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Endotoxin contamination is a significant hurdle to the translation of nanomaterials for biomedical appli-
cations. Multiple reports now describe that more than one-third of nanomaterials fail early pre-clinical
assessment due to levels of endotoxin above regulatory requirements. Additionally, most immunological
studies or in vivo studies testing nanomaterials in the literature lack inclusion of this assessment, which
may lead to false-positive or false-negative results if high levels of the contaminant are present. The cur-
rently approved methods for endotoxin contamination assessment rely on enzymatic activity and wave-
length absorbance as their endpoint, and many nanomaterials can interfere with such assays. For this
reason, we devised an interlaboratory comparison of endotoxin contamination assessment for a range of
nanomaterials to challenge the current international organization for standardization and pharmacopeia
standards. Herein, we show that detected endotoxin levels could vary considerably between groups, and,
in some instances, nanomaterials could both pass and fail regulatory endotoxin limits for medical devices
depending on the group undertaking the assessment, all while passing all quality criteria standards. This
work emphasises the requirement for multiple assays to fully assess the endotoxin levels in a nanomaterial
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Introduction

Nanomaterials (NM) possess unique physicochemical pro-
perties that make them attractive tools for many biomedical
applications." These novel characteristics also come with
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and highlights the need for additional assays to be developed in this space.

caveats, however, as their translation comes with many added
challenges compared to conventional drugs.> One such safety
hurdle for NM is endotoxin contamination. The large surface-
to-volume ratios and multi-component design associated with
NM can accommodate high levels of endotoxin. Additionally,
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endotoxin’s structure facilitates binding to both hydrophobic
and cationic structures and its high thermal stability makes it
incredibly difficult to remove once bound.? Intravenous injec-
tions of 2-4 ng kg™' of endotoxin have consistently induced
systemic inflammation in humans,”” while lower doses (0.3 ng
kg™") have been associated with low-grade inflammation.°
Therefore, endotoxin represents a significant early safety con-
sideration for NM.

In 2013, the National Cancer Institute’s Nanotechnology
Characterization Laboratory (NCI-NCL) reported that more
than one-third of the nanomedicines they tested during a one-
year period failed endotoxin contamination assessment.” More
recently, another group published similar findings.” In
addition to its high prevalence on NM, there is also evidence
to suggest that the vast majority of publications detailing
immunological assessments and in vivo studies with NM lack
inclusion of endotoxin contamination assessment, potentially
resulting in misleading findings.® Hence, endotoxin is a com-
monly overlooked, early hurdle to the translation of NM for
biomedical applications.’™**

Testing for endotoxin contamination on NM is not a trivial
endeavour, with the unique physicochemical properties of NM
commonly leading to issues with assay interference.'>'* The
surface chemistry of NM can interfere with the constituents of
the assay, while their optical properties commonly overlap
with absorbance endpoints in these tests.>'* Accordingly,
current international and Pharmacopeia standards for endo-
toxin testing require the inclusion of an inhibition-enhance-
ment control (IEC) on top of common acceptance criteria to
account for this potential interference.'>'® The IEC is a spike-
recovery control consisting of a known concentration of endo-
toxin spiked into a NM test sample that is subsequently
detected to determine its propensity to introduce an inhibition
or enhancement into the assay. An inhibition is considered a
spike-recovery <50% of the concentration introduced, whereas
an enhancement is defined as >200%."> However, despite this
additional interference control, different results between
assays have been reported.>'”

Here we present the results from an interlaboratory com-
parison (ILC) by the SAFE-N-MEDTECH (safety testing in the
life cycle of nanotechnology-enabled medical technologies for
health) consortium for the endotoxin contamination assess-
ment of three NM and a medical implant coated with a nano-
surface. These NM were analysed for their physicochemical
characteristics (PCC) and tested for endotoxin contamination
by eight different groups -including a Good Laboratory Practice
(GLP) certified laboratory- using either the chromogenic, turbi-
dimetric or gel clot Limulus amoebocyte lysate (LAL) assays or
the recombinant factor C assay. Results showed that while no
changes in PCC occurred during shipment, detected endotoxin
levels could differ considerably between groups. Importantly,
some of these differences could result in a NM both passing
and failing regulatory requirements for a medical device, even
when the same LAL assay is used. This study highlights poten-
tial issues with the currently accepted standards for endotoxin
contamination of NM.
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Materials and methods
Materials

The four chosen NM used for this study were (I) iron oxide
nanoparticles (IONP) purchased from Chemicell GmbH
(Germany) and consisted of a maghemite core with dextran
coating and dispersed in water; (II) gold nanoparticles (GNP)
purchased from NanoComposix, USA and were coated in poly-
ethylene glycol and dispersed in water; (III) polystyrene nano-
particles (PsNP) purchased from Sigma Aldrich, Ireland and
were also dispersed in water; and (IV) titanium-coated femoral
hip stem medical device implant with a hydroxyapatite nano-
surface purchased from Stryker Orthopaedics, Ireland. These
four materials were utilised for the ILC as they all possessed a
NM-component in their design and they varied in their struc-
tural, optical and chemical properties which enabled a robust
comparison of the different endotoxin detection methods. The
suppliers for all endotoxin detection kits are outlined in ESI
Table 1.1 Additionally, LAL reagent water (<0.001 EU ml™" and
<1.56 pg ml™" (1,3)-p-n-glucan) used for aliquoting the solu-
tions was supplied by Associates of Cape Cod Incorporated,
United Kingdom.

