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Abstract

Bacterial endotoxins are lipopolysaccharides bound to the bacterial cell wall and released when
bacteria rupture or disintegrate. Possible contamination of endotoxin in ophthalmic devices can
cause a painful eye inflammation or result in toxic anterior segment syndrome after cataract
surgery. Measurement of bacterial endotoxin in medical device materials is difficult since
endotoxin binds with polymer matrix and some of the materials are very viscous and non-water
soluble, where traditional enzyme-based L/mulus amebocyte lysate (LAL) assay cannot be
applied. Here we propose a rapid and high throughput ambient ionization mass spectrometric
(MS) method using direct analysis in real time (DART) for the evaluation of endotoxin
contamination in medical device materials. Large and structurally complex endotoxin
instantaneously breaks down into low-mass characteristic fragment ions using DART and is
detected by MS in both positive and negative ion modes. This method enables the identification
and separation of endotoxin from medical materials with a detection limit of 0.03 ng mL~1
endotoxins in aqueous solution. Ophthalmic viscosurgical device materials including sodium
hyaluronate (NaHA), non-water soluble perfluoro-/-octane (PFO) and silicone oil (SO) were
spiked with different known concentrations of endotoxin and analyzed by DART MS, where the
presence of endotoxin was successfully detected and featured small mass fragment ions were
generated for NaHA, PFO and SO as well. Current findings showed the feasibility of measuring
endotoxin contamination in medical device materials using DART-MS, which can lead to a one-
step analysis of endotoxins in different matrices, avoiding any potential contamination during
sample pre-treatment steps.
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1. Introduction

Lipopolysaccharides (LPS), also known as bacterial endotoxins, are located in the outer
membrane of gram-negative bacteria, and are structural lipoglycans with molecular weight
of 10-40 kDa. Endotoxins are composed of three main parts: (1) O-antigen section of
repeating sugar units; (2) core oligosaccharide region containing heptose and 3-deoxy-D-
mannooctulosonic acid (known as KDO) sugars as well as non-carbohydrate components;
and (3) lipid A portion with multiple fatty acid chains connected through phosphorylated N-
acetyl glucosamine disaccharide, where the hydrophobic lipid A domain anchors into the
bacteria membrane [1-4]. Endotoxin or LPS serves as a protection barrier for bacteria from
its surroundings. However, they produce multiple negative biological effects when released
into the mammalian’s bloodstream, such as development of inflammatory response, invasion
of the immune system, sepsis, septic shock, adult respiratory distress syndrome, and
disseminated intravascular coagulation [5-7]. It is also known as a pyrogen or heat-stable
toxin, due to its fever causing effect [8].

As of today, endotoxin contamination has been reported and studied in a wide range of
circumstances [9-12], and it remains a serious threat to the public health. For example, the
outbreak of toxic anterior segment syndrome (TASS) in 2005 involved 112 patients [13],
caused by use of an endotoxin-contaminated device during cataract surgery, has greatly
increased people’s attention and awareness of the risks of endotoxin contamination in
medical devices. TASS induces toxic damage to intraocular tissues, normally resulting in
inflammation, blurry vision, ocular pain, eye redness or even permanent corneal endothelial
and irregular dilated pupil within 24 h of cataract surgery [14-17]. The main cause for TASS
can be due to the endotoxin contamination of ophthalmic surgical instruments, supplies,
accessories, intraocular solutions etc., during manufacturing, sterilization, or packaging
processes [13,18-21]. Retinal tamponades are ophthalmic viscosurgical devices (OVD),
which are viscous and viscoelastic intraocular fluids used during a variety of surgeries to
create and maintain space in the anterior chamber to protect internal eye tissues. However,
they may be contaminated with endotoxin as well [19,20]. Due to the serious risks
associated with endotoxin, the U.S. Food and Drug Administration (FDA) has issued
endotoxin testing recommendations for intraocular single-use ophthalmic devices for
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industry. According to the FDA guidance [22], the recommended endotoxin limit for release
testing is < 0.2 EU (endotoxin units) mL ~2, regardless of site of use (anterior or posterior
segment).

Measuring endotoxin in different matrix and medical device materials is critical for
assessing a product’s safety. The endotoxin limit for devices that are in contact with blood is
20 EU/device and for devices in contact with cerebrospinal fluid it is 2.15 EU mL™1.
Currently, the most widely used method for endotoxin or LPS detection and quantification is
the Limulus Amebocyte Lysate (LAL) assay that is based on the enzymatic activity between
amebocytes extracted from horseshoe crab and bacterial endotoxin [23-25]. However, this
methodology measures endotoxin indirectly; the procedure involves several steps, reaction
takes place in aqueous environment, and there are other interfering compounds reacting with
LAL reagent [26]. Thus, this test cannot be applied to detect the presence of endotoxin in
water-insoluble materials.

