Kunskapsprov del 2 VT25B

1 Las bifogad artikel och besvara foljande fraga:
Vilket av foljande pastaenden ar MEST KORREKT avseende HbA1c?

Vilj ett alternativ:

HbA ¢ innehaller en kolhydrat som ar bunden till alfakedjan.

Rutinmetoden for att mata HbA4. ar MALDI-ToF MS.

HbA; ar en modifierad variant av hemoglobin, dar N-terminalen ar ersatt av en aminogrupp.

Oglykolyserat HbA4c anvands for att diagnosticera diabetes.

HbA1c anvands bland annat for att folja glukoskoncentrationer éver langre tid.

Totalpoang: 1

2 Las bifogad artikel och besvara féljande fraga:
Vilket var syftet med studien?
Vilj ett alternativ:

Att studera glykolyseringsmonstret hos hemoglobin med hjalp av MALDI-ToF.

Att utvardera en MALDI-ToF-baserad matmetod for analys HbA4c for potentiell anvandning i
rutindiagnostik

Att jamfora om kapillar elektrofores ger mer korrekta varden an matningar med MALDI-ToF

Att utvardera MALDI-ToF masspektrometrisk metod for att mata icke-glykosylerat
hemoglobin.

Att utveckla en ny MALDI-ToF-baserad matmetod for att mata interferenser vid
glykosylering.

Totalpoang: 1
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3 Las bifogad artikel och besvara foljande fraga:
Vilket av foljande pastaenden ar MEST KORREKT ?

Vilj ett alternativ:

Som standardkurva anvandes hemoglobin A4 fran sex av patientproverna.

For att ta reda pa forhallandet mellan glykosylerat och icke-glykosylerat beta-hemoglobin
anvandes respektive topparea i massspektrat.

Linjar regression anvandes for att ta fram en kontroll.

Proverna som anvandes var helblod som var spatt 1:9 med avjoniserat vatten.

Olika massspektra genererades med hjalp av spanning pa 19kV, laserfrekvens 5kHz,
scanningshastighet 2mm/s samt 10mg/mL sinapin syra.

Totalpoang: 1

4 Las bifogad artikel och besvara foljande fraga:

Vilket av foljande pastaenden ar MEST KORREKT ?
Valj ett alternativ:

For att analysera inter-assay imprecision, kordes 20 prover i replikat pa varje platta.

Samtliga prover analyserades i triplikat och medelvarden av dessa anvandes for att studera
linjariteten.

Riktigheten hos analysen utvarderades genom att analysera fem externa kvalitetskontroller.

For metodjamforelse anvandes kapillar elektrofores och jonbyteskromatografi med
anjonbytare.

Korrelationen i glykosyleringsgrad mellan 31 och 32 globin undersdktes genom att
analysera 56 prover med HbA 1.

Totalpoang: 1
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5 Las bifogad artikel och besvara foljande fraga:

Vilket av foljande pastaenden ar MEST KORREKT ?
Vilj ett alternativ:

For att ta reda pa om triglycerider och bilirubin interfererar vid kvantifiering av
HBA,. anvandes plasma med 22,8 mmol/L bilirubin och 304.0 pmol/L triglycerider.

For att ta reda pa om karbamylerat hemoglobin interfererar vid kvantifiering av
HBA; anvandes kaliumcyanatplasma.

For att ta reda pa om hemoglobin varianter ar en interferens vid HBa4. kvantifiering
anvandes prover med HbAE, HbAS, och HbAP.

For att ta reda pa om fetalt hemoglobin ar en interferens vid HBa,. kvantifiering anvandes
navelstrangsblod med tre olika koncentrationer av HbA ..

For att ta reda pa bias orsakad av labilt A1c vid matning av HBa1; mattes labilt A1 var tionde
minut.

Totalpoang: 1

6 Las bifogad artikel och besvara foljande fraga:

Vilket av foljande pastdaenden ar MEST KORREKT ?
Vilj ett alternativ:

For QuanTOF var den absoluta skillnaden mellan detekterat HbA. och och dess
referensvarden aldrig hégre an 2mmol/mol for kontrollproverna.

Ingen bias for HbF kunde detekteras for analaysen av HbA,. med QuanTOF.

Vid jamforelse inom en analysserie av Hbp . erhdlls en variationskoefficient for lag-niva pa
1.4% samt hég-niva pa 0.9%.

