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A B S T R A C T   

Introduction: The EXENT® Solution, a fully automated system, is a recent advancement for identifying and 
quantifying monoclonal immunoglobulins in serum. It combines immunoprecipitation with MALDI-TOF mass 
spectrometry. Compared to gel-based methods, like SPEP and IFE, it has demonstrated the ability to detect 
monoclonal immunoglobulins in serum at lower levels. In this study, samples that tested negative using EXENT® 
were reflexed to LC-MS to determine if the more sensitive LC-MS method could identify monoclonal immuno
globulins missed by EXENT®. 
Objectives: To assess whether monoclonal immunoglobulins that are not detected by EXENT® can be detected by 
LC-MS using a low flow LC system coupled to a Q-TOF mass spectrometer. 
Methods: Samples obtained from patients confirmed to have multiple myeloma (MM) were diluted with pooled 
polyclonal human serum and analyzed using EXENT®. If a specific monoclonal immunoglobulin was not 
detected by EXENT®, the sample was then subjected to analysis by LC-MS. For the LC-MS analysis, the sample 
eluate, obtained after the MALDI-TOF MS spotting step, was collected and transferred to an autosampler tray for 
subsequent analysis using LC-MS. 
Conclusion: LC-MS has the capability to detect monoclonal immunoglobulins that are no longer detected by 
EXENT®. Reflexing samples to LC-MS for analysis does not involve additional sample handling, allowing for a 
faster time-to-result compared to current approaches, such as Next-Generation Sequencing, Next-Generation 
Flow, and clonotypic peptide methods. Notably, LC-MS offers equivalent sensitivity in detecting these specific 
monoclonal immunoglobulins.   

Introduction 

For over two decades LC-MS has been used extensively in the 
development of therapeutic monoclonal antibodies (t-mAbs) [1]. The 
technology is ideally suited for the characterization of t-mAbs since 
monoclonality is defined as polypeptides with identical amino acid se
quences, resulting in a single molecular mass. Recent studies have 
shown the utility of mass spectrometry in confirming correct t-mAb 
expression by analyzing intact immunoglobulin molecular mass, 
reduced light chain and heavy chain molecular masses, and tryptic 

peptide molecular masses [2,3]. Initial investigations describing the use 
of LC-MS to characterize endogenous immunoglobulins in circulation 
were conducted in parallel with t-mAb characterization work, focusing 
on immunoglobulins with an IgG isotype. These studies explored aspects 
such as heavy chain Fc region oxidation, allelic variants, and post- 
translational modifications, such as glycosylation [4,5]. Research into 
the analysis of endogenous monoclonal immunoglobulins in serum 
began with methods that combined enzymatic digestion and LC-MS/MS 
to monitor constant region peptides common to specific isotypes [6] 
and, later, variable region clonotypic peptides [7,8]. Subsequently, LC- 
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MS methods with higher throughput were developed to monitor 
endogenous monoclonal immunoglobulins. Initially, these methods 
involved either no purification or enrichment using Melon™ Gel prior to 
LC-MS. These approaches yielded significant findings including, the 
ability to isotype kappa and lambda light chains using top-down MS/MS 
[9], direct detection of monoclonal light chains from urine [10], insights 
into the origins of light chain polyclonal molecular mass distributions 
[11,12], methods designed to quantify a t-mAb while monitoring oli
goclonal immunoglobulin patterns [13], and comparison of oligoclonal 
immunoglobulins in cerebrospinal fluid (CSF) and serum [14]. 

The studies mentioned previously highlight the usefulness of LC-MS 
to identify and quantify endogenous monoclonal immunoglobulin. 
However, incorporating an LC-MS system in a laboratory that primarily 
employs gel-based analytical methods was challenging due to the asso
ciated costs of instrumentation and infrastructure. As an alternative, 
researchers explored the use of MALDI-TOF MS due to its lower cost, 
smaller footprint, reduced infrastructure requirements, and the avail
ability of instruments bearing a Class I medical device rating, a pre
requisite for in vitro diagnostic (IVD) applications. A proof-of-concept 
study demonstrated that MALDI-TOF MS could be utilized to identify 
endogenous monoclonal immunoglobulins, potentially replacing LC-MS, 
despite it being typically less sensitive [15]. Following this, alternative 
methods for isotype-specific immunoprecipitation were developed along 
with he optimization of MALDI-TOF MS sample preparation and 
acquisition parameters. This resulted in a viable methodology for 
detecting monoclonal immunoglobulin in a clinical laboratory setting 
[16–18]. 

