www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Assessment of leachables in
hospital pharmacy compounded
topotecan conditioned in common
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Compounding drug products is a vital hospital pharmacy feature that requires safe and compatible
primary packaging, particularly for prefilled syringes (PFSs). The off-label use of plastic syringes in
batch compounding for intravitreal administration has raised concerns over leachables and silicone oil
lubricants, which may migrate into drug solutions and potentially cause toxicity. This study evaluated
two widely used off-label plastic syringes, BD Plastipak and BBraun Omnifix, for conditioning with
topotecan (TPT), a chemotherapeutic used to treat infant retinoblastoma. Leachables were monitored
over 12 months via an original LC-MS method with postcolumn infusion (PCl), including possible
detection of silicone degradants. This approach may serve as an indirect method to assess silicone-
related contamination due to the spread of free silicone particulates. Both syringes released low overall
levels of leachables. However, BD Plastipak emits five oligomeric degradants, two exceeding permitted
daily exposure (PDE) limits. In contrast, BBraun Omnifix showed greater chemical stability, releasing
only minimal silicone-related compounds and oleamide, suggesting a lower risk for intraocular use.
Although these findings support BBraun Omnifix as a safer option, the findings underscore the need for
toxicologically assessed, purpose-designed plastic PFSs made from low-extractable materials such as
cyclic olefin polymer (COP) or copolymer (COC) for long-term drug storage.

Keywords Hospital pharmacy compounding, Prefilled syringes, Topotecan, Intravitreal administration,
UHPLC-HRMS, Leachables, Lubricants

Retinoblastoma is the most common intraocular malignancy in children and can be fatal if left untreated'->. The
primary goal of retinoblastoma treatment is to prevent metastatic spread and preserve life?*. Chemotherapy-
based conservative approaches aim to avoid enucleation and maintain visual function. Intravitreal injection
allows direct delivery of high-concentration chemotherapy into the avascular vitreous, bypassing the
blood-retinal barrier and minimizing systemic toxicity through reduced plasma exposure®.

Topotecan (TPT) has recently emerged as an effective drug for the treatment of intravitreal retinoblastoma,
either as monotherapy or in combination with melphalan. It has demonstrated favourable pharmacokinetics,
with prolonged vitreous exposure and lower ocular and systemic toxicity in both animal and human studies®”.
Compared with melphalan alone, combining intravitreal melphalan with TPT improved the control of vitreous
seeds and significantly reduced enucleation rates®°.

In this context, TPT was batch-compounded from Hycamtin into multiple microdoses tailored for infant
use!®. Hospital pharmacy compounding is critical when commercial formulations do not meet patient-specific
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needs. This ensures sterility, dosing precision through gravimetric methods, timely availability and security
through quality control. However, in practice, compounding often occurs with limited regulation, funding, and
oversight, leading to the off-label use of plastic syringes—raising safety concerns!':'2.

Syringes used for long-term drug storage may release potentially harmful leachables because of extended
contact with formulations, particularly in the absence of risk assessment. Adverse effects have been reported
via scientific articles issued from free migrating silicone oil droplets released during injections, including ocular
complications such as floaters'>~16. Despite these risks, no formal requirements exist to evaluate compatibility
between drug solutions and primary packaging materials or incentives to monitor leachables and evaluate
container-formulation compatibility!"”1%, This is particularly concerning for frail and vulnerable populations
such as infants, who may be more susceptible to such contaminants'®.

Lubricants in syringes, used to facilitate movement between the plunger and barrel, are typically silicone-
based polymers (e.g., PDMS) or fatty acid derivatives such as oleamide?*?!. The latter of these substances
are often incorporated into syringe polymers during manufacturing and can remain in trace amounts. Their
intentional use alongside silicone oils can enhance syringe performance?'~2%. Therefore, it is necessary to assess
their migration in drug compounding since they may pose contamination risks.

Given the potential for plastic-related compounds to leach into drug products and that there is no requirement
in container compatibility assessment in hospital compounding practices, assessing these substances is vital.
Compounds such as BPA and phthalates are known to be present and have endocrine-disrupting effects, posing
potential health risks, including reproductive and developmental disorders, in infants!17:18,

Due to the frequent off-label use of plastic syringes in compounding, this paper aims to raise awareness
among hospital pharmacists regarding associated risks by studying common containers often selected by hospital
pharmacies worldwide. This paper presents a case study evaluating leachables, including lubricants, in TPT
prefilled syringes (PFSs), followed by a safety risk assessment via a novel LC-MS method including postcolumn
infusion for hospital pharmacies, which could be a potential means to evaluate leachables and silicone-related
compounds, an area often overlooked in conventional leachable testing. This method could serve as a practical
marker for hospital pharmacies to evaluate syringe suitability in intravitreal drug delivery as a complementary
measure to microscopy. This work aims to inform optimal syringe selection for intravitreal batch compounding
and support safer practices in paediatric oncology treatment.