Alternatively, a wide variety of mass spectrometry (MS)-based techniques has been applied
for the detection of complex LPS or lipid A [27-30]. For example, Caroff et al. reported
direct micro-extraction and analysis of intact LPS by combined thin-layer chromatography
and matrix-assisted laser desorption ionization (MALDI) MS [27]. ESI-MS" have been used
for the analysis of lipid A isolated from LPS as well [28]. These studies were mainly
focused on the structural characterization of intact or partial LPS, but the convenience of
traditional ion sources (such as ESI, MALDI) are limited by their speed, sample status (gas,
liquid and solid) or sample introduction conditions (in matrix or/and under vacuum). Instead,
other approaches for the measurement of LPS using MS are to fractionate intact LPS, extract
specific fatty acids and derivatize them prior to analysis. Gas chromatography (GC)- or
liquid chromatography (LC) coupled to MS is then applied for the separation, detection and
quantitation of targeted fatty acid [30-32]. These methods can also be applied to
carbohydrate-containing samples, which normally interfere with endotoxin biological assays
but still suffer from multiple sample pre-treatment steps and tedious, time-consuming
method development. The LOD lies in the range of a few to tens of ng mL™1, or even pg
mL~1. Technique and methodology improvements for rapid, simple and high throughput
determination of bacterial endotoxin in medical devices of different materials are preferred
for product safety assessment as well as emergency situations. Replacing traditional
ionization sources and incorporating novel sample introduction and ionization technique on
MS may be a faster and more accurate method to measure endotoxins.

As an ambient ionization source, direct analysis in real time (DART) can ionize gases,
liquids and solids in open air instantaneously, where ionization can happen on sample
surface directly, requiring none or little sample preparation [33,34]. When the DART source
is coupled to different mass spectrometers, it provides a rapid MS analysis of a wide range
of compounds [35-39], where its mechanism and applications are described elsewhere and
summarized in a couple of reviewpapers [33,34]. In this study DART-MS is introduced for
the first time to measure the presence of bacterial endotoxin in OVD materials, including
sodium hyaluronate (NaHA\) [40], perfluoro-/-octane (PFO) [41,42], and silicone oil (SO)
[43,44]. Sodium hyaluronate is currently the most popular viscoelastic injection for a variety
of intraocular surgical procedures such as cataract extraction, lens implantation and retina
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attachments since the 1970s. In contrast, PFO is a low-viscosity dispersive retinal
tamponade and SO is a high-density cohesive retinal tamponade. These two materials are
selected for this study because they are both water-insoluble materials, and the detection of
endotoxin contamination in them using traditional LAL assay or other aqueous-based tests
remains a challenge. Using OVD materials as examples, the results obtained in this study
suggest a rapid, simple, direct, sensitive and high throughput analytical methodology for
endotoxin measurement. It is based on the detection of structural identities of endotoxin
directly; adopts one-step experimental protocol not requiring additional chemicals or reagent
kits; and the analysis time is within seconds with minimum or no sample preparation,
providing an endotoxin LOD of 0.03 ng mL~1 in aqueous solution, which is approximately
0.3EUmL™.