EXENT® is a comprehensive clinical analyzer that consists of three 
main components: an automated liquid handler, EXENT-iP® 500, a 
MALDI-TOF mass spectrometer, EXENT-iX ® 500, and instrument con
trol and data analysis software, EXENT-iQ®. Its primary purpose is to 
detect and quantify monoclonal immunoglobulins in serum, making it a 
valuable device for clinical laboratories seeking IVD compliance. One 
notable advantage of using the MALDI-TOF MS technology employed by 
EXENT® is its requirement for only a small sample volume for analysis. 
This ensures that a sufficient amount of the sample remains available for 
further analysis by LC-MS in instances where EXENT® yields a negative 
result. In this study, we present the results obtained from serum samples 
that were initially analyzed using EXENT® and subsequently subjected 
to reflex analysis by LC-MS. Our findings demonstrate that the eluates 
purified by EXENT® can be directly analyzed by LC-MS without the need 
for any additional sample manipulation. This approach provides com
plementary data to that obtained from EXENT®, enhancing compre
hensive sample characterization. 

2. Materials and methods 

Monoclonal Immunoglobulins and Serum: Serum samples from 
patients with a confirmed disease diagnosis of multiple myeloma were 
used for this study. As only fully-anonymized patient samples were used 
that were not obtained specifically for use in this study through an 
interaction or intervention with living individuals, neither informed 
consent nor IRB review were required. An IRB approved informed 
consent letter associated with each sample approved the use of each 
sample for this type of study. The intact M-protein isotype and con
centrations determined by EXENT® for undiluted baseline samples are 
listed in Table 1. The concentration of the baseline sample was used to 
determine the dilutions necessary to make a sample with a calculated 
concentration of 0.100 g/L (Dilution 1) and 0.001 g/L (Dilution 2) of 
each M-protein. A stock solution was made by first diluting the baseline 
sample in pooled normal human serum to a nominal concentration of 
1.0 g/L. The 1.0 g/L stock was then diluted 10-fold using pooled normal 
human serum (total IgG concentration = 8.79 g/L, total IgA concen
tration = 1.67 g/L, and total IgM concentration = 0.070 g/L) to make 
Dilution 1. Dilution 2 was then made by diluting Dilution 1 by 100-fold 
using pooled normal human serum. All concentrations are reported in 

grams per liter (g/L). 

2.1. Reagents 

Immunoprecipitation (IP) of serum samples was performed using the 
EXENT-iP® 500 automated liquid handler. Reagents used for the IP were 
packaged and shipped by The Binding Site, part of ThermoFisher Sci
entific, as manufactured kits. Kits included, paramagnetic beads coated 
with sheep polyclonal anti-human antibodies against human IgG, IgA, 
IgM, total Kappa, and total Lambda, wash buffers (PBS with 0.1 % 
TWEEN-20), and elution buffer (5 % acetic acid + 20 mM TCEP in 
water). Reagents kits for the EXENT-IX® 500 MALDI-TOF mass spec
trometer included CHCA matrix with 1:1 v/v water (saturated solution 
with an estimated final concentration of 10 mg/mL) and acetonitrile 
containing 0.1 % acetic acid and protein standard mixture for mass 
calibration consisting of trypsinogen and cytochrome C. Mass spec
trometry grade reagents used for the LC mobile phase include the 
following: water, acetonitrile and 2-propanol (Honeywell, Charlotte, 
NC), and formic acid (Thermo Fisher Scientific, Waltham, MA). Instru
ment optimization was performed using Tuning Solution containing 
cesium iodide and a synthetic peptide while within run auto calibration 
was performed using APCI Positive Calibration Solution (SCIEX, ON, 
CA). 

2.2. EXENT and LC-MS methods 

Eluates containing the purified immunoglobulins were prepared as 
previously described [19]. Briefly, in a 96-well plate diluted sample (10 
µL of serum + 90 µL buffer) was placed into separate wells containing a 
different bead designed to purify IgG, IgA, IgM, total Kappa, and total 
Lambda (5 wells total). After binding (15 min) and bead washing (3 
repeated washings using a plate washer), purified immunoglobulins 
were eluted off the beads by adding 35 µL of 5 % acetic acid in water also 
containing 20 mM TCEP as the reducing agent. The acid is present to 
disrupt the binding of isotype specific intact immunoglobulins to the 
beads (i.e., IgG immunoglobulins bind to the anti-IgG beads). At the 
same time the TCEP reduces the disulfide bonds of the intact immuno
globulins resulting in the dissociation of heavy chains to light chains. 
The result is an acidic solution that contains light chains and heavy 
chains unbound to each other in solution. In addition, the TCEP breaks 
any J-chain to heavy chain bonds which are responsible for generating 
dimers in the case of IgA immunoglobulins and pentamers in the case of 
IgM. A mixture of matrix and sample (2 µL) were spotted onto a MALDI 
plate and analyzed using automated acquisition on a Bruker Sirius one 

Table 1 
M-protein isotype and concentration data for patient samples analyzed by the 
EXENT® system. Samples that were found to be negative for the specific M- 
protein from each patient were reflexed to LC-MS.  

