrate that the cytotoxicity test on liquid
extracts may produce false-negative results. In contrast, the
direct contact cytotoxicity test allowed the detection of all
tested compounds, including reactive hydrogen-containing
compounds.

Different from the latter compounds, the 'F NMR
spectroscopy showed that PFOA was present in the DMEM-
extracting vehicle; however, the test on liquid extracts showed
the PFOA cytotoxicity at the highest concentration only (i.e.,
0.05%).

CC5 and ICg; could not be calculated for 1H-PFO, C,HF 5,
and CsH,F,, with the extraction method due to the flat dose—
response curves. CCyy and ICs, calculated from the fitted
regressions showed marked differences between the two
methods; high CCj;, values obtained for the extraction method
would suggest low cytotoxicity of the PFOA and CH,F;,
underlining contrasting results comgared to the direct contact
method. As previously reported,” the parameter used to
evaluate the cytotoxicity derives from specific ISO 10993-5
(2009)"* and ISO 10993-12>* norms that consider a cut-off of
70% in cell viability for designating noncytotoxic versus
cytotoxic test sample for both direct contact and liquid extract
tests.

These findings confirm what was previously observed by
Pastor et al.’ and Srivastava et al,'’ who pointed out that the
in vitro cytotoxicity test conducted on liquid extracts of test
samples, even when performed under ISO 1993-5 (2009)"” is a
poorly reliable procedure as compared to the direct contact
test. This may be explained by the immiscibility and/or
dilution of the tested samples in an aqueous extracting vehicle,
leading to false negative cytotoxicity test results. However,
since the ISO standards describe various procedures, the
crucial step is selecting and validating the most suitable
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method considering the physicochemical characteristics of the
tested samples.”'” Only three studies have compared the direct
contact and the extractive cytotoxicity test methods.”*” In all
of them, samples of the PFCL batches that caused severe
episodes of ocular toxicity in Spain were used. The ocular
toxicity of those PFCL batches was likely due to the combined
effect of all contaminants rather than one specific sub-
stance.'"'® In this study, we focused on the cytotoxicity of
particular impurities, which were previously assessed by the
direct contact test.'”'® To properly compare our tests with
those performed in the literature, we followed the procedures
described for the validated in vitro cytotoxicity test by direct
contact described by Romano et al.'” and those described by
Menz et al.* for performing the cytotoxicity test on aqueous
extracts. These analyses, coupled with the qualitative '’F NMR
spectroscopy to evaluate the solubility of the tested substances
in the DMEM-extracting solution propaedeutically to the
cytotoxicity in vitro assays were, to our knowledge, never
performed before.

According to ISO 16672 (2020) on Ophthalmic implants—
ocular endotamponades® any identified contaminant should
be reduced to a level that the health risk associated with the
contaminant is considered acceptable. We have previously
determined the cytotoxicity threshold of contaminants in
PFCLs described as possible causes of severe adverse reactions
in patients.m

Our findings in the direct contact test agree with those
obtained by Ruzza et al.'® who studied the extent of ARPE-19
and BALB 3T3 cell mortality after applying 1H-PFO and
PFOA at concentrations close to those tested in this study.
The only exception was the lack of toxicity of PFOA at a
concentration of 0.0028% on BALB 3T3 cells, which might be
related to better resistance to that compound in those cells
than the 1929, which in our study had a toxicity limit (CCs,)
of 14 ppm. Furthermore, the toxicity threshold assessed for
PFOA in this study in 1929 cells was lower than that evaluated
by Srivastava et al.'' who found that PFOA at 0.06 mM was
close to the toxicity limit in ARPE-19 cells, which
corresponded to 25 ppm. However, in this case, it is possible
that the difference between the two studies was related, in
addition to the different sensitivity of the cell lines to the toxic
agent, to the different testing conditions (e.g., sample size,
contact time, and the number of replicates).

The toxicity of PFCLs is often caused by incomplete
fluorination of hydrocarbons, with reactive hydrogen-contain-
ing impurities and unsaturated carbon bonds. The first clues on
that date the early 90s.”**° Later on, Menz et al® used
physical-chemical determination of partially hydrogenated
perfluoroalkanes through ion-selective potentiometry after
digestion of perfluorocarbon liquid®* to determine the so-
called H-value, defined as the ppm content of reactive partially
hydrogenated perfluoroalkanes, to which an H-value of less
than 10 ppm was attributed as the safety threshold by Menz et
al.* However, only the nonlinear semifluorinated alkanes—the
so-called H-reactive compounds—can release hydrogen
fluoride according to the mechanism mentioned above.'®
Thus, this might be the reason, among others, why the
importance of determining the H-value cannot be over-
emphasized.® As stated by Dresp.”” “The H-value is exclusively
a measure for reactive under-fluorinated compounds and other
toxic compounds must be determined via other chemical—
physical detection methods”.
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We showed that the in vitro direct contact cytotoxicity test
could provide direct information on cytotoxicity, including the
traces of impurities contained in PFCLs, independently from
substance identification and quantification. This points out the
primary role of in vitro cytotoxicity tests in assessing the safety
of medical devices, provided that the testing methods are
critically evaluated, selected, and validated considering the
physicochemical characteristics of the tested samples.

In conclusion, our study demonstrated that only the in vitro
cytotoxicity test conducted using the direct contact test
according to ISO 10993-5 (2009)"* could detect cytotoxicity,
while the same compounds were not cytotoxic using the test
on liquid extract. The in vitro direct contact cytotoxicity test
represents a reliable tool to assess the safety of the PFCLs
before the product batch can be released on the market, while
the liquid extract method is not a reliable approach to
recapitulate the potential toxicity of PFCLs in patients due to
possible false negative results. The cytotoxicitzr test by direct
contact according to the ISO 10993-5 (2009)"” standard is the
most sensible and the only truly reliable detection method to
detect any potential cytotoxicity in PFCLs and, thus, to
guarantee maximal safety for the patients; on the contrary, the
test on the liquid extract should be avoided when compounds
immiscible in aqueous solutions are evaluated.
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