Methods

Sample preparation for shipment. The four chosen samples
were prepared for shipment to the consortium by the study
coordinator and were assessed for their size distribution,
surface charge and microbial contamination prior to shipment
to serve as a baseline for the consortium (each method is
described in detail in the subsequent paragraphs).

The IONP were supplied at 25 mg ml™" stock concentration
and then diluted to 10 mg ml™" in LAL reagent water to ensure
sufficient sample volume for the consortium. The GNP were
supplied as a stock solution of 0.053 mg ml™" concentration
and were not diluted any further as sufficient volume was avail-
able as stock. The PsNP were also diluted from 100 mg ml™" to
50 mg ml™" concentration using LAL reagent water to provide
enough sample volume for the consortium. The implant was
completely submerged in 100 ml LAL reagent water for 24 h.
After this time, the ‘implant fluid’ (or IF) was extracted and
used to indirectly test the levels of endotoxin on the structure.
Each sample was aliquoted into 5 ml pyrogen-free Eppendorf
™ tubes (Fisher Scientific, Ireland) for subsequent testing and
sealed with Parafilm® M (Sigma Aldrich, Ireland) to avoid
environmental exposure around the screw cap. The samples
were then ready to be shipped to the consortium.

For shipment, samples were placed in sealed polystyrene
boxes containing cold packs at 2-6 °C and arrived at their
respective destinations within 24 hours. Upon arrival, samples
were immediately stored at 2-6 °C until testing by the various
partners.

Interlaboratory study design. This interlaboratory study was
conducted according to International Organization for
Standardization (ISO) 13528:2015: ‘statistical methods for use
in proficiency testing by interlaboratory comparison’. The
three nanoparticle samples (IONP, GNP and PsNP) were tested,

This journal is © The Royal Society of Chemistry 2024
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prior to shipping and after aliquoting, by the study coordinator
for their size distribution using nanoparticle tracking analysis
(NTA) and dynamic light scattering (DLS). As described above,
the samples were then shipped to each ILC partner for sub-
sequent size and contamination testing. Each laboratory
(excluding the GLP laboratory) then tested the NM for their
size distribution with either NTA or DLS -under the same con-
ditions as the study coordinator, and in accordance with
European Union Nanomedicine Characterisation Laboratory
(EUNCL) protocols™®'- to confirm the integrity of the samples
had not been altered during shipping. Following size distri-
bution assessment, the results were compared to ensure
minimal differences in mean size (<10% coefficient of variance
(CV)) and the samples were tested for endotoxin contami-
nation by each group in at least one assay using the chromo-
genic, turbidimetric or gel clot LAL assays or the recombinant
factor C assay according to ISO and Pharmacopeia
standards.'>"® The results for the endotoxin testing were com-
pared statistically to determine differences between results
(Fig. 1).

Nanoparticle tracking analysis. Initially, the diluent
(American Chemical Society grade water; Lennox Laboratory
Supplies Ltd, Dublin, Ireland) was filtered using rapid-flow
sterile filters with a pore size of 0.2 pm (Thermo Scientific
Nalgene, Dublin, Ireland). This was then measured with 3 x 60
s recordings using the NS500 Nanosight (Malvern-Panalytical,
United Kingdom) to ensure no background interference. When
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confirmed, 100 nm polystyrene nanoparticle size calibration
standard (Malvern Panalytical, United Kingdom) was
measured. +10% of this stated mean size range was deemed
acceptable after 3, 60 s recordings. Next, the NM were diluted
until 20-100 particles per frame were observed and then
measured with a minimum of 3 x 60 s recordings with con-
stant camera level of 12 and detection threshold of 5 for the
IONP’s (measurements), level of 7 and threshold of 5 for the
GNP’s and level of 11 and threshold of 5 for the PsNP’s.