Sample ID M-protein 
Isotype 

Baseline Sample (g/ 
L) 

Dilution 1 Dilution 2 

GK223 IgG Kappa  35.6 0.241 Neg. 
GK227 IgG Kappa  37.9 Neg. Neg. 
GK229 IgG Kappa  29.2 Neg. Neg. 
GK233 IgG Kappa  38.2 Neg. Neg. 
GL239 IgG Lambda  32.5 Neg. Neg. 
GL241 IgG Lambda  69.1 Neg. Neg. 
GL251 IgG Lambda  31.9 Neg. Neg. 
AK347 IgA Kappa  22.8 0.223 Neg. 
AK349 IgA Kappa  22.9 0.135 Neg. 
AK353 IgA Kappa  24.2 0.136 Neg. 
AL359 IgA Lambda  35.7 0.458 0.132 
AL367 IgA Lambda  48.5 0.094 Neg. 
MK97 IgM Kappa  36.9 0.106 Neg. 
MK101 IgM Kappa  31.5 0.102 Neg. 
ML103 IgM Lambda  27.1 0.086 Neg. 
ML107 IgM Lambda  33.1 0.102 Neg. 
ML109 IgM Lambda  40.6 0.130 Neg.  
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linear MALDI-TOF mass spectrometer. The instrument was run in posi
tive ion mode using a Smartbeam™ solid state laser with a 200 Hz 
repetition rate and 2,000 shots were acquired per spot. The m/z range 
acquired was 5,000 to 32,000 using an acceleration voltage of approx
imately 18 kV, 450 ns pulsed ion extraction, and a detector gain of 
roughly 2,900 V. The time to first result for 96 spots was 80 min, after 
which samples were analyzed for the presence of a monoclonal immu
noglobulin. EXENT® eluates were transferred to an autosampler plate to 
be analyzed by LC-MS after it was determined if the sample was negative 
for a specific monoclonal immunoglobulin. Data from the heavy chain 
eluates was used to generate the data presented here since the M-protein 
isotype had been previously identified by EXENT®. 

A volume of 5 µL of the eluate was injected onto a 2 µL loop to be 
separated using an Eksigent M5 microflow LC system coupled to the 
mass spectrometer. The LC separation conditions consisted of; mobile 
phase A: 100 % water + 0.1 % v/v formic acid, and mobile phase B: 90 % 
acetonitrile + 10 %2-propanol + 0.1 % v/v formic acid. Separation of 
the heavy and light chains was performed using a 1.0 x 50 mm MAb
Pac™ RP column with polystyrene divinylbenzene stationary phase with 
4 µm particle size (ThermoFisher Scientific, Waltham, MA) heated to 
60 ◦C and flowing at 25 µL/minute. The gradient used for separations 
started at 80 % A 20 % B where it was held for 30 s, then ramped to 75 % 
A / 25 % B over 1 min, then ramped to 61 % A / 39 % B over 7.5 min, 
then ramped to 5 % A / 95 % B over 8 min, then held for 1 min, then 
ramped to the starting percentage of 80 % A / 20 % B over 30 s, then re- 
equilibrated at 80 % A / 20 % B for 2.5 min for a total analysis time of 12 
min. Mass spectra were acquired on a SCIEX Triple-TOF™ 6600 quad
rupole time-of-flight mass spectrometer in ESI positive mode with a 
Turbo V dual ion source (SCIEX, ON, CA). The source conditions were, 
ion spray voltage (IS): 5,500, Temp: 500 ◦C, Curtain gas: 45, GS1 gas: 35, 
GS2 gas: 30, collision energy: 10. TOF MS scans were acquired from m/z 
600–2,500 with an acquisition time of 250 ms in high sensitivity mode. 
Analyst TF version 1.7.1 was used for instrument control. Raw data were 
viewed using PeakView® version 2.2.0.11391 without smoothing. Once 
a positive sample is identified by EXENT®, these data can be used to 
calculate the expected multiply charged ion series in the LC-MS analysis. 
Utilizing the prominent and well resolved doubly charged ion, an esti
mation of the mass of the uncharged light chain (assuming protonation 
using one signification figure for the proton) can be calculated as fol
lows: ((m/z of [M+2H+]2+) × 2) − 2 = M (molecular mass, Da). The m/z 
of the theoretical 11+ charge state for the same molecule, a compara
tively low charge state chosen due to the lower level of polyclonal 
background compared to a higher m/z region, can then be calculated as 
follows: (M + 11)/11 = [M + 11H+]11+. However, in cases where the S/ 
N of the +11 charge state is <3, an alternative higher charge state with a 
S/N > 3 is selected to generate an XIC. Mass spectra were summed over 
the retention time of the peak observed in the XIC to create an ESI mass 
spectrum with multiple charge states each one originating from the 
monoclonal light chain with a different number of protons attached to 
the light chain. 

