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ABSTRACT

Introduction: The migration of chemicals from processing materials into biopharmaceuticals can lead to vari-
ous problems. Leachables from administration materials, with no possibility of further clearance, are of par-
ticular concern. Released chemicals can be toxic or react with formulation components, thereby impacting
product safety. Therapeutic proteins, which are susceptible to chemical modifications, have highest risk to be
affected.
Aim: The aim of this study was to identify a previously unknown leachable compound from clinical adminis-
tration sets, which was present above the applied generic safety threshold.
Methods: Extracts of commonly used clinical administration sets were analyzed using a recently established
specific assay allowing the identification and quantification of the «,B-unsaturated aldehyde 4-hydroxyno-
nenal (HNE) in a drug product surrogate solution. HNE was quantified after derivatization with 2,4-dinitro-
phenylhydrazine (DNPH) and liquid extraction of the formed hydrazone by LC-MRM analysis.
Results: Potentially genotoxic HNE was a leachable compound from all tested administration sets, in parts
exceeding safety thresholds for genotoxicants. The HNE-releasing polymer was identified as PVC.
Conclusion: Clinical administration sets should be, like manufacturing materials and container closure sys-
tems, in the focus of routine leachables studies. Manufacturers of clinical administration sets should show
responsibility to avoid the presence of safety concerning chemicals, like HNE.

© 2021 American Pharmacists Association. Published by Elsevier Inc. All rights reserved.

Introduction

During the complex process of biopharmaceuticals’ manufactur-
ing, storage and administration the drug products (DPs) and their
constituents are in contact with various material surfaces, increas-
ingly composed of plastics. It should be noted that this also concerns
DPs containing small molecules as active pharmaceutical ingredients.
It is well known that chemical compounds originating from the plas-
tic materials are able to migrate during such contacts into the formu-
lation containing the active pharmaceutical ingredient (API)." If the

Abbreviations: ACN, Acetonitrile; APCI, Atmospheric pressure chemical ionization;
APJ, Active pharmaceutical ingredient; BHT, Butylated hydroxytoluene; BPOG, BioPho-
rum Operations Group; DCM, Dichloromethane; DNPH, 2,4-dinitrophenylhydrazine;
DP, Drug product; ESBO, Epoxidized soybean oil; HNE, 4-hydroxynonenal; MeOH,
Methanol; m/z, mass to charge ratio; PA, Polyamide; PES, Polyethersulfone; PP, Poly-
propylene; PS, Polysorbate or Tween; PTFE, Polytetrafluoroethylene; PUFA, polyunsat-
urated fatty acid; PUR, Polyurethane; PVC, Polyvinylchloride; TIC, Total ion current;
XIC, Extracted ion chromatogram.
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migration occurs under exaggerated conditions the released com-
pounds are termed extractables, whereas migrants that contaminate
the actual DP under normal processing conditions, thus posing an
increased risk for potential administration into patients, are referred
to as leachables. Therefore, their contamination must be controlled in
order to ensure adequate safety and quality of the final DP. The US
Code of Federal Regulations Title 21 demands that manufacturing
equipment? or containers and closures® “... shall not be reactive,
additive, or absorptive so as to alter the safety, identity, strength,
quality, or purity of the drug ... beyond the official or ... established
requirements.”. The attributes “reactive” and “additive” concern the
phenomenon of leaching, potentially leading to alteration of safety,
quality and purity.

The control of leachables from container closure systems is fur-
ther specified in US* or European® guidance documents. The two USP
chapters (<1663>° and <1664>") give further guidance and sugges-
tions on how to assess the leachables risk and how to perform
extractables and leachables (EL) tests on container closure systems
from the high risk category.

0022-3549/© 2021 American Pharmacists Association. Published by Elsevier Inc. All rights reserved.
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For manufacturing materials currently no Health Authority guid-
ance documents are available, but harmonization of work practices is
orchestrated within industrial working groups. For EL assessment of
manufacturing materials for Biologics the BioPhorum working group
(BPOG) has published a white paper outlining the principles of risk
evaluation and testing strategies.® Notable is the importance of the
risk parameter “distance along the production stream”, which takes
into account the possibility of the clearance of once introduced leach-
ables during further purification process steps. The closer a material
is located to the final DP, the higher is the risk that introduced leach-
ables would be administered into the patient without further clear-
ance. Extrapolating this logic beyond the manufacturing process, the
materials with the highest risk according to the “distance along the
production stream” should be administration materials, such as intra-
venous infusion bags, disposable syringes, administration catheters
and in-line filters. Because clearance of leachables from those materi-
als is not feasible under intended conditions, the migrating chemicals
might come into direct contact with the patient. It should be men-
tioned that also under non-intended conditions, i.e., in the absence of
dedicated clearance steps, clearance is possible due to non-specific
adsorption of leachables to surfaces.’

Nonetheless, the topic EL on administration sets is not unequivo-
cally covered in the regulatory landscape. As administration materi-
als are classified as medical devices, EL testing is consequently
performed according to the intended administration purpose, e.g., in
case of IV bags with the contained solutions, such as aqueous 5% dex-
trose or 0.9% NaCl solution. However, when the infusion solution is
mixed with a DP formulation or a DP is administered, the presence of
the API or other formulation ingredients might cause a change in the
leachables profile. Recently, a study on the extractables profile of dis-
posable plastic syringes of clinical grade using different extraction
solvents was published concluding that different solvents and solvent
polarities could affect the extraction propensity regarding both
amount and type of extractables.'® Therefore, the test results
obtained from the manufacturer certifying compliance cannot always
be considered representative.