Dynamic light scattering- size distribution. As for NTA
measurements, a particle-free diluent was used to dilute the
NM to a suitable concentration. Once again, 100 nm poly-
styrene nanoparticle standard was measured as a quality
control with the Nano- ZS (Malvern-Panalytical, United
Kingdom) using disposable polystyrene cuvettes and an ana-
lysis involving 10 measurements of 12 runs, 10-second run
duration, scattering angle of 173°, automatic attenuation selec-
tion and general-purpose analysis mode. As before, +10% of
this stated mean size range was deemed acceptable. A refrac-
tive index of 2.42 and absorbance of 0.029 was selected for the
IONP’s, index of 3 and absorbance of 0.03 for the GNP’s and
index of 1.59 and absorbance of 0.01 for the PsNP’s.

Dynamic light scattering - zeta potential. Zeta potential was
measured using the Zetasizer Nano Z (Malvern-Panalytical,
United Kingdom). Each NM was diluted 1:100 in Milli-Q®
Type 1 ultrapure water (Wasserlab, QA03DP30GR model) and
measured for surface zeta potential using a minimum of
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Fig. 1 Schematic workflow for the interlaboratory study. Stocks of IONP, GNP, PsNP and implant fluid are aliquoted into tubes and the samples
tested by the study coordinator for size distribution by nanoparticle tracking analysis (NTA) and dynamic light scattering (DLS). The 4 samples were
then shipped to 7 additional groups within the consortium who repeated the size distribution analysis of the samples with either NTA or DLS and
also undertook endotoxin contamination assessment with a least one assay along with the coordinator. The size distribution and endotoxin con-
tamination levels were statistically compared across all groups. [Note: size distribution analysis was not undertaken by the GLP laboratory prior to

endotoxin testing].

This journal is © The Royal Society of Chemistry 2024
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3 measurements of 3 runs. Cuvettes used were Malvern’s dis-
posable folded capillary tubes (DTS1070). Equilibrium times
lasted 120 seconds and 20-second delays were employed
between measurements. Attenuation and voltage selection
were automatic and analysis was also undertaken in automatic
mode. Each measurement met Malvern’s quality criteria for
average count rate, phase plot and frequency plot.

Microbial contamination assessment. Microbial content of
each sample was determined using Luria Broth Agar Plates
(Lennox, Sigma Aldrich, Spain) and the assessment was con-
ducted according to the EUNCL protocol.*® Sterile water was
used as a negative control and E. coli bacteria (Invitrogen,
Spain) at a dilution of 1077 from the stock (to enable counting
and allow for >10 colony forming units (CFU) ml™") was used
as a positive control. Spike-recovery controls were included in
the analysis to assess possible interference of the samples with
the assay by spiking each with bacteria at the same dilution as
the positive control. 50 pl of each sample was applied to the
surface of the agar plates in triplicate under sterile conditions
(laminar flow cabinet) and the plates were incubated at 37 °C
for 72 h. After counting the CFU present in the plates, the con-
centration was calculated based on the stock concentration of
the sample tested. Additionally, the recovery percentage of
spiked samples were also determined based on the difference
of CFU between spiked samples and the positive control.

Mycoplasma contamination assessment. MycoAlert™
Mycoplasma Detection Kit (Lonza, Belgium) was used to
determine the mycoplasma levels in each sample. Here, IONP
and PsNP were diluted to 1 mg ml™" and the IF and GNP were
used at their stock concentration. 1 ml of each sample was
added to 9 ml of cell culture media and applied to 80% con-
fluent A549 cells (ATCC; LGC standards, Cedex, France) in a
T25 flask. PBS at 1 ml (stock) in 9 ml of cell culture media was
used as a negative control. The cells were incubated in dupli-
cate with these treatments for 24 h, where they were then
washed with PBS and fresh media replenished without anti-
biotic supplement. Viability was assessed at this point using a
nucleocounter (Chemometec, United Kingdom) by dividing
the total cell count by the dead cell count to ensure the con-
centrations of samples used were not cytotoxic. The cells were
then passaged 3 more times into new T25 flasks once conflu-
ent using the antibiotic-free media. After the third passage,
and once the media had been in contact with the cells for one
week, 2 ml of the media was collected to be tested for myco-
plasma contamination. This media was centrifuged for
5 minutes at 200g. The supernatants were then transferred to
sterile sample tubes and 100 pl of each sample was added to a
96 well plate. 100 pl of lyophilized MycoAlert™ assay control
was also added in duplicate to act as a positive control. 100 pl
MycoAlert™ substrate reagent was then added to all sample
wells and plate luminescence was read twice (before and after
substrate addition) using a Luminometer (BMG Labtech,
Netherlands) and the ratio between the first and second
reading was used to determine mycoplasma concentration in
each sample. As per the kit guidelines: a ratio <0.9 is con-
sidered a negative result, 0.9-1.2 indicates the cells should be
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tested again in 24 h and >1.2 is considered positive for myco-
plasma contamination.

