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Minimizing Method-Induced
Deamidation and Isomerization
During Antibody Characterization
to Ensure Optimal Understanding
of Product Quality Attributes

Accurate evaluation of chemical modifications such as asparagine deamidation and aspartic acid
isomerization is an essential component of comprehensive characterization of therapeutic mono-
clonal antibodies (mAbs). When located in the complementarity determining regions (CDRs), these
modifications can cause a loss of function, impacting product efficacy and safety, and resulting

in the designation of the modification as a critical quality attribute. However, artifactual modifica-
tions can be introduced by analytical procedures, and distinguishing modifications as either criti-
cal quality attributes or method-induced artifacts is an important objective for product develop-
ment. Conventional peptide mapping coupled with ultrahigh-resolution mass spectrometry offers
advanced capabilities for definitive characterization of protein therapeutics. However, experimental
conditions such as digestion time and pH can influence the observed level of chemical modifica-
tions, usually leading to over-estimation. In this work, a new peptide mapping method was devel-
oped specifically for mAb characterization that employs optimal enzyme pH for robustness, but
short digestion times and time-course elements to minimize and monitor deamidation-isomeriza-
tion, respectively, allowing a more accurate assessment of potential CDR sequence liabilities.

Lisa A. Marzilli, Elaine Stephens, Shibu Philip, A. Michelle English, and Jason C. Rouse

onoclonal antibodies (mAbs)
comprise a significant number
of biotherapeutics with indica-

tions for cancer, inflammatory disease,
organ transplantation, cardiovascular
disease, infection, respiratory disease and
more (1). The advantages of the mAb mo-
dality include a high level of specificity and
an affinity to their target with low adverse

events (1). In addition, m Abs are relatively
stable because they have large stretches
of constant region sequences. However,
mAbs may be susceptible to physical and
chemical degradation in the variable re-
gion sequences and complementarity
determining region (CDR) loops during
manufacturing, storage, and in vivo ad-
ministration (2). Chemical modifications

such as asparagine (Asn, N) deamidation
(3-6) and aspartic acid (Asp, D) isomeriza-
tion (6-9) typically involve formation of a
cyclic succinimide intermediate and sub-
sequent hydrolysis to Asp or iso-aspartate
(iso-Asp), or both. These modifications
have been found to occur in the CDRs
of mAbs, with some instances resulting
in the loss of target binding affinity and



function (10,11). In addition, glutamine
(GIn, Q) deamidation can also occur but
is known to proceed at a slower rate than
Asn deamidation (12).

During early process and product devel-
opment, experimental detection and iden-
tification of an elevated Asn deamidation
or Asp isomerization sequence liability in
the variable region and CDRs of the mAb
would initiate a stability and structure-
function study to determine if the par-
ticular chemical modification constitutes
a critical quality attribute (CQA). CQAs
are defined in the Quality by Design ICH
Q8(R2) guidance documents as physical,
chemical, biological, or microbiological
properties or characteristics that should
be within an appropriate limit, range or
distribution to ensure the desired product
quality (13). Discriminating modifications
as potential CQAs from method-induced
artifacts is an important distinction with
regard to project timelines and costs be-
cause further development efforts would
be needed to understand the criticality of
the quality attribute and determine the ap-
propriate control strategy (14).
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Figure 1: Known and predicted CDR deamidation and isomerization hotspots for trastuzumab.

From a drug discovery and predevelop-
ment perspective, detection and elimina-
tion of sequence liabilities at the molecular
design and selection stage (before the early
process and product development stage) is
a current best practice. It is prudent that

process and product development groups
share detected Asn deamidation and Asp
isomerization sites for particular mAbs
with the molecular design and drug
discovery groups to ensure sequence li-
abilities are systematically trended and
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Figure 2: Relative percent (%) deamidation and isomerization versus digestion time. In the top
graphs, the purple diamond and blue box represent the Lys-C/trypsin digest at pH 7.5 and pH 8.2,
respectively. The light blue triangle represents the platform antibody trypsin digest at 7.5 at 18 h
(overnight). The bottom graphs highlight the deamidation and isomerization levels at 30, 60, and

120 min of proteolytic digestion.
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Figure 3: EICs for the [M+3H]** ion of H12 trastuzumab peptide containing D'°2G. Left panel:
EIC for nonstressed trastuzumab H12 peptide. Right panel: EIC for the trastuzumab H12 peptide

stressed for 14 days at 37 °C and pH 8.

engineered out of future constructs. This
practice helps ensure that only well-be-
haved therapeutic molecules will enter the
product and process development stage,
minimizing the product’s risk of failure
in clinical trials (5).

Deamidation and isomerization are
traditionally detected by peptide mapping
analysis. A monoclonal antibody is enzy-
matically digested with an endoprotease
such as trypsin, which selectively cleaves
peptide bonds C-terminal to lysine and
arginine residues (but not before proline).
The resulting proteolytic peptides typi-
cally are separated and identified by liquid
chromatography-mass spectrometry (LC-

MS) using accurate mass determinations.
For enhanced characterization of sequence
liabilities, liquid chromatography with on-
line tandem mass spectrometry (LC-MS/
MS) is required to provide site localiza-
tion of chemical modifications, as well as
direct, confirmatory sequencing for pep-
tide identification. Proteolytic digests are
commonly conducted overnight at the pH
optimum of the enzyme to ensure com-
plete protein digestion. However, digestion
parameters with high pH, long digestion
times, high temperatures, and specific
buffer types (15-17) have been shown to
influence the degradation propensity of
particular Asn-X and Asp-X sequence

motifs. As a result, these peptide mapping
variables can artificially impact the ob-
served level of existing deamidation and
isomerization, potentially leading to an
over-estimation of abundance, or worse,
cause a new “method-induced” chemical
modification where a proteolytic peptide
spontaneously deamidates or isomerizes
during the mAb digestion process.

Several studies have minimized
method-induced deamidation by lowering
the pH to 6.0 for trypsin digests (18-20).
However, because trypsin works optimally
between pH 7.5 and 8.5, these low pH ex-
periments may require longer digestion
times (12-120 h) to ensure complete pro-
tein digestion. Ren and colleagues (22,23)
were able to shorten the trypsin digestion
time to 30 min at pH 7.5 with removal of
guanidine hydrochloride (GdnHCI) from
the digestion buffer (21). The GdnHCI
functions as a chaotropic agent and is
used for protein denaturation before di-
gestion, but it also inhibits trypsin activity
(21). Others have used ¥O-water and the
resulting mass differences at deamidated
Asn (+3 Da) or isomerized Asp (+2 Da) res-
idues to discern the level of deamidation
or isomerization incurred during sample
preparation (22,23).

In this work, we present a new low-ar-
tifact peptide mapping characterization
method that can be coupled to LC-MS and
LC-MS/MS to accurately evaluate Asn
deamidation and Asp isomerization. This
method, based on the work of Ren (21) and
Rogers (24), includes extensive removal
of denaturant (GdnHCI), reductant, and
alkylant, as well as short digestion times.
However, a commercially available Lys-C/
trypsin enzyme combination is employed
using optimum pH for more complete
digestions and robust quantitation. Fur-
thermore, a time-course element for dis-
tinguishing real versus method-induced
deamidation and isomerization also was
instituted, in addition to a high-resolution
chromatographic method for separating
the modified and unmodified proteolytic
peptides for improved identification and
quantitation. With this method, site-
localization and more-accurate relative
quantification of chemical modifications
in the CDRs of mAbs is possible during
product characterization, especially when
combined with forced degradation—stabil-
ity studies. It also leads to increased prod-



uct knowledge as well as providing greater
awareness to guide process development
and formulation activities.

Experimental

Materials

Trastuzumab (marketed as Herceptin)
and an IgG1 mAb produced and puri-
fied by Pfizer were used in this study.
The IgG1 mAb was stressed by incuba-
tion in 100 mM sodium phosphate at pH
8.0 at 25 "C and 37 °C for 4 weeks. Tris,
GdnHCI, and dithiothreitol (DTT) were
purchased from Sigma-Aldrich. Formic
acid, trifluoroacetic acid, iodoacetic acid,
and ZebaSpin desalting columns (0.5 mL)
were obtained from Thermo Scientific. So-
dium phosphate monobasic and sodium
phosphate dibasic were obtained from JT
Baker. Mass spectrometry grade Lys-C/
trypsin mix was obtained from Promega.
Bio-Spin 6 (Tris) columns were purchased
from BioRad and Illustra NAP-5 columns
were obtained from GE Healthcare

Denaturation-Reduction, Alkylation,
Desalting, and Lys-C/Trypsin Digestion
Antibody samples were diluted to 10
mg/mL using 100 mM Tris-HCI pH 8.2.
Samples (8 L) were denatured by adding
100 pL of 7 M GdnHCl in 100 mM Tris-
HCI pH 8.2. Reduction was accomplished
with the addition of 5 uL of 0.2 M DTT
followed by a 30-min incubation at 37 °C.
Alkylation was achieved by adding 20 uL
of 200 mM iodoacetic acid followed by in-
cubation in the dark for 30 min at room
temperature.

Following denaturation, reduction
and alkylation, the samples were buffer-
exchanged into 100 mM Tris, pH 8.2 di-
gestion buffer using Bio-Spin 6 columns
(BioRad) and the subsequent concentra-
tion was determined by a NanoDrop
fluorospectrometer. Lyophilized Lys-C/
trypsin mix was reconstituted to 1 mg/
mL with water. Digestions were initiated
with the addition of 1 mg/mL Lys-C/
trypsin solution to the reduced, alkylated,
desalted antibody samples resulting in
a 1:10 enzyme-protein (w/w) ratio at 37
°C. Aliquots (40 pL) of the digest at three
time-points (30, 60, and 120 min) were
transferred into three separate autosam-
pler vials and quenched with 4 pL of 10%
trifluoroacetic acid. Samples can be frozen
at -20 °C before LC-MS/MS analysis.
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with iso-Asp detection.
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Figure 5: Zoomed view of the low mass range of ETD spectra for the (a) D-containing H12 and (b)
iso-D-containing H12 peptide. The ¢, and ¢, fragment ions are common to the H12 peptide containing
both D and iso-D. However, the ¢,+57 fragment ion allows differentiation of iso-D from D.

Peptide Mapping by LC-MS and
LC-MS/MS

Chromatographic separation of peptides
was carried out on a Waters Acquity
UPLC system equipped with a 150 mm X
2.1 mm, 2.5-pum Waters XSelect XP CSH
C18 column with UV detection at 214 nm.
Mobile-phase A consisted of 0.1 % aqueous
formic acid (v/v) and mobile-phase B was

acetonitrile with 0.1 % formic acid (v/v).
A stepwise gradient was used starting at
100% mobile-phase A. Mobile-phase B
was elevated to 30% from 5 to 140 min,
and then to 90% from 140 to 155 min.
Column temperature was maintained at
40 °C with a flow rate of 0.2 mL/min. An
11-uL volume of the protein digest was in-
jected onto the column. Better quality UV
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was also detected at Q**G, which remained unchanged under stress conditions.

chromatograms are obtained over the first
10 min of the analysis if mobile-phase B
is 95% acetonitrile with 0.1 % formic acid
(v/v) and the gradient is started at 0.5% B.

LC-MS and LC-MS/MS experiments
were performed using a Thermo Fisher
Scientific Orbitrap Fusion Tribrid mass
spectrometer operated in the positive ion

mode. Peptide accurate masses and se-
quences were obtained by MS and MS/MS,
respectively. Full-scan mass spectra were
collected using a mass range of 300-2000
and a resolving power of 60,000. The spray
voltage was 3.75 kV, the ion transfer tube
temperature was 325 °C, and the sheath
and auxiliary gas flow rates were 40 and

10, respectively. Data-dependent fragmen-
tation for peptides with 2-7 charge states
was induced by low-energy collision-in-
duced dissociation (CID) using collision
energy of 35% in the ion trap. Additional
parameters were as follows: a minimum
signal threshold of 5000; 1 microscan per
spectrum; 2 m/z precursor isolation win-
dow; MS injection time of 50 ms; and MS/
MS automatic gain control (AGC) of 1.0
X 10* with maximum MS/MS injection
time of 35 ms.

Targeted electron-transfer dissocia-
tion (ETD) of peptides was also acquired
when differentiation of aspartic acid (D)
and iso-aspartic acid (iso-D) residues was
needed. Low resolution ETD MS/MS spec-
tra were obtained in the ion trap under
the following conditions: scan range #/z
250-2000; 1 microscan per spectrum; 2
m/z precursor isolation window centered
at the [M+4H]** charge state of peptide;
Full scan AGC of 2 x 10° with a maximum
injection time of 50 ms; and AGC of 1.0
X 10* with a maximum MS/MS injection
time of 200 ms.

Data Analysis

Post-acquisition data processing was
performed using XCaliber software from
ThermoFisher Scientific. Extracted ion
chromatograms (EICs) were obtained
manually for each expected (unmodi-
fied) and modified peptide using the
m/z value (monoisotopic value) from the
most abundant charge state, assuming
the charge state profiles were similar.
The relative percentages of modified and
unmodified peptides were determined
using the respective manually integrated
peak areas (MS ion intensities). The rela-
tive abundance of a chemically modi-
tied peptide was estimated by dividing
the peak area of the modified peptide
peak by the sum of the peak areas for the
modified and unmodified peptide peaks
(and multiplying by 100). In-house, au-
tomated software was used to highlight
potential sequence liabilities in the mAb
light chain and heavy chain CDRs. More
advanced peptide mapping bioinformat-
ics software is emerging from Thermo
Fisher Scientific and Protein Metrics
that will integrate the signal from all m/z
charge states, permitting more accurate
relative abundance values in an auto-
mated manner.
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Column: TARGA® 18, 300pm x 30mm Trap

Sample Solvent: 0.1% FA water (volumes as shown). Trap
Column in 0.1% FA water

Gradient: 98% water, 0.1% FA, 2% ACN to ACN, 0.1% FA

BioPureSPN™ is a trademark of The Nest Group, Inc.
HisSep™ is a trademark of ID Biologics

iSPE® is a registered trademark of HILICON AB

PROTO™ trademark of Higgins Analytical, Inc.