Experimental section
Reagents and materials
4,4’-sulfanediylbis[5-methyl-2-(2-methyl-2-propanyl)phenol], 4,4’-(1,3-phenylenedi- 2,2-propanediyl)
diphenol, bis(2-ethylhexyl)phthalate-3,4,5,6-d4, 2,4-di-tert-butyl-6-(5-chlorobenzotriazol-2-yl)phenol and
bisphenol A-d16 were procured as internal standard at Sigma Aldrich (Gygli, Switzerland). MS-grade water and
methanol (MeOH) were purchased from Biosolve (Dieuze, France). LC grade ammonium hydroxide (NH,OH)
25% was purchased from Merck (Gygli, Switzerland). Since this experiment is dealing with leachable compounds,
liquid solvents were obtained in glass containers to avoid plastic additive contamination. All chromatographic
and mass spectral data of standards used in the identification and semiquantitation of compounds, including the
limit of detection (LOD) and quantification (LOQ) are found in Tables S1 and S2.

BD Plastipak (Drogheda, Ireland) and BBraun Omnifix-F 1 (Melsungen, Germany), both at 1 mL, were
purchased as common syringes used to condition intravitreal PFS and therefore were used to perform the
monitoring of leachable compounds, including lubricant-related compounds.

Leachable study

The time points were selected based on real-world hospital storage scenarios: 4-hour storage simulates immediate
post-preparation use, 72-hour storage obeys the recommendation of the manufacturer, 1-month (1 M), 6-month
(6 M) and 12-month (12 M) storages support timely availability of inventory stockpiling for urgent surgery and
chemotherapy treatment. It is important to note that these time points were also selected according to ICH
QIR2 - testing frequency that should be conducted with minimum 4 time points for an intermediate storage of
12 months®.

LC-HRMS method

A Thermo Scientific™ ultra-high performance liquid chromatograph Vanquish™ Horizon™ was hyphenated to a
Orbitrap™ Q Exactive™ mass spectrometer (Thermo Scientific™, MA, USA), with a heated electrospray ionization
(HESI-II) source!”-18:26,

Analyses were performed on a Waters™ Acquity™ BEH Phenyl (100 x 2.1 mm, 1.7 pm) (Waters™, Milford, MA,
USA) and the corresponding VanGuard pre-column. Flow rate and column temperature were set at 0.2 mL/min
and 60 °C, respectively. Solvent A (pure water) and solvent B (pure MeOH) were used as mobile phases. The
gradient profile used was as follows: a linear ascend from 70% B to 85% B in 6 min, followed by an increase to
95% B in 4 min. An increase to 100% B in 2 min was set, holding at 100% B for 4 min, before returning back at
70% B in 0.1 min and re-equilibrating the column for 9 min. Samples were kept at 10 °C during analyses and a
volume of 10 pL was injected.

As for the HESI-II parameters, sheath gas flow rate and auxiliary gas flow rate were set at 30 and 5 arbitrary
units, respectively. Capillary temperature at 275 °C and auxiliary heater temperature at 290 °C. Analytes were
analysed in positive ion spray voltage at 3 kV. The acquisition program used is a parallel-reaction monitoring
(PRM), at a mass resolution of 17’500, at an AGC target of 2 x 10°, using a maximum filling time of the C-trap
of 50 ms. A normalized collision energy was set at 10%. All chromatograms were acquired using a m/z tolerance
of 5 ppm. An isolation window of 1 m/z was set without an isolation offset and multiplexing count. A mass
calibration was performed once a week in positive polarity using the Pierce™ Velos ESI Ion Calibration standard
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mixture (Thermo Scientific™, MA, USA). For Positive ion calibration, the mix consists of n-butylamine, caffeine,
MREFA (peptide of Met-Arg-Ala acetate salt) and Ultramark 1621. MS Tune 2.8 (Thermo Scientific™, MA, USA)
was used to control the instrument and Chromeleon™ 7.2.7 (Thermo Scientific™, MA, USA) was used to acquire
data.

Post-column infusion (PCI)
A Chemyx Fusion 100T syringe pump (TX, USA) was used, along with a 10 mL of glass syringe (Hamilton,
Nevada, USA) containing 2% ammonium hydroxide in methanol infused at a flow rate of 2 uL per minute.

Preparation of prefilled syringes

The preparation of TPT PFS was carried out inside a GMP Class A isolator, located within a GMP Class C
cleanroom specifically meant for chemotherapeutic production. This isolator is monitored weekly as per GMP
standards to confirm its microbiological quality!”.

Sample preparation
To prepare the samples for the analysis of plastic additives as well as lubricants, the entire 1 mL volume from each
syringe was transferred into a vial for analysis. Samples preparations were performed in triplicates of PFS as well
as in instrumental injection. Negative controls (syringes without drug) and positive controls (spiked leachables)
were also included.

Internal standard solution preparation

Stock solution of internal standards (IS) containing five different compounds: bis(2-ethylhexyl)phthalate-
3,4,5,6-d4 or DEHP-d4 (IS1), 4,4’-(1,3-phenylenedi-2,2-propanediyl)diphenol or Bisphenol M (IS2),
4,4 -sulfanediylbis[5-methyl-2-(2-methyl-2-propanyl)phenol] or Irganox 415 (IS3), 4-di-tert-butyl-6-(5-
chlorobenzotriazol-2-yl)phenol or Tinuvin 357 (IS4) and and bisphenol A-d16 (IS5) was prepared at 100 pg/
mL in MeOH. The solution was then diluted 100x with H,0/MeOH (1:1) to reach a concentration of 1 ug/mL
(work solution).