Beta-glucan assay. The Glucatell® kit from Associates of
Cape Cod Incorporated, United Kingdom was used to deter-
mine (1, 3)-p-o-glucan (beta-glucan) levels in the samples.
Here, the Glucatell® standard was reconstituted in LAL
reagent water and a standard curve was created from 0-40 pg
ml™" of beta-glucan with 50 pl of each standard added to a 96
well plate in duplicate. Additionally, the samples at dilutions
of 2x for the GNP, 100x for the IONP, 1000x for the PsNP and
the undiluted stock for the IF were added to the 96 well plate
at 50 pl in duplicate. A spike recovery control was also included
for this assay, where 10 pg ml~" of beta-glucan was spiked into
each sample along with 10 pg ml™* on its own as a quality
control to determine whether each sample interferes with the
assay. Once all samples and controls were added to the plate,
the Glucatell® reagent was dispersed in Pyrosol® reconstitu-
tion buffer and 50 pl was added to each well, including a
blank control. The plate was then heated to 37 °C for
30 minutes and a stop solution was then added to each well
consisting of 50 pl sodium nitrite, 50 pl ammonium sulfamate
and 50 pl of N-(1-napthyl) ethylenediamine dihydrochloride
respectively. The plate was then read at 550 nm using an
Epoch microplate reader (BioTek, USA). To pass all quality cri-
teria, the standard curve R* value must be >0.98, the spike
recovery control 50-200% of the actual glucan concentration,
the CV values <25% and the last value on the standard curve
(0 pg ml™") must be lower than the next highest standard.

Chromogenic and turbidimetric assay. Associates of Cape
Cod, Lonza and Pierce were the manufacturers utilised by the
consortium for chromogenic and turbidimetric endotoxin
testing. In all cases, the protocol was the same and all controls
and quality criteria associated with the ISO and Pharmacopeia
standards were met.">'® Initially, the endotoxin standard was
reconstituted in LAL reagent water and a standard curve was
generated based on the sensitivities of the assay (mainly 0.001
EU ml™" or 0.005 EU ml™"). Next, the NM were diluted no
further than their calculated maximum valid dilution (MVD),
based on the sensitivity of the assay used, the concentration of
the NM and the endotoxin limit for a medical device (0.5 EU
ml™").>'® At the same dilutions, a known level of endotoxin
-within the standard curve- was spiked into each sample for
the spike recovery control. 50 pl of standards, samples, spiked
controls, quality control (additional endotoxin control) and
blank control (LAL reagent water) were added to a 96 well plate
in duplicate. Finally, the LAL substrate was reconstituted in
either LAL reagent water (for both endotoxin and (1, 3)-B-o-
glucan detection) or Glucashield® buffer (for endotoxin-
specific detection) and 50 pl was added to each well. The plate
was then heated to 37 °C for a predefined period based on the
manufacturer’s recommendations for the endpoint assay or
read immediately in a heated microplate reader for the kinetic
assay (types and sources for each group are outlined in ESI
Table 17). For the chromogenic assay, the plate was read at
405 nm; for the turbidimetric assay, the plate was read at
660 nm. To pass all quality criteria, the standard curve R*

This journal is © The Royal Society of Chemistry 2024
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value must be >0.98, the spike recovery control 50-200% of
the actual endotoxin concentration, the CV values <25% and
the last value on the standard curve (0 EU ml™") must be lower
than the next highest standard.">"®

Gel clot assay. Lonza and Associates of Cape Cod were the
manufacturers utilised for gel clot endotoxin testing. Once
again, the protocol remained the same in both cases and
abided by ISO and Pharmacopeia standards.'”'® To perform
the gel clot assay, 3 tests were undertaken to ensure valid
results: initially, a sensitivity validation test was performed to
confirm the assay was sensitive to its reported endotoxin con-
centration (0.03 EU ml™" or 0.06 EU ml™"). This test was under-
taken in replicates of four and involved reconstituting the
endotoxin and lysate as done for the chromogenic and turbidi-
metric assays. Standards at 2X, X, 0.5X and 0.25X (where X is
the stated sensitivity for the assay) were created and 100 pl of
each was added to the gel clot reaction tubes (from the same
suppliers), along with 4 tubes containing LAL reagent water as
a negative control. Next, the substrate was added at the same
volume to each tube and all tubes were heated to 37 °C for
60 min. Following incubation, the tubes were inverted 180° to
observe if a clot had been formed. A positive result consisted
of a firm clot that was maintained following inversion.
Anything other than a firm clot following inversion was con-
sidered a negative result. The test was deemed successful if all
negative controls failed to clot the gel. From these results, a
geometric mean sensitivity for the lysate was calculated by
taking the antilog of the mean log endpoint concentrations. If
the calculated mean sensitivity was between 50-200% of the
stated manufacturer sensitivity, the sensitivity of the lysate was
confirmed.