2. Experimental

2.1. Chemicals and sample preparation

Control standard endotoxin (CSE, Lot # 249024) was purchased from Associates of CAPE
COD, Inc. (East Falmouth, MA). Each vial contained 10 ng lyophilized and long freeze-
dried endotoxin derived from £. Co/i 0113: H10. Limulus amebocyte lysate (LAL) reagent
water manufactured by Associates of CAPE COD Inc., (East Falmouth, MA) was used to
reconstitute CSE. It contained less than 0.0001 EU mL~! endotoxin and 1.56 pg mL™1 (1,3)-
B-D-glucan. Methanol (Chromasolv, HPLC grade = 99.9%) was purchased from Sigma-
Aldrich (St. Louis, MO) and Hexane (Optima™) was obtained from Fisher Scientific
(Pittsburgh, PA). Pyroclear precision pipette tips supplied from Associates of CAPE COD
Inc., (certified free of interfering endotoxins and glucans) were used to transfer and prepare
samples in this work. 2 mL LC-MS injection vials from Waters, Inc., (Milford, MA) were
used as sample containers and were heated at 250 °C for 30 min for depyrogenation before
use. LAL reagent water 0.5 mL was added to a vial of dry CSE to prepare 20 ng mL™1
endotoxin standard stock solution. A series of dilutions was then performed with 50: 50
(v:v) methanol: water to prepare different CSE solutions of 0.031, 0.063, 0.16, 0.31, 0.47,
0.63, 1.25, 3.1 and 10 ng mL~1. CSE solutions were stored at 4-8 °C for analysis in 4 days,
and fresh CSE solutions were prepared afterwards. Ophthalmic viscosurgical device (OVD)
intraocular fluids analyzed in this study include Healon, Silikon and Perfluoron, which are
all prescription medical products. Healon manufactured by Advanced Medical Optic
(Uppsala AB, Sweden) contains 0.4 mL of 10 mg mL~ sodium hyaluronate (NaHA).
Perfluoron, purified perfluoro-/-octane (PFO) liquid, was purchased from Alcon
Laboratories, Inc., (Fort Worth, TX) and was used directly without further processing.
Silikon 1000 from Alcon Laboratories, Inc. is packed with 8.5 mL purified silicone oil.
Healon and Silikon products are highly viscous fluids. Single-use syringes were used to
transfer the fluids for further dilutions. Healon solutions were prepared with a 1: 5 (w:w)
ratio in 50:50 (v:v) water: methanol. Silikon was diluted in hexane with a 1:100 (w:w) ratio.
Equal volumes of CSE solutions and 1: 5 (w:w) dilution of NaHA solution were mixed
together to prepare endotoxin spiked Healon sample, resulting in final concentrations of
0.31, 0.47, 0.63, 1.55, 5 and 10 ng mL~1 endotoxin in the mixture. Due to the solvent
immiscibility of CSE solution, PFO and hexane, endotoxin-spiked PFO and SO samples
were prepared in different ways. In detail, 1 L of CSE solutions of different concentrations
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including 0.063, 0.16, 0.31, 0.63 and 1.25 ng mL~1 and 1 pL of PFO fluid or Silikon
solutions were pipetted on top of each other to the sample tip to make the endotoxin
containing OVD samples.

2.2. Sample analysis by direct analysis in real time mass spectrometry

All CSE and OVD standards including sodium hyaluronate (NaHA), PFO and silicone oil,
and samples of endotoxin containing OVD fluids were analyzed by direct analysis in real
time mass spectrometry. Direct analysis in real time (DART, SVVP-201) controller from
lonSense, Inc., (Saugus, MA) was connected to the LTQ XL linear ion trap (Thermo
Scientific, Waltham, MA) mass spectrometer (MS) through Vapur™ interface (lonSense,
Inc.). The DART controller was operated with 99.999% purity helium gas (Roberts Oxygen,
Rockville, MD) at a temperature of 400 °C in both positive and negative ion modes.
Standard samples were introduced by a 12 DIP-it holder (lonSense, Inc.) on a moving rail,
which allowed multiple liquid samples to be analyzed automatically in a sequence using a
web-based DART control software (version 5.0.5). Within the programmed sequence run,
the heat waiting time was set to 30 s, contact closure delay time was set to 1 s and the rail
moving speed was set at 0.3 mm/s. DIP-it tips were heated at 400 °C for ~10 s prior to
sample loading for in-depth cleaning in order to avoid any potential contamination from the
glass capillary tip. For accurate quantification, 2 UL (unless specified) of CSE samples,
diluted NaHA standards as well as endotoxin-spiked NaHA solutions were pipetted on to the
bottom of the DIP-it tip (glass capillary tube) and analyzed in both positive and negative
ionization modes by DART-MS using a moving rail. In contrast, when PFO samples were
introduced into the DART MS using the linear rail with the holder, the sample was
evaporated completely by the time it moved to the center position of the source due to its
low boiling point (103-104 °C). Alternatively, undiluted 2 pL of PFO standard and
endotoxin-containing PFO samples (1 pL each pipetted on top of each other) were placed at
the source center manually and analyzed immediately after sample loading in negative
ionization mode. Diluted SO standards in hexane were introduced and analyzed in the same
way as CSE samples in positive mode, while the endotoxin and SO mixture (1 pL of CSE
samples in 50:50 water: methanol and 1 pL of 1-100 dilution of silicone oil in hexane
spotted separately on top of each other) were air dried on the holder prior to the analysis by
DART-MS in positive mode. Thermo tune plus software (version 2.6.0, Thermo Scientific)
was used to acquire mass spectrometer data. The capillary temperature of MS was at 200 °C
in both ionization modes. The mass range of 100-1200 was employed for all samples except
SO, where extended mass range up to 2000 was used. Capillary voltage and tube lens were
25V, 100 V and =50 V, —120 V for positive and negative ion mode, respectively. To enhance
the sensitivity of small-mass fragments for endotoxin-spiked NaHA samples, MS parameters
were tuned to the following numbers: capillary temperature was 300 °C in both modes,
capillary voltage and tube lens were 15V, 100 V in positive ion mode and —24, =100 V in
negative mode. Additionally, source fragmentation of 30 V was employed for both PFO
standard and endotoxin-mixed PFO samples for structural characterization of PFO. Sheath/
sweep/auxiliary gas flow rates were set at O for all analysis in this study. Multiple replicate
(=3) analyses were performed for every single sample. It is worthy to mention that the
evaluation of endotoxin and endotoxin contamination in NaHA using DART-MS were
conducted in both positive and negative modes. Analyses of PFO and its endotoxin spiked
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sample were performed in negative ionization mode only, since no reasonable signal was
generated for PFO in positive mode. Transposed phenomenon was observed for silicone oil
which gives stable signal only in positive ionization mode.