TARGA® is a registered trademark of Higgins Analytical, Inc.

UltraMicroSpin™, MicroSpin™, MACROspin™ are trademarks of Harvard Apparatus, Inc.

BioPureSPN™ RPC Color Coded

~ Reusable Spin Columns

A Chemistry For Every Compound
Affinity - Empty - ERLIC - HILIC - IEX - RPC - SEC

Sample  Packed Void Elution
Product Formats Capacity Volume Volume  Volume
UltraMicroSpin™ Column 3-30pg  30pL 12 pL 2-25 pL.
MicroSpin™ Column 5-60pg 60 pL 25 uL 5-50 pL
MACROspin™ Column 30-300pug 190pL  90pL  25-180 pL
96-Well MicroSpin™ Plate 3-30pyg  60pL 25 L 5-50 pL
96-Well MACROspin™ Plate 30-300pug 190puL  90pL  25-180 pL
Empty -Reactors™ /w caps 200 pL
Page*Eraser™ Filters 0.1uL  5-200 pL
HisSep™ Histidine Removal 200-500 ug
New Products
BioPureSPN™ PROTO™ C18 30-300 g 200pL 100 pL  50-200 pL
BioPureSPN™ PROTO™ C4 30-300pg 200pL 100 pL  50-200 pL
BioPureSPE™ TARGA® C18 30-300pg 200pL 100 pL  50-200 pL

iSPE® Fusion™ HILIC

The Nest Group, Inc.

Not Just Columns ... Answers!

45 Valley Road, Southborough, MA 01772
E-mail: sales@nestgrp.biz

For more Info: www.nestgrp.com

04-1¢g 50pL-1mL 50-500 uL 50pL-1mL

USA
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iHILIC® Fusion, 2.1 x 100mm, 100A, 3.5um, 0.2mL/min.
Gradient 80:20 to 60:40; ACN:100mM, pH 5.8, ammonium acetate (v/v))
Data Courtesy of Narek Darabedian in Dr. Matt Pratt's lab, USC.

iHILIC® Fusion chemistries, designed for HPLC and
LC-MS analyses of hydrophilic compounds difficult to
separate by reversed phase or other HILIC columns.
Internal complementary charges allow pH and/or buffer
strength control of selectivity.

Columns available in 1.8um, 3.5um, or 5um particles.
Capable of the widestt LC-MS separation range:
> 2000 metabolite ID’s detected.

Available in both column and SPE formats.

www.nestgrp.com/iHILIC.shtml
iHILIC® is a registered trademark of HILICON AB



Results and Discussion

Antibodies contain three CDRs in the light
chain (L-CDR1, L-CDR2, and L-CDR3)
and three in the heavy chain (H-CDRI,
H-CDR2, and H-CDR3) that bind target
antigens. These CDR loops represent flex-
ible, surface-exposed polypeptides that are
more likely to degrade upon manufacture,
forced stress studies, specified product
shelflife, and in vivo administration. From
the literature and in-house experience,
degradation hotspots are common in the
L-CDR1, H-CDR2, and H-CDR3 loops,
with the latter having a known negative
impact to antibody binding when a residue
becomes deamidated or isomerized (5).

Asn deamidation commonly occurs at
particular sequence motifs, namely Asn-
Gly (NG), Asn-Ser (NS), Asn-Thr (NT)
(6,25), or Asn-Asn (NN) (26). However, in
our hands, many different Asn-X motifs
in CDRs (for example, NY, ND and NF)
have been observed to deamidate making
prediction difficult—essentially all Asn-X
motifs need to be considered. Chemical
degradation of Asn residues usually re-
sults in Asp, iso-Asp, and succinimide,
the cyclic imide intermediate product. Asp
isomerization also is dependent on amino
acid sequence. Common sequence motifs
are: Asp-Gly (DG) (8,27), Asp-Ser (DS)
(6,28), Asp-Thr (DT) (6,28), Asp-Asp (DD)
(29,30), and Asp-His (DH) (31). Chemical
degradation of Asp residues typically re-
sults in iso-Asp and succinimide.

To properly study deamidation and
isomerization hotspots, minimal method-
induced modifications should be gener-
ated during the peptide mapping proce-
dure while at the same time, confirming
complete protein digestion. For mAbs,
the endoprotease used for peptide map-
ping should cleave between each CDR.
Such cleavage affords shorter proteolytic
peptides where the unmodified and modi-
tied forms are baseline separated and are
eluted in separate peaks, permitting easier
detection, identification, and quantita-
tion of potential hotspots. The ideal pep-
tide map ought to be robust and easy to
perform, enabling both single-sample
product characterization, as well as side-
by-side, multi-sample forced degradation
and comparability exercises. The peptide
mapping method should provide com-
plete or near complete sequence cover-
age for comprehensive characterization
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Table I: Asn deamidation and Asp isomerization in trastuzumab

using various methods

Cation-exchange HPLC-UV (9) ~15
N30T S Trypsin pH 6.0 (overnight) map (5) 11
Deamidation
(L-CDR1) Trypsin pH 7.5 (overnight) map 12
Lys-C/trypsin pH 8.2 (t = 0) map 10
Cation-exchange HPLC-UV (9) ~1
N55G Trypsin pH 6.0 (overnight) map (5) 4
Deamidation
(H-CDR2) Trypsin pH 7.5 (overnight) map 44
Lys-C/trypsin pH 8.2 (t = 0) map 2
Cation-exchange HPLC-UV (9) ~9
Trypsin pH 6.0 (overnight) map (5) 7
102
D G Isomerization ) . Not detected
(H-CDR3) Trypsin pH 7.5 (overnight) map (not resolved in UV
or TIC profile)
Lys-C/trypsin pH 8.2 (t = 0) map 8

Table 1I: Asn deamidation and Asp isomerization for IgG1k mAb using Lys-C/tryp-

sin pH 8.2
Unstressed Stressed 4 Stressed 4 weeks
weeks at 25 °C at 37 °C
N33G (L-CDR1) Deamidation 2.8 12.8 43.0
N53F (H-CDR2) Deamidation 1.0 4.0 12.9
D'0G (H-CDR3) Isomerization 0.7 1.0 1.7

of the mAb. High quality, robust peptide
separations (in a MS-friendly solvent) are
also required. Ideally, the characterization
peptide map would be fitted with the lat-
est column and HPLC system technolo-
gies to chromatographically resolve Asn
deamidation and Asp isomerization peaks
for accurate relative quantitation. In addi-
tion, the method is expected to provide
a high quality UV chromatogram with
good signal-to-noise characteristics and a
clean baseline for product identification,
primary sequence monitoring, and re-
ports and regulatory filings. Buffer-related
peaks should be minimized, in addition
to digestion-related artifacts such as auto-
digestion species, alternative enzymatic
cleavages, and miscleavages.

Trypsin is an ideal endoprotease for
mAbs because it is readily available from
multiple vendors, cleaves each light and
heavy chain CDR into a separate proteo-
lytic peptide, and typically provides com-

plete digestion under ideal conditions. A
commercial endoprotease mix of both
trypsin and the lysine-specific protease
lysyl endopeptidase (Lys-C) from Promega
was used in the new low-artifact peptide
mapping method to ensure more efficient
proteolytic cleavage at lysine (K) residues
followed by acidic residues, such as Lys-
Asp and Lys-Glu (32). The addition of
Lys-C also allows for supplemental cleav-
age at other lysine residues (for example,
K/P) that may not cleave efficiently from
trypsin alone resulting in more complete
digestion in less time with less digestion-
related artifacts. This enzymatic mixture
has been shown to improve overall pro-
teolytic efficiency, protein quantitation,
digestion reproducibility, and tolerance to
denaturants (32,33).

Several buffer cleanup strategies were
evaluated to remove the protein denatur-
ant (GAnHCI), as well as the excess reduc-
tant (DTT) and alkylant (iodoacetic acid)
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before digestion. It has been shown that
thorough removal of GdnHCI, a known
trypsin inhibitor, can dramatically im-
prove tryptic activity (21). Evaluation of
commonly used cleanup columns, in-
cluding NAP-5, Bio-Spin 6 and ZebaSpin
desalting columns (0.5 mL, Thermo Sci-
entific), revealed the NAP-5 and Bio-Spin
6 columns to be the most efficient at re-
moving the denaturation, reduction and
alkylation reagents, based on complete
proteolysis at 30 min. It was further de-
termined that the small volume and easy-
to-use spin-column format of Bio-Spin
6 columns (BioRad) provided the fastest
and most efficient salt and denaturant re-
moval (24).

The recombinant IgG1 antibody trastu-
zumab was used to establish the initial
low-artifact peptide map, as well as to op-
timize the method performance and us-
ability thereafter. Figure 1 shows the light
and heavy chain variable region amino
acid sequence of trastuzumab, including
the three CDRs in each respective subunit
and the corresponding CDR hotspots and
levels: red indicates >5%, green 1-5%, and
blue <1%. Chemical modification sites in
the CDRs of trastuzumab have been well-
studied (5,9,20) with known deamidation
sites in the light chain at N*°T (L-CDR1)
and heavy chain at N**G (H-CDR2). In
addition, an Asp isomerization site in
the heavy chain at D'2G (H-CDR3) has
previously been detected (5,9). As a result,
the analysis of trastuzumab allows us to
benchmark our method for hotspot de-
tection and precise assessment of relative
abundances.

The sites and relative abundances of
deamidation and isomerization in trastu-
zumab published by two previous groups
in the literature agree well (5,9), as shown
in Table I. Harris and colleagues (9) ob-
served ~15% deamidation at N3°T (L-
CDR) in light chain, as well as ~1% de-
amidation at N>>G (H-CDR2) and ~9%
isomerization D'2G (H-CDR3) in heavy
chain, via characterization of the enriched
trastuzumab charge isoforms by cation-
exchange chromatography and subsequent
trypsin peptide mapping. Sydow and col-
leagues (5) used an overnight trypsin pep-
tide map without alkylation and a diges-
tion pH of 6.0. Here, the deamidation at
N*T (L-CDR1) and N*G (H-CDR2) was
11% and 4%, respectively, while isomeriza-

tion at D!92G (H-CDR3) was 7%.

Also shown in Table I are the deamida-
tion and isomerization results from our
platform trypsin peptide map analytical
method (reduced and alkylated, ZebaSpin
desalt step, and overnight digestion at pH
7.5) as quantitated by LC-MS. Platform
analytical methods are developed and
established for modalities such as mAbs
to provide an efficient, consistent set of
analyses for each new mAb entering de-
velopment, thereby avoiding repetitive
method development. Values are relatively
consistent for N*°T (L-CDR1) deamida-
tion between our platform method and
the literature results. However, the deam-
idation site at N°*G (H-CDR?2) exhibited
a much higher relative abundance (44%)
compared to reported values from cation-
exchange HPLC (1%) and the pH 6.0 over-
night trypsin map (4%). Furthermore, the
D!22G (H-CDR3) isomerization site was
not chromatographically resolved from
the unmodified peptide in the platform
trypsin peptide map, making identifica-
tion and quantitation not possible.

To understand the artificially high level
of deamidation at N*G in the overnight
pH 7.5 platform trypsin peptide map, a
time course was performed at both pH
7.5 (pH of Pfizer platform digest) and pH
8.2 (optimal pH for trypsin digest) using
a new peptide mapping method with
Lys-C/trypsin as shown in Figure 2. Rela-
tive modification levels were determined
by comparing the manually integrated
peak areas (MS ion intensities) for each
modified and unmodified peptide. A
significant increase in deamidation level
at N*G in the heavy chain was observed
with increasing digestion time at both pH
values (see center graph of Figure 2). These
data confirm the susceptibility of N*G
to method-induced deamidation with
longer trypsin digestion times at slightly
basic conditions (pH 7.5). In contrast, a
stable level of deamidation (at N*°T in the
light chain) and isomerization (at D'?G in
the heavy chain) were observed over the
course of digestion, indicating they are not
influenced by the digestion method.

The bottom graphs in Figure 2 high-
light the deamidation and isomerization
levels using time-course measurements
at 30, 60, and 120 min. By graphing the
modification levels, the intrinsic modifica-
tion level in the protein can be estimated

by back-extrapolating to the y-axis. This
intrinsic modification level essentially
mimics zero digestion time (t = 0) and
provides a more accurate representation
of the baseline modification level in a
given molecule (19). In the case of N*G
deamidation in H-CDR?2 (Figure 2b), the
y-intercept value was approximately 2% for
the Lys-C/trypsin pH 8.2 (t = 0) peptide
map. This extrapolated value is now in line
with other methods for N*G deamidation
in trastuzumab (Table I). The Lys-C/tryp-
sin digest performed at pH 8.2 with short-
ened digestion times and the time-course
element constitutes our new low-artifact
peptide map format for mAbs.

To determine the relative quantitation
of these modified peptides, a high-reso-
lution separation of tryptic peptides was
needed. This was accomplished using a
charged-surface hybrid (CSH) C18 column
that is capable of unique peptide selectivity
with little dependence on trifluoroacetic
acid ion-pairing (34). As a result, this col-
umn is well suited for chromatographic
separation of modified peptides in a for-
mic acid-only LC-MS/MS method. Figure
3 shows full chromatographic resolution of
trastuzumab’s H12 peptides that contain
D'2G and iso-D'%*G via use of the CSH
C18 column. Because isomerization of
Asp to iso-Asp does not change the overall
mass or charge of the peptide, chromato-
graphic separation is particularly impor-
tant for detection and quantitation. In our
previous trypsin platform peptide map, a
Waters BEH C18 column could not resolve
the D and iso-D forms of this peptide so
isomerization at this site was not detected.
Comparative peptide map analysis of un-
stressed and stressed trastuzumab gener-
ated different levels of iso-D, allowing for
method optimization and preliminary
peak assignments, as shown in Figure 3.