Bilirubin visade pa en signifikant bias (>0,2%) fér analaysen av HbA1c med QuanTOF.

Analysen av HbA1c med QuanTOF var tillforlitlig for koncentrationer mellan 4.51 mmol/mol
till 17.47 mmol/mol.

Totalpoang: 1
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7 Las bifogad artikel och besvara féljande fraga:

Vilket av foljande pastaenden ar MEST KORREKT ?
Vilj ett alternativ:

Det var en god korrelation mellan de tre olika metoderna QuanTOF, Variant Il och
Capillarys3 TERA.

Det var ingen tillrackligt god korrelation mellan nagon av de tre metoderna.
Det var en god korrelation endast mellan QuantTOF och Capilllarys3 TERA.
Det var en god korrelation endast mellan QuantTOF och Variant Il.

Det var en god korrelation endast mellan Variant Il och Capilllarys3 TERA.

Totalpoang: 1

8 Las bifogad artikel och besvara foljande fraga:

Vilket av foéljande pastaenden ar MEST KORREKT ?
Vilj ett alternativ:

En av av varianterna av hemoglobin; S globin kan inte detekteras med hjalp av QuanTOF.
Andelen glykosylerat -globin ar hogre an andelen glykosylerat a-globin.

Karbamylerat kan 3-globin detekteras vid m/z = 15168.6.

Andelen icke-glykosylerat B-globin &r mindre an andelen icke-glykosylerat a-globin.

En av subenheterna i HbF kan detekteras vid m/z = 15838.7.

Totalpoang: 1
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9 Las bifogad artikel och besvara foljande fraga:

Vilket av foljande pastaenden ar MEST KORREKT ?
Vilj ett alternativ:

Labilt A1c bildas sent i glykosyleringsprocessen av hemoglobin och varierar med
blodglukoskoncentrationen.

Det ar viktigt att analysera bade a-globin och [3-globin eftersom det saknas korrelation i
glykosyleringsgrad mellan dessa.

QuanTOF kan detektera glykosylerade hemoglobin varianter med samma molekylvikt.

HbF, existerar i tva olika former med tre olika subenheter, a-globin, f-globin och y-globin.

Karbamylerat hemoglobin ar framst korrelerat till njursvikt.

Totalpoang: 1

10 Las bifogad artikel och besvara foljande fraga:

Vilket av féljande alternativ kan identifieras som en begransning med QuanTOF vid analys
av hemoglobin?

Vilj ett alternativ:

QuanTOF ger mindre information om glykosyleringsgrad hos a-globin.

QuanTOF visar en lag korrelation i jamforelse med andra analysmetoder fér HbA ..

QuanTOF ar en dyr samt tidskravande metod.

QuanTOF har manga interferenser som i sin tur kan paverka analyssvaret for HbA ..

QuanTOF kan inte identifiera alla olika varianter av hemoglobin.

Totalpoang: 1
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ARTICLE INFO ABSTRACT

Keywords: Background: Glycated hemoglobin (Hemoglobin A;., HbA;.) plays a key role in monitoring long-term blood
MALDI-TOF MS glucose levels in diabetics mellitus. Therefore, it is of great importance to ensure test quality of HbA,. methods.
HbA Objectives: We aimed to evaluate analytical performances of a matrix assisted laser desorption/ionization time of
Analytical performance flight mass spectrometry (MALDI-TOF MS) system for the measurement of HbA;..

Glycation rate Methods: We assessed the analytical performances of the method including imprecision, accuracy, and linearity.
In addition, comparison with Variant II Turbo 2.0 and Capillarys3 TERA, correlation between glycation rate of a
and (3 globin as well as the influence of most frequent analytical interferences in HbA,. assays were also in-
vestigated.

Results: As measurement of imprecision, within-run CVs and total CVs were lower than 1.6% and 2.4%, re-
spectively. Discrepancy of test results (< 0.2%) of IFCC value-assigned external quality control samples in-
dicated a good accuracy of the method. The linearity was excellent with a correlation coefficient of 0.999. The
QuanTOF results were well correlated with those obtained by Variant II Turbo 2.0 and Capillarys3 TERA. Good
correlation between glycation rates of a and (3 globin were found. QuanTOF was not prone to common inter-
ferences including bilirubin, triglyceride, labile A;., and carbamylated hemoglobin. However, unacceptable
positive bias was observed when the amount of HbF were greater than approximately 8.0% or in the presence of
HbS.