Deconvolution of unsmoothed raw data containing the multiply 
charged light chain ions was performed using the Bayesian Protein 
Reconstruct program in Bio Tool Kit version 2.2.0.11391 based on the 
algorithm first defined by Mann et. al [20]. The deconvolution settings 
for the light chain mass spectra were, Input m/z range 600–2,500, 
Output mass range 20,000–30,000, and Step mass: 1.00 with the Input 
Spectrum Isotope Resolution: Low and Charge agent: H+. No. 

smoothing was performed on deconvoluted mass spectra. Once a 
mass spectrum was deconvoluted, the molecular mass (along with the 
peak area) was determined for the monoclonal light chain. The limit of 
detection criteria for calling a deconvoluted monoclonal light chain 
peak as a positive were, 1) S/N ≥ 3 for the deconvoluted peak intensity, 
2) ≤ 3.5 Da mass difference between the calculated molecular mass from 
EXENT® and the deconvoluted peak molecular mass, 3) ≥ 5 multiply 
charged peaks each with a S/N ≥ 3 used to generate the deconvoluted 
peak. If a sample was run previously by LC-MS, then a retention time 

tolerance of ≤0.1 min was used in combination with the other criteria. 

3. Results 

The purpose of the data presented in this study is to simulate a sce
nario where a sample that previously tested positive for a monoclonal 
immunoglobulin using EXENT® later tests negative. This negativity may 
occur when a patient undergoes therapy aimed at reducing the number 
of malignant clonal plasma cells. As these plasma cells die off, the 
amount of monoclonal immunoglobulin originating from the malignant 
clonal plasma cells is reduced. When a sample becomes negative using a 
specific assay like the EXENT® assay, clinicians may request the use of a 
more sensitive assay, such as LC-MS, to assess minimal residual disease 
(MRD), i.e., the presence of malignant clonal plasma cells. If the more 
sensitive assay still detects the monoclonal immunoglobulin originally 
observed at the time of diagnosis, it suggests that malignant clonal 
plasma cells are still present, putting the patient at risk of relapse. The 
decision to reflex a negative sample from one assay to a higher sensi
tivity assay to look for MRD is typically managed by the clinician. 

For example, Fig. 1 shows the steps involved in running a sample on 
EXENT® and then reflexing that sample to the higher sensitivity LC-MS 
assay. The transfer of the sample from an EXENT® 96-well sample 
elution plate to a 96-well LC-MS autosampler plate can be done manu
ally or through a separate, stand-alone automated liquid handler. Fig. 2 
shows the steps involved in LC-MS data acquisition and interpretation. 
The data were acquired for sample MK101, which contains an IgM 
Kappa M-protein, diluted to a calculated concentration of 0.001 g/L in 
pooled normal human serum. Step 1 of the process utilizes information 
from a sample positive by EXENT® to determine the molecular mass of 
the intact monoclonal kappa light chain. That information is then 
employed to calculate the +11 charge state m/z. In Step 2, this value is 
used to derive an extracted ion chromatogram (XIC) from the total ion 
chromatogram (TIC), with the y-axis in units of minutes. Step 3 involves 
summing the individual mass spectra comprising the peak associated 
with the monoclonal kappa light chain to produce the multiply charged 
ESI mass spectrum containing multiple charge states. The y-axis is given 
in units of Mass/Charge. Step 4 requires the deconvolution of the 
summed ESI mass spectrum to create the molecular mass spectrum with 
units in mass (Da). Step 5 involves recording the calculated molecular 
mass and peak area associated with the monoclonal kappa light chain. 
Table 2 shows the results from LC-MS analysis of the samples in Table 1, 
each at a concentration of 0.001 g/L. This includes the calculated mo
lecular masses, peak areas, and signal-to-noise (S/N) values from the 
deconvoluted mass spectra observed for the monoclonal light chains. 
Supplementary materials Fig. 1 shows the method used to determine the 
S/N value for a peak in the deconvoluted mass spectrum. 