The low-artifact peptide map was ana-
lyzed on a Thermo Fisher Scientific Orbi-
trap Fusion Tribrid mass spectrometer ca-
pable of performing multiple dissociation
techniques including CID and ETD. The
fast MS/MS scan rates and high sensitivity
of this instrument can frequently provide
rapid determination of Asn deamidation
sites by CID. However, fragmentation
of larger peptides and differentiation of
Asp and iso-Asp residues in a peptide
can be challenging. With ETD, it is pos-
sible to gain orthogonal, information-rich



fragmentation for larger, highly charged
peptides, as well as discriminate Asp and
iso-Asp residues due to the generation of
fragment ions (c+57 and z-57) specific for
iso-D [7,35]. These diagnostic c and z frag-
ments stem from the additional methylene
group in the peptide backbone of iso-Asp
residues (See Figure 5).

A second chromatographic peak with
the same mass as the H12 trastuzumab
peptide increased in abundance (18%)
following stressed conditions of 14 days
at pH 8 (see Figure 3, right panel). Using
this stress sample, a targeted ETD experi-
ment was performed on the two isomeric
HI2 peptides (peaks 1 and 2) and the data
are shown in Figure 4. Peak 2 contains the
signature fragments for iso-Asp (c,+57 at
m/z 375.2 and z,,-57 at m/z 1206.1) con-
firming its presence at position 102 in
H-CDR3, whereas peak 1 does not con-
tain the diagnostic fragments with +/-57
Da species. Figure 5 shows a zoomed view
of the lower mass range of the ETD spec-
tra with a distinct c,+57 fragment ion for
peak 2. Consequently, for the H12 peptide
in trastuzumab, the iso-Asp-containing
form was eluted after the Asp-containing
form. Others have also reported a similar
elution order and attribute it to chromato-
graphic conditions (36,37).

Case Study: Analysis of
Forced Deamidation
The low-artifact Lys-C/trypsin peptide
mapping method was applied to a thera-
peutic IgGlk mAb stressed by incubation
in sodium phosphate, pH 8.0, at 25 °C and
37 °C for up to 4 weeks. These stress condi-
tions are known to induce deamidation in
proteins as well as emulate the physiologi-
cal conditions that a monoclonal antibody
will encounter after administration. This
IgGlk mAb contains a possible light chain
Asn deamidation site at N33G (L-CDRI1),
two potential, closely spaced heavy chain
Asn deamidation sites in the H-CDR2
(N*F and N°’T) as well as a potential Asp
isomerization site at D'°°G (H-CDR3).
Figure 6 shows the EICs of the unmodi-
tied and deamidated forms of the light
chain L2 tryptic peptide °SSQSLVH-
SN3GNTFLYWYLQKPGQSPQ5'L-
LIYR® in L-CDRI before and after forced
deamidation. Very low levels of N**G de-
amidation (0.7% Asp and 2.1% iso-Asp)
were detected at time zero (¢t = 0, back-
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extrapolated from time-course plot) with
only modest increases at longer digestion
times, indicating little protein or method-
induced deamidation (see Figure 6 insert).
The well-resolved chromatographic sepa-
ration of the modified peptides permitted
fragmentation (CID and targeted ETD)
to confirm the deamidation site at N*G
and not N*°T, and distinguish the Asp-
and iso-Asp-containing peptides (data
not shown). This deamidation example
shows three times more iso-Asp than Asp,
consistent with the traditional NG motif
(6). Figure 6 also demonstrates that the
deamidation levels at N*G increased sig-
nificantly (13.0% Asp and 30.0% iso-Asp)
under stressed conditions, indicating this
site’s susceptibility to degradation.

Moreover, a well-resolved, low-level
(1.7%) peak corresponding to glutamine
(Gln, Q) deamidation to glutamic acid
(Glu, E) at position 50 (E*°L) was also de-
tected at time zero (¢t = 0). The level of this
deamidated species stayed steady with di-
gestion time (inset figure) as well as under
stressed conditions. This observation is
consistent with Gln deamidation proceed-
ing at a slower rate than Asn deamidation
(12).

Figure 7 shows the EICs of the un-
modified and deamidated forms of the
heavy chain H5 tryptic peptide ¥QAP-
GQEGLEWMGWIYPGN22FN3ZTK>
in H-CDR2 before and after forced de-
amidation. In this case, only one low-level
peak (1.0%) was detected with Asn de-
amidation products. Deamidation levels
at N°°F increased considerably (12.9%)
under stressed conditions, indicating this
site’s susceptibility to degradation. Frag-
mentation (CID and ETD) data indicated
that N*F was the site of modification and
not the expected N*’T sequence motif. In
addition, a low-level z.-57 fragment was
detected in the ETD experiment indicat-
ing the presence of the iso-Asp species.
However, the possibility of a mixture of
Asp and iso-Asp under one peak could not
be eliminated. A trace, consistent level of
deamidation was also detected at Q*G for
the H5 peptide.

Very low levels of D'%°G isomeriza-
tion (0.7%) were detected by low arti-
fact peptide mapping at time zero (f = 0,
back-extrapolated from time-course plot)
with a small increase at longer digestion
times (1.7%), indicating little protein or

method-induced isomerization at D'%°G
in the heavy chain H12 peptide after
forced stress conditions for 4 weeks. For
this IgG1k mADb, we detect a very differ-
ent behavior than was seen previously
with trastuzumab. For all three sites, a
stable level of deamidation (at N3G in the
light chain and N*°F in the heavy chain)
and isomerization (at D'°°G in the heavy
chain) were observed over the course of
digestion, indicating they are not read-
ily influenced by the digestion method.
However, two sites (N*3G in L-CDR1 and
N>°Fin H-CDR2) do show a stable but in-
creased level of degradation under stressed
conditions signifying that they are true
degradation hotspots. This data shows that
comparative peptide mapping analysis of
unstressed and stressed material is a best
practice for probing CDR hotspots. Table
IT summarizes the total Asn deamida-
tion and Asp isomerization level for each
site. Despite significant deamidation in
L-CDR1 and H-CDR2, the target binding
results (enzyme-linked immunosorbent
assay [ELISA]) for this antibody showed a
minor decreasing trend (-20%) over time at
37 °C but remained within the variability
of the method. These results indicate that
degradation hotspots do not always affect
the function of the molecule.

Conclusion

A novel, low-artifact peptide mapping di-
gestion method using dual endoproteases
(Lys-C and trypsin), shortened digestion
times, and time-course elements was
developed for recombinant mAbs. This
method detects and minimizes potential
method-related deamidation and isomer-
ization. Outfitted with the latest column
technology, the peptide mapping method
effectively separates Asn deamidation
and Asp isomerization products from
unmodified peptides, permitting decisive
detection and more accurate determina-
tion of relative abundances. This new
peptide mapping method allows analysts
to systematically confirm potential CDR
hotspots, as well as confidently report ac-
curate relative abundances. In addition,
this new method has triggered heightened
awareness to potential Asn deamidation
and Asp isomerization, which both can
potentially go undetected if not properly
resolved from the unmodified peptide
or blindly attributed to method-induced
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modification phenomenon without inves-
tigation. Application of this low-artifact,
“multi-attribute” heightened character-
ization method enhances product under-
standing in terms of forced degradation
and real-time stability assessments, struc-
ture—function relationships, and compa-
rability exercises following manufacturing
site and process changes. Going forward,
the new low-artifact Lys-C/trypsin pep-
tide map with time-course elements will
be used to systematically analyze the entire
Pfizer portfolio of mAbs for the creation
of CDR hotspot database (training set) for
the development of an in silico sequence li-
ability prediction algorithm. This database
and prediction algorithm will enable the
advancement of well-behaved mAb con-
structs into clinical development.

Acknowledgment

The authors gratefully acknowledge the
scientific assistance of Jamie Lee and
Jennifer Ide and valuable discussions
with Thomas Porter, Laura Lin, Sandeep
Kumar, Eric Bennett, James Apgar, Tao He,
Eric Sousa, Amy King, and Satish Singh

References

(1) M. Suzuki, C. Kato, and A. Kato, J. Toxi-
col. Pathol. 28, 133-139 (2015).

(2) P.Bults, R. Bischoff, H. Bakker, J.A. Gi-
etema, and N.C. van de Merbel, Anal.
Chem. 88, 1871-1877 (2016).

(3) N.E.Robinson, Proc Nat/ Acad Sci U S A
99, 5283-5288 (2002).

(@) J.Vlasak, M.C. Bussat, S. Wang, E. Wag-
ner-Rousset, M. Schaefer, C. Klinguer-
Hamour, M. Kirchmeier, N. Corvaia, R.
lonescu, and A. Beck, Anal. Biochem.
392, 145-154 (2009).

(5) J.F.Sydow, F. Lipsmeier, V. Larraillet, M.
Hilger, B. Mautz, M. Molhoj, J. Kuentzer,
S. Klostermann, J. Schoch, H.R. Voelger,
J.T. Regula, P. Cramer, A. Papadimitriou,
and H. Kettenberger, PLoS One 9,
€100736 (2014).

(6) T. Geiger, and S. Clarke, J. Biol. Chem.
262, 785-794 (1987).

(7) C.M.Eakin, A. Miller, J. Kerr, J. Kung,
and A. Wallace, Front. Pharmacol. 5, 87
(2014).

(8) J.Cacia, R. Keck, L.G. Presta, and J. Frenz,
Biochemistry 35, 1897-1903 (1996).

(9) R.J. Harris, B. Kabakoff, F.D. Macchi, F.J.
Shen, M. Kwong, J.D. Andya, S.J. Shire,
N. Bjork, K. Totpal, and A.B. Chen, J.

Chromatogr., Biomed. Appl. 752, 233—
245 (2001).

(10) B.Yan, S. Steen, D. Hambly, J. Valliere-

Douglass, T. Vanden Bos, S. Smallwood,
Z.Yates, T. Arroll, Y. Han, H. Gadgil,
R.F. Latypov, A. Wallace, A. Lim, G.R.
Kleemann, W. Wang, and A. Balland, J.
Pharm. Sci. 98, 3509-3521 (2009).

(11) Y.Yan, H. Wei, Y. Fu, S. Jusuf, M. Zeng,
R. Ludwig, S.R. Krystek Jr., G. Chen,

L. Tao, and T.K. Das, Anal. Chem. 88,
2041-2050 (2016).

(12) H.Liy, G. Gaza-Bulseco, and C. Chum-
sae, Rapid Commun. Mass Spectrom.
22, 4081-4088 (2008).

(13) International Conference on Harmoniza-
tion of Technical Requirements for Reg-
istration of Pharmaceuticals for Human
Use. ICH harmonized tripartite guideline,
pharmaceutical development, August
2009.

(14) N. Alt, T.Y. Zhang, P. Motchnik, R. Taticek,
V. Quarmby, T. Schlothauer, H. Beck,

T. Emrich, and R.J. Harris, Biologicals
44(5), 291-305 (2016).

(15) A.L.Pace, R.L. Wong, Y.T. Zhang, Y.H.
Kao, Y.J. Wang, J. Pharm. Sci. 102, 1712-
1723 (2013).

(16) 0.V.Krokhin, M. Antonovici, W. Ens, J.A.
Wilkins, and K.G. Standing, Anal. Chem.
78, 6645-6650 (2006).

(17) P.Hao, Y. Ren, A. Datta, J.P. Tam, and S.K.
Sze, J. Proteome Res. 14, 1308-1314
(2015).

(18) A.). Barrett, and J.K. McDonald, Mam-
malian Proteases: A Glossary and
Bibliography (Academic Press, London,
1980).

(19) S.D. Stroop, Rapid Commun. Mass Spec-
trom. 21, 830-836 (2007).

(20) K. Bomans, M. Haberger, L. Bonning-
ton, K. Wagner, T. Kailich, H. Wegele,

M. Molhoj, D. Reusch, and P. Bulau,
Am. Pharm. Rev. (2016). http://www.
americanpharmaceuticalreview.com/
Featured-Articles/331529-Multi-
Attribute-Monitoring-of-Antibody-Mod-
ifications-by-Semi-Automated-Liquid-
Chromatography-Mass-Spectrometry-
Peptide-Mapping/

(21) D.Ren, G.D. Pipes, D. Liu, LY. Shih, A.C.
Nichols, M.J. Treuheit, D.N. Brems, and
PV. Bondarenko, Anal. Biochem. 392,
12-21 (2009).

(22) G. Gaza-Bulseco, B. Li, A. Bulseco, and
H.C. Liu, Anal. Chem. 80, 9491-9498
(2008).

(23) I. Terashima, A. Koga, and H. Nagai, Anal.
Biochem. 368, 49-60 (2007).

(24) R.S. Rogers, N.S. Nightlinger, B. Livings-
ton, P. Campbell, R. Bailey, and A. Bal-
land, mAbs 7, 881-890 (2015).

(25) N.E. Robinson and A.B. Robinson, J.
Pept. Sci. 63, 437-448 (2004).

(26) YT.Zhang, J. Hu, A.L. Pace, R. Wong,

Y.J. Wang, and Y.H. Kao, J. Chromatogr.
B: Anal. Technol. Biomed. Life Sci. 965,
65-71 (2014).

(27) A.A. Wakankar, RT. Borchardt, C. Eigen-
brot, S. Shia, Y.J. Wang, S.J. Shire, and
J.L. Liu, Biochemistry 46, 1534-1544
(2007).

(28) D.W. Aswad, M.V. Paranandi, and B.T.
Schurter, J. Pharm. Biomed. Anal. 21,
1129-1136 (2000).

(29) L.Yi, N. Beckley, B. Gikanga, J. Zhang,
Y.J. Wang, H.W. Chih, and V.K. Sharma, J.
Pharm. Sci. 102, 947-959 (2013).

(30) G. Xiao, and PV. Bondarenko, J. Pharm.
Biomed. Anal. 47, 23-30 (2008).

(31) K.J. Reissner, and D.W. Aswad, Cell. Mol.
Life Sci. 60, 1281-1295 (2003).