Conclusions: QuanTOF perform well for the determination of HbA;. and meet quality criteria requested for
clinical use.

1. Introduction

Glycated hemoglobin (Hemoglobin A;., HbA;.), a modified he-
moglobin with a covalent bond connection of glucose to the N-terminal
valine of the B chain, is widely used as an important marker for mon-
itoring long term glycemic control performance in diabetics, as well as
screening and diagnosis of diabetes [1,2]. The routine methods cur-
rently used for HbA;. quantification are based on different principles
such as cation exchange high-pressure liquid chromatography, affinity
chromatography (HPLC), capillary electrophoresis (CE), or im-
munological reaction [3]. Each technology has its specific character-
istics and performance. MALDI-TOF MS was previously employed to
precisely measure molecular mass of a and B globin chains for identi-
fication of potential hemoglobin variants, and also modified species
such as the glycated globin [4,5].

As compared with liquid chromatography-mass spectrometry (LC-
MS), MALDI-TOF MS offers important advantages such as lower

instrumentation costs, easier sample preparation, and simpler analysis
procedures. With the development of modern MALDI-TOF MS, it be-
comes more suitable for routine quantitative measurements of HbA;..
Although the protocol for HbA;. quantification based on MALDI-TOF
MS had been described [4,5], to our knowledge, MALDI-TOF MS is not
yet used in the laboratory routine to quantify HbA;.. Moreover, sys-
tematic evaluation of MALDI-TOF MS for HbA;. determination has
never been reported.

In this study, we assessed the analytical performances of a MALDI-
TOF MS system for HbA;. assay with respect to imprecision, accuracy,
linearity, comparison with Variant II and Capillarys3 TERA, correlation
of glycation rates between a and (3 globin and the influence of the most
frequent analytical interferences in HbA;. assays.

2. Materials and methods

The QuanTOF (Intelligene Biosystems, China), a newly developed
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MALDI-TOF MS system, was evaluated for HbA;. measurement in this
study. Residual patient samples collected in EDTA tubes were obtained
from Laboratory Medicine of Peking University Shenzhen Hospital. This
study was approved by the Institutional Medical and Ethics Committee
of Peking University Shenzhen Hospital.

2.1. Sample preparation and mass spectrometry analysis

Sample preparation was performed following the manufacturer's
instruction: whole blood samples collected in EDTA tubes were diluted
1:200 in DI water and mixed 1:9 with 10 mg/mL sinapinic acid (Sigma-
Aldrich, US). Two point five uL of this mixture was then spotted onto a
stainless steel MALDI target plate (6 X 16 sample array).
Simultaneously, a series of standard samples with differing glycation
level assigned by National Glycohemoglobin Standardization Program
(NGSP) was prepared in the same manner to establish the standard
curve on each target.

All spectra were acquired on QuanTOF with the following settings:
source voltage 19 kV, laser frequency 5 kHz, laser energy 8 LJ, scanning
speed 2mm/s, mass range 5000-30,000 m/z, 10-rows scan per spot.
Mass spectrometric analysis speed by QuanTOF was about 15s per
sample spot with the above settings. Mass spectra were processed by
QuanGHb software developed by Intelligene Biosystems for QuanTOF
instrument.

2.2. HbA, standard curve

The standard curve was constructed in similar manner as described
by Hattan and collaborators [5]. Commercially available Lyphochek
hemoglobin A;. standards was purchased from Bio-Rad (Hercules, CA,
US). These six blood-based HbA;. reference standards vary system-
atically in their % HbA;. values traceable to NGSP. Mass spectrometric
peak areas from the BHb and glycated-BHb were used to calculate the
ratio of [glycated BHb/(BHb + glycated BHb)]. Linear regression ana-
lysis was performed between computed ratio and HbA;. level of each
standard by the software and subsequently used as the standard curve
for quantification analysis.

2.3. Evaluation protocol

2.3.1. Imprecision

Three samples with low (5.5%, 37 mmol/mol), medium (7.2%,
55 mmol/mol), and high (11.9%, 107 mmol/mol) HbA;. levels were
used to evaluate precision of the method. For intra-assay imprecision,
samples were run in 20 technical replications on a target plate. Total
imprecision was determined according to the Clinical and Laboratory
Standards Institute (CLSI) EP05-A2 guidelines. The three samples with
different HbA;. levels were tested in two runs per day on twenty con-
secutive days. Results were expressed in both NGSP (%) and IFCC units
(mmol/mol).