A blank solution was prepared by spiking a solution of 1 mL containing 0.9% of sodium chloride with 100
uL of the work solution. Samples were also spiked the same way as the blank, before injecting them for analysis.

The IS were attributed to different categories of leachables. IS1 was used to semiquantify plasticisers and
silicone-based lubricants, IS2 to semiquantify bisphenol derivatives, IS3 to semiquantify antioxidants, IS4 to
semiquantify UV absorbers and stabilizers and IS5 to semiquantify a miscellaneous group of additives including
oligomers, non-silicone-based lubricants and others'”1%,

All internal standards were considered for both semiquantitative approach and IS1 only for estimated
quantitative approach. The LOD and LOQ of all internal standards are expressed respectively: IS1 (0.244 and
0.732 ng/mL), IS2 (0.244 and 0.732 ng/mL), IS3 (0.122 and 0.366 ng/mL), IS4 (0.244 and 0.732 ng/mL) and IS5
(0.244 and 0.732 ng/mL)'"18,

Semiquantification approach

Evaluation of leachable compounds

The concentrations of Leachables were estimated with the help of the responses factor, calculated according to Eq.

(1). The analytes’ concentration was assessed according to Eq. (2). The method is an estimative approach which

gives results in the form of estimation of the concentration between 50% and 150% of the true value!”:18:2627,
Equation (1) formula used to calculate the relative response factor (RRF) of the internal standards, which

consists of considering the response factor of the analyte (RFcompoLm 2 and the RF of the internal standard (RF ).

RFcompound

RRFcompound = RETS

Equation (2) formula used to calculate the concentration of the analyte considering the response of sample
(R, 1) int the form of the area under the curve (AUC) of the analyte and the internal standards, the RRF of the
identified analyte and the RF of the internal standards.

Csample ___Rsample X a8
Samp " RRFcompound =~ RIS

The identification and estimated concentrations were determined using an internal database containing non-
silicone-based compounds. The list is found in Table S1-4 in supplementary materials.

Study of only lubricant-related compounds
The approach used here is a simple quantification with the use of 1 IS, e.g., DEHP-d, in positive mode. Below
are the formulas used to calculate the responses factor according to Eq. (3) and the concentration of the analyte
according to Eq. (4)¥. This method is an approach more estimative than the former which gives a broader range
of concentrations, e.g., wider than 50% to 150% of the true value!”"13:27,

Equation (3) formula used to calculate the response factor (RF) of the internal standards, which consists of
pondering the response of the IS in the form of AUC and its known concentration.

RIS
RFIS =——
CIS
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Equation (4) formula used to calculate the concentration of the analyte by taking into consideration the response
of sample in the form of AUC of the analyte and the RF of the internal standards.

Rsample

Csample “REIS

The identification and estimated concentration of silicone-related compounds are found in Table S1-S4 in
supplementary materials.

Risk assessment
Risk assessment was realised on identified compounds that have undergone estimated quantification. This was
achieved by comparing the permissible dose exposure (PDE) with the total daily exposure (TDE)*-32. The
following equations to perform the risk assessment are found below as follows.

Equation (5) formula for permissible dose exposure (PDE).

Estimated NOAEL [mg/kg bw/day]|
Tl x T2 x T3 x T4

PDE [mg/day] = x Body Weight [kg]

Equation (6) formula for maximum daily dose (MDD).
MDD [mL/day| = Total Volume [mL] x Number of daily Administration [1/day]

Equation (7) formula for total daily exposure (TDE).
TDE [ng/day] = Estimated concentration [ng/mL] x MDD [mL/day]

The no observed adverse effect level (NOAEL), the body weight of the patient, and the multiplied uncertainty
factors depending on the parameters of the drug products and the patient are required to calculate the PDE
threshold. This is then compared with the total daily exposure (TDE). To calculate the latter, one would require
the maximum daily dose (MDD) of the drug product administered to the patient. The estimated concentration
of the analyte must be multiplied with the MDD to finally obtain the TDE.

The uncertainty factors (T) are a multiplied series of factors to compensate for series of errors.

Below are so called series of factors elaborated:

T1=Interspecies variations.

T2 =Interindividual variations among humans.
T3 =from acute to chronic human exposure.
T4 =from oral to parenteral route.

The NOAEL value is estimated via the calculation of the LD, which is obtained through the EPA TE.S.T
database based on in-silico predictions (extrapolations)®2. Although it may not be an accurate approach, it is still
a quick approach to understand the toxicology of the identified compounds.

Results and discussion

Reasoning behind the evaluation of leachable compounds

Off-label use of plastic syringes in batch compounding

In a hospital setting, the selection of primary packaging for batch production, such as syringes, infusion bags,
vials, and elastomeric pumps, is important when patient care is involved. In this case, syringes are used to contain
compounded intravitreal chemotherapeutic drug products such as TPT. In addition to specific reports of excess
silicone oil in the medical field, there has been an ongoing trend of off-label use of plastic primary packaging
in hospital pharmacy batch compounding!®*-*. Immediate to short-term use of plastic syringes is being
used in the production of long-term, ready-to-administer PFS for storage. This could represent toxicological
issues because these syringes have been accounted for only as immediate-use medical devices based on risk
assessments performed by the manufacturer, which makes them safe to use as labelled on the container’s
technical sheets. Manufacturers such as BD and BBraun have performed assessments to ensure population safety
if their containers are used as intended. However, the storage of filled devices beyond their approved use can lead
to the release of unmonitored, potentially harmful, leachable compounds!!.