(32) S. Saveliev, M. Bratz, R. Zubarev, M. Sza-
pacs, H. Bugamgunta, and F.D. Macchi,
Nature Methods, Promega Application
Note, 10 (2013). http://www.nature.
com/search?journal=nmeth&q=Saveliev

(33) W.H. McDonald, R. Ohi, D.T. Miyamoto,
T.J. Mitchison, and J.R. Yates, Int. J. Mass
Spectrom. 219, 245-251 (2002).

(34) M.A. Lauber, S.M. Koza, S.A. McCall, B.A.
Alden, P.C. Iraneta, and K.J. Fountain,
Anal. Chem. 85, 6936-6944 (2013).

(35) J.J. Cournoyer, J.L. Pittman, V.B. Ivleva,
E. Fallows, L. Waskell, C.E. Costello, and
P.B. O'Connor, Protein Sci. 14, 452-463
(2005).

(36) W. Ni, S. Dai, B.L. Karger, and Z.S. Zhou,
Anal. Chem. 82, 7485-7491 (2010).
(37) D.S. Rehder, D. Chelius, A. McAuley, T.M.

Dillon, G. Xiao, J. Crouse-Zeineddini, L.

Vardanyan, N. Perico, V. Mukku, D.N.
Brems, M. Matsumura, and PV. Bonda-
renko, Biochemistry 41, 2518-2530
(2008).

Lisa A. Marzilli, Elaine Stephens,

A. Michelle English, and Jason C.
Rouse are with Pfizer, Inc. in Andover,
Massachusetts. Shibu Philip is with Pfizer,
Inc., in Pearl River, New York. Direct corre-
spondence to: lisa.marzilli@pfizer.com



March 2017 Current Trends in Mass Spectrometry 15

Advanced Antibody-Drug Conjugate
Structural Characterization by
Sheathless Capillary Electrophoresis-
Tandem Mass Spectrometry Using
Complementary Approaches

Antibody-drug conjugates (ADCs) are an emerging category of biotherapeutic products based on
monoclonal antibodies (mAbs) coupled to powerful cytotoxic drugs. The production of ADCs entails
the formation of species with different number of conjugates drugs. The heterogeneity of ADC species
add to the complexity originating from the mAb microvariability. Sheathless capillary electrophore-
sis-mass spectrometry (sheathless CE-MS) using complementary approaches was used to perform

a detailed characterization of brentuximab vedotin. A sheathless CE-MS instrument used as a nano-
electrospray ionization (nanoESl) infusion platform was involved to perform the intact and middle-up
analysis in native mass spectrometry (MS) conditions. The nanoESI infusion approaches enabled esti-
mation of the average drug-to-antibody ratio (DAR) and the drug load distribution. A single injection
with a sheathless capillary zone electrophoresis (CZE)-MS/MS method was sufficient to characterize
the amino acid sequence with complete sequence coverage. In addition glycosylation and drug-loaded
peptides could be identified from MS/MS spectra, which revealed robust information about their local-
izations and abundances. A drug-loaded peptide fragmentation mass spectra study yielded drug-specif-
ic fragments, which reinforced the confidence about the identifications. The results reveal the ability of
the sheathless CZE-MS/MS method to characterize an ADC's primary structure in a single experiment.

Nassur Said, Jérémie Giorgetti, Lauriane Kuhn, Alain Beck, Emmanuelle Leize-Wagner,
Rabah Gahoual, and Yannis-Nicolas Francois

he recent approval by the Food and Drug Administra-
tion (FDA) of brentuximab vedotin (Adcentris, Amgen)

and trastuzumab emtansine (Kadcyla, Genentech/
Roche) demonstrated the potential of antibody-drug conju-
gates (ADCs) as the next-generation of biotherapeutic products
(1). Currently more than 50 ADCs are in clinical trials, which

suggests a wider application of the biopharmaceutical industry
in the near future (2). ADCs are based on monoclonal anti-
bodies (mAbs) conjugated to highly potent cytotoxic drugs,
mainly through covalent coupling. This format combines the
extreme potency of the conjugated drug with the specificity
for the targeted antigen provided by the mAbs (3).
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MS/MS fragmentation spectra for both peaks are shown at right. (Adapted with permission from

reference 12.)

The coupling of the drug through
chemical reaction leads to the pro-
duction of different species that cor-
respond to the same ADC with a dif-
ferent number of conjugated drugs.
In addition for a given species, the
same number of drug molecules can
be linked to different residues on the
peptide backbone. On a macroscale
level, this heterogeneity is character-
ized by different parameters like the
drug-antibody ratio (DAR), which
are considered as critical quality at-
tributes (CQA) in the case of ADCs
(4). It is important to take into ac-
count this variability is contributing
to the microheterogeneities that nat-
urally originate from the use of the
mAbs format, such as glycosylation
and other types of post-translational

modifications (PTMs) (5). Various
analytical techniques are required for
comprehensive characterization of an
ADC’s primary structure, which can
require a good deal of both time and
sample, especially during early stage
development. Mass spectrometry (MS)
is a versatile and efficient tool to study
the structure of protein and character-
ize modifications (6-8). The technique
yields precious information regard-
ing the structure of proteins as well
an exceptional selectivity. Therefore,
it is extensively used to characterize
therapeutic proteins in combination
with a separation technique (9). Our
group has developed a method based
on sheathless capillary zone elec-
trophoresis coupled to tandem mass
spectrometry (CZE-MS/MS) for the

comprehensive characterization of
the primary structure of mAbs. This
method proved to be capable, in a
single injection, of characterizing the
amino acid sequence of mAbs with
complete sequence coverage and also
of obtaining the glycosylation profile
to study selected PTM hotspots (10).
This analytical workflow could be fur-
ther adapted to the primary structure
assessment of biosimilars in compari-
son to their innovator mAbs (11).
Recently our group developed a
sheathless CE-MS/MS analytical
workflow, adapted to the additional
complexity induced by the analy-
sis of ADCs, to provide in a single
analysis the characterization of this
type of therapeutic protein (12). This
analytical method, based on a derived
bottom-up proteomic workflow, is
designed to provide detailed informa-
tion about the location on the peptide
backbone of the conjugated drugs and
a site-specific estimation of the con-
jugation reaction yield. The ADC we
considered is brentuximab vedotin
(BV), which was approved in 2011 by
the FDA and successively by the Eu-
ropean Medicine Agency (EMA) for
the treatment of Hodgkin’s lymphoma
and systemic anaplastic large-cell lym-
phoma, which represents a conceptual
model for ADCs approved in the fu-
ture. BV is composed of the tubulin
inhibitor monomethyl auristatin E
(MMAE) conjugated to the chimeric
mAb cACI10 via a protease-cleavable
maleimidocaproyl-valine-citrulline-
((paminobenzyl)oxy)carbonyl linker
(MC-PV-PABC) by reduction of the
interchain disulfide bonds (13-15) .

Experimental

ADC Sample Preparation

For intact analysis of ADCs, BV was
systematically desalted to remove any
components in the formulation buffer
before infusion. Samples were buffer
exchanged with 200 mM ammonium
acetate buffer, pH 7.0, using Amicon
centrifugal filter (cutoff = 10,000 Da)
(Merck Millipore). Middle-up charac-
terization of ADCs is based on prote-
olysis by IdeS (FabriCATOR, Genovis)
to obtain two F_,, fragments and one
F(ab’), fragment (16). The primary
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Antibody drug conjugates (ADCs) represent a rapidly growing
class of biopharmaceuticals. The conjugation process can
result in a distribution of products with different numbers of
active drugs bound in different locations around the antibody.
Post-translational modifications are also common. As such, the
ability to thoroughly characterize ADCs is essential. Recent work
at the University of Strasbourg successfully demonstrated use of
an integrated capillary electrophoresis—electrospray ionization
(CESI) device coupled with a TripleTOF® mass spectrometer
(both SCIEX) to characterize brentuximab vedotin (BV), a
monoclonal antibody (mAb) to which mono-methyl auristatin E,
a synthetic antineoplastic (antimitotic) agent, is attached.

Desalted intact BV was analyzed by CESI-MS to confirm
molecular weight and measure the drug-to-antibody ratio (DAR).
The measured mass of BV was in agreement with literature
reports. The average DAR value was between 3.8 and 3.9. A
distribution of baseline-resolved species of BV was observed with
masses corresponding to the intact mAb linked with zero to eight
payloads of drug (DAR 0-8).

A middle-up IdeS digested sample (two Fc/2 and one F(ab’)2
fragment), was analyzed to determine the locations of drug
loading (Figure 1). The free light chain (LC) sub-unit (MW =
25040.1 £ 0.1 Da) had one drug molecule linked to it, as well
as two glycation modifications. The smaller Fab sub-unit (48—
55 kDa) had 0—4 drug molecules linked to it and was present
as a dimer. The F(ab’)2 sub-unit (97-108 kDa) had 0-8 drug
molecules linked to it.

The amino acid sequence of BV and the location of drug
links and modification sites (PTMs) were determined by CESI-
MS peptide mapping (tryptic digest). Identification of drug-
loaded peptides was confirmed by MS/MS, which detected
several diagnostic drug fragment ions. Analysis was aided by
use of organic solvent, which prevented the loss of hydrophobic
modified peptides.
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Figure 1: (@) Non-deconvoluted mass spectra of middle-up BV. (b)
Deconvoluted mass spectra of (1) light chain drug-conjugated sub-
unit, (2) Fab sub-units with 0-4 drug molecules and F/2 homodi-
mers, (3) F(ab)'2 sub-units with 0-8 drug molecules.

*  100% sequence coverage in a single injection, with detec-
tion of peptides ranging from 3 to 63 amino acids.

*  Four drug-loaded peptides detected; one on the light chain
of the mAb (GEC) and three on the heavy chain.

*  N-glycopeptides were detected, including TKYPREEQYN-
297STYR, with 11 glycoforms.

e The THTCPPCPAPELLG peptide had the potential to con-
tain two drug molecules and these migrated at different times.

In summary, CESI-MS provided the means to successfully

analyze the ADC and determine molecular weight, DAR ratio,

drug distribution on the F(ab’)2 and Fc/2, amino acid sequence,

drug location, location of PTMs, and characterization of drug

loaded peptides.
To learn more, visit: https://sciex.com/cesi-biologics2

Reference
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Figure 4: Schematic structures of brentuximab vedotin and characteristic fragments of MMAE
payload. (Adapted with permission from reference 12.)

structure characterization of ADCs
by sheathless CE-ESI-MS/MS is per-
formed using an adapted bottom-up
proteomic experiment. For this reason,
the ADC samples are first subjected to
tryptic digestion using an in-solution
protocol. Note that to maximize di-
gestion yield, BV samples were first
denatured using RapiGest surfactant
(Waters). To conserve hydrophobic
drug-loaded peptides in solution, 10%
(v/v) of acetonitrile is added during

the reduction step and 40% (v/v) of
isopropanol is added at the end of the
protocol. After proteolytic digestion,
further sample cleanup, especially with
solid-phase extraction (SPE), should be
avoided because in most cases it leads
to loss of the most hydrophilic peptides.
Further cleanup generally is not re-
quired for the sheathless CE-ESI-MS/
MS experiments. The peptide mixture
obtained is then diluted to the desired
final concentration (2.2 pM) using 50

mM ammonium acetate (pH = 4.0).

CE-ESI-MS hyphenation

For ADC primary structure charac-
terization, we used a CESI8000 (Sciex
Separations) sheathless CE-ESI-MS
system. This instrument relies on a
sheathless interfacing between the
CE capillary and the MS system. No
sheath liquid is necessary to maintain
the coupling, which guarantees an
optimal sensitivity because of the low
flow rate (<50 nL/min) generated dur-
ing the separation and the low internal
diameter (30 pm) (17). These charac-
teristics tremendously favor the ion-
ization process and provide enhanced
sensitivity and a positive impact on
the MS data generated. Using hydro-
dynamic injection, a volume of 91 nL
is injected into the the 92 cm x 30 um
bare fused-silica capillary of the CE
system. The background electrolyte
(BGE) used to perform the electro-
phoretic separation was composed of
10% acetic acid. Separations were per-
formed by applying a voltage of -20
kV. For nanoelectrospray ionization
(nanoESI) infusion experiments, the
CE system was hyphenated to a maxis
4G mass spectrometer (Bruker Dal-
tonics). MS transfer parameters were
optimized using the actual sample di-
rectly infused via the CE system using
a pressure of 5 psi (340 mbar). The CE
system was coupled to a 6600 Triple-
TOF MS system (Sciex) equipped with
a hybrid analyzer composed of a quad-
rupole followed by a time-of-flight
(TOF) mass analyzer for analysis of
BV digests.

For data treatment, intact protein
MS analysis or peptide identification
was automated for the most part using
conventional search algorithms such
as Mascot, Biotools (Bruker Dalton-
ics), or BiopharmaView (Sciex, Red-
wood Shore), which is dedicated to this
type of characterization.

Results and Discussion

Drug-Antibody Ratio Determination
Sheathless CE-MS interface has dem-
onstrated its suitability as a nanoESI
emitter to increase sensitivity and
limit ion suppression (18). These prop-
erties make this system an analytical



tool of choice to characterize biolog-
ics by direct infusion MS. For the first
level of ADCs characterization, the
drug load distribution and the aver-
age DAR of BV was determined by
native MS analysis on the Maxis 4G
using nanoESI infusion. Within 5 min
infusion at 50 nL/min, MS spectra ob-
tained show a distribution of baseline
resolved species corresponding to the
intact brentuximab linked with zero
to eight payloads (Figure 1) (12). Free
light chain (Lc) or heavy chain (Hc)
loaded with the drugs, potentially
formed during the ionization or the
ion transfer inside the mass spectrom-
eter could not be detected. The gener-
ated data show that implementation
of the sheathless CE-MS interface is
compatible with native MS conditions.
NanoESI infusion improves the detec-
tion of the different species and allows
to obtain the drug-load distribution.
Using charge state deconvoluted mass
spectrum of intact and deglycosyl-
ated BV, average DAR were calculated
using the relative quantitation from
the peak area of each peak and the
corresponding number of drug loaded.
Average DAR values of 3.8 and 3.9 re-
spectively were determined which are
in a good agreement with literature
values (19-21). Results demonstrated,
using the sheathless CE-MS system as
a nanoESI platform, the possibility to
perform the analysis of ADCs in na-
tive conditions. Therefore confident
structural information (number of
loaded drugs), species distribution and
average DAR could be deducted from a
single infusion that required less than
1 pg of intact BV.