Following this confirmation, a spike-recovery control was
performed. Here, the samples were tested at a concentration
that does not clot the gel in replicates of four. At this concen-
tration, the samples were spiked with endotoxin at a concen-
tration of 2X, X, 0.5X and 0.25X the sensitivity of the lysate,
along with samples alone. In parallel to the spike-recovery
control, a sensitivity test was also run again in duplicate as a
quality control. For this test to be deemed successful, the
samples alone must not clot the gel and the lysate sensitivity
must be confirmed again in the parallel test. Additionally, if the
lysate retained its sensitivity when endotoxin was added, they
were deemed to not interfere with the assay; however, if the sen-
sitivity is outside the 50-200% range then the samples did inter-
fere. If the samples pass the spike-recovery control, they were
tested for the quantity of endotoxin they possess in a final test.

For the limit test, the samples were diluted continuously
from their stock in LAL reagent water (not exceeding the MVD)
and tested in duplicate until no clotting of the gel was
observed. At this concentration, an additional test was run
with samples alone, samples spiked with 2X the sensitivity of
the lysate, an additional 2X control in water and water alone in
duplicate. If the spiked sample and water-spiked control were
positive, and samples alone and water alone were negative, the
limit test was deemed successful and the endotoxin levels were
reported.

This journal is © The Royal Society of Chemistry 2024
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Recombinant factor C assay. The recombinant factor C assay
is a relatively new endotoxin-specific test, with the Food and
Drug Administration approving the first drug that utilized this
assay for its endotoxin detection in 2018.>" The principles of
the assay are nevertheless the same as the chromogenic and
turbidimetric assays,”” with the reconstitution protocols, con-
trols and quality criteria as described previously (R*> value
>0.98, spike recovery control is 50-200% of the actual endo-
toxin concentration, CV values are <25% and the last value on
the standard curve (0 EU ml™') is lower than the next highest
standard). The consortium used EndoLISA® and PyroGene™
kits for this assay with sensitivities of 0.005 EU m1™". Briefly, a
standard curve for endotoxin was generated based on the
stated sensitivity of the assay (0.005 EU ml™"): 5, 0.5, 0.05,
0.005 and 0 EU ml™'. Then, as before, standards, samples,
spike recovery controls, negative and quality controls were
added to a 96 well plate in 100 pl volume (note: samples were
not diluted beyond the MVD). Next, the assay reagents (fluoro-
genic substrate, assay buffer and recombinant factor C
enzyme) were added with or without washing steps and at
different volumes depending on the manufacturer’s guide-
lines. The plate was read fluorescently at 380 nm gx/440 nm gy
for a time zero reference point. The plate was then incubated
based on manufacturers recommendations (37 °C for
60-90 min) and read again at the same wavelengths. The time
zero fluorescence was subtracted against the second timepoint
to generate the standard curve and calculate the concen-
trations of each sample and control. The quality criteria for a
successful test were the same as the chromogenic and turbidi-
metric assays.

Statistical analysis

GraphPad version 7 was used to determine statistical distri-
bution (min, mean, max, range and coefficient of variance) of
size and contamination results between the consortium.

Results

Physicochemical characterization of nanomaterials

The PCC of the NM used for this interlaboratory study are
summarized in Table 1 below and data graphs are provided
in ESI Fig. 1-3.7 Notably, the IONP had a mean hydrodyn-
amic size range of 79-89 nm, GNP ranged from 128-151 nm
and PsNP ranged from 98-116 nm, depending on whether
NTA or DLS was used for the analysis. Additionally, each
material was monodispersed, with respective polydispersity
indexes of 0.111 for IONP, 0.008 for GNP and 0.028 for PSNP,
based on DLS measurements. The GNP had a lower stock con-
centration (0.053 mg ml™') and so was expected to have a
lower particle count (2 x 10° NP ml™") compared to the IONP
(6.46 x 10"* NP ml~") and PsNP (8.78 x 10" NP ml™"). All NM
were negatively charged at pH 7.5 for IONP and pH 7 for GNP
and PsNP. As the IF consisted solely of LAL reagent water that
had been exposed to the implant, it was excluded from PCC
analysis.
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Table 1 Physicochemical characterization of nanomaterials
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Sample NTA mean size (nm) NTA (NP ml™") DLS mean size (nm) DLS PDI Zeta potential (mV)
IONP 79+ 0.9 6.46 x 10" + 1.43 x 10> 89 0.111 -13.0 £ 1.2
GNP 128 + 1.6 2.08 x 10° + 1.61 x 10® 151 0.008 —21.3+2.4
PsSNP 98 + 0.4 8.78 x 10" + 6.10 x 10"* 116 0.028 —48.4 £ 1.8

NTA and DLS were used to measure the size distribution of the NM. Dynamic light scattering was also used to measure zeta potential at pH 7.5
for IONP and pH 7 for GNP and PsNP. Abbreviations: NP, nanoparticle; PDI, polydispersity index. Values indicate mean + standard deviation.