Adoption of medical device regulatory logics in hospital pharmacy compounding

According to the European Union Medical Device Regulation (EU MDR) and the FDA 510(k), immediate- to
short-term use syringes are considered Class 1 syringes because of their low-risk functions; these syringes are
used directly in medical wards for general purpose aspirations and the withdrawal of fluids such as diluents,
drug products, and body fluids. According to these regulations, industries are obliged to use Class 2 and 3
syringes as long-term storage container closure systems (CCSs) based on good practices for safety of the general
population®®*!. These regulations do not serve hospital pharmacy productions and therefore do not oblige
hospital pharmacy compounders to do so. However, industry-based regulatory logic is based on solid scientific
data; therefore, hospital pharmacy compounders are inclined to follow regulations to ensure optimal patient
safety. MDR regulations state that the intended purpose of a container must align with the data and conclusions
generated for the container.
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In this context, it would be interesting to show potential leachables in syringes used oft-label in the form of
case studies to increase awareness by using an analytical method built for assessment of leachables by hospital
pharmacies. By considering the risk assessments of leachables studies, hospital pharmacists can advise on safe
use in terms of toxicology and clinical risks for patients! 1718,

Risk-based approach

According to most extractables and leachables (E&L) experts, the typical E&L protocol is long and expensive to
perform in industry, involving a full extractable study on the medical device and then a leachable study on the
combined container closure system (CCS) (medical device and drug formulation) based on guidelines**-%. In
response, many industries are proceeding towards simplifying the E&L procedure. If hospital pharmacies are to
perform risk assessment of their batch products, they would do best to adopt a similar approach. A risk-based
approach in hospital pharmacy leachable assessment should be composed of different variables: route, frequency
and duration of administration, type of patients, and formulation. TPT PES can be considered a medium-risk
product because it not only uses an off-label medical device but is also used for parenteral administration to frail
and vulnerable patients, such as infants!. This approach would also include an estimative quantification with an
estimative toxicology. All the analytical procedures and a comprehensive toxicological assessment are expensive,
demanding high cost and time, which makes this approach necessary as a means of first-step measurement.
Moreover, this estimative approach underestimates the value, making the toxicological threshold value of a given
compound in exposure to the patient lower, adding an extra layer of protection for frail and vulnerable patients
such as neonates and infants that are physiologically different from those of the general adult population.

Materials for the construction of syringes used in hospital pharmacy compounding

Both BD Plastipak and BBraun Omnifix 1 mL syringes consist of a barrel made of polypropylene and a plunger
head made of isoprene rubber. The barrel has a black graduation scale printed with ink on its surface to enable
estimation of volume measurement of aspiration and withdrawal of liquid. The plunger head and the inner
surface of the barrel are sprayed with PDMS medical-grade lubricant to facilitate smooth movement of the
plunger?*-2%. Additionally, a label is affixed to the barrel to allow product distinction once the syringe is filled
with the drug product to become a CCS but does not possess a low extractable profile quality.

Leachable studies
Three batches of TPT in BD Plastipak and BBraun Omnifix were analysed at six different time points, i.e., initial,
4h, 72 h, 1 month, 6 months, and 12 months, at a refrigerated temperature, which was deemed the appropriate
storage condition for this product on the basis of a conducted stability study'’. There are two parts to this study:
the first is the evaluation of leachables at the product expiration date, which is 12 months, to study the outcome
of leachable compounds in these two common syringe types, and the second part is the monitoring of only
lubricant-related compounds and their degradants at all time points to study the trend of degradation for these
two syringe types.

Tables S1-4 compile the leachable compound data observed in both syringes, including identification
methods, retention times, m/z values and adducts, and semiquantitative concentrations as well as toxicological
assessment data, are in the supplementary material.

Evaluation of leachables

Identification of leachables and functional implications After 12 months of storage, both syringes presented
similar patterns of leachable compounds, all of which were observed at low concentrations (between 0.1 and
15 ng/mL). BD Plastipak produced three times more diethylhexyladipate (DEHA) than did BBraun Omnifix.
This could be due to the medical device formulation. DEHA is an important plasticizer that is responsible for
ensuring flexibility in primary packaging and preventing brittleness*’. It is fused with the polymer before extru-
sion through van der Waals interactions. Due to this weak bonding, DEHA compounds are easily removed by
aqueous solutions, which explains the observed concentrations. Moreover, two other plasticizers were observed
at very low concentrations only in BD Plastipak (sebacate and citrate derivatives).