Besides the risk of administration of these contaminants into
patients, their occurrence might also have direct impact on the stabil-
ity and quality of a DP. For example, 2-mercaptobenzothiazole was
observed to leach from saline-containing infusion bags, which unfa-
vorably affected the stability of the recombinant therapeutic protein
dulanermin."!

We have commenced a scientific study in order to test several
widely used administration materials for leachable compounds. The
main focus was on the administration of biopharmaceuticals. Bio-
pharmaceutic DPs contain beside the AP], i.e., the therapeutic protein,
a combination of excipients, typically including non-ionic surfactants,
such as polysorbate (PS) 20 or 80. PS20 and PS80 are commonly used
to stabilize therapeutic proteins against interfacial stress and surface
adsorption.'?'® In addition to the protein stabilizing effect, they also
act as solubilizers for non-polar compounds, which leads to an
increased leachables propensity of the respective formulation com-
pared to purely aqueous solutions.'®

In order to test the materials generically, and to have the ability to
apply the results to various administration scenarios, a relevant worst
case approach regarding incubation conditions was pursued. The mate-
rials were subjected to a simulated in-use leachables study, with 0.1%
(w/v) aqueous PS20 serving as the incubation solution, and with incu-
bation times and temperatures chosen to mimic actual clinical practice.
It should be noticed that the concentration span of PS in biopharmaceu-
tical products typically varies between 0.001% (w/v) and 0.1% (w/v)'®18
and that it may or may not be diluted with, e.g., the aqueous solution
contained in potentially used IV bags. Therefore, using PS at the upper
limit of commonly used concentration range can be considered as a
representative and realistic worst-case DP surrogate solution.

The incubation solutions were quantitatively analyzed against
analytical evaluation thresholds (AETs) that corresponded to relevant
toxicological thresholds derived from the ICH M7 guideline.'®

During the course of such a simulated in-use leachables study, the
LC-UV-MS chromatograms of the extracts of three different IV admin-
istration sets showed a compound above the AET, which in contrast
to other compounds detected above the AET could not be correlated
to chemicals used during the manufacturing of plastics, such as plas-
tic additives or related degradation products. The mass spectral data
could not be correlated with other mass spectrometric methods
applied in this study, such as GC-MS or HS-GC-MS, thus did not pro-
vide further information on the identity of the unknown compound.
Consequently, the objective of the here presented study was to iden-
tify and quantify the detected leaching compound to enable its toxi-
cological evaluation.

Materials and Methods
Chemicals, Reagents and Other Materials

HNE was purchased from Merck (Zug, Switzerland). 0.2 M 2,4-
dinitrophenylhydrazine (DNPH) in phosphoric acid solution and
polysorbate 80 (low peroxide) were purchased from Sigma Aldrich
(Buchs, Switzerland). Polysorbate 20 (J.T. Baker grade) and polysor-
bate 80 (].T. Baker grade) manufactured by Croda (Reinach, Switzer-
land) were purchased from Thermo Fisher Scientific Schweiz AG
(Reinach, Switzerland). All glass syringe (50 mL, Fortuna Optima) and
Hamilton syringes (1000 wL) were purchased from VWR (Dietikon,
Switzerland). All other chemicals were of analytical and solvents
were of chromatographic grade.

Methods
Simulated Administration Leachables Study

Three administration sets (A-C, n = 1), (see Table 1 and Figure S1)
were in scope of the simulated administration leachables study. All
components of the sets, except IV bag #1, were CE certified, and are
routinely used in clinical practice.

Experimental Set-Up Administration Set A & B

The IV bags (100 mL, #1 and #6) containing 0.9% (w/v) NaCl were
emptied and refilled completely with a drug product (DP) surrogate
solution, i.e., 0.1% (w/v) polysorbate 20 (PS20), using a silicone oil-
free, all-glass syringe. The two administration sets (A and B) were
assembled including the individual components described in Table 1
and illustrated in Figure S1. The prepared administration sets were
connected to a peristaltic pump and the simulated administration
was executed at RT under ambient light. The resulting extracts were
collected in glass bottles, closed and frozen in an upright position at
-20°C prior to further analysis.

Experimental Set-Up Administration Set C

The disposable administration syringe (50 mL, #7) was completely
filled with the same DP surrogate solution used for administration set A
& B,i.e,, 0.1% (w/v) PS20, and together with the other components assem-
bled to administration set C (see Table 1 and Figure S1). The prepared
administration set was connected to a peristaltic pump and the simulated
administration was executed at RT under ambient light. The resulting
extract was collected in a glass bottle, closed and frozen in an upright
position at -20°C prior to further analysis.
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Table 1
Overview on the three investigated administration sets. Individual administration
components, assigned component numbers and the polymeric composition of the
material that came into contact with the drug product surrogate formulation are
shown.

Set Administration component Component number Polymeric

(#)V composition of
material
A Saline IV bag (100 mL) 1 Polyvinylchloride
(PVC)
Administration line for [V bags 2 PVC
In-line filter 3 Polyethersulfone
(PES) membrane
(neutral)
3-way stopcock 4 Polyamide (PA)
Catheter 5 Polyurethane (PUR)
B Saline IV bag (100 mL) 6 Polypropylene (PP)
Administration line for [V bags 2 PVC
In-line filter 3 PES membrane
(neutral)
3-way stopcock 4 PA
Catheter 5 PUR
C  Disposable syringe (50 mL) 7 PP
Administration line for syringe 8 pPVC
In-line filter 9 PES membrane
(positively
charged)
3-way stopcock 4 PA
Catheter 5 PUR

1) All components, except #1, were purchased from the same vendor and were CE certified.