Beta-glucan, microbial and mycoplasma contamination of
samples

All samples were assessed for contamination with beta-
glucans, microorganisms and mycoplasma. Detectable levels
of beta-glucans were noted in the IONP, GNP and PsNP,
whereas the levels in the IF were below the lowest value in the
standard curve (5 pg ml™"). None of the samples had detect-
able CFU, indicating sterility (confirming the data provided by
the suppliers in each case). Importantly, in both of these
cases, the spike-recovery controls for beta-glucan and
microbial contamination were within 50-200%, indicating no
interference in the tests. Mycoplasma was also considered
negative for each sample tested as they produced a reading

ratio <0.9, while the positive and negative controls in this test
showed positive (34.57) and negative (0.16) ratios, respectively.
Importantly, the viability of the cells used for this assay was
>98% after incubation with the samples; hence, the samples
did not interfere in this regard (Table 2).

Size comparison by the consortium

Hydrodynamic size results from NTA and DLS ensured the NM
were not compromised during shipment (Fig. 2). For NTA,
IONP had a mean size of 85.9 nm and a standard deviation of
6.7 nm (7.8% CV); GNP had a mean size 127.1 nm and a stan-
dard deviation of 1.4 nm (1.1% CV); PsNP had a mean size of
104.3 nm and standard deviation of 5.2 nm (5.0% CV). For

Table 2 Beta-glucan, microbial and mycoplasma contamination of samples

Beta-glucan contamination Spike recovery

Microbial contamination

Spike recovery Mycoplasma reading

Sample (pg mI™) (%) (CFUmI™) (%) ratio

IONP 1629.1 103 0 102 0.4011 + 0.0423
GNP 7.5 96 0 67 0.5134 +0.2377
PsNP 4239.3 78 0 108 0.5885 = 0.1822
IF <5.0 91 0 71 0.5371 + 0.0655

Both beta-glucan and microbial contamination levels reflect stock concentrations for each sample. Spike-recovery controls indicate the
percentage of the contaminant retrieved following spiking into the sample. Mycoplasma reading ratio refers to the ratio of readings before and
after the detection substrate was added to each sample. Abbreviations: CFU, colony forming units.
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Fig. 2 Size comparison between groups. Bars depict mean hydrodynamic size (hm) + standard deviation and shapes represent individual results for
both NTA and DLS measurements. For NTA, the results are measurements from 3 different groups; for DLS, the results are measurements from 5

different groups.
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DLS, IONP had a mean size of 91.7 nm and a standard devi-
ation of 1.6 nm (3.8% CV); GNP had a mean size of 153.1 nm
and a standard deviation of 2.0 nm (1.3% CV); PsNP had a
mean size of 117.5 nm and a standard deviation of 3.0 nm
(2.5% CV).

Endotoxin contamination

The statistical variability of endotoxin results is summarized
in Fig. 3 and Table 3. As beta-glucan could be detected for the
3 NM tested, assays for detecting both endotoxin and beta-
glucan and endotoxin-specifically were used. All results
obtained and reported herein abided by ISO and
Pharmacopeia standards for endotoxin assessment of NM
(summarized in ESI Table 27).

The results of endotoxin and beta-glucan quantification
reflected seven groups’ data for the chromogenic (n = 6) and
turbidimetric (n = 2) assays are presented in Fig. 3(A and B)
and Table 3. The gel clot assay was also performed by two
groups, however, the MVD was reached for the IONP, GNP and

A. Endotoxin + b-glucan results
1000
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C. Endotoxin-specific results
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400+
300+
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PsNP with these assays and values could not be reported.
Additionally, the IF levels were below the sensitivity of the
assays (0.03 EU ml™"). For the more sensitive LAL assays (chro-
mogenic and turbidimetric), when the endotoxin levels of IF
were below the limit of detection they were reported 0.00 EU
ml™" in the results. For the NM, specific concentrations could
be determined for both the turbidimetric and chromogenic
assays in all but one case, where IONP reached the MVD for
one turbidimetric assay and could not be reported. IONP had
a mean value of 360.1 EU ml™%, but the min and max values of
22.18 EU ml™" and 958.00 EU ml ™" respectively noted a large
range in the results. This range corresponded to standard devi-
ation of 327.8 EU m1™". Similar results could also be seen with
PsNP, as the mean concentration measured 161.3 EU ml™" and
the min and max values were 6.07 EU ml™' and 706.10 EU
ml ™" respectively. These values equated to a standard deviation
of 233.10 EU ml™". GNP and IF contained considerably less
endotoxin (0.90 EU ml™" and 0.02 EU ml™" respectively) and
therefore a smaller range in results (0.38-1.17 EU ml™" for