Degradants of antioxidants were observed in both primary packages (i.e., 2,6-di-tert-butyl-4-hydroxy-4-
methylcyclohexa-2,5-dien-1-one, 2,6-di-tert-butyl-p-cresol, 3-(3,5-di-tert-butyl-4-hydroxyphenyl)propanoic
acid, 3-(3-5-di-tert-butyl-1-hydroxy-4-oxo-2,5-cyclohexadiene-1-yl)propanoic acid, and 3,5-di-tert-butyl-4-
hydroxybenzyl alcohol). All these compounds are derived from 2,6-di-tert-butyl-p-cresol (BHT) and 3-(3,5-di-
tert-butyl-4-hydroxyphenyl)propanoic acid (fenozan). BHT may be a small standalone antioxidant or a part
of a more complex structure and fenozan is part of a larger structure (i.e., Irganox 1010, 1076, etc.). According
to our observations, BD Plastipak released three times more of fenozan than BBraun Omnifix, which could
be due to the presence of either more complex antioxidants or the instability of the polymer due to long-term
storage. However, BBraun Omnifix syringes released the greatest number antioxidant derivatives. There could
be a higher oxygen content in the drug formulation, which induced the oxidation of fenozan and BHT into their
oxidated states (hydroxy, aldehyde, ketone), related to the porosity of the material.

Markers of rubber deterioration were also observed in BD Plastipak syringes. These compounds are rubber
cross-linkers used in the curing of rubber. Usually, rubber plunger heads are thermoplastic elastomers and
therefore should not require rubber crosslinkers, which would be more appropriate for thermoset elastomers.
Nevertheless, low concentrations of rubber cross-linkers were observed at 12 months of storage.

Ink graduation markers were observed in both syringes. BBraun Omnifix has shown traces of acrylate
derivatives (triethyleneglycol dimethacrylate) and caprolactam at low concentrations, whereas BD Plastipak
released twice as much caprolactam than BBraun Omnifix. Moreover, bisphenol A (BPA) and phosphate flame
retardants (triphenyl phosphate and tris(2-chloro-1-methylethyl) phosphate) were observed in greater amounts
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in BD Plastipak than in BBraun Omnifix. BPA was not found in the latter, but this would require more interbatch
analysis to confirm its presence since it can appear in one batch and not another. Flame retardants have no
place in syringes since their role is to prevent the spread of fire through electric cables and equipment. These
compounds, including BPA, could result from industrial in-process contamination!”!%.

Estimative toxicology of leachables  To estimate the risk of critical patients being exposed to potentially hazard-
ous compounds, it is important to first determine the MDD of TPT, which is calculated at 1 mL, since it is ad-
ministered only intravitreally or intracamerally during surgery. Next, PDE and TDE were calculated according
to Eq. 3 and Eq. 5 for nonlubricant leachables. As a result, none of the TDEs of the identified compounds related
to leachables surpassed their PDE thresholds, as shown in Fig. 1. DEHA was nearly the highest in concentration;
however, many E&L experts say that this is normal. According to some toxicologists, DEHA can be viewed to
be toxic with multiple endpoints, such as neurotoxic, hepatotoxic, and cardiotoxic, and a potential endocrine
disruptor compound (EDC) of concern if infant patients are involved in the treatment*®. More tests are needed
to determine the safety of patients when exposed to off-label containers that have been used to store high-risk
products.

Chromatograms and mass spectra in positive and negative modes are available in Figs. S1-S13 in the
supplementary materials.

Monitoring of lubricant-related compounds and their degradants
Six different time points—initial, 4 h, 72 h, 1 month, 6 months, and 12 months—were considered at refrigerated
temperature, which was deemed the appropriate storage condition for this product based on the stability study'°.
As mentioned in section “ Leachable studies’, Tables S1-4 compile the leachable compound data observed in
both syringes, including identification methods, retention times, m/z values and adducts, and semiquantitative
concentrations, as well as toxicological assessment data, and are in the supplementary material.
The monitoring of lubricants via a UHPLC-HRMS platform is challenging in terms of compound
detectability and, to our knowledge, has not been attempted before due to instrument incompatibility. However,
with the installation of PCI, as described in section “Post-column infusion (PCI)?, it is possible to identify and
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Fig. 1. Risk assessment of topotecan PFS stored in BD Plastipak and BB Omnifix primary packaging

after twelve months in refrigerated temperature. The compounds (along with the laboratory codes)

identified, semiquantified and assessed are: 2,6-di-tert-butyl-4-hydroxy-4-methylcyclohexa-2,5-dien-1-one
(AO120), 2,6-di-tert-butyl-p-cresol (AO95), 3-(3,5-di-tert-butyl-4-hydroxyphenyl)propanoic acid (AO26),
3-(3-5-di-tert-butyl-1-hydroxy-4-oxo-2,5-cyclohexadiene-1-yl)propanoic acid (AO45), 3,5-di-tert-butyl-
4-hydroxybenzaldehyde (AO25), 3,5-Di-tert-butyl-4-hydroxybenzyl alcohol (AO48), Acetyl tributyl citrate
(PZ17), Benzotriazole (UV25), Bisphenol A (BP14), Caprolactam (O1), Di-(2-ethylhexyl) adipate (PZ2), Di-
(2-ethylhexyl) sebacate (PZ104), N, N-Dibutylformamide (RA6), N-butylformamide (RA9), Oleamide (LB1),
Tetradecanamide (LB3), triethyleneglycol dimethacrylate (AD16), Triphenyl phosphate (PZ36), Tris(2-chloro-
1-methylethyl)phosphate (PZ39), hexamethylcyclotrisiloxane (LB4), octamethylcyclotetrasiloxane (LB5),
decamethyltetrasiloxane (LB6), decamethylcyclopentasiloxane (LB7), dodecamethylpentasiloxane (LB8).
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estimate the concentrations of some silicone degradants or oligomers. The main objectives of this study were
twofold: (1) identify any non-silicone-related lubricants and any silicone-related degradants and (2) evaluate the
toxicological risk of these compounds after long-term storage in patients for intravitreal administration to treat
retinoblastoma.