LC-UV-MS Analysis of Administration Set Extracts

For the analysis by LC-UV-MS, the three extracts of the simulated
administration leachable study were thawed and subjected to lig-
uid-liquid extraction. As a negative control 0.1% (w/v) aqueous PS20
solution was worked-up simultaneously. 10 g of each sample solu-
tion were weighed in a glass vial (20 mL). Afterwards 0.3 g of solid
NaCl and 0.1 mL of a 10% (w/v) aqueous PS20 solution were added.
The prepared samples were extracted three times by 1 mL dichloro-
methane (DCM) introduced with Hamilton syringes (1000 uL). For
each extraction, the aqueous and organic phases were mixed using
glass Pasteur pipettes and centrifuged for 10 min at 3000 G. Then
the lower DCM phase was withdrawn using Hamilton syringes
(1000 pL).

The three collected DCM volumes per sample were merged and
the solvent was evaporated overnight. The samples were dissolved
in 0.5 mL of a mixture of 95 volume parts of 10 mM ammonium for-
mate and 5 volume parts of MeOH using a Hamilton syringe and
analyzed.

Chromatographic separation and detection of the extracted and
concentrated leachables was performed on an Orbitrap Fusion
Lumos MS detector (Thermo Fisher, Basel, Switzerland), interfaced
with UHPLC Vanquish liquid chromatography system including a
diode-array detector (DAD) module (Thermo Fisher, Basel, Switzer-
land) using a Luna 3u C8(2) 100 A, 50 x 2.00 mm column (Phenom-
enex, Basel, Switzerland). The column temperature was set to 40°C.
Injection volume was 25 pL. The flow was set to 0.4 mL/min. Eluent
A was 10 mM ammonium formate in H,O and B - MeOH. The fol-
lowing gradient was used: for 1 min 5% B, then in 7 min to 100% B,
then for 4 min at 100% B. The total cycle time per injection was
12 min.

Mass analysis (atmospheric pressure chemical ionization (APCI) in
positive mode) was applied in total ion current (TIC), with detection
of m/z = 100 - 2000. In addition, UV (190 - 400 nm) was used for
detection. The resulting chromatograms were analyzed at an absorp-
tion wavelength at 220 nm.

Confirmation and Quantification of HNE Leaching

To confirm the presence of HNE as a leachable of the three admin-
istration sets and to quantify the leaching amount, the obtained
extracts of the simulated administration leachable study were
thawed. HNE reference standards (2 - 50 ppb) were prepared in
aqueous surfactant solution. The extracts and reference standards
were worked-up and analyzed according to the HNE-DNPH assay
that we had recently established.?°

To an aliquot of the samples the same volume of the 0.05 M
DNPH derivatization reagent (~pH 1, 0.2 M DNPH in phosphoric
acid solution diluted by acetonitrile (ACN)) was added, and the
mixture was incubated for 20 min at RT. One volume of 10 M
NaOH was mixed with eight volumes of the derivatized samples
leading to an exothermic neutralization reaction, which was con-
trolled by storing the samples for 20 min at 2-8°C, and phase sepa-
ration. The samples were centrifuged, and the resulting
precipitate-free upper organic phases were transferred into HPLC
vials and analyzed.

Chromatographic separation and detection of the formed HNE-
DNPH hydrazones was performed on a QTRAP 6500 (Sciex, Baden,
Switzerland) interfaced with 1290 Infinite UHPLC modules (Agilent,
Basel, Switzerland) using a Luna 3 pm C8(2) 100 A, 50 x 2.00 mm
column (Phenomenex, Basel, Switzerland) at a column temperature
0f 40°C. Injection volume was 20 uL. The flow was set to 0.25 mL/min.
Eluent A) was 0.03% (v/v) acetic acid in H,0 and B) was ACN. The fol-
lowing gradient was used: in 8.5 min from 60% A to 35% A, then in
4 min to 0% A, then for 2.5 min at 0% A, then within 2 min up to 60%
A, then for 3 min at 60% A. The total run time per injection was
22 min including 2 min DAD equilibration. Mass analysis (electro-
spray ionization (ESI) in negative mode) was applied using a multiple
reaction monitoring (MRM) approach monitoring the HNE-DNPH
hydrazone specific precursor/product ion transitions 335 > 167 and
335 > 163 using a collision energy of -24 V and a declustering poten-
tial of -50 V. Since similar results were obtained for the two transi-
tions, only data obtained from the main transition, i.e., 335 > 167,
showing a higher signal intensity, were reported in the course of this
manuscript.

Screening Experiment Determining Individual HNE-Releasing
Components

The 0.9% (w/v) NaCl containing IV bags were emptied with a sili-
cone oil-free, all-glass syringe. An aliquot of each saline solution was
analyzed without further preparation. To the emptied IV bags and
other components of the three administration sets 1 mL of methanol
(MeOH) was introduced by Hamilton syringes. Throughout the incu-
bation time of ~10 min, the frequent contact of the solvent to all infu-
sion-relevant surfaces of the components was ensured, e.g., by gently
shaking of the components such as the IV bags and actively pushing
the solvent through other components, e.g., the administration lines.
Single extractions were performed. HNE reference standards (10 to
100 ppb) were prepared in MeOH.