In order to confirm the identified/assigned ions for the endotoxin standard, experiments were
repeated with DART SVP attached to Agilent 6540B accurate mass Q TOF mass
spectrometer (Agilent Technologies, Santa Clara, CA, USA) in both positive and negative
ionization modes. (Additional experimental parameters can be found in Supplemental
Information).

2.3. Data analysis

Xcalibur 2.1 software (Thermo Scientific) was used to analyze the data collected from mass
spectrometer. lon intensities were obtained after spectral averaging across the total ion
chromatogram during the sample exposure to DART beam followed by background
subtraction. The mass spectra collected from DART DIP-it tips only with corresponding
solvents were considered as the background. All final MS figures as well as calibration
curves were generated in Origin 9 (Northampton, MA) using the mass spectral peak lists
exported from Xcalibur 2.1, where the y scales of displayed MS spectra were normalized to
100% using the base peak, but the absolute mass intensities of specific //z from different
endotoxin concentrations were used to plot calibration curves. All chemical structures were
drawn using ChemBioDraw Ultra 13.0 (cambridgesoft.com, MA, USA) and the structures
were manually assigned based on the /m/z values obtained.

3. Results and discussion

3.1. Endotoxin standard analysis and quantification

As shown in Fig. 1A, bacterial endotoxin adopts a complex chemical structure, starting from
O-antigen, connected through core-oligosaccharide and ending with lipid A in the cell
interior, where lipid A is believed to be responsible for a majority of the biological activities
[7,28]. Endotoxin or LPS has the polysaccharide chain with various units of hexose, A
acetyl-hexosamine, heptose, deoxyoctonic acid, phosphate and amine structure as well as 4—
6 fatty acid chains with 12-14 carbons. The large molecular weight of the intact endotoxin
makes it difficult to be analyzed using traditional ionization techniques coupled to mass
spectrometry such as ESI-MS. These analyses require high-mass range instruments and
produce high m/zions with low S/N ratio, resulting in mass spectral peaks that are difficult
to be interpreted for chemical structure information. For analysis of aqueous samples using
DART, CSE standards are simply transferred by pipetting 2 pL solutions onto the capillary
tip for quantitative purpose or the capillary tip can be dipped into the endotoxin solution
directly for qualitative analysis. DART ionization with different helium temperatures of

250 °C, 300 °C, 350 °C, 400 °C and 450 °C for endotoxin in both the positive and negative
ionization modes was evaluated and the results are shown in Fig. S1. Starting at low
temperature of 250 °C, small-mass endotoxin fragments were detected but with lower S/N
ratios. Signal intensity reached to a maximum at 400 °C, and then slightly decreased at