2.3.2. Accuracy

Accuracy was evaluated by analyzing 5 external quality control
samples (NO. 201,911, 201,912, 201,913, 201,914, 201,915) from
National Center for Clinical Laboratories in China, which were assigned
by IFCC Network Laboratories for HbA;. with IFCC reference method.
Biases between HbA, . results obtained with QuanTOF and target values
were calculated.

2.3.3. Linearity study

Linearity was evaluated according to the CLSI EP06-A guidelines by
proportionally mixing two samples with a high (17.5%, 168 mmol/mol)
and a low (4.5%, 26 mmol/mol) HbA;. value. Each mixed sample was
assayed in duplicate and regression analysis was performed with ob-
tained mean values versus expected values. The expected HbA; . values
were calculated according the following formula: Expected
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value = (HbA;o, X Vi X Hby, + HbA .y X Vy X Hby)/

(VL X Hby, + Vg X Hby). Vi volume of the sample with low/high
HbA;. value; Hby 4 Hb concentration of the sample with low/high
HbA;. value. Hb concentration was measured by a Sysmex XN9000
hematology analyzer (Sysmex Co., Japan).

2.3.4. Method comparison

A total of 55 samples, HbA;. range from 4.0% (20 mmol/mol) to
17.5% (168 mmol/mol), were analyzed on QuanTOF, a CE method
analysis system (Capillarys3 TERA, Sebia, France), and a cation ex-
change HPLC system (Variant II Turbo 2.0, Bio-rad, US). HbA; results
obtained with the QuanTOF were compared with those obtained with
Capillarys3 TERA and Variant II respectively. Data were further ana-
lyzed using linear regression and a Bland-Altman plot.

2.3.5. Correlation of glycation rate of a globin and f globin

Glycation rate of a globin and p globin, defined as the proportion of
the glycated form in its total globin, can be calculated by glycated a(f)
Hb/[a(B)Hb + glycated a(B)Hb]). Glycation rates of a globin and
globin can be obtained because MALDI-TOF MS can measure intact a
and f globin chains, as well as their glycated forms. The correlation of
glycation rates between a globin and 3 globin were investigated by
analyzing 56 samples with HbA;. values range from 4.3% (23 mmol/
mol) to 13.8% (127 mmol/mol) using QuanTOF.

2.4. Assessment of interfering substances

2.4.1. Labile Ay,

Erythrocytes of three samples, containing a normal (4.8%;
29 mmol/mol), medium (6.6%; 49 mmol/mol), and high (10.0%;
86 mmol/mol) HbA;. level, were incubated with glucose solutions
(56 mmol/L) at 37 °C for 1.5h. HbA,. and labile A,. were measured
every 30 min. Labile A;. was quantitated using Variant II analyzer.
After analysis, the bias with different labile A;. concentrations was
calculated.

2.4.2. Carbamylated hemoglobin

The interference of carbamylated hemoglobin (cHb) on HbA,.
measurements was evaluated by the same three samples mentioned
above. Erythrocytes were incubated with potassium cyanate (1 mmol/
L) at 37 °C for 3 h. HbA;. and cHb were measured every 1 h. cHb values
were determined using Variant II analyzer. HbA;. values of samples
with different concentration of cHb were compared with baseline
HbA, . values.

2.4.3. Bilirubin and triglyceride

Influence of triglyceride and bilirubin was assessed with two sam-
ples with normal (5.6%, 38 mmol/mol) and high (8.7%, 72 mmol/mol)
HbA; . levels. Erythrocytes of the two samples were mixed with various
dilutions of triglyceride and bilirubin plasma to achieve final con-
centrations of 22.8 mmol/L triglyceride and 304.0 umol/L bilirubin,
respectively.

2.4.4. HDF interference

The influence of HbF on HbA;. quantification was assessed by
mixing umbilical cord blood with three samples containing a normal
(5.6%, 38 mmol/mol), medium (6.7%, 50 mmol/mol), and high (9.2%,
77 mmol/mol) HbA; level. HbF levels achieved were ranged from 0.8%
to 14.2% determined with Capillarys3 TERA.