Chromatographic separation and detection was performed on 1290
Infinite UHPLC modules including a DAD (Agilent, Basel, Switzerland)
using a Luna 3u C8(2) 100 A, 50 x 2.00 mm column (Phenomenex, Basel,
Switzerland) at a column temperature of 40°C. Injection volume was 25
uL. The flow was set to 0.4 mL/min. Eluent A) was 10 mM ammonium
formate in H,O and B) was MeOH. The following gradient was used: for
1 min 5% B, then in 7 min to 100% B, then for 4 min at 100% B. The total
cycle time per injection was 12 min. UV (190 - 400 nm) was used for
detection. The resulting chromatograms were analyzed at an absorption
wavelength at 220 nm.
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Confirmation of Suspected HNE-Releasing Components

To the three suspected HNE-releasing administration compo-
nents, i.e., emptied IV bag (#1) and both administration lines (#2 and
#8), 2 mL of 0.1% (w/v) PS20 were added and the contact of the sol-
vent to all infusion-relevant surfaces of the components was ensured.
HNE reference standards (30 and 100 ppb) were prepared. As a nega-
tive control, ACN was added in the same volume ratio to 0.1% (w/v)
PS20 as present in the positive controls containing spiked HNE. The
obtained extracts and controls were subjected to the DNPH-derivati-
zation procedure and LC-MRM analysis as described above.

Results

A simulated in-use leachables study on various administration
materials was conducted to quantify and identify potential leachables
migrating during the infusion process from the administration mate-
rials into the drug product (DP) containing infusion solution. Within
this study three administration sets were examined that consisted of
components commonly used in clinical practice for the administra-
tion of biopharmaceutical DPs into patients. Table 1 provides a
detailed overview of the administration sets (A-C), including infor-
mation on the individual components, the assigned individual com-
ponent numbers (#), and the polymeric composition of the materials
in contact with the surrogate solution during the administration pro-
cess, as obtained from the manufacturer. The simulation of the
administration process was performed under real-use conditions
using the assembled administration components and 0.1% (w/v) PS20
as a DP surrogate solution. The assembly of the three administration
sets is schematically shown in Figure S1.

The obtained administration set leachables solutions were con-
centrated and analyzed by LC-UV-MS in high resolution (HR) mode
to enable structure elucidation of potentially detected leachables (for
details, see Materials and Methods). One of the compounds present
above the AET in all three extracts, but not detectable in the negative
control, revealed a UV spectrum with maximum absorbance at a
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wavelength of 220 nm. For illustration, the LC-UV-MS leachables pro-
file of administration set A versus a simultaneously worked-up blank
sample at the retention time window of the detected unknown leach-
able are shown in Fig. 1.

The corresponding HR-MS (see Fig. 1A3) of the detected UV
peak at an absorbance wavelength of 220 nm (see Fig. 1A1), elut-
ing at ~6.6 min, showed that the unknown compound had promi-
nent signals at m/z = 139, 157 and 171 with proposed molecular
formula of CoH;50, CoH;705 and C;9H905, respectively. The result-
ing extracted ion chromatograms (XIC) showed a good correla-
tion, i.e., retention time shift of ~0.04 min due to the delayed MS
detection, to the detected UV peak (see Fig. 1A2). In contrast, no
UV and MS responses were detected in the worked up blank (see
Fig. 1B1-3).

In retrospect, the mass spectral interpretation would not have
been trivial, as will be shown further below. However, at the time
point of this observation we were rewarded with the structural iden-
tification of the leachable compound based on a different study,
where we identified 4-hydroxynonenal (HNE, C9H;70,, molecular
weight (MW) = 156 g/mol, Fig. 2) as an oxidative degradation product
of PS80.%°

Indeed, the obtained LC-UV-MS characteristics of the leachable
compound, i.e., retention time, UV and HR-MS spectrum, matched
with those of the authentic HNE reference.

The easily misleading detected MS signal at m/z = 171, corresponding
to the sum formula C;oH;90,, was previously reported as an adduct
formed by the reaction of the highly reactive «,8-unsaturated aldehyde
with MeOH contained in the elution buffer, showing a specific fragment
at m/z = 139 (formal loss of MeOH, MW = 32 g/mol), while the MS signal
at m/z = 157 was assigned to the original chemical structure of HNE in
positive ionization mode.”" %2

Because of the toxicity and reactivity of HNE (vide infra) and its
detection at concentrations above the AET indicating a negative
impact on patients’ health, an additional experiment was performed
to verify the unbelievable finding. The extracts of the administration
sets (and HNE reference standards) were analyzed with an assay that

:
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Figure 1. LC-UV-MS results of the leachable detected in the extracts of the administration sets. Results of administration set A (A) and a blank (B), i.e., worked up 0.1% (w/v) PS20,
are shown.! UV chromatogram at an absorbance wavelength at 220 nm showing a peak, i.e. a leachable (black framed), eluting after 6.59 min in the leachables solution.” Extracted
ion chromatogram (XIC) at m/z = 157 showing a peak correlating well with the detected UV peak in the leachables solution (with the typical ~0.04 min delay between UV and MS
detection).’ The corresponding high-resolution mass spectrum at retention time ~6.63 min showing prominent signals at m/z = 139, 157 and 171 (A ~2 ppm) with proposed molec-

ular formula of CgH;50, CoH170; and C;oH;905, respectively.
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Figure 2. Chemical structure. 4-hydroxynonenal (HNE).

we had recently developed and qualified to specifically allow the
detection and precise quantification of HNE in a complex matrix,
such as PS.%° In brief, the assay is based on the derivatization of the
aldehydic moiety by 2,4-dinitrophenylhydrazine (DNPH) forming a
hydrazone, followed by a quenching step simultaneously leading to
phase separation. The resulting upper organic phase containing the
stabilized hydrazone was analyzed by LC-MS using a multiple-reac-
tion-monitoring (MRM) approach monitoring its specific precursor >
product ion transition at m/z 335 > 167.

The overlay of the obtained MRM signals of the formed HNE-
DNPH hydrazones showed that HNE was present in the extracts of all
investigated administration sets, although at different concentration
levels (see Fig. 3).