Figs. 3–5 show examples of positive and negative results for baseline, 
Dilution 1, and Dilution 2 samples using EXENT®. They also depict the 
results obtained for negative samples that were further tested using LC- 
MS. The top part of each figure presents the EXENT® mass spectra, while 
the bottom of each figure shows the LC-MS data. The data in Fig. 3 was 
derived from sample GK223, which contains an IgG Kappa M-protein. 
The monoclonal kappa light chain from the M-protein is illustrated by 
the red trace in the baseline sample and in Dilution 1, but not in Dilution 
2. Dilution 2 was then reflexed to LC-MS, and the results are shown in 
the panel on the bottom of Fig. 3. After deconvolution, the monoclonal 
kappa light chain associated with sample GK223 is clearly visible with a 
calculated molecular mass of 23,353.6 Da. Each of the different charge 
states used to compile the deconvolution peak is highlighted with red 
lines in the ESI mass spectrum. Fig. 4 represents the results for sample 
AK337, which holds an IgA Kappa M-protein, while Fig. 5 demonstrates 
the results for sample MK101, which includes an IgM Kappa M-protein. 

The polyclonal background in the pooled serum used for dilutions 
contained the following concentrations of total Ig’s, as determined by 
turbidimetry: IgG = 8.79 g/L, IgA = 1.67 g/L, and IgM = 0.700 g/L. This 
polyclonal background is apparent in the mass spectra of diluted 
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samples and is seen as a grey-shaded normal distribution. These distri
butions represent the polyclonal light chains originating from Lambda 
(lower m/z distribution), Kappa (middle m/z distribution), and heavy 
Kappa (upper m/z distribution) and have been described in detail pre
viously [11,12,16]. The results summarized in Table 1 suggest that with 
EXENT®, higher levels of polyclonal light chain signal result in more 
negative results. This is illustrated by the Dilution 1 data, where only 
one of seven IgG samples was detectable at Dilution 1 levels, while all 
IgA and IgM M-proteins were detected. However, Table 2 shows that LC- 
MS can detect monoclonal light chains in a polyclonal background at a 
concentration 100-fold lower than the previously mentioned. Of the 
seventeen samples analyzed, only one was negative by LC-MS at 0.001 
g/L. These observations suggest that higher levels of polyclonal back
ground in samples immunopurified for IgG isotype don’t significantly 
impact the ability of LC-MS to detect monoclonal immunoglobulins. This 
differs from their impact on MALDI-TOF MS due to the added dimension 
of separation that the LC system provides prior to ESI-MS analysis. 

To compare peak intensities independently of the peak area calcu
lations performed by the deconvolution software, and to allow future 
comparisons between different LC-MS platforms, signal-to-noise (S/N) 
values were calculated. The S/N values in Table 2 display a broad range 
for Dilution 2, spanning from 5 for GK229 to 1,300 for ML103. This 
discrepancy was further evaluated by comparing the deconvoluted peak 
areas for Dilution 1 in the two IgM Lambda samples, ML103 and ML107. 
The values observed were exceedingly high, with sample ML103 dis
playing a value of 650,000 and sample ML107 having a value of 
1,100,000. This finding suggests that the high S/N value of 1,300 for 
Dilution 2 from ML103 is a function of the deconvolution algorithm. 
Supplementary materials Fig. 2 shows LC-MS data for sample ML103 
Dilution 2, which includes the ESI mass spectrum and deconvoluted 
mass spectrum. The deconvoluted mass spectrum at the bottom of the 
figure demonstrates how the deconvolution algorithm tends to decrease 
the background in m/z regions where the polyclonal background is 
lower. The figure also shows that two monoclonal peaks are present in 
the sample at the expected molecular mass of the monoclonal Lambda 
light chain. With an m/z difference of 17.0 Da, EXENT® did not resolve 

these two peaks. It is assumed that the mass difference of 5 between the 
calculated molecular mass by EXENT® and the observed molecular mass 
by LC-MS, as listed in Table 2, is likely a result of the centroid being 
modeled between the two peaks. Furthermore, the mass difference of 
17.0 Da observed by LC-MS suggests that one set of monoclonal lambda 
light chains has an N-terminal glutamine converted to pyroglutamic 
acid. This is a commonly observed post-translational modification 
(PTM) for monoclonal immunoglobulins with N-terminal glutamines, 
which is typical in lambda light chains [21]. 