Amino Acid and

Glycosylations Characterization
Based on a bottom-up proteomic ap-
proach, BV samples were treated
using an adapted in solution diges-
tion protocol. In a previous study,
our group described the development
of a CE-MS/MS method to perform
the simultaneous characterization of
mAbs with respect to several aspects
that define their primary structure,
including amino acid sequence, glyco-
sylation, and other types of PTMs (22).
However, the presence of hydrophobic
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Figure 5: Drug-loaded-peptide relative abundances determination obtained for brentuximab
vendotin using the CE-ESI-MS/MS method in a single analysis.

drugs linked to the peptide backbone
of brentuximab prevented the detec-
tion of these drug-loaded peptides be-
cause of their precipitation. Based on
a previous study (23), we adapted our
standard in-solution tryptic digestion
with several modifications to make it
compatible with the electrophoretic
separation. Before trypsin proteoly-
sis, IdeS enzymatic reaction was per-
formed to cleave BV between the two
consecutive glycine residues present in
the hinge region. Before trypsin diges-
tion, 10% (v/v) acetonitrile was added
to the sample, and 40% (v/v) isopropa-
nol was added after digestion. BV di-
gests were analyzed through sheathless
CE-MS/MS using a TOF-MS system
with an injection volume correspond-
ing to 200 fmol of digested peptides.
Peptides were identified based on both
mass measurement and MS/MS spec-
tra similarly to bottom-up proteomic
experiments. Sheathless CE-MS/MS
data from a single injection provided
a sequence coverage of 100% for both
the Hc and Lc of BV (12). The ability
to characterize completely the amino
acid sequence is mainly attributed to
the properties of CE separation. In-
deed, peptides are migrating under the
influence of the electrical field applied
regardless of their chemical nature,
which ensures their successful trans-

fer to the MS system. As a result, it was
possible under the same conditions
to identify both very small peptides
(€3 amino acids) and a 63-amino-
acid peptide having a molecular mass
greater than 6.6 kDa (Figure 2).
Glycosylation is a factor in mAb
safety and pharmacokinetics—phar-
macodynamics (PK-PD) and is one
of the main sources of heterogeneity
for this type of protein (24). Conse-
quently, extensive characterization
of glycosylation in regarding to its
structure and relative abundance is
mandatory. Because it is the combina-
tion of a cytotoxic drug and a mono-
clonal antibody, BV is N-glycosylated
on Asn-297 in the heavy chain. The
same data set could be used for amino
acid sequence identification and de-
termination of the N-glycosylation of
BV. The sheathless CE-MS interface
demonstrated an excellent ionization
efficiency, and therefore glycopeptides
could be detected with an outstand-
ing sensitivity. In addition, the MS/
MS spectral quality enabled confident
determination of the structure of the
glycans. Identifications were based on
accurate mass measurement in MS1
provided by high-resolution MS and
additionally by fragmentation spectra.
Results demonstrated the possibility
of this analytical approach to obtain
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simultaneously the structural charac-
terization of 11 glycoforms for BV. The
ability to separate glycopeptides with
these faint differences is definitely an
asset. In the case of comigration, they
tend to compete against each other
during the ionization process, which
may lower the sensitivity of the signal
and introduce biases to the relative
quantification. Therefore, structural
glycan characterization as well as
relative quantification could both be
completely integrated into the CE-MS
characterization workflow using the
same set of data (Figure 3).

This work confirms our previous
studies on the characterization of
mAb primary structure using sheath-
less CE-MS (22) and demonstrates
the possibility of using the approach
to characterize the ADC amino acid
sequence and glycosylation profile.
The modifications made to the sam-
ple preparation protocol do not affect
the performance of the method on the
amino acid sequence characterization
compared to results previously pub-
lished (22). The presence of significant
amounts of organic solvents during
the reduction and digestion steps of
the sample preparation does not pre-
vent the electrophoretic separation or
the detection of the tryptic peptides.

Characterization of

Drug-Loaded BV Peptide
Compared to mAbs, ADCs require
an additional level of characterization
that focuses on the conjugated drug.
When the characterization is per-
formed through peptides after pro-
teolytic digestion, the hydrophobicity
caused by the presence of the drug
induces precipitation of drug-loaded
peptides in aqueous buffers such as
ammonium bicarbonate. Indeed, when
applying our protocol based on a con-
ventional in-solution trypsin digestion,
developed in a previous work for mAbs
characterization (22), no detection of
drug-loaded peptides was obtained.
To prevent precipitation, organic sol-
vents have been added during reduc-
tion and digestion steps of the sample
preparation. Using these precautions,
drug-loaded peptides generated from
the tryptic digestion of BV could be

maintained in solution and success-
fully identified by sheathless CE-MS.
In this case as well, identification of
each drug-loaded peptide is based on
accurate mass measurement in MS
and MS/MS spectra. However, the
most abundant product ions observed
in MS/MS with low-energy collision-
induced dissociation (CID) mainly
correspond to the fragmentation of
the MMAE drug moiety. In addition
to the characteristic in-source frag-
mentation ion (m/z 718.51) recently
reported (25), seven new diagnostic
ions corresponding to the activation
of the MMAE have been identified
and modeled (Figure 4). The presence
of several characteristic ions attributed
to drug-loaded peptides therefore im-
proves the confidence regarding the
localization of the drug on the pep-
tide backbone. As a consequence it was
possible to characterize four different
drug-loaded peptides correspond-
ing to the Lc peptide [GEC*], the Hc
peptide [SC*DK], and the Hc peptide
[THTC®PPC®PAPELLG]—all con-
jugated with one payload—and the
Hc peptide [THTC*PPC*PAPELLG],
which is conjugated to two payloads.
In each case, cysteine residues present
on the peptide backbone are involved
in linkage with the MMAE drug.
Those results then confirm the
characterization of the expected drug-
loaded peptides linked to the inter-
chain cysteines of the Hc and Lc (23).
Moreover, similar to glycosylation
characterization, the electrokinetically
driven separation provided by CZE
enables the separation of unmodified
peptides from their modified counter-
parts. In this context, the separation of
native peptide and the same peptide
bearing one or two payloads permits
the estimation of the relative abun-
dance of each form and the site by site
yield of drug incorporation (Figure 5).

Conclusion

The emergence of biotherapeutic pro-
teins in this demanding regulatory en-
vironment creates a challenge for the
analytical sciences because of their
structural complexity and the poten-
tial presence of various types of PTMs.

Compared to mAbs, ADCs possess an
additional level of complexity due to
the cytotoxic drug conjugated on the
peptide backbone of the mAb. Starting
with an intact ADC native MS study
and going through a bottom-up MS
approach, we were able to character-
ize BV from intact mass measurement
to the amino acid sequence level. At
the intact ADC level, we evaluated a
sheathless CE-MS system used as a
nanoESI infusion platform for the na-
tive MS determination of the average
DAR and drug load distribution of BV.
Within a single run with a duration of
just a few minutes, the technique en-
abled calculation of DAR values that
were in good agreement with previ-
ously published values. Using sheath-
less CE-MS/MS for bottom-up analy-
sis, it is possible from a single injection
corresponding to 200 fmol of digested
ADCs to characterize the amino acid
sequence of the protein systematically
with complete sequence coverage.
Also, the glycoprofile of the ADCs
can be successfully established with
the same MS/MS dataset. The glyco-
profile includes the structural charac-
terization of expressed glycosylation
in addition to the estimate of relative
abundance of the various glycoforms.
Finally the very same data can also be
used to locate the conjugated drug on
the peptide backbone and estimate the
yield of the coupling reaction indepen-
dently for each conjugation site. MS/
MS spectra corresponding to drug-
loaded peptides allowed for the first
time the identification of several di-
agnostic ions strictly attributed to the
fragmentation of the drug. The pres-
ence of diagnostic ions prevents ambi-
guity concerning the characterization
of drug-loaded peptides.

The versatility provided by the
sheathless CE-MS/MS method results
from the combination of the intrinsic
characteristics of the CE-MS inter-
facing and the implementation of an
electrokinetic separation. Indeed the
design of the sheathless CE-MS inter-
face supported separation conditions
that proved to be favorable to the ion-
ization process and provided success-
ful transfer of the produced ions to the
MS. Therefore it is responsible for the



exquisite sensitivity achieved, particu-
larly for glycosylation and PTM char-
acterization. Also, the CE separation
mechanism demonstrated the ability
to separate peptides having minor dif-
ferences, which limits the introduction
of bias during the ionization process
and improves the relative quantifica-
tion. The outstanding level of per-
formance achieved in a minimum
number of experiments positions this
sheathless CE-MS analytical work-
flow as a powerful tool even for R&D
support activities where information
about the studied ADC is scarce.
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Appropriate Use of Mass
Spectrometry In Clinical
and Metabolic Research

Using examples from our analysis of L-carnitine and acyl-L-carnitines, we give specific guidance for
the use of mass spectrometry (MS) in quantitative analysis, as applied to clinical research and clini-
cal pharmacology. We focus on quantitative accuracy and analytical selectivity as keys to successful
implementation of MS methods in dlinical applications

Paul E. Minkler, Maria S.K. Stoll, Stephen T. Ingalls, and Charles L. Hoppel

rom the perspective of more than

40 years’ experience and 80 peer-

reviewed publications concerning
analytical methods development and ap-
plication in clinical research and clinical
pharmacology, we believe that the use
of mass spectrometry (MS) in clinical
methods is an extremely important de-
velopment in analyte detection technol-
ogy. However, we also are concerned that
MS has led many to ignore concepts that
preceded the use of MS in clinical applica-
tions, concepts that have served us well in
the past and which remain valid today. We
divide our discussion of this topic into two
subjects: quantitative analysis and analyti-
cal selectivity.

Quantitative Analysis

The FDA’s “Analytical Procedures and
Methods Validation for Drugs and Bio-
logics: Guidance for Industry” (1), along
with other such guidelines (2,3), defines
approaches that are proven to provide
excellent accuracy and precision when
quantifying analytes in biological matri-
cies. Conforming procedures include stan-
dardized calibrants and internal standards
used to construct multiple-point calibra-
tion curves, and concurrent analysis of
quality control samples to monitor and
validate method performance. Methods
with these features are capable of gener-

ating accurate values (within +15% of the
actual value for medium and high values,
and within +20% for the lowest values)
for absolute quantitation, while exhibiting
consistently precise results when analyzing
many samples over an extended period of
time. It is our experience that clinical re-
search and pharmacology assays require
this degree of accuracy and robustness,
and that procedures that are less rigorous
are incapable of generating consistently
accurate values. An example of what we
see as confusion on this point is the use of
tandem MS “profiles” outside of expanded
newborn screening programs.

The widespread implementation of
expanded newborn screening programs
using tandem MS “profiling” of amino
acids and acyl-L-carnitines has been effec-
tive and beneficial (4). However, “profiles”
are not quantitative: neither standardized
calibrants nor multiple-point calibration
curves are used. For a few acyl-L-carni-
tines, the tandem MS “profile” values are
generated using single-point calibrations
with labeled, standardized internal stan-
dard compounds. The calculation of these
values assumes the accuracy of the inter-
nal standard concentration, and that the
relative responses of each acyl-L-carnitine
and its internal standard are proportional
and linear throughout the entire detected
range. This situation is unlikely due to

chemical noise, which contributes to sig-
nal response, and mass spectral linear
response limitations. However, most re-
ported acyl-L-carnitine values are actually
response ratios, since analogous labeled in-
ternal standards are not available for most
acyl-L-carnitines. Because acyl-L-carnitine
mass spectral responses are variable and
compound specific, quantitation results
using response ratio—derived values are
unacceptably inaccurate. Widely variable
quantitative performance of acyl-L-car-
nitine “profiling” has been documented
using proficiency test samples (5,6), and
specific problems with dicarboxylic acyl-L-
carnitines (7) and free L-carnitine (8) have
been reported. Although “profiling” can
be appropriately used in expanded new-
born screening programs to flag patients
with possible diseases, the poor quantita-
tive accuracy in tandem MS “profiles” is
unacceptable for standard clinical uses.
The term “profile” essentially concedes the
inaccurate, variable, and qualitative nature
of these analyses.