450 °C. Thus, a temperature of 400 °C was employed for all the samples throughout this
study. Fig. 1B and C shows the multiple characteristic /7/zions of small fragments detected
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for endotoxin within seconds in both positive and negative ion modes, respectively. Table 1
lists the main fragments identified for the endotoxin standards in both positive and negative
ionization mode using the LTQ-MS. Molecular formulas were assigned based on the
accurate mass values confirmed by the high resolution Q TOF mass measurements for
endotoxin standards, where the high resolution mass spectra for endotoxin standards were
attached in Fig. S2 in SI. DART can generate radical, cluster or/and protonated/deprotonated
ions [33,45], however, ammonium adduct is common for carbohydrates via DART ionization
according to literature studies [46-50]. For example, m/z 198 is identified as ammonium
adduct of monosaccharide in positive mode, [M + NH4]*; ions of /m/z 180 were confirmed to
be ammonium adduct of water loss product from hexose [M + NH4-H,O]*; m/z values of
163, 145, 127 are protonated ions resulted from series of water loss from hexose as
annotated (Table 1). Different peaks having lower counts in the range of m/z250-400 were
also detected. They are disaccharide ammonium adduct or protonated water loss fragments
from disaccharide (Table 1). Correspondingly, monosaccharide, disaccharide, and their
water-loss fragments were detected for endotoxin as deprotonated ions in negative ion mode
(Fig. 1C) as well. The proposed structures for ions of m/z117,119 and 221 were included in
Fig. S3 in supporting information. Altogether positive mode produced more /m/zions
compared to negative ion mode. The relative-intensity ratios among different ions vary
+10% at specific experimental conditions. Cation of /m/z 163 and anion of m/z 179 were
then used to establish the calibration curves in positive (top right corner of Fig. 1B) and
negative mode (top right corner of Fig. 1C), respectively, with varying endotoxin
concentrations of 0.03, 0.06, 0.16, 0.3, 0.5, 0.6 and 1.25 ng mL~L. Polynomial calibration
curves were fitted with higher R2 values over other type of curves; and the limit of detection
(LOD) of 0.03 ng mL~1 with S/N of 5 was obtained in both modes for bacterial endotoxin
with =3 replicates.

Based on the literature survey, Liu et al. [47]. and Smith et al. [48] reported that
monosaccharide and disaccharide standards also produce similar 77/z signals as observed for
endotoxin in this study. The DART-MS fragmentation of endotoxin is similar to MS/MS
spectra of glucose or MS spectra of disaccharides. Liu et al. also stated that high mass ion
clusters were generally formed for the disaccharide and trisaccharide at 450 °C but DART-
MS did not produce large molecular cluster ions (>m/z500) for the endotoxin standard with
the current experimental setup. This mechanism of fragment ion formation for the endotoxin
standard is similar to the glycosaminoglycan pyrolysis behavior at the DART interface as
reported previously [51]. It is proposed that during the pyrolysis process the polysaccharide
backbone of endotoxin breaks down into small sugar fragments by thermal decomposition.
Many analytical assays have different interferences. For example, -1, 3-glucan reacts with
LAL reagent and needs to be avoided during assay protocol [26]. Though the saccharides
can be interfering compounds for the detection of endotoxins by DART-MS, the technique
involves none or little sample preparation and adopts nearly one-step protocol, which can
limit the cross-contamination during analysis. In this study, large and complex endotoxin is
decomposed into small fragments through DART within seconds, providing multiple mass
identities associated with its structural features, which suggest a novel, simple, and high
throughput method for the direct detection of endotoxins.
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3.2. Detection of endotoxin in sodium hyaluronate (NaHA)

To validate the DART-MS method for potentially measuring endotoxin contamination in
clinically used OVD materials, sodium hyaluronate (NaHA) was first selected as a test
model. NaHA is the sodium salt of hyaluronic acid (HA), which is found naturally within
the extracellular matrix of bodily tissues. Beside its application in the field of ophthalmology
as dispensable viscoelastic substance in intraocular surgery, it is also commonly used in
cosmetics. Chemically NaHA is a polysaccharide containing repeating disaccharide unit of
Na-glucuronate- A-acetylglucosamine. Fig. 2A and B are mass spectra for the mixture of
endotoxin and NaHA in positive and negative ion mode, respectively, for the sample
containing 10 ng mL~1 endotoxin in NaHA solution. Similar to endotoxin, long chain of
NaHA generated multiple small fragments in both ionization modes via DART-MS, as
labeled with blue squares. Red squares indicate the low-mass ions identified for endotoxin
standards as discussed above. Characteristic mass identities for endotoxin were successfully
detected when mixed with NaHA. The disaccharide structural unit of NaHA (NaGlc-
GIcNAc, shown on top of Fig. 2A) overlapped with a small structural component of
endotoxin (Glc-GIcNAc, Fig. 1A), but the ions generated are clearly distinguishable. No
identical fragments were observed based on the NaHA standard spectra (see Fig. S4 in Sl).
The major peaks observed for NaHA are associated with GICNAc monomer such as
[GIcNAc-H,0 + H*] at m/z204 and corresponding negative ion at /7/z 202, and a series of
water-loss ions including positive ions of m/z168, 186 and negative ions of m7/2166, 184. A
fragment derived from GIcNAc was detected as well as annotated in Fig. 2. Zoomed
windows show the resolution of endotoxin and NaHA mass ions with one mass unit
difference, such as /m/z 126 and 127 in positive mode and /m/z 142 and 143 in negative
mode. Notably, the LODs were achieved at 0.63 ng mL~! and 0.47 ng mL~ endotoxin in the
mixture for positive and negative mode, respectively, which are higher than the LOD
obtained for endotoxin standards at 0.03 ng mL~1 as shown above. This is probably due to
the strong ion suppression effects of NaHA over endotoxin on DART. Overall, the successful
detection of endotoxin in NaHA may lead to a new method for screening endotoxin
contaminations in medical devices, and no chemical kits or tedious chemical or biological
reactions are needed. The procedure is simple and the measurement is direct, avoiding
potential endotoxin contamination in treatment steps, which are necessary using other
methods.