The peak areas calculated from deconvoluted mass spectra over a 
range of concentrations were performed using a set of serial dilutions, 
starting with Dilution 1. Supplementary materials Table 1 shows the LC- 
MS results from sample ML103 diluted serially into pooled normal 
human serum. The findings confirm that the deconvolution algorithm 
produces a linear set of peak area values, ranging from 0.100 g/L (100 
mg/L) down to 0.00078 g/L (0.78 mg/L). The average peak area from 
four replicate injections was used to generate a linear regression plot 
shown under Table 1, with an r2 = 0.995. The %CV values for the 
replicate injections ranged from 4.2 for Dilution 1 at 0.100 g/L to 16 for 
the 0.00078 g/L serial dilution. 

Supplementary materials Tables 2 and 3 present the results from 
serial dilutions of samples AK347 and GK223, respectively. The linear 
regression analysis of sample AK347, taken from the average peak areas 
of four replicate injections, resulted in an r2 = 0.992. The %CV values 
for the replicate injections ranged from 3.3 for Dilution 1 at 0.100 g/L to 
23.4 for the 0.00078 g/L serial dilution. The linear regression analysis of 
sample GK223 taken from the average peak area of four replicate in
jections resulted in an r2 = 0.994. The %CV values for the replicate in
jections ranged from 7.3 for Dilution 1 at 0.100 g/L to 36.8 for the 
0.00156 g/L serial dilution. The serial dilution at a calculated concen
tration of 0.00078 g/L was below the level of detection. Also, the m/z 
used for the extracted ion chromatogram was the +23 charge state at 
1,016.2. 

To evaluate the intra-day precision of the LC-MS system independent 
of an IP step with no polyclonal background, daratumumab, a mono
clonal IgG Kappa t-mAb, was diluted in 5 % acetic acid + 20 mM TCEP to 

Fig. 1. Steps 1 through 5 in the process of taking a sample that becomes negative by EXENT® and then reflexing it to LC-MS.  
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a concentration of 0.004 g/L and injected 20 times. The +11 charge state 
at m/z 2,126.6 was used to generate XIC peaks. Deconvoluted mass 
spectra were generated in the same manner as the samples containing an 
M-protein in pooled normal human serum. The peak areas found for the 
monoclonal kappa light chain had an average value of 1.9 x 106, a 
standard deviation of 1.2 x 105, and a %CV of 5.92. The LC retention 
time for the daratumumab kappa light chain peak had an average value 
of 4.04 min, a standard deviation of 0.01 min, and a %CV of 0.21. The 
average mass of the daratumumab light chain from the 20 replicates was 
23,381.14 Da with a standard deviation of 0.07 Da (48 ppm mass 
measurement error from the known molecular mass of the Kappa light 
chain) obtained over the course of the four hour acquisition time. 

4. Discussion 

The data presented here demonstrates the usefulness of EXENT®, 
and the ability to reflex immunopurified samples that test negative with 
EXENT® directly to LC-MS. EXENT® is designed as a fully automated 

high-throughput in vitro diagnostic device, while the LC-MS method is a 
lower throughput, more sensitive, laboratory-developed test. The LC-MS 
method described here is similar to the previously reported microLC- 
ESI-Q-TOF MS method (i.e., miRAMM), and is simply referred to as 
LC-MS in this study. Furthermore, the results shown here focus only on 
the light chains’ signal, and do not address the additional data acquired 
for heavy chains observed by LC-MS. Improved performance of 1 mm 
diameter microbore LC columns, the more sensitive Q-TOF mass spec
trometer (utilizing a SCIEX 6600 in this study as opposed to a SCIEX 
5600 used in previous publications), and new immunopurification 
components have resulted in a more sensitive LC-MS method compared 
to earlier studies [9–12,14,24]. 