2.4.5. Common hemoglobin variants

Interference of hemoglobin variants was investigated by analyzing
samples containing HbAS (n = 2), HbAD (n = 5), HbAC (n = 3), and
HDbAE (n = 10). All heterozygous hemoglobin variants were confirmed
by Sanger sequencing. The variants were measured by QuanTOF, as
well as a boronate affinity HPLC system (Ultra®, Trinity Biotech,
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Table 1
Performance characteristics of the QuanTOF for HbA;. measurement.

Parameter Results NGSP units, % Results IFCC units, mmol/mol
Precision Low Medium High  Low Medium High
(EP5)
HbA,. values 5.50 7.20 11.90 37 55 107
Within-run 1.63 1.14 0.90 2.79 1.68 1.14
Ccv
Total CV 2.40 1.37 1.41 4.00 2.00 1.78
Trueness Measured Target Bias Measured Target Bias
(EP9) values values values values
201,911 5.46 5.67 -0.21 36 38 -2
201,912 9.82 9.73 0.09 84 83 1
201,913 4.95 4.89 0.06 31 30 1
201,914 7.10 6.87 0.23 54 52 2
201,915 7.98 7.90 0.08 64 63 1
Linearity Measured Expected Bias Measured Expected Bias
values values values values
Low 4.51 4.51 0.00 26 26 0
mixture 1 6.12 6.20 —0.08 43 44 -1
mixture 2 8.05 8.18 —-0.13 65 66 -1
mixture 3 10.45 10.61 -0.16 91 92 -1
mixture 4 13.49 13.47 0.02 124 124 0
High 17.47 17.47 0.00 168 168 0
Interferences Bias, % Bias, mmol/mol
Bilirubin (=304.0 pmol/L) =0.1 =1
Triglycerides (< 22.8 mmol/L) <0.1 <1
cHb (<8.7%) <0.2 <2
Labile A;. (=£12.2%) <0.2 <2
HbF(<8.0%) <0.2 <2
HbF(> 8.0%) > 0.2 > 2
HDAS: globin separation S globin separated with 3 globin
Trueness HbA;. (n = 2) 0.5, 0.4 5,4
HbAC: globin separation C globin unseparated with 3 globin
Trueness HbA;. (n = 3) <0.2 <2
HbAD: globin separation D globin unseparated with B globin
Trueness HbA;. (n = 5) <0.2 <2
HDbAE: globin separation E globin unseparated with {3 globin
Trueness HbA;. (n = 10) <0.2 <2

Ireland) used as a comparative method because results from boronate
affinity HPLC are not thought to be affected by the presence of he-
moglobin variants [6]. Subsequently, the HbA;. values obtained with
QuanTOF were compared with those obtained with Ultra

2.5. Statistical analysis

All statistical and graphical analyses in the above evaluation pro-
tocols were performed with SPSS 19.0 (IBM, USA).

3. Results
3.1. Imprecision and accuracy

For QuanTOF imprecision study, within-run CVs are 1.6%, 1.1% and
0.9% (NGSP units) for low, medium, and high HbA;. level samples,
respectively. Accordingly, total CVs are 2.4%, 1.4% and 1.4% (Table 1).
The CVs in IFCC units are higher those in NGSP units. For QuanTOF
accuracy study, the absolute difference between measured HbA, . value
and respective IFCC target value is less or equal to 0.2% (2 mmol/mol)
for all five control samples (Table 1). These results have shown that the
QuanTOF demonstrates excellent performance on precision and accu-
racy.

3.2. Linearity

The linearity of the method proved to be prominent within the
range of HbA;. values from 4.5% (26 mmol/mol) to 17.5% (168 mmol/
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mol). The equation of the linear regression was Y (measured HbA;,,
%) = 0.995 X X (expected HbA;. values, %) + 0.106, with a correla-
tion coefficient of 0.999 (Table 1).

3.3. Correlation study

HbA,. values obtained with QuanTOF were well correlated with
respective results from Variant II and Capillarys3 TERA (P < .001 for
both analyzers). The linear regression analysis results were: Y
(QuanTOF HbA;.,, %) = 0.898 X X (Variant II Turbo 2.0 HbA,
%) + 0.472, with a correlation coefficient of 0.996 (Fig. 1A); or Y
(QuanTOF HbA;.,, %) =0.951 x X (Capillarys3 TERA HbA,,
%) + 0.258, with a correlation coefficient of 0.997 (Fig. 1C). The
Bland-Altman plot showed mean differences of —0.384% (QuanTOF vs
Variant II Turbo 2.0) and — 0.146% (QuanTOF vs Capillarys3 TERA),
respectively with the standard deviations (SD) of 0.414 and 0.260
(Fig. 1B and D).