The use of acyl-L-carnitine “profiles”
outside of expanded newborn screening,
with claims that the analysis is quantita-
tive, is an example of reliance on mass
spectrometer response without the ap-
propriate procedural refinement required
to generate accurate results (standardized
calibrants and internal standards used



to construct multiple-point calibration
curves, and concurrent analysis of quality
control samples to monitor and validate
performance). To test whether acyl-L-car-
nitine “profiles,” despite not using sound
analytical principles for quantitative as-
says, are nevertheless accurate, research-
ers (5,6) studied the quantitative accuracy
of acyl-L-carnitine “profile” results for
malonyl-L-carnitine and HOC5 acyl-
L-carnitine by distributing to different
laboratories identical samples for analy-
sis. The researchers hoped to demonstrate
that through the use of correction factors,
any analytical biases among the results
could be “corrected,” and quantitatively
accurate values could then be generated.
Instead, the experimental values showed
wide variations in quantitative results that
were not amenable to simple arithmetic
correction. These authors, some of whom
were associated with the Newborn Screen-
ing Quality Assurance Program, U.S. Cen-
ters for Disease Control and Prevention,
thus definitively demonstrated that acyl-
L-carnitine “profile” results for malonyl-L-
carnitine and HOC5 acyl-L-carnitine were
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Figure 1: Isolation of acyl-L-carnitines from biological samples using mixed-mode reversed-phase
and strong cation-exchange solid-phase extraction. The average QC-medium recovery (N = 6 for
the 65 acyl-L-carnitines) was 84% + 9%, with a range of recoveries of 68-105%.

precise, and robust methods for the quan-
titation of L-carnitine beginning 40 years
ago, first using the selective radioenzy-

neither accurate nor precise, and were best
characterized as pseudo-quantitative.
In contrast, we developed accurate,
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Figure 2: Derivatization of acyl-L-carnitines with pentafluorophenacyl trifluoromethanesulfonate.
The reaction of pentafluorophenacyl trifluoromethanesulfonate with acyl-L-carnitines was
performed at room temperature and was complete within seconds. Unlike the tandem MS “profile”
derivatization using HCl in n-butanol with heating at 65 °C for 15 min, acyl-L-carnitine derivatization
with pentafluorophenacyl trifluoromethanesulfonate results in no hydrolysis of acyl-L-carnitines.
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Figure 3: Instrument configuration for sequential ion-exchange-reversed-phase chromatography.
(@) Acyl-L-carnitine pentafluorophenacyl esters are loaded onto the strong cation exchange trap
using the loading binary pump following an autosampler injection. (b) After removal of excess
derivativation reagent, the six-port valve is triggered and acyl-L-carnitine pentafluorophenacyl esters
are forward flushed onto the analytical column using the analytical binary pump. We employed this
strategy for two reasons: on-line removal of excess derivatization reagent before detection of the
acyl-L-carnitine pentafluorophenacyl esters, and the ability to solubilize the whole range of acyl-L-
carnitines (from acetyl- to stearoyl-L-carnitine) while maintaining good chromatographic selectivity
for the short-, medium-, and long-chain acyl-L-carnitines, in a single 14-min chromatogram.

matic conversion of L-carnitine to labeled
acetyl-L-carnitine, followed by detection
with scintillation counting (9). Standard-
ized calibrants and multiple-point calibra-
tion curves ensured quantitative accuracy.
We next developed high performance
liquid chromatography (HPLC)-UV
methods (with derivatization for sensi-
tivity enhancement) for quantification of
L-carnitine, butyrobetaine (10-12), and

acyl-L-carnitines (13,14). These methods
were further enhanced using fluorescent
derivatization, and we quantified L-car-
nitine and acyl-L-carnitines in plasma
and tissues by HPLC with fluorescence
detection (15,16). We later purchased an
ion-trap mass spectrometer, modified
our derivatization scheme and HPLC
conditions, and quantified L-carnitine,
butyrobetaine, and acyl-L-carnitines

by HPLC-MS (17,18). Most recently, we
incorporated ultrahigh-pressure liquid
chromatography (UHPLC) and triple-
quadrupole mass spectrometers, and we
currently quantify L-carnitine, butyrob-
etaine, and acyl-L-carnitines in patient
samples using UHPLC-MS/MS (19, 20).
Regardless of the detection method used
for the analysis (scintillation counting,
UV, fluorescence, ion-trap MS, or triple-
quadrupole MS), we always quantitated
in relation to standardized calibrants and
multiple-point calibration curves. One
result of our adherence to sound analyti-
cal principles is that the patient values we
generate from our L-carnitine determina-
tion today (with UHPLC-MS/MS) are
indistinguishable from those values we
generated 10 (using HPLC—ion-trap MS),
20 (using HPLC—fluorescence), 30 (using
HPLC-UYV), or even 40 years ago (using
radiolabeled scintillation counting).
Table I contains quantitative data from
our participation in the College of Ameri-
can Pathologists Biochemical Genetics
Survey program (21), which distributes
identical samples for analysis by par-
ticipating laboratories. Most (90%) of the
participants use tandem MS, and although
the mean values from all participants are
close to the values we determined using
UHPLC-MS/MS (with standardized
calibrants and multiple-point calibration
curves), the range of acceptable values is
enormous. For example, the low free L-
carnitine value range is fivefold (1.9-10
pumol/L), the normal free L-carnitine
value range is 2.5-fold (23.3-57.8 pmol/L)
and the high free L-carnitine value range
is twofold (40.2-85.3 pmol/L). Contrast
these values with our internal results,
which are shown in Table II. Here we
combine previously published data gen-
erated using our radioenzymatic method
in 1981 (9) and our HPLC-ion-trap MS
in 2008 (18 19), along with unpublished
HPLC-UV data from 1999, using plasma
and urine samples from paid volunteers at
the VA Medical Center in Cleveland, Ohio.
Also shown are previously published data
from our radioenzymatic method versus
our HPLCfluorescence method, with val-
ues from the analysis for human skeletal
muscle as part of an exercise study (15).
The plasma values are identical regardless
of methodology, and the values from urine
and skeletal muscle are only slightly differ-



ent, probably because of urine sample col-
lection differences and different sections
of tissue used for analysis.

Analytical Selectivity

When first applied to biological samples,
overconfident, less experienced analysts
proposed that since the selectivity of MS
was so superior to previously available
methodologies, common practices such as
predetection sample isolation and chroma-
tography were unnecessary—just “dilute
and shoot”! Today, this naive approach
has been mostly discredited, having been
quantitatively effective only in trivial in-
stances Now most “dilute-and-shoot”
protocols rely heavily on predetection
HPLC for selectivity, in addition to MS
(22). Combining selective sample pretreat-
ment (liquid-liquid extraction, solid-phase
extraction [SPE], and so forth), UHPLC
and HPLC chromatographic separations,
and selective MS techniques (MS/MS,
high-resolution accurate mass MS, and so
forth) for detection, results in the selectiv-
ity and robustness expected from clinical
analysis methods. Highly selective meth-
ods are part of sound analytical principles
and necessary for quantitative analysis;
without selective methods, sample inter-
ferences will reduce robustness and nega-
tively impact quantitative accuracy.

The incorporation of MS detection
did not improve the accuracy or preci-
sion of our radioenzymatic L-carnitine
analysis. Accurate, absolute quantifica-
tion was always inherent in our methods,
and enzymatic selectivity for L-carnitine
was available and sufficient. However,
acyl-L-carnitine quantitation by enzy-
matic selectivity was not available, and so
another approach was required. Today,
we achieve the necessary selectivity for
acyl-L-carnitine analysis by sample iso-
lation, derivatization, two-dimensional
UHPLC separation, and MS/MS detec-
tion. Briefly, internal standards are evapo-
rated to dryness in a microcentrifuge tube
(see Figure 1). To the dry tube is added 10
uL of biological sample and 800 uL of
90:10:1 acetonitrile-water—formic acid.
The tube is vortex-mixed, centrifuged (5
min, 16,000g), and the supernatant is ap-
plied to a 96-well mixed-mode reversed-
phase-strong cation-exchange SPE plate.
Acyl-L-carnitines are eluted with 500 uL of
90:10:1:2 acetonitrile-water—formic acid-
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Figure 4: UHPLC-MS/MS chromatographic separation of acyl-L-carnitines, and quantitation using
multiple-point calibration curves. (@) A high calibration curve point UHPLC-MS/MS chromatogram,
constructed from 66 standardized acyl-L-carnitines and 12 internal standards. Internal standards
are colored red. Data were collected using optimized MS/MS transitions for each acyl-L-carnitine
pentafluorophenacyl ester. (b) Representative calibration curves constructed from 13 calibration points
for a short-chain acyl-L-carnitine (acetyl-L-carnitine; purple arrow pointing from purple colored acetyl-
L-carnitine to its purple calibration curve), a medium-chain acyl-L-carnitine (octanoyl-L-carnitine; blue
arrow pointing from blue octanoylcarnitine to its blue calibration curve), and a long-chain acyl-L-carnitine
(palmitoyl-L-carnitine; aqua arrow pointing from aqua palmitoyl-L-carnitine to its aqua calibration curve).
The red calibration curve point on each calibration curve in (b) was derived from the specific calibration
curve point in the UHPLC-MS/MS chromatogram shown in (a).

Table I: CAP plasma L-carnitine quantitative results

Human plasma 5.96 + 1.33 10.65 + 1.75
low sample 4.6 1.9-10.0 8.7 5.3-16.0
(umol/L) (N = 40) (N = 40)
Human plasma 40.54 £ 5.73 58.60 + 7.80
low sample 36.6 23.3-57.8 54.9 35.2-82.0
(umol/L) (N = 41) (N = 40)
Human plasma 62.72 +7.51 109.38 + 11.68
high sample 55.9 40.2-85.3 101.0 74.3 -144.5
(umol/L) (N =41) (N =39)

pyridine into a 96-well collection plate.
Following evaporation of the solvents and
sublimation of the pyridine salts, acyl-L-
carnitines are derivatized with pentafluo-
rophenacyl trifluoromethanesulfonate
(Figure 2). UHPLC separation with se-
quential ion-exchange and reversed-phase
chromatography (Figure 3) is followed by
MS/MS detection (Figure 4). The assay
has a high level of quantitative accuracy,
precision, selectivity, and robustness, and
the entire procedure was submitted to

validation studies to document the assay
performance (19). Over the past 5 years,
we have used this method to analyze and
report acylcarnitine values for thousands
of clinical and research samples.

In contrast, we are concerned that tan-
dem MS “profiling” of acyl-L-carnitines is
not selective enough for clinical samples.
Acyl-L-carnitine constitutional isomers
are indistinguishable by tandem MS.
This lack of selectivity from “profiling”
has led to false positive results in clinical
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Table I1: Hoppel laboratory L-carnitine values:

HPLC-ion trap MS method; radioenzymatic method versus HPLC—fluorescence method

Free Carnitine

www.spectroscopyonline.com

radioenzymatic method versus HPLC-UV method; radioenzymatic method versus

Total Carnitine

Radio- HPLC-UV %Diffe HPLC- %Diffe Radio- HPLC-UV  %Diffe HPLC-
enzymatic L\ CET I rence UV MS rence MS enzymatic Mean = rence MS
Mean = S.D. Min - from RE Mean = from RE Mean = S.D. uv Mean =
S.D. Max S.D. Min S.D. Min - Max from S.D.
- Max RE Min -
Max
37.3 47.6 =
Human 3748 38.2+7.2 7.9 23.3 46+ 10 51.0+8.2 9.4 29.3
plasma W~ __30) 24.8 - 51.3 2% -57.9 0% W~ :30) 33.8-70.1 5% -72.9 2%
(umol/L) B (N =30) (N = - (N =30) (N =
1748) 1748)
Human 70.7 = 181 %
L 54.2 74.2
urine 75.5 +50.9 164 + 89.1
(umol/g 3\} * 143) 131-239 | 19% T 16% 1,%,5_*13 510-375 | 1% | o | 18%
creati- - (N =30) N = - (N = 30) N =
i) 392) 392)
Radio- HPLC- %Diffe Radio- HPLC- %Diffe
enzymatic Fluorescence = rence FL enzymatic Fluorescence rence
Mean+  Mean+S.D. from RE Mean = Mean+S.D. FL from
S.D. S.D. RE
At rest
human
skeletal 5510 = 4930 + 6090 + 6380 =
muscle 2690 2360 (N -6% 2810 2970 2%
(nmol/g (N=6) =6) (N =6) (N =6)
wet
weight)
Peak
exercise
human
skeletal | >#70% 158401470 6400750 0980
1180 -10% 2350 4%
muscle (N =6) (N =6) (N =6) (N =6)
(nmol/g - -
wet
weight)
After
recovery
human
skeletal | 28%0% | 2450+ 940 4100970 | >430%
540 -4% 1760 14%
muscle (N =6) (N =6) (N =6) (N =6)
(nmol/g
wet
weight)
RE: radioenzymatic method; UV: HPLC-UV method; FL: HPLC—fluorescence method; MS: HPLC-ion-trap MS method

samples because of contributions from
species other than the intended acyl-L-
carnitine species (23-27). In addition,
with selectivity based only on precursor
ion scans, false negative and false positive
values have been reported in clinical sam-
ples because of MS signal contributions
from isobaric chemical contaminants
(28-31). Both of these problems could
be alleviated by incorporating predetec-
tion HPLC, as we demonstrated. Several

other groups have also shown this to be
true (32-34).

Figure 5 contains chromatograms,
extracted from Figure 4a, showing
separation of groups of isomeric acyl-
L-carnitines. Our routine separation of
isomeric acyl-L-carnitines means that
our procedure, unlike tandem MS, can
differentiate clinically relevant acyl-L-
carnitine isomeric forms, correct false
positives, and resolve ambiguous diag-

noses. For example, we can easily differ-
entiate short-chain acyl-CoA dehydro-
genase deficiency from isobutyryl-CoA
dehydrogenase deficiency (C4 isomers),
3-methyl-crotonyl carboxylase defi-
ciency from B-ketothiolase deficiency
(HO-C5 and C5:1 isomers), isovaleric
acidemia from pivaloate contamination
(C5 isomers), and medium-chain acyl-
CoA dehydrogenase deficiency from
valproate treatment (C8 isomers) (19,20).
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Figure 5: UHPLC-MS/MS chromatographic separation of isomeric acyl-L-carnitines. These
chromatograms were extracted from Figure 4. (a) Separation of short- and medium-chain isomeric
acyl-L-carnitines. Labels are as follows: S,R-HO-C4s: S-3-hydroxybutyryl- and R-3-hydroxybutyryl-1-
carnitine; S,R-HO-Cé6s: S-3-hydroxyhexanoyl- and R-3-hydroxyhexanoyl-L-carnitine; C4s: isobutyryl-
and butyryl--carnitine; C5s: pivaloyl-, 2-methylbutyryl-, isovaleryl-, and valeryl-L-carnitine; S,R-HO-
C8s: S-3-hydroxyoctanoyl- and R-3-hydroxyoctanoyl-L-carnitine. (b) Separation of medium-chain
isomeric acyl-L-carnitines. Labels are as follows: C4DCs: succinyl- and methylmalonyl-L-carnitine;
C5DCs: glutaroyl- and ethylmalonyl-L-carnitine (R- and $-); S,R-HO-C10s: S-3-hydroxydecanoyl-
and R-3-hydroxydecanoyl-L-carnitine; C8s: valproyl- and octanoyl-L-carnitine; C6DCs: adipoyl- and
3-methylglutaroyl-L-carnitine (R- and S-). () Separation of later eluted medium-chain isomeric acyl-1-
carnitines. Labels are as follows: C9s: 2,6-dimethylheptanoyl- and 4-methyloctanoyl-L-carnitine; C10:1s:
cis-3,4-methylene-nonanoyl- and cis-4-decenoyl-L-carnitine; S,R-HO-C12s: S-3-hydroxylauroyl- and R-3-
hydroxylauroyl-L-carnitine. (d) Separation of long-chain isomeric acyl-L-carnitines. Labels are as follows:
S,R-HO-C14s: S-3-hydroxymyristoyl- and R-3-hydroxymyristoyl-L-carnitine; C14:1s: myristoleoyl-, cis-
5-tetradecenoyl-, and trans-2-tetradecenoyl-L-carnitine; S,R-HO-C16s: S-3-hydroxypalmitoyl- and R-3-
hydroxypalmitoyl-L-carnitine; C18:3s: o-linolenoyl- and v-linolenoyl-L-carnitine; C16:1s: palmitoleoyl-
and trans-2-hexadecenoyl-L-carnitine; S,R-HO-C18s: S-3-hydroxystearoyl- and R-3-hydroxystearoyl-1-
carnitine. 3-Hydroxyacyl-L-carnitine S- and R- isomer separation is accomplished because L-carnitine is
chiral, and therefore $- and R- isomers of 3-hydroxyacyl-L-carnitines are diastereomers.