Identification of lubricant-related compounds As illustrated in Fig. 2, five different silicone-related degradants
were identified in the BD Plastipak syringe, and their concentrations were estimated to range from 4 to 300 ng/
mL after 12 months of material-solution contact. The concentration of these oligomers tends to increase slowly
over time because of their instability in aqueous solution, especially when the device is not meant to be used as
a storage device for more than 72 h, reflecting the quality of the silicone oil lubricant. From the initial time point
to 72 h, little to no detectable presence of silicone-based oligomers was observed within the sensitivity limits of
our analytical platform. The concentrations of these silicone-based oligomers are potentially too low to cause
toxicological issues for patients of all ages, including infants and neonates for short-term use of these syringes for
up to 72 h, which are labelled and strongly advised by the manufacturer, for all intents and purposes. However, as
these syringes are used outside their regulated boundaries, an increase in the concentration of these oligomers is
observed after 6 months, which is to be expected, especially with LB7 and LB8 having higher estimated concen-
trations than the rest. The increase in the concentration of all oligomers could be related to a small volume effect.
Interestingly, at 6 months, an exhaustive asymptotic curve is observed, forming a plateau when the syringes are
left in storage for 12 months. The stagnation appears after 6 months for all oligomeric silicone degradants, which
is due to the equilibrium between the PDMS polymer and the oligomeric degradants. This reflects the solubility
of the oligomers of interest and the tendency of PDMS to break down into oligomers due to steric hindrances
and other molecular stresses. This depends on the angle of attack, which results in the formation of cyclic and
linear silicone degradants. There was a four- to seventeen-fold increase between the initial filling in primary
packaging and after twelve months of storage.

To understand slightly more about silicone oil, or PDMS, it is a popular lubricant used to enable frictionless
surface transition between two objects. PDMS is a low-density polymer composed of silanol monomers.
However, since they are linked by silanol bonds, they could be prone to hydrolysis when in contact with aqueous
solution. When these bonds break oligomers, either linear or cyclic structures are formed and tend to leach into
the drug solution®.

The identified degradants are siloxane and silane in nature and were detected in ESI positive mode as [M +
H]J* adduct. The identification of silicone derivatives via UHPLC-HRMS is particularly unusual because these
compounds are volatile to semivolatile by nature. However, the design of the current instrument layout enabled
the identification of some siloxanes and silanes due to the installation of a PCI using ammonium hydroxide
(NH,OH) at very low concentrations and at low flow rates'”'8. It is hypothesized that the PCI transforms the ion
source by creating an environment rich in proton and ammonium molecules, forcing the creation of adducts of
silanol and siloxanes substances.

With respect to possible container-content interactions, describing any interaction with a TPT drug
formulation is difficult. It is not known if leachables interact with topotecan and its excipients until we observe
signs of physical-chemical phenomena, which are related to incompatibility between the drug formulation and
the medical device. All we can do is describe the presence and concentration of leachables in the solution that
may end up in the patient’s bloodstream via means of treatment. However, one good observation is that, on
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Fig. 2. The release of silicone-based degradant/oligomers evolving in terms of estimated concentrations
at different time points over a period of 12 months in the BD Plastipak. The compounds (along with

the laboratory codes) identified, semiquantified and assessed are: hexamethylcyclotrisiloxane (LB4),
octamethylcyclotetrasiloxane (LB5), decamethyltetrasiloxane (LB6), decamethylcyclopentasiloxane (LB7),
dodecamethylpentasiloxane (LB8).
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Fig. 3. The release of oleamide and its degradants as well as silicone-based oligomeric contaminant evolving in
terms of estimated concentrations at different time points over a period of 12 months. The compounds (along
with the laboratory codes) identified, semiquantified and assessed are: Oleamide (LB1), Tetradecanamide
(LB3), Hexamethylcyclotrisiloxane (LB4).

the basis of the results of the TPT stability study, TPT concentrations were not significantly affected since we
established that they remained stable for 12 months in BBraun Omnifix Syringes and BD Plastipak Syringes.

For BBraun Omnifix, as shown in Fig. 3, small concentrations of oleamide (LB1) were observed after 4 to 72
h of contact with the solution, i.e., between 20 and 25 ng/mL. The oleamide degradant tetradecanamide (LB3)
was identified and semiquantified at concentrations less than 5 ng/mL. Oleamide degradation is usually linked
to its intrinsic quality and is not related to in situ reactions with aqueous drug solutions. There was no further
increase in concentration after 4 h. Oleamide and its degradant are lipophilic by nature®*>!. This small molecule
is an oleic acid derivative with an amide functional group that renders the molecule inert to acidic and basic
compounds. Its original purpose was to serve as a slip agent; it is added at a small concentration during the
moulding phase of the medical device and remains incorporated into the polymer, which explains its presence in
the drug formulation. As an alternative to silicone-based lubricants, oleamide can be a very interesting choice for
use in syringes and vials containing aqueous medication. It requires small concentrations to perform optimally
as a lubricant®®°!, Although it was identified at a small concentration, it was never added to the technical sheet
because it served no purpose as a lubricant, and it has been assessed by E&L experts as safe before market release.
After 12 months of storage, there was a negligible increase in oleamide concentration of approximately twofold.
A silicone-related degradant called hexamethylcyclotrisiloxane (LB4), which comes from silicone oil as part of
lubrification, was also detected.