The total amount of leaching HNE per administration set was cal-
culated by interpolating the average MRM area of the injected tripli-
cates into the obtained linear calibration curve (R? > 0.99), followed
by multiplication of the resulting concentration (ppb) with the vol-
ume of the incubation solution, i.e., for administration set A and B by
100 mL and for set C by 50 mL. The total amount of HNE leaching
from administration set B and C was above the applied AET (15 ppb
in 100 mL incubation solution, and 30 ppb in 50 mL, respectively),
corresponding to the safety concern threshold (SCT) of 1.5 ug, ie.,
the leachable amount was at 4.6 g and 1.9 ug, respectively, both
with relative standard deviations < 2% (see Fig. 3B). Also administra-
tion set A leached HNE, but below the reporting limit of the calibra-
tion curve.

To determine the primary HNE releasing components, the total of
nine components of the administration sets (see Table 1) were
extracted individually with an organic solvent compatible with the
analytical method, i.e., MeOH. Single extractions were performed
using Hamilton syringes to introduce 1 mL of the organic solvent to
each component. The relatively low incubation volume was used to

A. Schroter et al. / Journal of Pharmaceutical Sciences 110 (2021) 3268—-3275

mitigate dilution effects of potentially leaching HNE. To address dif-
ferences in the surface areas, frequent contact of the solvent with all
relevant surfaces of the individual components was ensured through-
out the incubation period of ~10 min, e.g., by gently shaking the
refilled IV bags or actively pushing the MeOH through the other com-
ponents such as the administration lines. In addition, aliquots of the
originally contained and removed saline solutions of the two IV bags
were analyzed for the presence and quantity of HNE. Quantification
was performed against HNE reference standards in MeOH. The sam-
ples and reference standards were analyzed by LC-UV at a wave-
length of 220 nm, i.e., the absorbance maximum of HNE (see
Figure S2). Table 2 summarizes the results.

Only three of the nine components showed the presence of HNE,
namely one of the two IV bags (#1) and both administration lines (#2
and #8). Additionally, HNE was detected and quantified from the
infusion solution originally contained in bag #1 (i.e., #1*) by interpo-
lating the average UV area of the injected triplicates into the linear
equation of the calibration curve (R?> > 0.99), and multiplying the
resulting concentration (ppb) by the volume of the removed saline
solution, i.e.,, 100 mL. The quantified amount of HNE contained in
the 100 mL saline solution was at ~3 ug (n = 3, SD + 1.4%), which is
above the toxicological threshold of ICH M7 guideline at 1.5 ug.

The leaching amount of all other HNE positive components was
not quantitatively evaluated, because complete and comparable
removal of the incubation solutions, i.e., the MeOH extracts, was not
possible.

For verification of the suspected materials and to evaluate the
HNE leaching propensity into DP formulations the three HNE positive
administration components were extracted with the previously used
worst case DP surrogate solution, i.e., 0.1% (w/v) PS20. The obtained
extracts and reference standards were analyzed by the HNE-DNPH
assay (see above). As expected, the determined MRM chromatograms
confirmed the three components as primary HNE releasing source as
well as the quick leaching propensity of HNE into drug product
formulations when contacting these components (see Figure S3).
Interestingly, according to the information provided by the manufac-
turers, all HNE releasing materials were made from PVC (#1, #2 and
#8), while all other components made from different polymers did
not release HNE (see Table 1).
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Figure 3. Confirmation of HNE as a leachable of the administration sets. A) A LC-MS overlay of HNE-DNPH hydrazone MRM signals for the transition 335 > 167 of the worked-up
extracts of administration set A, B and C, and a reference standard containing 30 ppb HNE is shown (triplicate injections). B) The calculated total leaching amount of HNE per admin-
istration volume of the respective administration set is shown (n=3 injections, SD < 2%). Asterisk for set A: calculated concentration / amount of HNE was below the reporting limit.
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Table 2

Results of primary HNE-releasing component screening study. Presence or absence of
the HNE UV signal at an absorbance wavelength of 220 nm in the MeOH extracts of
individual administration components (#1-9) and withdrawn saline solutions from
the two IV bags (#1* and #6*) is shown (n = 3 injections).

Administration Component number Presence (P) [ absence

component (#)V (A) of HNE ?
Saline IV bag (100 mL) 1 P
Saline IV bag (100 mL) 1* P(~3 ngin 100 mL,
n=3,SD + 1.4%)
Administration line for 2 P
IV bags
In-line filter 3 A
3-way stopcock 4 A
Catheter 5 A
Saline IV bag (100 mL) 6 A
Saline IV bag (100 mL) 6* A
Disposable syringe (50 7 A
mL)
Administration line for 8 P
syringe
In-line filter 9 A
3-way stopcock 4 A
Catheter 5 A

1) Asterisk: saline solution originally contained in the IV bags.

2) Only the HNE content of the saline solution of infusion bag (#1*) was quantifiable,
because accurate removal of the incubation solutions from the other HNE positive compo-
nents was not possible.

Discussion

HNE was previously reported to be a main oxidation product of n-
6 polyunsaturated fatty acids (PUFA), such as linoleic acid.>*>->°> HNE
is involved in a great number of pathologies, such as metabolic dis-
eases, neurodegenerative diseases and cancers.?**%?® Moreover it
was detected in various food products,”® such as vegetable oils rich in
n-6 PUFA, e.g., soybean oil,° oil-based food, e.g., fried potatoes,*® and
dry nuts, e.g., peanuts.’! In correlation with the here reported leach-
ing propensity of HNE from administration materials, its recent
detection as an oxidative degradation product of PS80 could in partic-
ular be of greater relevance to patients' health.?® With regard to the
leaching propensity of DP formulations, the two common micelle-
forming surfactants likely exhibit comparable properties. Therefore,
PS80-containing DPs may pose an increased risk to patients, as these
products could constitute an additional source of HNE due to the sur-
factant's known susceptibility to oxidation.**=>

As a 4-hydroxy-alkenal, the non-2-ene part of the molecule consists
of an oxo group at the 1-position and a hydroxy group at the 4-position
(Fig. 2), making it a highly electrophilic chemical. A resulting special fea-
ture of o, 8-unsaturated aldehyde is its ability to simultaneously partici-
pate in Michael reactions and Schiff base formations with nucleophilic
counterparts such as amino and thiol groups, e.g., present in nucleic
acids***%?7 and amino acid residues of proteins.”>*>>* Due to this bi-
reactivity, HNE can act as a crosslinking agent of susceptible molecules
in addition to covalent adduct formations.?”*>>¢ This could also relate
to therapeutic proteins and other APIs containing vulnerable moieties.