B. Endotoxin + b-glucan results
1.59

1.0+

0.5

EU/ml

0.0

D. Endotoxin-specific results
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Fig. 3 Summary of results from endotoxin and beta-glucan contamination assessment of samples. (A) Endotoxin and beta-glucan results for IONP
(n = 7) and PsNP (n = 8). (B) Endotoxin and beta-glucan results for IF (n = 8) and GNP (n = 8). (C) Endotoxin- specific results for IONP (n = 7) and
PsNP (n = 4). (D) Endotoxin- specific results for IF (n = 8) and GNP (n = 9). Lines reflect mean values + standard deviation and shapes indicate indi-
vidual results. Black shapes indicate chromogenic assay results, grey shapes indicate turbidimetric assay results and grey shapes with black borders
indicate recombinant factor C assay results. Note: for PsNP endotoxin-specific measurements, three values were semi-quantitative and were

excluded from this data. These values are specified in ESI Table 2.1
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Table 3 Statistical distribution summary for each samples endotoxin
and beta-glucan results

Parameter IONP PsNP Implant fluid GNP
Endotoxin and beta-glucan results (EU ml™?)

Mean 360.10 161.30 0.02 0.90
SD 327.80 233.10 0.04 0.29
Min 22.18 6.07 0.00 0.38
Max 958.00 706.10 0.10 1.17
Range 935.80 700.00 0.10 0.79
(6)% 91% 145% 231% 32%
Endotoxin-specific results (EU ml™")

Mean 122.10 10.36 0.00 0.57
SD 150.10 13.17 0.00 0.44
Min 0.005 0.059 0.00 0.15
Max 437.00 28.16 0.1 1.20
Range 432.00 28.16 0.1 1.05
Ccv 123% 127% 277% 78%

Abbreviations: SD, standard deviation; CV, coefficient of variation.

GNP and 0-0.1 EU ml™" for IF). Accordingly, these materials
also exhibited considerably less standard deviation in their
data (0.29 EU ml™" for GNP and 0.04 EU ml™" for IF).

The endotoxin-specific results for eight groups’ data using
the chromogenic (n = 6), turbidimetric (r = 1) and recombinant
factor C (n = 2) assays are reported in Fig. 3(C and D) and
Table 3. Once again, the gel clot assay was also performed by
one group but the MVD was reached for the IONP, GNP and
PsNP, and the sensitivity was reached for the IF (0.06 EU
ml ™). The IF endotoxin levels were below the level of detection
for some groups with the chromogenic, turbidimetric or
recombinant factor C assays, and were therefore also reported
as 0.00 EU ml™" in the results. Similar findings were observed
with PsNP at its MVD for three chromogenic assays, and only
ranges for endotoxin could be obtained in these cases. These
ranges are provided in ESI Table 2.1 Additionally, the recombi-
nant factor C assay was unable to overcome the interference of
the IONP in both cases. For both the chromogenic and turbidi-
metric assays, however, the specific endotoxin concentrations
of IONP and GNP could be reported in all cases. IONP had a
mean value of 122.10 EU ml™" with a min and max value of
0.005 EU ml™" and 437.00 EU ml ™" respectively; PsNP had a
mean value of 10.36 EU ml™' with a min and max value of
0.059 EU ml™" and 28.16 EU ml™" respectively. This resulted in
standard deviations of 150.10 EU ml™" for IONP and 13.17 EU
ml™" for PsNP. As before, GNP and IF contained considerably
less endotoxin than the other NM, on average, which resulted
in a smaller range of results. GNP had a mean endotoxin cen-
tration of 0.57 EU ml™", with a range of 0.15-1.2 EU mI™" and
a standard deviation of 0.44 EU ml™". The endotoxin levels of
IF were undetectable except for two groups, where the concen-
trations were quantified as 0.002 and 0.1 EU ml™™.

Discussion

Three NM were aliquoted into pyrogen-free tubes and charac-
terized for their PCC by the ILC coordinator prior to batch-
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shipment to each partner. The fourth material -a medical
implant coated with a nanosurface- was exposed to endotoxin-
free water and this liquid was also aliquoted for subsequent
testing. NTA and DLS were utilised (prior and after shipment)
to measure the hydrodynamic size distribution of the NM and
the low CV values (<10% in all cases) ensured each sample was
not altered during shipment. The zeta potential of each NM
-determined by DLS- was negative at pH 7-7.5 and so inter-
ference with endotoxin detection assays via electrostatic inter-
action through the negatively-charged phosphate groups on
endotoxin could be avoided, as positively charged NM can
evoke false negatives in these assays through direct binding to
endotoxin.?