The observation of oleamide in BBraun Omnifix syringes is particularly interesting since both syringes are
sprayed with free silicon oil on the barrel and the plunger head®>**. According to our observations, the spraying
technology of free silicone oil in BD Plastipak may differ from that of BBraun Omnifix. The former may have
contributed to the added presence of silicone oligomers. It is even possible that there may be less free silicone oil
sprayed in BBraun Omnifix, which makes sense when oleamide, which is already incorporated in rubber, is used
as a secondary lubricant, hence reducing the reliance on silicone oil.

Estimative toxicology of lubricant-related compounds In terms of risk assessment, as shown in Fig. 1, the only
compounds whose TDE surpassed its PDE appeared to be decamethylcyclopentasiloxane (LB7) and dodeca-
methylpentasiloxane (LB8) at 1 to 12 months of batch storage, which could be considered nonrecommended
for long-term contact exposure between this syringe and the drug formulation. Judging by the trend on the
histogram shown in Fig. 2, the start of saturation seemed to be visible at the 1-month time point. Unfortunately,
to clarify further, it would have been optimal to possess data at the 72-hour time point, but due to the high LODs
for these compounds, the concentrations of LB7 and LB8 were not measurable and no models were constructed
using their standards to estimate concentrations lower than their LODs. However, it is assumed that their con-
centration would be much lower than that at the 1-month time point since the lubricant is of medical grade and
does not easily degrade when in contact with the formulation for less than 6 days. Importantly, Class 1 syringes
are labelled for acute use for simple actions and, in the worst case, for short-term storage for up to 72 h. There-
fore, their use for longer than 72 h, from 1 month to 12 months, for example, would not be recommended for
infant patients. The other silicone degradants (LB4, LB5 and LB6) were found at relatively low concentrations,
which put their TDEs below their PDE after 72 h, up to 12 months. Although syringes seem safe for use in adults,
the use of these syringes in infant patients after 72 h of batch storage of medium- to high-risk compounding
formulations, such as the current compounding PFS, it strongly discouraged.
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In contrast, for BBraun Omnifix, although it may also seem to be a container misappropriation, it did not
surpass the TDE-PDE threshold. There has been very little evolution of oleamide (LB1) and its degradant,
tetradecanamide (LB3). In terms of safety risk assessment, none of the TDEs surpassed their PDE thresholds,
which appears to be safe for use for up to 12 months. The use of only a silicone-based oligomeric degradant was
also estimated to be safe because the TDE of the compound did not surpass its PDE threshold. Tables S3 and S$4
compile the leachable compound toxicological data observed in both syringes in the supplementary material,
including TDE and PDE.

In conclusion, BBraun Omnifix could be a good fit to condition TPT as a PFS, but would it be appropriate for
long-term storage? More tests are needed to determine its safety to ensure that no potentially harmful entities
can cause issues in frail and vulnerable patients. Moreover, the migration of free silicone oil can be the cause of
floaters being injected into patients’ eyes. The appropriate use of primary packaging should be encouraged to
reduce incidence, and the promotion of an E&L-related risk assessment should be undertaken to assure patient
safety! L1415,

Endocrine disruptor identification

Ten potential EDCs were identified in BD Plastipak (AO95, PZ17, UV25, BP14, PZ2, PZ36, PZ39, LB4, LB5,
and LB7) in comparison to six in BBraun Omnifix (AO95, PZ17, PZ2, PZ36, PZ39, and LB4), nearly half the
amount of the former. Although some of these compounds are found at low concentrations, EDCs are particular
compounds that do not follow regular toxicology; they can have toxicological effects on the growth and
development of younger patients, especially at low concentrations®. The compounds that contributed to the
increase in EDCs in the BD Plastipak syringes were silicone-based oligomeric degradants. In contrast, BBraun
Omnifix did not seem to release many EDCs because of the low contribution of lubricant-related compounds.
All EDC information is compiled in Tables S3 and S4 in the supplementary information.

Limitations
It is essential to address several key limitations in analytics, toxicology, and comparative studies in this paper as
these can significantly impact the reliability and interpretation of research findings.

Analytical limitations

First, monitoring volatile, semivolatile, and nonvolatile leachable compounds would be ideal for this type of
study because of the level of risk of exposure to frail and/or vulnerable patients, such as infants. The current
analytical method uses a fixed list of 200 commonly observed compounds, that are of toxicological concerns;
therefore, compounds that are not listed cannot be assessed, which is part of the limitation of the method, and its
semiquantitation method allows its user to estimate the compounds that are listed in the database. However, the
silicone-related compounds were estimated with a larger margin of error as an estimation. It tends to overestimate
the concentration because of the selection of the IS used. Moreover, silicone degradants were identified, and
their concentrations were estimated via PCI-integrated LC-MS. Due to the limitations of the instrument, not
all degradants were identified; therefore, analysis via GC-MS would have been an optimal method for analysing
volatile and semivolatile compounds. Furthermore, it is concerning that any presence of oligomers could be
related to interbatch variation. Silicone degradation can vary from batch to batch, which is why E&L must
be performed. Finally, leachable assessments of other storage conditions (RT and freezing temperature) of the
TPT PFS were not conducted. If this is done properly, it would yield multidimensional results, establishing the
influence of temperature on the release of leachables and even their stability.