3.4. Glycation rates correlation between a globin and f globin

After analysis of a globin glycation rates and 3 globin glycation
rates obtain from 56 normal samples, we found the glycation rate of a
globin was well correlated with that of 3 globin (P < .001). And linear
regression analysis resulted in the following equations: Y (Glycation
rate of {3 globin, %) = 1.655 X X (Glycation rate of a globin, %)-0.229,
with a correlation coefficient of 0.996 (Fig. 1E).

3.5. Effects of analytical interferences

3.5.1. Labile A;.

No modification of hemoglobin was detected on the mass spectrum
over the range of m/z 15,000-16,000. As compared with the baseline
HbA,;. values, all HbA;. level biases of glucose treated samples with
various duration were within 0.2% (3 mmol/mol) at proportion of la-
bile A;. up to 12.2% (Table 1, Supplementary Table 1).

3.5.2. Carbamylated hemoglobin

After treatment with potassium cyanate, cHb-a globin (m/z
15,168.6) peak, as demonstrated earlier [7], were observed in mass
spectrum (Fig. 2B). All HbA, . values were within 0.2% (2 mmol/mol) of
the baseline HbA; . values with proportion of cHb up to 8.7% (Table 1,
Supplementary Table 2).

3.5.3. Bilirubin and triglyceride

Measured HbA;. values were within 0.1% (1 mmol/mol) ranges of
the baseline HbA;. values with concentrations of bilirubin and trigly-
ceride up to 304.0 umol/L and 22.8 mmol/L, respectively (Table 1).

3.5.4. HDF interference

When HbF was present, mass spectrum showed the peaks of y globin
chain in Fig. 2C (m/z = 15,997.4). HbA; . results were not modified by
HDF significantly when its percentage was lower than 8.0%. However,
the bias of HbA;. values exceeded 0.2% (2 mmol/mol) when greater
than approximately 8.0% HbF was present. Additionally, the bias in-
creased with the increase of the percentage of HbF (Table 1, Supple-
mentary Table 3).

3.5.5. Common hemoglobin variants

Of the four most common Hb variants (i.e. HbS, HbD, HbC, and
HbE), only S globin (m/z = 15,838.7) can be detected by QuanTOF
(Fig. 2D). Nevertheless, the bias of measured HbA;. results with
QuanTOF exceeded 5.0% (NGSP criteria, < = 5%) in comparison with
Ultra2. Although HbD, HbC, and HbE were not detected, acceptable
biases compared with Ultra® were observed (Table 1).



Clinica Chimica Acta 498 (2019) 154-160

A. Xu, et al.
A FEOAMENHOLATE, Fea0 S0 B &)
£
= 1=
W Fhesaswvzazas el e ] AR
o P "
; P
[ -] = 3 ks [ § o
x
5 -\.l L - ‘a
-]
8 " .
g .0 o Fl . =
Heimmme X-J5D
4.5
b iy . »
: - - - 1) Y] 118 158
30 ®0 20 " Mean of SusnTOF and Variani i Turbe 20, %
Warlant § Turbo 2.0 HbA&1E, %
E VBB IKA P58, =0T i D 100
// .
e =
aam & L a
4 o A
; i : ':::.E.a. i IS S § “T
s & aan O -
! LU « = = z
5 i y . B X-250
-]
ET
A7
18 b 114 fe0