Next, each sample was tested for microbial and myco-
plasma contamination along with presence of beta-glucans.
No microbial or mycoplasma contamination was detected for
each sample, and confirming this sterility was essential to
ensure endotoxin or beta-glucan-harbouring microorganisms
were not present in each of the formulations. In IONP, GNP
and PsNP, however, beta-glucans could be detected. Notably,
IONP and PsNP possessed high levels of beta-glucan within
the nanogram range. Beta-glucans are not as potent as endo-
toxin, but do possess immune-stimulatory properties and are
common contaminants in NM.>*** Moreover, LAL assays are
responsive to both endotoxin and beta-glucans through factor
G activity (downstream of endotoxin-specific factor C signal-
ling), and so this contaminant could lead to an overestimation
of the endotoxin present in each sample.>® Because of this, the
ILC was expanded to include LAL assays specific to endotoxin
along with assays to detect a combination of endotoxin and
beta-glucans to compare results between each.

The results for both endotoxin-specific and endotoxin and
beta-glucan results varied considerably between groups, par-
ticularly for IONP and PsNP. This can be noted with the
reported range values, which increased to several hundred EU
when the levels of contamination were higher. Importantly,
this variation existed even within the same assays, and so this
is not a result of inter-assay differences but exists regardless of
the assay used. While this large variability range is concerning,
it is expected that higher concentrations of endotoxin will lead
to greater variations in results as larger dilutions of the NM
are required. Therefore, in these cases, if the goal of these
assays is to specifically ascertain whether the NM is within
endotoxin limits, this large range at higher concentrations is
not a major concern.

For the samples with lower endotoxin and beta-glucan con-
tamination -GNP and IF- the range was expectedly lower,
however, at this level, small differences were the difference
between a pass or fail with regards to regulatory endotoxin
limits for medical devices (0.5 EU ml™"). With the endotoxin-
specific results, in particular, the GNP and PsNP could pass or
fail between assays all while abiding by ISO and Pharmacopeia
standards for endotoxin testing of NM. Once again, these
differences were not a result of inter-assay variability in the
case of GNP, as the same assays were also providing large
ranges in results. This is a concerning finding as NM could

This journal is © The Royal Society of Chemistry 2024
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potentially harbour greater levels of endotoxin than what has
been reported, and this may lead to unexpected immune
stimulation at a later point in their preclinical or even clinical
evaluation. Notably, mice are 10 000-1 000 000 times less sensi-
tive to pure lipopolysaccharide treatment than humans;>*>?°
therefore, the immune-stimulatory effects of a NM containing
undetected, excessive levels of endotoxin may go unnoticed
until late preclinical or even clinical evaluation.

This variation in results is likely due to the propensity of
NM to interfere with LAL assays. While none of these NM were
cationic, they all have the potential to influence absorbance at
the wavelengths used for the chromogenic, turbidimetric and
recombinant factor C assays.>'> Moreover, the gel clot assay
-that does not use optical absorbance as an endpoint- was an
unsuitable alternative for the NM tested here as the MVD was
reached in most cases before the endotoxin levels could be
quantified. Hence, while current controls are in place in ISO
and Pharmacopeia standards to account for the potential of
NM to interfere with LAL assays, limitations remain in these
tests that may result in misleading findings. The IEC appears
not enough to sufficiently determine the extent of NM inter-
ference with the LAL assays, and the combination of multiple
assay types is advised. This recommendation has also been
voiced by the NCI-NCL previously,”® and its importance is
emphasised here as the use of two assays was more likely to
pick up a positive result.

The monocyte activation test is the only other regulatory
approved, non-animal alternative to the LAL assays.?” This
test also comes with limitations, however, as it also relies on
optical absorbance as an endpoint (although NM are mostly
washed away prior to detection), the test is not endotoxin-
specific and NM with inherent cytotoxicity or immune mod-
ulating properties can also interfere with it.> It is therefore
essential for more work to be carried out in the future
to advance the current options for endotoxin assessment
of NM.

Conclusion

This study summarized results from an ILC on the endotoxin
contamination assessment of four samples containing NM:
IONP, GNP, PsNP and a nanosurface- based implant. It was
hypothesised that the interference widely reported in the lit-
erature with NM and endotoxin assessment would result in
variable data between groups, even though ISO and
Pharmacopeia quality control standards were met in all cases.
While it was ensured that these samples were sterile, and PCC
analysis was performed to ensure that none of the samples
were altered during batch-preparation and shipment to the
various partners, large variations in results were observed,
even within the same assays. Notably, for 2 of the 4 samples,
individual results showed that each could both pass and fail
endotoxin assessment depending on the group performing the
assessment. Therefore, this study highlights the limitations of
LAL assays to the endotoxin contamination assessment of NM
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and the need for more work in this space to improve current
testing options in the future.
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