Toxicological limitations
A full toxicological assessment would have been adequate for this type of study. However, this approach could
demand greater cost and more time to establish, which makes this current approach necessary as a means of
first-step measurement.

Comparative study limitations

Finally, TPT conditioned in syringes made of COP and COC could have been used as a comparison to the other
two syringes to demonstrate the low-extractable profile marketed and recommended for long-term storage of
DPs!”!8 However, there was also an intention to demonstrate case studies of off-label use of primary packaging.
A glass syringe would have been the optimal control sample. While glass syringes are more inert, their use in
ophthalmic surgery and other interventions is contraindicated because of the risk of ocular trauma from glass
particles and plunger malfunction. There are many inconveniences due to the high degree of breakage and risk
of particulates.

Expert opinions

The use of appropriate primary packaging material

The off-label use of plastic primary packaging, including syringes, should not be underestimated. Both syringes
tested herein, and many others that are not mentioned in this paper have already been assessed by manufacturers
to be safe for use as intended as per their label, which is for simple aspiration and withdrawal of fluids, whether
it is a drug formulation, a diluent, or even a biological fluid. Therefore, these items should not be used outside
of their approved use for safety reasons. Industrial drug products intended for long-term batch production are
conditioned in primary packaging materials that have been previously risk assessed by industrial E&L experts
to ensure optimal patient safety for product market access. Therefore, as an expert opinion, hospital pharmacy
compounders should consider doing the same for future endeavours. A recommendation to hospital pharmacy
compounders would be the use of Class 2 and 3 syringes made of COP or COC, which are better suited for
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all drug formulations, including sensitive drug delivery, such as biologics and ophthalmic drug formulations,
featuring low extractables and low silicone particle burden®®415556, Melo et al. reported that there is often a
lack of intraocular primary packaging available, forcing medical institutions to use syringes with free silicone
oil. COC- and COP-made syringes could be optimal candidates and result in smaller volumes for low-volume
administrations! 15357,

Promotion of leachable assessment

Another point to recommend would be leachable risk assessment in hospital pharmacy batch compounding.
Any oft-label use of Class 1 syringes could be safe for adults, but probably not for infants or neonates. As an
expert opinion, it would be ideal to perform a risk-based approach on medium- and high-risk drug products.
The degree of risk should be based on the route of administration, the type of patients, the type of formulation,
the selected medical devices, the frequency of administration, and the duration of treatment. This could be set
up in the form of a workflow that could be adaptable, standardizable, affordable, and applicable for hospital
pharmacy compounding practices!!.

If off-label primary packaging is used because the appropriate packaging is deemed too costly to implement
in hospital pharmacy production, it is good practice to at least perform an extractable study to ensure that batch-
produced products are safe for use in frail and vulnerable patients. Although no regulation exists that obliges
compounders to assess the E&L-related risk of PFS, compounders are ethically and morally liable to ensure a
safe product for patients.

If appropriate packaging, such as a COC or COP syringe, is implemented in a hospital pharmacy batch
compounding to bring about a PFS product to patients but it is too costly to perform a complete risk assessment,
compounders can request a technical report issued from E&L studies from the manufacturer. The results can
be used as a basis for the compounder’s product to estimate the safety of the product. In terms of extra safety
measures, an extractable study can always be performed on the medical device, which does not cost as much as
a full assessment.

Conclusion

In conclusion, given the widespread off-label use of plastic syringes in hospital compounding, particularly for
paediatric oncology and ocular therapies, this work aims to raise awareness about potential toxicological risks
from packaging-derived contaminants. Both commonly used syringes showed similar leachable profiles (up
to 12 months), remaining within PDE safety thresholds under this analytical approach. However, concerning
lubricant-related analysis, BD Plastipak syringes exhibited two silicone-based oligomeric degradants after long-
term storage that exceeded toxicological limits, indicating that they may be unsuitable for extended storage or
intraocular use beyond 72 h. In contrast, BBraun Omnifix syringes released only non-silicone-based lubricants
(oleamide and tetradecanamide) in safe amounts, possibly due to lower internal free silicone oil levels.

This study also introduces a innovative UHPLC-HRMS method with postcolumn infusion to assess leachable
compounds, including silicone-based lubricants, in two commonly used off-label syringes (BD Plastipak and
BBraun Omnifix) filled with TPT. The method successfully identified silicone-related degradants, offering a
practical marker for hospital pharmacies to evaluate and estimate syringe suitability in intravitreal drug
delivery—an area often overlooked in conventional leachable testing.

These findings underscore the importance of evaluating primary packaging in sterile compounding. BBraun
Omnifix syringes may offer a safer option for intravitreal TPT preparation, although comprehensive leachable
profiling, including GC-MS for volatiles and complementary techniques, is essential to perform a full assessment
before routine clinical adoption.

Ultimately, this study emphasizes the need for proactive risk assessment and stricter regulatory guidance to
ensure the safety of vulnerable patients receiving high-risk drug compounding.
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Data is provided within the manuscript or supplementary information files.
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