3.3. Detection of endotoxin in perfluoro-n-octane (PFO)

Unique physical properties of PFO such as low viscosity, high vapor pressure, good optical
clarity as well as immiscibility with water make PFO a favorable retinal tamponade fluid in
vitreoretinal surgery. However, when 1-2 puL PFO standard was transferred onto a DART tip
on a holder, the liquid totally evaporated before it arrived at the DART source via a moving
rail. To overcome this problem, a capillary tube with PFO was manually placed to the center
of DART source immediately after sample loading. PFO is fluorocarbon having molecular
formula of CgF1g, and it forms a single [CgF170]~ anion at /7/z 435 on DART as displayed
in Fig. S5-A, which perhaps results from the reaction between PFO and O produced by
electron capture of atmospheric oxygen in negative DART as discussed elsewhere [45]. To
further characterize PFO structure, a tandem MS spectrum, shown in Fig. S5-B, was
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obtained for PFO using 30 V in-source fragmentation energy, where a series of fragments
with loss of CF, were generated, providing more structural identities for PFO. It is worth
noting that the fragment at /m/z 119 overlapped with one of the endotoxin mass identity at
m/z 119 listed in Table 1, where high accurate mass spectrometer is needed to differentiate
these two signals. Pipetting PFO liquid together with different concentrations of endotoxin
solutions simulates the real endotoxin contaminated PFO sample. The results in Fig. S6
show that multiple endotoxin signals (annotated with red square) and PFO peaks are
detected when endotoxin is incorporated into the device material. Fig. 3 displays the mass
spectrum for the mixed sample of 1 pL of 2.5 ng mL~1 endotoxin pipetted on top of 1 uL of
PFO with 30 V in-source collision energy applied. As displayed on the top panel of Fig. 3,
two distinct DART total ion chromatogram (TIC) peaks with the total analysis time of ~12 s
per sampling were observed for the mixed samples, which indicate PFO signal appeared
slightly earlier than the endotoxin signal. This is probably due to the low boiling point and
high vapor pressure of the perfluoro-+octane. PFO precursor ion with all its fragment ions
was detected, and the structure interpretation was annotated with a major loss of CF,. While
the intensity for endotoxin peaks decreased with collision energy, mass identities having low
intensity beyond /7/z 200 were not observed for endotoxin in this example. However, the
major signals were clearly detected (labeled with red square), providing enough evidence for
the presence of endotoxin. No additional small fragments were generated for endotoxin
within the specified mass range. Moreover, no obvious signal suppression was observed for
the mixed samples, and the LOD was determined at 0.06 ng mL~1 endotoxin with 1 pL
sample when spiked with PFO. This is consistent to 2 uL 0.03 ng mL~! detection limit
established for pure endotoxin standards in Fig. 1. Here the success of DART-MS
technology in evaluating bacterial endotoxin contamination is demonstrated by detecting its
fingerprinting signals in Perfloron device material, with or without collision energy, which
could lead to an innovation to rapidly measure endotoxin substance in non-water soluble
materials which cannot be achieved by traditional LAL assay.