Conclusions

What is quantitation? The literature uses
this single term to mean many different
levels of quantitative accuracy, precision,
and selectivity (in descending order): ab-

solute quantitation (what we are doing
with L-carnitine and acyl-L-carnitines),
semiquantitation, pseudo-quantitation
(tandem MS “profiles”), relative quantita-
tion (for example, what is reported in most

metabolomic and proteomic studies), and
so forth. We consider that in the analysis
of clinical samples, we should not accept
anything less than selective, absolute
quantitation. Though this is achievable
using MS, that detection technique alone
does not guarantee good, quantitative,
clinical methods. However, when adher-
ing to sound analytical principles (such as
standardized calibrants used to construct
multiple-point calibration curves, and
concurrent analysis of quality control sam-
ples to monitor and validate performance),
the inclusion of the mass spectrometer (a
highly selective analyte detection technol-
ogy) in the clinical laboratory has led and
can lead to new accurate, selective, and
precise quantitative methods by detecting
new classes of compounds with greater
efficiency and sensitivity than is possible
with older, established technologies.
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Preview of the 65th Conference
on Mass Spectrometry

and Allied Topics

We present a brief preview of this year’s ASMS conference, taking place on June 4-8, 2017, in

Indianapolis, Indiana.

Cindy Delonas, Spectroscopy, Associate Editor

Topics is set to take place June 4-8 at the Indiana Con-
vention Center in Indianapolis, Indiana.

Short courses get under way at 9 a.m. on Sunday, June 4, and
continue throughout the day until 4 p.m.

A new feature of this year’s conference is four tutorial lec-
tures in two parallel tracks on Sunday, starting at 5 p.m. In
one track, Kermit K. Murray of Louisiana State University
(Baton Rouge, Louisiana) will give a talk titled “M ALDI: Past
and Future,” and Donald F. Hunt of the University of Vir-
ginia (Charlottesville, Virginia) will pesent “Cancer Immu-
notherapy and Mass Spectrometry.” In the other track, Erin S.
Baker of the Pacific Northwest National Laboratory (Richland,
Washington) will give a talk titled “Ton Mobility Spectrometry:
Analyzing Molecules as They Tumble through Life,” and Nor-
man J. Dovichi of the University of Notre Dame (South Bend,
Indiana) will present “CE/MS—Ready for Prime Time?”

The Sunday tutorials will be followed by the opening ple-
nary lecture at 6:45 p.m. At that time, David S. Millington of
Duke University Medical Center (Durham, North Carolina)
will give a presentation titled “Towards a Good Start in Life:
Neonatal Screening and Beyond.” Following the plenary lec-
ture, a welcome reception will take place from 7:45 to 9:00
p.m. in the exhibit-poster hall. The reception is open to all
conference attendees, and no special ticket is required. A small
block of posters representing the work of undergraduate stu-
dents will be on display. The full poster sessions will start on
Monday morning.

Additional plenary lectures take place Monday, Tuesday,
and Thursday at 4:45 p.m. Monday’s lecture will be the Award
for a Distinguished Contribution in Mass Spectrometry. Tues-
day’s lecture celebrates the Biemann Medal, and on Thursday,
the Plenary Lecture will be the Closing Session, titled “Saving
the Great Coral Reefs.”

Four new oral sessions will take place in this year: On Sun-

T he 65th Conference on Mass Spectrometry and Allied
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day morning during the 8:30 a.m. oral session, “Plant ‘omics™
will be presented. “Microorganisms: Identification and Char-
acterization” will be part of the Tuesday afternoon discussion
at the 2:30 p.m. oral session, and Thursday’s 8:30 a.m. oral
session includes discussions titled “GC/MS/MS, GC/MS/MS,
and GC/HRMS,” and “Fundamentals for Everyone.”

Thursday’s closing event at the Indiana State Museum,
which is a short walk from the convention center, includes a
buffet dinner, an IMAX showing that will be associated with
Thursday’s closing session on the great coral reefs, and a ride
on one of the canal gondolas.

ASMS 2018

The 66th Annual ASMS Conference will be held June 3-7 in
San Diego, California. For more information, visit www.asms.
org in the coming months.

Cindy Delonas is the associate editor for Spectroscopy. Direct
correspondence to Cindy.Delonas@ubm.com ®

f11photo/Shutterstock
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Forensic Applications of
Isotope-Ratio Mass Spectrometry

The isotopic profile of a material refers to the ratios of the stable isotopes of elements
contained within, such as 2H/™H, 3C/"2C, and '80/'¢0. Biological, chemical, and physical
processes cause variations in the ratios of stable isotopes; analysis of a material for its
distinctive isotopic signature can thus be used to reveal information about its history.
Isotope-ratio mass spectrometry (IRMS) is a technique used to measure the relative
abundance of isotopes in materials. Forensic investigators have used IRMS to measure
a variety of materials, such as drugs, explosives, food, and human remains. In a recent
web seminar, Lesley Chesson, the president of IsoForensics, Inc., explained how IRMS
works and discussed the use of IRMS in forensic science, illustrating her discussion with
several case examples. Here, Chesson answers common questions about the technique.

The Methods

You explained that isotope abundances are measured
as ratios and reported in “delta” notation, comparing
the isotope ratio of the sample to the isotope ratio of a
standard. Is the comparison to a standard done to com-
pensate for mass abundance differences from one mass
spectrometer to another?

This question can be answered in three parts:

Isotope-ratio mass spectrometry (IRMS) instruments
contain sensitive electronics that are subject to environ-
mental and inherent variability. Though a good isotopic
standard always has the same isotopic abundances, differ-
ent mass spectrometers and even the same mass spectrom-
eter on a different day may produce results that differ sig-
nificantly. Reference gases are used to ensure a repeatable
measurement can be made independently of factors like
sample heterogeneity or sample introduction. Laboratory
standards are used to ensure biases are corrected. It is very
important to distinguish standards used for daily measure-
ment from standards used for §-notation.

“Delta” notation is just notation—a way to report iso-
tope ratios in a way that is convenient for interpretation.
It is possible to translate a -value to an “absolute ratio,”
independent of the isotope ratio scale. However, those

numbers usually end up being very small for many of the
isotope systems of interest, and understanding the sig-
nificance of differences between measurements can be
difficult. For example, 2H/'H ratios for tap water range
from 0.000134 to 0.000153, whereas #0/'°O ratios for the
same water samples range from 0.001959 to 0.002018. It
can be difficult to compare your sample of interest to a
“typical” sample on the “absolute” scale. With §-notation,
negative §°Hyy, o values always represent samples
with less H than Vienna standard mean ocean water
(VSMOW); negative 6'80,,,;o Values always represent
samples with less 30 than VSMOW. “Delta” notation pro-
vides a convenient “zero” point for comparisons.

“Delta” notation also has a built-in shorthand that shows
that the measurement was made using standards that are
traceable to a community standard. If absolute ratios were
used instead, it would be unclear without extensive descrip-
tion how the measurement could be comparable to other
measurements. This is especially important for isotope-
ratio analysis, as the technique tends to be much more re-
peatable (within a particular laboratory, with a particular
instrument, over a short period of time) than it is repro-
ducible (between laboratories and instruments, over long
periods of time).
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Why do we need to use a magnetic
sector mass spectrometer to measure
isotope ratios? Why couldn’t we use
a quadrupole MS instrument? After
all, I can get isotope concentrations
using quadrupole MS. And, would
any other type of high-resolution
mass spectrometer work?
Isotope-ratio mass spectrometers
have multiple collectors that can de-
tect the presence of multiple isotopes
simultaneously. Other types of mass
spectrometers—like quadrupole MS
instruments—have a single collec-
tor. These instruments are not precise
enough to distinguish isotope ratios
that are important to ecologists, geolo-
gists, and forensic scientists at natural
abundance levels. I will note that the
relatively new technique of isotope-ra-
tio infrared spectroscopy (IRIS) is also
capable of measuring isotope ratios at
a similar precision.

You mentioned that CO, molecules
can contain three different isotopes,
resulting in molecular masses of 44,
45, and 46, respectively. What is the
probability that a CO, molecule with
mass 46 is composed of 2C70'0 in-
stead of 12C'°Q'80?

Extremely low. Molecules of CO, com-
posed of 2C!70OY0 occur at a concen-
tration of 0.142 ppm, about 28,000
times more rare than 2C80°O (which
occurs at a concentration of 4000
ppm, or 0.40%). In comparison, mol-
ecules of CO, composed of 2C!¢0'°0
(mass 44) have a relative abundance of
98.40%; CO, molecules with mass 45
composed of 1*C!Q°0 and 2C70'¢0
have relative abundances of 1.11% and
748 ppm, respectively.

When analyzing the isotope ratios of
CO,, how are the contributions of the
two species of mass 45 split up? For
example, can you tell if the contribu-
tion is from 3C or 170?

An IRMS instrument cannot sepa-
rate the presence of 70O in mass 45
from 3C in mass 45. So, a calcula-
tion is necessary—a 7O “correction.”
This correction is based on relative
abundances of 80 to 170O. There are
multiple published studies on the rela-

tionship of 180 to 70 in various mate-
rials, and therefore there are multiple
options available in an IRMS instru-
ment’s software for applying the 7O
correction to measured data. One
commonly used relationship was pub-
lished by Santrock and colleagues (1).

Is it essential to calibrate the refer-
ence gas in continuous-flow IRMS?

No. The laboratory standards included
in the analytical sequence—which
have been previously calibrated—allow
the analyst to normalize measurement
results to the appropriate isotope scale.

The sulfur isotopic
composition of
sheep wool can vary
depending on how
far the flock grazes
from the coast.

However, calibrating the reference gas
is easy, and setting a rough estimate
for a particular gas tank allows you
to monitor in real time the measure-
ment results for laboratory standards
and samples.

If we use two-point calibration to
calibrate an IRMS instrument, do we
still need a calibrated reference gas?
No. See the answer above.

Do the Faraday collector cups in a
continuous-flow IRMS system need
to be cleaned? Or just replaced? And
how frequently?
No, Faraday cups in an isotope-ratio
mass spectrometer do not need to be
cleaned. I've personally never heard of
one needing replacement. More com-
monly, the electronics and amplifiers
may need replacement due to age.
One part of an IRMS system does
need regular cleaning and replace-
ment: the ion source. Filaments usu-
ally last 9-12 months before burning
out. During replacement, it’s a good
idea to check the other source parts

(lenses, plates, shields, and so on) for
residues that should be removed. The
flight tube on most mass spectrom-
eters can also be “baked out,” though
the need for this is uncommon.

Is the isotopic analysis of sulfur used
in forensic applications?

Yes. Sulfur (S) isotope analysis has
been used to characterize—or “finger-
print”—manufactured materials like
gunpowder. In biological materials,
such as keratin (hair, feathers) or ivory,
S isotopes have been used to recon-
struct an animal’s diet or potential ori-
gin, or both. Sulfur isotope variations
in organic materials are ultimately
related to the weathering of local bed-
rock and contributions of **S-enriched
sulfur from marine sources to the ter-
restrial landscape. For instance, the
sulfur isotopic composition of sheep
wool can vary depending on how far
the flock grazes from the coast.

Are there any other elements used to
investigate forensic cases?

Yes. While I discussed mainly the
isotopes of the bioelements hydrogen
(H), carbon (C), nitrogen, (N), and
oxygen (O) in the presentation, sulfur
(S), chlorine (Cl), strontium (Sr), and
lead (Pb) isotopes have also been used
in forensic applications.

You mentioned that in addition to
IRMS, two other techniques can
be used to measure isotope ratios:
multicollector inductively coupled
plasma-mass spectrometry (MC-
ICP-MS) and IRIS. Can you tell us a
more about IRIS? How does it work?
What are the advantages or disadvan-
tages compared to IRMS?

IRIS instruments measure the
absorption of light by simple gases,
such as carbon dioxide, methane,
or water vapor. Gas molecules have
distinctive rotational-vibrational
energies when different isotopes are
present; the resulting spectra can
be used to infer the abundance of
various isotopes in the gas sample.
IRIS instruments are generally much
smaller than IRMS instruments, fitting
on benchtops or even in car trunks.



They are typically cheaper than IRMS
instruments and cost less to operate
day to day. The training required to
operate an IRIS instrument is also
less than that required to operate an
IRMS instrument. However, when
IRIS instruments are not measuring
pure gases, interfering molecules
such as ethanol in water can cause
biases. IRMS instruments are much
less sensitive to these kinds of errors,
because of the sample preparation
peripherals used to produce a pure gas
for measurement.

About how much does an isotope-
ratio mass spectrometer cost to buy?
And operate?

Costs to purchase an IRMS system
can range from $250,000 to $1
million or more, depending on the
number of peripherals (such as sample
introduction systems) desired. Daily
operation costs include ultrahigh
purity carrier and reference gases, plus
sample capsules or vials and reference
materials. Many IRMS instrument
manufacturers offer yearly service
contracts; operators benefit from
regular training.