In addition, HNE was found to have potential to chemically
alter DNA.?5273738 One of the first studies to reliably demonstrate
the genotoxicity of HNE has already been published in 1993.%7
Within that study, the genotoxic effect of HNE was investigated in
rat hepatocytes and, e.g., indicated by sister chromatid exchange
and chromosomal aberrations. Furthermore, according to Feng
et al.?°, HNE may play an essential role in carcinogenesis as it is
able to interact with DNA to form 6-(1-hydroxyhexanyl)-8-
hydroxy-1,N(2)-propano-2’-deoxyguanosine (4-HNE-dG) adducts.
The study showed that 4-HNE-dG adducts were mutagenic in
human cells. Additional examples indicating the genotoxic poten-
tial of HNE can be found in the comprehensive review article of

Eckl and Bresgen.>® Therefore, the leaching HNE has to be consid-
ered genotoxic. ICH M7 defines a regulatory limit of 1.5 pg/day for
directly acting agents on DNA. Referring to this threshold of toxi-
cological concern (TTC) the acceptable daily intake of 1.5 ug of a
mutagenic compound is considered to be associated with a negli-
gible cancer risk (1:100'000). Because the determined leaching
concentrations of potentially genotoxic HNE were above the rele-
vant toxicological thresholds derived from the ICH M7'®, the
health risk of patients could be directly affected.

It should be mentioned that the applied extraction conditions of
the in-use leachables study were chosen in order to simulate a clini-
cal worst case scenario, i.e., the IV bags were completely filled with
DP surrogate solution instead of diluting it with the contained saline
solution and the first few volumes of the infusion solution were not
discarded as a preflush. Nevertheless, the impact of the worst case
scenario conditions on the determined total leaching amount is prob-
ably negligible, as HNE also leached in concentration above the
applied AET - and thus above the TTC - into the pure aqueous saline
solution of IV bag (#1%).

In our recently published study, we identified HNE as an oxidative
degradation product of PS80 using the above described HNE-DNPH
assay.’’ Thus, the previously obtained results could suggest that the
detection of HNE in the leachables solutions was comparatively due
to the degradation of PS20 species contained in the DP surrogate
formulation and not due to the its leaching from the administration
set materials. However, the used multi-compendial PS20 can be
excluded as HNE source, which is related to the negligible amount of
n6-polyunsaturated fatty acids, i.e., linoleic acid, being known pre-
cursors of HNE. As specified by the pharmacopeias (EP, USP, JP) lino-
leic acid might account for up to 18% in PS80 products while only up
to 3% are acceptable in PS20 products.

Furthermore, the confirmed leaching of HNE into surfactant-free
matrices, such as the methanolic extracts as well as the saline solu-
tion contained in the HNE-positive IV bag, provides further evidence
that it is a genuine leachable. Since only single sets were in scope of
the present study evaluating their potentially occurring leachables
profile during clinical use, further studies should investigate batch to
batch variabilities as well as other administration components con-
sisting of related materials. In this course, another interesting aspect
could be to examine whether a correlation can be established
between the HNE detection and the sterilization process used for the
individual components.

Nevertheless, the determined HNE leaching from administration
set components can be considered significant, as three different com-
ponents from different vendors were independently confirmed as
primary HNE-releasing source.

To summarize, leaching HNE from administration set components
above the commonly applied toxicological thresholds into aqueous
DP formulations is critical from several points of view and should
therefore be controlled and reduced to a minimum.

Conclusion

To the extent of our knowledge, a novel and toxicologically con-
cerning leachable from clinically relevant administration materials
was identified within the here presented study, namely the highly
reactive and potentially genotoxic «,f-unsaturated aldehyde HNE.
The total leaching amount determined in the DP surrogate solutions
as well as in the saline solution contained in an infusion bag exceeded
the critical toxicological threshold (TTC) deduced from ICH M7.
Hence, its leaching propensity implies an increased safety risk to
patients. Due to the discussed genotoxicity and reactivity of the
chemical, it should be in the interest of the manufacturers to conduct
further root cause investigations to enable the implementation of
mitigation strategies to ensure patients safety beside avoiding the
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use of such components for DP administration purposes. As the pri-
mary HNE releasing components were all made of PVC the root
cause of leaching HNE might be related to the plastic composition
or manufacturing. In this respect, we recommend to especially con-
sider one group of plastic additives, namely epoxidized vegetable
oils, such as epoxidized soybean oil (ESB0O).>° The PVC plasticizer
consists to a large extent of n-6 PUFAs, such as linoleic acid,®® which
are known to form HNE during oxidative degradation.?*>">> Further-
more, HNE was shown to be formed as a degradation product of the
related non-epoxidized soybean oil.>> 2° Nevertheless, the assump-
tion made that such n-6 PUFA containing plasticizers are the precur-
sor of the leaching HNE is speculative and requires further
confirmatory experiments.