3.4. Detection of endotoxin in silicone oil

Silikon 1000, in the form of silicone oil or polydimethylsiloxane, has been used as vitreous
substitute to treat difficult cases of retinal detachment as well as medical devices for
prosthetic and cosmetic purposes [43,44]. Silicone injection is believed to be theoretically
inert for decades but now is thought to be a potential cause for direct and indirect toxic
effects in biological system [52-54]. The analysis of polydimethylsiloxane has been
demonstrated by different techniques [55-57] with pyrolysis gas chromatography served as
the preferred method, however, many of these techniques are involved with tedious method
development and time-consuming sample preparation steps. Gross J. H. et al. [58-60]
showed the advantages of using DART-MS in analyzing silicone oil. Here, we are detecting
endotoxin contamination in silicone oil, a high viscous, non-water soluble material directly
by DART-MS. Mass spectrum of 1:100 wt dilution of SO in hexane is displayed in Fig. S7,
in which a systematic pattern with mass difference of 74 was obtained up to //22000. To
mimic Silikon 1000 device contaminated with endotoxin, 1 uL of endotoxin solution of
different concentrations and 1 uL 1:100 diluted silicone oil in hexane were pipetted on top of
each other on the capillary tip of DART, and the sample was air-dried prior to analysis. Fig.
4 shows the mass spectrum of Silikon in the presence of 1 L of 1.25 ng mL~1 endotoxin in
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positive ion mode using DART. Two separate signal regions were formed with major
identified endotoxin characteristic peaks detected below /772400 (red square labelled) and a
series of silicone oil pyrolysis fragments observed over m/z 350. Different fragments of SO
are generated from the sequential loss of SiO(CH3),, mass of 74, indicated by the unlabeled
arrows in Fig. 4, where the intensity of Y-scale between /7/2800-1150 is increased 15-fold.
For the mixture, the LOD was established at 1 pL. 0.06 ng mL~1 endotoxin in SO, which is
equivalent to 2 puL 0.03 ng mL~ endotoxin found for purified standards. In this analysis, m/z
ions of endotoxin and silicone oil were distributed into two different mass ranges, making
DART-MS an ideal method for the detection of potential endotoxin contamination in silicone
oil-based medical devices. Importantly, some OVD materials such as SO are water-
insoluble, viscous, hard to handle and manipulate, and there are no chemical or biological
tests readily available to measure endotoxin in such material or special sample treatment
steps need to be developed. As demonstrated, DART is a direct-sampling and ionization
technique. Medical device materials can be introduced to the source directly without any
sample preparation and the test results can be readily obtained through a simple protocol.

4. Conclusions

In this work, DART-MS has been first applied for the analysis and assessment of endotoxin
contamination in OVD materials. DART-MS analyses of endotoxin standards generated
various characteristic mass identities in both positive and negative ion modes, fostering a
LOD of 60 fg endotoxin. When mixed with OVD models of NaHA, PFO and SO, endotoxin
signature peaks were successfully detected in all spiked samples regardless of matrices,
providing a new method to measure endotoxin in medical device materials having different
physiochemical properties. On the other hand, DART simplified the analysis of large
molecules or polymers using mass spectrometry, where pyrolysis or decomposition tends to
happen as shown for the endotoxin, NaHA and SO. The methodology employing DART-MS
adopts many advantages including rapid, simple, direct, sensitive, and especially, it involves
no or minimum sample preparation. It is suitable for non-water soluble materials, which is a
hindrance for most biological tests to direct measure bacterial endotoxin.

In the laboratory environment, different sources can introduce endotoxin contamination in
medical products including glassware, chemical reagents, raw materials, buffers and the
handling process, since endotoxin is prevalent in tap water, air and fingers. Thus endotoxin
contamination is hard to avoid and cannot be ignored during the manufacturing process,
which adds great complexity to endotoxin measurement in a wide range of circumstances.
With the method developed here, it could potentially lead to a one-step high throughput and
direct screening method for endotoxin contamination regardless of the sample status or
types. There is no need to separate endotoxin from biomaterials, polymer or matrix, avoiding
potential endotoxin contamination during treatment steps. It is also beneficial for volume- or
quantity-limited samples and allows rapid analysis within seconds. All of these features
make DART-MS an ideal candidate for measuring endotoxin contamination in other medical
device materials or products.
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HIGHLIGHTS

. Evaluation of endotoxin contamination in OVD materials using DART-MS is
presented.

. Complex endotoxin breaks into low-mass characteristic ions instantaneously
using DART-MS.

. Sodium hyaluronate, perfluoro-r-octane and silicone oil were tested with
spiked endotoxin.

. DART-MS provides a rapid, direct and one-step protocol for endotoxin

detection in different matrices.
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The scheme of chemical structure of endotoxin is shown in 1A (Gal: galactose, Glc: glucose,
GalNAc: N-acetyl-galactosamine, GIcNAc: N-acetyl-glucosamine, Hep: L-glycerol-D-
manno-heptose, KDO: 2-keto-3-deoxyoctonic acid). 1B and 1C show mass spectra of 0.62
ng mL~1 endotoxin in positive mode and negative mode respectively, where major peaks on
the spectra were annotated with /m/z values and the unlabeled arrows indicate consecutive
water losses. Corresponding calibration curves are listed on the upper right hand corner of
each spectrum. Lower limit of detection was established at 0.03 ng mL™1 or equivalent to 0.3
EU mL~1 endotoxin using the intensity of 772163 in positive mode and intensity of m/z179
in negative mode. Triplicate measurements were averaged for each data point on the curve.
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Fig. 2.