Applications

You talked about using IRMS to
identify human remains and thus
solve “cold cases,” through tap water
isotope maps. Will that approach
work if an individual drinks a lot of
bottled water?

Yes. Most of the bottled water we drink
is, in fact, filtered tap water. As an ex-
ample, Dasani bottled water, which
is produced by the Coca-Cola Com-
pany, describes its production like this:
“We start with the local water supply,
which is then filtered for purity using a
state-of-the-art process called reverse
osmosis. We then add a special blend
of minerals for that pure, crisp, fresh
taste.” So, by drinking Dasani bottled
water, you are actually drinking local
tap water.

There are some bottled waters that
come from sources far distant to your
location—for example, Evian or FIJI.
However, even if you drink these
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bottled waters regularly, you probably
don’t make tea or coffee with them, or
cook with them. The majority of your
water intake is likely local tap water.

Are the results of IRMS readily ac-
cepted as standards of evidence in
criminal cases?

Yes and no. The results of IRMS—or
any other isotope measurement tech-
nique—are not presented in court as
frequently as the results of DNA analy-
sis, and this means that isotope data
are not as readily understood (and ac-
cepted) as DNA evidence. In the U.S.

The European food
traceability project,
TRACE, included isotope
analysis. Dozens of
papers have been
published on the results.

legal system, I am aware of a single
example of isotope data presented in
court, in City of Pomona v. SQM North
America Corp. (2). Outside the United
States, isotope data have been used
in a few additional legal settings, in-
cluding the London 21/7 bombing (3);
the Floyd Landis doping case (4); the
investigation of “antique” ivory from
Five Star Auctions and Appraisal in
Toronto, Canada (5); and a case involv-
ing pesticide-adulterated milk powder
in New Zealand (6).

Are isotopes being used to screen
foods and authenticate different
products?

Yes. Stable isotope analysis has been
used for decades to test foods for
product authentication and verifica-
tion. For example, carbon isotopes
can be used to detect the illegal ad-
dition of corn (maize) or cane sugar
to honey. The first studies describing

this application were published in the
1970s. More recently, protein isolated
from honey has been measured for
its carbon isotopic composition and
compared to measurements made on
the “bulk” honey. The isotopic dif-
ference between the protein and the
“bulk” material allows for detection
of adulteration of honey with not only
C4-derived sugar, but also C3 sugar,
such as beet or rice. The Association of
Official Analytical Chemists (AOAC)
published this technique as Method
998.12.

Between 2005 and 2009, the European
Union funded a large, multicountry
project to develop traceability systems
for food. Called TRACE (Tracing Food
Commodities in Europe), the project in-
cluded isotope analysis. Dozens of pa-
pers have been published on the results
of that project, including measurements
made on wine, oils, meats, and cheeses.
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Benchtop mass spectrometer Solid-phase extraction system
BaySpec's Continuity benchtop The SmartPrep Cartridge Extractor Il
mass spectrometer is designed solid-phase extraction system from

for sub-part-per-billion level detec-
tion and to be easily transported
or installed in a vehicle, vessel,

or plane without compromising
performance. According to the
company, the mass spectrometer
features a heated capillary atmo-
spheric pressure inlet that allows
undisrupted continuous sampling

Horizon Technology is designed for
method development and automation
of previously developed manual meth-
ods. According to the company, the
system uses positive pressure to consis-
tently deliver the sample and solvents.
The system reportedly can be used with
standard, commercially available tabbed
and tabless 1-, 3-, or 6-mL cartridges.

into the ion funnel; efficient ion Horizon Technology, Inc.,

optics; and a linear ion trap mass Salem, NH;

analyzer. BaySpec, Inc., San Jose, CA; www.bayspec.com www.horizontechinc.com

LC-MS desalting supplies brochure Trap columns

A 2017 catalog of Optimize Technologies’ UHPLC hand-

color-coded, semi-
reusable, microvol-
ume (10200 pL),
desalting columns

for mass spectrom-

tight EXP trap columns are designed

for use at pressures of 20,000+ psi
(1400+ bar). According to the company,
the expanded trap column line provides
packed beds ranging from 2—30 mm in

etry is available from length with diameters from 1-4.6 mm, ' -
The Nest Group. and the columns connect directly to any B o
According to the company, the BioPureSPN brochure provides an over- injection valve or in-line with EXP fittings. | &

view of microspin column products for removing salt from proteins, Optimize Technologies,

peptides, and nucleic acids. Oregon City, OR; ![
The Nest Group, www.optimizetech.com f 4
Southborough, MA;

https://nestgrp.com/prices/BioPureSPN.shtml

LC columns Sample pretreatment system

Shimadzu’s Clinical Labo-
ratory Automation Module
(CLAM 2000) is designed
as a fully integrated sam-
ple pretreatment module
for LC-MS. According to
the company, the system
automatically performs all
of the processes neces-

Restek’s Force LC columns
are designed to maintain
stable retention times and
peak shapes at elevated
UHPLC pressures and with
rapid cycling. According to
the company, the columns
are scalable between 3- or
5-um HPLC and 1.8-pym

UHPLC particle sizes, and users can transfer between instrument plat- sary for analyzing blood

forms and optimize methods without extensive calculations. and other biological samples, ranging from scanning in information from
Restek Corporation, blood collection tubes to sample pretreatment and LC—-MS analysis.
Bellefonte, PA; Shimadzu Scientific Instruments,

www.restek.com/force Columbia, MD; www.ssi.shimadzu.com

Protein and peptide analysis system MS detector

Advion's ‘tides express The Verity 1900 chip-based

protein and peptide mass spectrometry detector

analysis system reportedly from Gilson is designed to

combines a compact mass - M ’ eliminate the need for special-

spectrometer and an HPLC
gradient system with a
manual sample injector for
real-time analysis of large
molecules at the point of
need. According to the

ized electrical requirements and
auxiliary accessories such as a
roughing pump and nitrogen
generators. According to the
company, the detector is suit-
able for use in pharmaceutical,

company, additional frag- biotech, chemical, and academic
mentation analysis and charge deconvolution software provides inter- laboratories. Gilson, Inc.,
pretation for confirmation of the identity of peptides and proteins. Middleton, WI;

Advion, Inc., Ithaca, NY; www.advion.com www.gilson.com
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TOF-MS systems with tandem ionization Nitrogen gas generator

BenchTOF mass spectrometers The Solaris benchtop nitrogen gas gen-

from Markes International erator from Peak Scientific is designed

are designed with a tandem for laboratories using evaporative light /@

ionization feature that generates scattering detection (ESLD) instru- '

two spectra from a single peak il ments and compact mass spectrom- N

by rapid switching between -~ eters. According to the company, the

“soft" ionization (typically generator can supply nitrogen to one

10-16 eV) and conventional R or two ESLD instruments, or a single

"hard" ionization (70 eV). compact mass spectrometer, and is

tAecCcr?r:idmg to ftthz company, the capablg of dellvgrlng up to %)
que is fully automated by 10 L/min at purity levels of up to

its TOF-DS software. : 99.5% (at lower flow rates).

Markes International, Peak Scientific,

Llantrisant, UK; Billerica, MA;

www.markes.com www.peakscientific.com/solaris

SIFT-MS system Nitrogen generator

The Voice200ultra selected ion flow tube Proton OnSite's N341M nitrogen

mass spectrometry (SIFT-MS) system generator reportedly uses membrane

from Syft Technologies reportedly uses technology to produce clean nitrogen '

direct, ultrasoft chemical ionization.
According to the company, the system
uses eight switchable mass-selected
reagent ions to enable detection of a
range of challenging compounds such as
ammonia, formaldehyde, hydrogen chlo-
ride, and hydrogen sulfide.

Quantum Analytics,

Foster City, CA;

www.LQA.com

from an internal oil-free compressor.

According to the company, the mech-

anism is load following and automati-

cally adjusts to match demand.

Proton Onsite,

Wallingford, CT;

www.protononsite.com L

SEC columns Power supply
Shodex’s OHpak LB-800 Spellman’s RoHS-compliant
series columns are designed MX10Plus power supply is
for polymer analysis. Accord- designed with 25-ms hot
ing to the company, the switchable polarity revers-
columns are suitable for use ing capability. According to
with light-scattering detectors the company, the supply
because of the controlled col- can be tailored to an OEM's
umn bleed, and the polymer- requirement, including
based packing material can improved ripple perfor-

be used for aqueous size- mance and different voltage

exclusion chromatography of or current capabilities. .
water-soluble polymers. Spellman

Showa Denko America, Inc., High Voltage Corp.,

New York, NY; Hauppauge, NY;

www.shodexHPLC.com www.spellmanhv.com/MX10plus

TOF-MS system Mass spectrometer

The Pegasus BT time-of- PerkinElmer's QSight Triple Quad

flight mass spectrometry LC-MS/MS mass spectrometer is designed

(TOF-MS) system from for applications such as food safety,

LECO is designed for GC— : ‘!_ =g environmental testing, and industrial

MS applications. According (AR (L research. According to the company, the A
to the company, the : mass spectrometer provides high sensitivity )
spectrometer’s software and uptime, and offers remote support

can simplify quantitation capabilities.

while identifying more PerkinElmer,

components, and its Waltham, MA;

StayClean ion source www.perkinelmer.com/gsight
eliminates the need for source cleaning.

LECO Corporation, u/

St. Joseph, MI;
www.leco.com
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The Extraction of Perfluorinated Alkyl Acids (PFAASs)
in Drinking Water Using Automated Cartridge SPE

Russ Wolff,* Craig Caselton*, Alicia Cannon®, and Michael Ebitson®,

*Northern Lake Service, Inc., THorizon Technology, Inc.

P erfluorinated chemicals (PFCs), also known as PFAAs,
can be found in commercial and industrial uses such as
firefighting foams, package material coatings, nonstick cookware,
waterproofing, and stain-proof fabrics. PFCs are all manmade
and have unique properties such as repelling water, oil, and
heat. They are very difficult to break down and persist in the
environment. Small amounts of PFCs can dissolve in water and
is a cause for concern for human exposure, especially in drinking
water sources such as large public water systems and private wells.
A recent health advisory has been issued by U.S. Environmental
Protection Agency (EPA). Water utilities should notify customers
if greater than 70 ppt (0.07 pg/L) PFOS or PFOA or a total for
the two combined are detected in the water supply.

The United States is not the only country concerned about
exposure to PFCs. In Europe, the twelfth meeting of the United
Nations Persistent Organic Pollutants Review Committee was
held in Rome in September 2016 to move the consideration
of PFCs forward for further regulatory consideration. Rules
developed under this framework will have global impact. This
work will demonstrate the capability of the SmartPrep® Cartridge
Extraction II System for the extraction of six PFCs in compliance
with US EPA 537 or ISO 25101:2009 (1).

Solid phase extraction (SPE) is used to remove and concentrate
the PFCs from water samples. In U.S. EPA method 537,20.5 g,
6-mL SPE cartridge containing styrene divinylbenzene (SDVB)
sorbent phase is specified. The analysis is done using HPLC-MS/
MS for a sensitive detection step.

After demonstrating that the system does not contribute
background to the extraction step, the Method Detection Limits
(MDL) were determined from seven samples run on the SmartPrep
over a three day period. The MDL values for this method with

this sample size and equipment are extremely low (Table I). They
will be able to measure water samples at the U.S. Health Advisory
level of 0.07 pg/L for PFOS or PFOA with MDLs of 0.004 and
0.002 respectively. The limit of quantitation (LOQ) is 0.013
pg/L for PFOS and 0.0076 pg/L for PFOA, which is acceptable
for very low level determinations.

PFC compounds are becoming an increasingly important
concern as research into health effects uncovers other related
illnesses. As countries around the world move to regulate exposure
through drinking water, reliable, and accurate measurement
methods become critical.

Methods US EPA 537 and ISO 25101:2009 specify extraction
and concentration with SPE and analysis using HPLC-MS/MS.
Automation of the cartridge SPE step is important to ensure the
best reproducibility with the least chance of contamination. It
also ensures the efficient use of technician time through walk-
away operation.

References

(1) The Extraction of Perfluorinated Alkyl Acids (PFAAs)
in Drinking Water Using Automated Cartridge SPE,
AN1131610_01, available from www.horizontechinc.com .

Horizon Technology, Inc.

16 Northwestern Drive, Salem, NH 03079
tel. (603) 893-3663

Website: www.horizontechinc.com

Table I: MDL Study

Compound | MDL1 | MDL2 | MDL3 | MDL4 | MDL5 | MDL6 | MDL7 | MDL8 | AVG STD CONC. | MDL (pg/L) | LOQ (pg/L) | CONC/MDL
PFBS 0.036 | 0.039 | 0.029 | 0.039 | 0.041 | 0.037 | 0.041 | 0.039 | 0.0375 | 0.0037 | 0.0450 | 0.0111 0.0371 4.05
PFHpA 0.004 | 0.004 | 0.003 | 0.004 | 0.004 | 0.004 | 0.004 | 0.004 | 0.0041 | 0.0003 | 0.0050 | 0.00099 | 0.00331 5.04
PFHxS 0.013 | 0.013 | 0.010 | 0.013 | 0.013 | 0.012 | 0.012 | 0.013 | 0.0124 | 0.0013 | 0.0137 | 0.00385 0.0128 3.55
PFOA 0.008 | 0.009 | 0.007 | 0.009 | 0.009 | 0.008 | 0.009 | 0.008 | 0.0084 | 0.0008 | 0.0100 | 0.00229 | 0.00764 4.37
PENA 0.009 | 0.010 | 0.007 | 0.009 | 0.010 | 0.009 | 0.009 | 0.009 | 0.0090 | 0.0008 | 0.0100 | 0.00231 0.00772 4.32
PFOS 0.016 | 0.016 | 0.013 | 0.016 | 0.017 | 0.016 | 0.017 | 0.016 | 0.0157 | 0.0013 | 0.0186 | 0.00376 0.0126 4.94
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