To conclude, the leaching of HNE from PVC administration materi-
als should be properly understood, monitored, e.g., using our recently
developed sensitive HNE-DNPH assay, and reduced to a minimum in
order to limit HNE leaching into (drug) product solution and conse-
quently administration into patients.

Author Agreement

All authors have approved the manuscript and agree with its sub-
mission to Journal of Pharmaceutical Sciences.

Conflict of Interest

The authors declare that there is no conflict of interest.

Statement on Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Statement on Research Data

Research data used in preparation of the manuscript is available,
and can be requested from the corresponding author.

Declaration of Competing Interests

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

The authors would like to thank Ahmed Besheer for the critical
review of the manuscript, Selene Araya for toxicological evaluation
and the Forensic Chemistry group of Lonza Drug Product Services for
scientific discussions and general support.

Supplementary Materials

Supplementary material associated with this article can be found
in the online version at https://doi.org/10.1016/j.xphs.2021.05.014.

References

1. Jenke D, Carlson T. A compilation of safety impact information for extractables
associated with materials used in pharmaceutical packaging, delivery, administra-
tion, and manufacturing systems. PDA ] Pharm Sci Technol. 2014;68(5):407-455.

2. United States Food and Drug Administration FDA. 21 CFR Sec. 211.65, Equipment
construction. Revised as of April. 2019. 01.

3. United States Food and Drug Administration FDA. 21 CFR Sec. 211.94, Drug Product
Containers and Closures. 2020. Revised as of April, 01.

4, United States Department of Health and Human Services. Food and Drug Adminis-
tration FDA. Center for Drug Evaluation and Research CDER, Center for Biologics Eval-
uation and Research CBER. Guidance for Industry - Container Closure Systems for
Packaging Human Drugs and Biologics1999. May.

5. European Medicines Agency EMEA, Committee for Medicinal Products for Human
and Use CHMP, Committee for Medicinal Products for Veterinary Use CVMP.
Guideline on plastic immediate packaging materials.; 2005.

6. United States Pharmacopeia USP. Assessment of Extractables Associated With Phar-
maceutical Packaging/Delivery Systems. 1663.

7. United States Pharmacopeia USP. Assessment of Drug Product Leachables Associated
With Pharmaceutical Packaging Delivery Systems. 1664.

8. BioPhorum Operations Group BPOG. Best Practice Guide For Extractables Testing Of
Polymeric Single-Use Components Used In Biopharmaceutical Manufacturing. 2020.

9. Paudel K, Hauk A, Maier TV, Menzel R. Quantitative characterization of leachables sinks
in biopharmaceutical downstream processing. Eur | Pharmaceut Sci. 2020;143: 105069.

10. Kurmi M, Prasad S, Panduranga NS, Jayaraman K, Bhutani H. Identification of
extractables by liquid chromatography-high resolution mass spectrometry: A case
study to understand the extraction profile of different disposable syringes. ] Phar-
maceut Biomed Anal. 2020;191: 113602.

11. Chang JY, Xiao NJ, Zhu M, et al. Leachables from saline-containing IV bags can alter
therapeutic protein properties. Pharm Res. 2010;27(11):2402-2413.

12. Jones MT, Mahler HC, Yadav S, et al. Considerations for the use of polysorbates in bio-
pharmaceuticals. Pharm Res. 2018;35(8):148.

13. Kerwin BA. Polysorbates 20 and 80 used in the formulation of protein biotherapeu-
tics: structure and degradation pathways. | Pharm Sci. 2008;97(8):2924-2935.

14. Kishore RS, Kiese S, Fischer S, Pappenberger A, Grauschopf U, Mahler HC. The deg-
radation of polysorbates 20 and 80 and its potential impact on the stability of bio-
therapeutics. Pharm Res. 2011;28(5):1194-1210.

15. Mahler HC, Senner F, Maeder K, Mueller R. Surface activity of a monoclonal anti-
body. J Pharm Sci. 2009;98(12):4525-4533.

16. Jenke DR, Brennan ], Doty M, Poss M. Use of binary ethanol/water model solutions
to mimic the interaction between a plastic material and pharmaceutical formula-
tions. J Appl Polymer Sci. 2003;89(4):1049-1057.

17. Khan TA, Mahler HC, Kishore RS. Key interactions of surfactants in therapeutic pro-
tein formulations: A review. Eur ] Pharm Biopharm. 2015;97:60-67.

18. Rao VA, Kim JJ, Patel DS, Rains K, Estoll CR. A Comprehensive scientific survey of
excipients used in currently marketed, therapeutic biological drug products. Phar-
maceut Res. 2020;37(10):200.

19. European Medicines Agency EMEA, Committee for Medicinal Products for Human
Use CHMP. ICH guideline M7(R1) on assessment and control of DNA reactive
(mutagenic) impurities in pharmaceuticals to limit potential carcinogenic risk.
Revised as of February, 03, 2018.

20. Schroter A, Koulov AV, Huwyler ], Mahler H-C, Jahn M. 4-Hydroxynonenal is an
oxidative degradation product of polysorbate 80. ] Pharmaceut Sci. 2021.

21. Berdyshev EV. Mass spectrometry of fatty aldehydes. Biochimica et biophysica acta.
2011;1811(11):680-693.

22. Zanardi E, Jagersma CG, Ghidini S, Chizzolini R. Solid phase extraction and liquid
chromatography—tandem mass spectrometry for the evaluation of 4-hydroxy-2-
nonenal in pork products. ] Agric Food Chem. 2002;50(19):5268-5272.

23. Dalleau S, Baradat M, Guéraud F, Huc L. Cell death and diseases related to oxidative
stress:4-hydroxynonenal (HNE) in the balance. Cell Death Differ. 2013;20
(12):1615-1630.