Mgss spectra for the mixture of endotoxin and sodium hyaluronate (NaHA) in positive (2A)
and negative (2B) modes, respectively. The displayed sample contains 10 ng mL~1
endotoxin and 1 to 10 wt ratio of NaHA in 50:50 methanol: water mixture. Red square
labeled m/zions indicate endotoxin signal, NaHA generated characteristic peaks in the same
region are labeled as blue squares, where the proposed structures are annotated using its
repeating disaccharide unit. Inserted windows show zoomed mass regions to display the
detailed mass signal difference for endotoxin and NaHA. Unlabeled arrows indicate water
loss for NaHA. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Mass spectrum acquired for the mixture of endotoxin and perfluoro-/-octane (PFO) in
negative ion mode. 1 pL PFO was pipetted on top of 1 L of 1.25 ng mL ™1 of aqueous
endotoxin on a DIP-it tip, and the mixture was analyzed by DART-MS immediately through
manual sampling. PFO fragmentation pattern was obtained by applying 30 V in-source

fragmentation; red squares indicate the major e

ndotoxin signals at 400 °C DART analysis.

During the DART ionization, one of the fluorine’s of PFO is replaced by an oxygen atom to

produce the most intense peak on the spectrum

(CgH1707). (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this

article.)
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Fig. 4.

Mass spectrum for a mixture of endotoxin and polydimethylsiloxane standard in positive ion
mode. 1 pL of 1.25 ng mL~1 of aqueous endotoxin and 1 uL of 1-100 dilution of silicone oil
in hexane were spotted on top of each other to the bottom of DIP-it tip. Liquid sample was
air dried before the DART-MS analysis at 400 °C. Two different mass distributions were
observed for endotoxin (red square highlighted) and polydimethylsiloxane. Y axis intensity
scale is zoomed for 15 fold between /2800 to m/z1150; loss of SiO (CH3), was a
common fragmentation observed for polydimethylsiloxane (indicated by horizontal arrows
on the spectrum). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Major endotoxin fragments generated by DART-LTQ (ion trap) MS and proposed chemical formula for
different ions with exact mass obtained from an accurate mass Q-TOF MS.

Table 1

m/zvalue  Chemical formula  Proposed ion form  Exact m/zvalue Mass error (ppm)
117 CsHgO3 [M - H,0 - 45]* 117.0565 11.0
127 CeH705 [M=-3H,0+H]*  127.0407 9.4
145 CeHyO4 [M-2H,0 +H]*  145.0514 8.6
163 CeH110s [M = H,0 + H]* 163.0619 7.6
180 CeH14NOs [M+NH, - H,0]*  180.0882 5.7
198 CeH16NOg [M + NH,J* 198.0984 33
271 Ci2H1507 [N-4H,0 +H]*  271.0840 8.1
289 C12H170g [N - 3H,0 + H]* 289.0933 2.2
307 C12H1909 [N-2H,0+H]*  307.1033 1.4
325 C12H21010 [N - H,0 + H]* 325.1130 -24
342 C12H24NOyg [N - H,0+NH,]*  342.1390 -2.9
343 Ci2H23011 [N+ H]* 343.1240 0.0
360 C12H26NOyy [N+ NH,4J* 360.1489 -4.6
119 C4H704 [M - 60 - H]- 119.0345 0.7
143 CeH704 [M-2H,0-H]-  143.0344 -05
161 CeHgOs [M - H,0 - H]- 161.0451 -0.4
179 CeH1106 [M=H] 179.0548 -45
221 CgH1307 See SI 221.0650 -74
323 C12H19010 [N - H,0 - H]- 323.0970 -258
341 C11H21011 [N-H] 341.1069 -4.6
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Note: 777/z values in the first column were obtained from an ion trap MS, while exact /7/z values (the fourth column) were acquired from a high
resolution accurate mass Q-TOF MS. The peaks listed in the Table can be used as golden standards for the detection of endotoxin in different
matrices. M indicates a chemical formula of CgH120¢g for monosaccharide; N indicates a chemical formula of C12H22011 for disaccharide; 45

indicates a loss of COOH, 60 indicates a loss of 2CHOH from hexose. Please see Supporting information (SI) Fig. S3 for the proposed structures of

ions m/z 117, m/z 119 and m/z 221.
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