When reflexing to LC-MS from EXENT® the +2 charge state m/z data 
is used to track a specific monoclonal light chain. Utilizing the primary 
principle of molecular mass as a means of monitoring a monoclonal 
immunoglobulin avoids ambiguity when switching between EXENT® 
and LC-MS. When examining EXENT® +2 charge state mass spectra and 
LC-MS mass spectra, the entire collection of intact light chains can be 

Fig. 2. The top panel shows mass spectra acquired using the EXENT® system run on sample MK101 containing an IgM Kappa M-protein and the bottom panels show 
LC-MS data. The figure steps through the calculations and operations done to generate LC-MS data on a sample reflexed from EXENT® to LC-MS. 
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visualized, allowing for the identification of specific monoclonal light 
chain(s) relative to the set of polyclonal light chains. This distinctive and 
informative perspective is independent of enzyme efficiency, amino acid 
sequence, or peptide ionization efficiency, which are potential issues 
associated with the clonotypic enzyme approach. Moreover, it is much 
faster to perform, as immunopurified samples can be analyzed directly 
by LC-MS without additional sample processing. Monitoring all intact 
light chains by EXENT® and by LC-MS ensures that any new clones or 
modifications to existing clones are accounted for. Additionally, certain 
post-translational modifications (PTMs), such as glycosylation, can be 
more readily assigned to a specific monoclonal light chain by monitoring 
the intact molecular mass. Methods that depend on the enzymatic 
digestion of immune-purified immunoglobulin pools can’t use a single 
peptide to identify a specific light chain if the PTM is contained within 
an unmutated germline sequence, as multiple monoclonal light chains 
will have the same sequence. 

The deconvolution software used to generate the data shown here 
employs a Bayesian deconvolution algorithm. This algorithm re
constructs the multiply charged ESI mass spectrum to an uncharged 
mass spectrum based on specific user inputs such as m/z input range, the 
charge agent (in this case +H), and molecular mass output range. It is 
clear that in certain cases the S/N of the deconvoluted peak of a 
monoclonal light chain is higher than expected given the processing 
steps used by the Bayesian deconvolution algorithm. This is illustrated in 
Supplementary materials Fig. 2 for sample ML103. This observation is 
linked to the fact that the m/z position of a monoclonal light chain peak 
(S) relative to the polyclonal background (N) impacts the final S/N 

calculation. In this particular scenario, the Bayesian deconvolution al
gorithm smoothed out the polyclonal background in the final decon
voluted mass spectrum, substantially decreasing the noise (N). 
Regardless, the manually determined S/N values and the software- 
derived peak areas for deconvoluted monoclonal light chains, irre
spective of the m/z position, exhibit a linear response as demonstrated in 
Supplementary materials Tables 1–3. A comprehensive review of 
various deconvolution algorithms is discussed in the paper by Rolland 
and Prell [22]. The impact of raw data quality on the deconvolution 
process is discussed in the paper by Marty [23]. Nonetheless, the pro
posed unified scoring of raw and deconvoluted data suggested by Marty 
has yet to be widely implemented. 

The purpose of this study was to demonstrate the process of reflexing 
a sample from the EXENT® system to an LC-MS system in scenarios 
where a previously identified monoclonal light chain from a monoclonal 
immunoglobulin is no longer detectable. In such situations, a more 
sensitive instrument is utilized to determine if the monoclonal immu
noglobulin is still present. The data presented here exemplifies that 
samples reflexed to LC-MS can detect a specific monoclonal immuno
globulin by identifying the specific monoclonal light chain from the 
monoclonal immunoglobulin at levels achieved using clonotypic 
peptide-based methods, without the need for enzymatic digestion [24]. 
Additionally, it shows that analyzing eluates from EXENT® using LC-MS 
yields results at a substantially faster rate than methods that require a 
bone marrow biopsy, such as Next Generation Flow (NGF) and Next 
Generation Sequencing (NGS). Moreover, it often provides equal or 
better sensitivity [25]. 

Resolution and mass measurement accuracy / precision are analyt
ical performance metrics that significantly influence a mass spectrom
eter’s ability to monitor a specific monoclonal immunoglobulin light 
chain in a sample. In this study, the LC-MS system was operated in 
maximum sensitivity mode, which results in lower resolution (roughly 
5,000). Other LC-MS platforms with higher resolution and mass mea
surement accuracy / precision are currently being used to monitor 
endogenous and therapeutic monoclonal immunoglobulins, both intact 
and reduced, without digestion. These platforms employ additional 
metrics in the gas-phase, allowing for unprecedented specificity and 
sensitivity that far surpasses what can be achieved using clonotypic 
peptides [26–28]. It is certain that LC-MS-based methods will continue 
to evolve, enabling the collection of additional phenotypic data that 
goes beyond merely monitoring the abundance of a monoclonal light 
chain. This will utilize as much data as possible to aid in tracking min
imal residual disease. 