24. Esterbauer H, Schaur R, Zollner H. Chemistry and biochemistry of 4-hydroxynonenal,
malonaldehyde and related aldehydes. Free Radic Biol Med. 1991;11(1):81-128.

25. Liao H, Zhu M, Chen Y. 4-Hydroxy-2-nonenal in food products: A review of the tox-
icity, occurrence, mitigation strategies and analysis methods. Trends Food Sci Tech-
nol. 2020;96:188-198.

26. Feng Z, Hu W, Amin S, Tang M-s. Mutational spectrum and genotoxicity of the
major lipid peroxidation product, trans-4-hydroxy-2-nonenal, induced DNA
adducts in nucleotide excision repair-proficient and -deficient human cells. Bio-
chemistry. 2003;42(25):7848-7854.

27. Gentile F, Arcaro A, Pizzimenti S, et al. DNA damage by lipid peroxidation products:
implications in cancer, inflammation and autoimmunity. AIMS Genet. 2017;4(2):103-
137.

28. Hall ED, Vaishnav RA, Mustafa AG. Antioxidant therapies for traumatic brain injury.
Neurotherapeutics. 2010;7(1):51-61.

29. Seppanen CM, Saari Csallany A. Formation of 4-hydroxynonenal, a toxic aldehyde, in
soybean oil at frying temperature. ] Am Oil Chemists’ Soc. 2002;79(10):1033-1038.

30. Csallany AS, Han I, Shoeman DW, Chen C, Yuan J. 4-Hydroxynonenal (HNE), a toxic
aldehyde in french fries from fast food restaurants. ] Am Oil Chemists’ Soc. 2015;
92(10):1413-1419.

31. Globisch M, Kaden D, Henle T. 4-Hydroxy-2-nonenal (4-HNE) and its lipation
product 2-pentylpyrrole lysine (2-PPL) in peanuts. J Agric Food Chem. 2015;
63(21):5273-5281.

32. Donbrow MA, E. Pillersdorf A. Autoxidation of polysorbates. | Pharm Sci. 1978;67
(12):1676-1681.

33. Kishore RS, Pappenberger A, Dauphin IB, et al. Degradation of polysorbates 20 and 80:
studies on thermal autoxidation and hydrolysis. ] Pharm Sci. 2011;100(2):721-731.

34. Sottero B, Leonarduzzi G, Testa G, Gargiulo S, Poli G, Biasi F. Lipid oxidation derived
aldehydes and oxysterols between health and disease. Eur J Lipid Sci Technol.
2019;121:(1) 1700047.

35. Cohn JA, Tsai L, Friguet B, Szweda LI. Chemical characterization of a protein-
4-hydroxy-2-nonenal cross-link: immunochemical detection in mitochondria
exposed to oxidative stress. Arch Biochem Biophys. 1996;328(1):158-164.


https://doi.org/10.1016/j.xphs.2021.05.014
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0001
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0001
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0001
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0002
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0002
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0003
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0003
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0004
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0004
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0004
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0004
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0006
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0006
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0007
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0007
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0008
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0008
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0009
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0009
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0010
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0010
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0010
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0010
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0011
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0011
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0012
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0012
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0013
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0013
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0014
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0014
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0014
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0015
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0015
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0016
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0016
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0016
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0017
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0017
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0018
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0018
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0018
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0020
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0020
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0020
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0021
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0021
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0022
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0022
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0022
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0022
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0023
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0023
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0023
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0023
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0024
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0024
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0025
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0025
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0025
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0026
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0026
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0026
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0026
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0027
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0027
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0027
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0028
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0028
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0029
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0029
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0030
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0030
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0030
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0031
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0031
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0031
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0032
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0032
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0033
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0033
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0034
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0034
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0034
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0035
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0035
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0035

A. Schroter et al. / Journal of Pharmaceutical Sciences 110 (2021) 3268—3275 3275

36. Stewart BJ, Doorn JA, Petersen DR. Residue-specific adduction of tubulin by 38. Eckl PM, Bresgen N. Genotoxicity of lipid oxidation compounds. Free Radic Biol

4-hydroxynonenal and 4-oxononenal causes cross-linking and inhibits polymeri- Med. 2017;111:244-252.

zation. Chem Res Toxicol. 2007;20(8):1111-1119. 39. Langer E, Bortel K, Waskiewicz S, Lenartowicz-Klik M, Langer E, Bortel K,
37. Eckl PM, Ortner A, Esterbauer H. Genotoxic properties of 4-hydroxyalkenals Waskiewicz S, Lenartowicz-Klik M. 4 - Research trends in plasticizer production.

and analogous aldehydes. Mutation Res/Fundam Mol Mech Mutag. 1993;290(2): editors. Plasticizers Derived from Post-Consumer PET. William Andrew Publishing;

183-192. 2020:101-126.


http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0036
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0036
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0036
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0037
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0037
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0037
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0038
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0038
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0039
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0039
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0039
http://refhub.elsevier.com/S0022-3549(21)00279-3/sbref0039

	4-Hydroxynonenal - A Toxic Leachable from Clinically Used Administration Materials
	Introduction
	Materials and Methods
	Chemicals, Reagents and Other Materials

	Methods
	Simulated Administration Leachables Study
	Experimental Set-Up Administration Set A and B
	Experimental Set-Up Administration Set C
	LC-UV-MS Analysis of Administration Set Extracts
	Confirmation and Quantification of HNE Leaching
	Screening Experiment Determining Individual HNE-Releasing Components
	Confirmation of Suspected HNE-Releasing Components

	Results
	Discussion
	Conclusion
	Author Agreement
	Conflict of Interest
	Statement on Funding
	Statement on Research Data
	Declaration of Competing Interests
	Acknowledgments
	Supplementary Materials
	References