5. Conclusion 

Reflexing EXENT® negative samples to LC-MS to monitor mono
clonal immunoglobulins is a straightforward, sensitive, and logical 
sequence in the progressive use of mass spectrometry to aid in the 
diagnosis of plasma cell dyscrasias. 
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Table 2 
M-protein molecular mass data observed for each patient specific M-protein 
analyzed using the EXENT® system and LC-MS. Peak areas and S/N values 
observed for samples diluted to 0.001 g/L that were reflexed to LC-MS are also 
listed.  

Sample 
ID 

M- 
protein 
Isotype 

EXENT 
Molecular 
Mass (Da) 

LC-MS 
Molecular 
Mass (Da) 

LC-MS Peak 
Area 0.001 
g/L 

LC-MS 
S/N 
0.001 
g/L 

GK223 IgG 
Kappa  

23,350.6  23,353.6 9.03E+04 6 

GK227 IgG 
Kappa  

23,545.0  23,545.2 Neg. Neg. 

GK229 IgG 
Kappa  

23,614.0  23,614.3 2.00E+04 5 

GK233 IgG 
Kappa  

24,305.6  24,303.0 3.16E+04 25 

GL239 IgG 
Lambda  

22,711.0  22,709.0 1.18E+04 20 

GL241 IgG 
Lambda  

22,722.8  22,720.1 3.58E+04 22 

GL251 IgG 
Lambda  

22,973.2  22,973.0 1.25E+04 19 

AK347 IgA 
Kappa  

23,775.0  23,777.5 1.84E+04 50 

AK349 IgA 
Kappa  

23,736.2  23,739.7 7.71E+04 102 

AK353 IgA 
Kappa  

23,167.6  23,166.5 4.65E+04 49 

AL359 IgA 
Lambda  

23,075.2  23,075.1 3.43E+05 120 

AL367 IgA 
Lambda  

22,264.6  22,265.4 1.10E+04 21 

MK97 IgM 
Kappa  

23,489.2  23,486.1 5.70E+04 17 

MK101 IgM 
Kappa  

23,372.6  23,371.8 2.65E+05 42 

ML103 IgM 
Lambda  

23,012.6  23,007.6 5.83E+04 1,300 

ML107 IgM 
Lambda  

22,682.8  22,683.2 1.69E+05 28 

ML109 IgM 
Lambda  

23,120.6  23,119.5 1.62E+05 19  
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Fig. 3. The top panel shows mass spectra acquired using the EXENT® system run on sample GK223 containing an IgG Kappa M-protein. Dilution 2 at 0.001 g/L was 
negative by EXENT® and was reflexed to LC-MS. The deconvoluted mass spectrum in the bottom panel shows the monoclonal kappa light chain matching the light 
chain modeled in the EXENT® MALDI-TOF MS mass spectrum at 23,353.6 Da. The polyclonal background is evident in mass spectra of diluted samples and is 
observed as a grey shaded normal distribution. These distributions represent the polyclonal light chains originating from Lambda (lower m/z distribution), Kappa 
(middle m/z distribution), and heavy Kappa (upper m/z distribution). 
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Fig. 4. The top of panel shows mass spectra acquired using the EXENT® system run on sample AK337 containing IgA Kappa M-protein. Dilution 2 at 0.001 g/L was 
negative by EXENT® and was reflexed to LC-MS. The deconvoluted mass spectrum in the bottom panel shows the monoclonal kappa light chain matching the light 
chain modeled in the EXENT® MALDI-TOF MS mass spectrum at 23,777.5 Da. The polyclonal background is evident in mass spectra of diluted samples and is 
observed as a grey shaded normal distribution. These distributions represent the polyclonal light chains originating from Lambda (lower m/z distribution), Kappa 
(middle m/z distribution), and heavy Kappa (upper m/z distribution). 
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Fig. 5. The top panel shows mass spectra acquired using the EXENT® system run on sample MK101 containing IgM Kappa M-protein. Dilution 2 at 0.001 g/L was 
negative by EXENT® and was reflexed to LC-MS. The deconvoluted mass spectrum at the bottom of the figure shows the monoclonal kappa light chain matching the 
light chain modeled in the EXENT® MALDI-TOF MS mass spectrum at 23,371.8 Da. The polyclonal background is evident in mass spectra of diluted samples and is 
observed as a grey shaded normal distribution. These distributions represent the polyclonal light chains originating from Lambda (lower m/z distribution), Kappa 
(middle m/z distribution), and heavy Kappa (upper m/z distribution). 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jmsacl.2024.02.002. 
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