e mn of QuanTOF snd Capilanysd TERS, %

E 0] e BEEN-D2RN R=GH00

1 T 1 T T T
] &3 58 15 100 1S
@hycation rabe of o globin

Fig. 1. Method comparison with linear regression analysis and Bland-Altman plots. HbA; results obtained with the QuanTOF were compared with those obtained
with Variant II Turbo 2.0 (A and B) and Capillarys3 TERA (C and D) respectively. The solid line shows the estimations of mean differences ~ X, and the dashed lines
indicate the "X = 2SD. Fig. 1E shows linear regression analysis of glycation rates correlation between a globin and p globin.
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Fig. 2. MALDI-TOF spectrum of normal and variant hemoglobin. Fig. 2A shows a mass spectrum of a normal sample with the known masses for MH + 1 of a globin
(m/z = 15,127.0) and (3 globin subunits (m/z = 15,868.0), as well as the corresponding glycated 3 globin (m/z = 16,031.0) and glycated a globin (m/z = 15,289.0).
Other known peaks with high masses are sinapinic acid matrix adducts [m/z = 15,334 (a globin), m/z = 16,077 (f globin) m/z] [Reference NO. 4]. Fig. 2B shows a
mass spectrum of a normal sample treated with potassium cyanate; cHb-a globin (m/z 15,168.6) peak were observed in mass spectrum. Mass spectrum showed the
peaks of y globin (n/z = 15,997.4) in the presence of HbF (C). Fig. 2D shows detection of S variant globin (m/z = 15,838.7) by QuanTOF.

4. Discussion

HbA;. plays a key role in assessing long term glycemic control
quality in diabetes mellitus. It is crucial to measure HbA,;. with an
analyzer as well as related quantification method to provide reliable
results. HbA;. is defined as glucose attachment to the N-terminal valine
residue of the 3 globin. The greatly enhanced reproducibility of MALDI-
TOF MS makes it well suited for the relative quantitation of glycated
globin vs. non-modified B globin - glucose modification results in a
162 Da increase in (3 globin mass which can be readily distinguished.

Glucose may also modify other amino acid residues such as lysine
residues present on (3 globin [8]. Since MALDI-TOF MS cannot distin-
guish these glycated species with same molecular weight, HbA; results
obtained with QuanTOF contain various glycated species. Nevertheless,
this study showed good performances of QuanTOF in routine HbA;.
analytical test. Reproducibility study showed total CVs is well within
the recommended precision [9]. In addition, the results presented in
this study are in good agreement with target values of external control
samples as well as those obtained from Variant II and Capillarys3 TERA.

The study indicated that HbA;. quantification by MALDI-TOF MS
was not prone to common interferences such as triglyceride, bilirubin,
labile A;., and cHb. Labile A;. forms at early stage of hemoglobin
glycation process; its concentration varies with change of blood glucose
level. Carbamylation hemoglobin, detected by QuanTOF in this study,
results from the modification of urea-derived isocyanic acid (-OCNH,-,
molecular weight 42) and mostly increases in patients with renal failure
[10]. Molecular weight of cHb-a globin (m/z = 15,168.6) observed in
mass spectrum consist with the alteration of cHb modification on a
globin (m/z = 15,127.0). Recent research shows Labile A;. and cHb are
still interfere with HbA;. measurement by HPLC [11]. QuanTOF Data
demonstrate that MALDI-TOF MS is superior to HPLC in this matter.

HDF, consist of 2a chain and 2y chain, remain a very common and
important interfering substance in HbA;. determination. It was docu-
mented that significant bias was induced by HbF when its proportion
increased up to 20% or higher [12]. QuanTOF can detect the presence
of y globin. However, when HbF percentages exceeded approximately
8.0%, unacceptable positive bias was found, suggesting that high level
of HbF interfere with HbA,. measurement.

HbA;. determination in the presence of hemoglobin variants is a
crucial issue [13]. Hemoglobin variants could interfere with HbA;.
measurement due to the effects of the hemoglobin variants on the
specific method used or on the alteration of erythrocyte lifespan
[14,15]. To date, there are > 1300 hemoglobin variants identified [16].
The four most common hemoglobin variants, known as HbS, HbC, HbD,
and HbE, result from a single amino acid substitution in B globin chain
of valine to glutamic, lysine to glutamic, glutamine to glutamic and
lysine to glutamic, respectively [16]. Accordingly, the respective mass
difference is ~30Da (S globin), ~1 Da (C globin), ~1 Da (D globin),
and ~1 Da (E globin). Consequently, QuanTOF could only distinguish
the presence of S globin among the four most common Hb variants due
to mass resolution limitation of a linear time-of-flight analyzer. How-
ever, unacceptable positive biases were observed as compared with an
affinity HPLC method, which was routinely used as a comparative
method in previous studies [6]. This may due to limitation of resolution
resulting in overlapping mass peaks arising from molecular components
of normal and variant 3 globins, their glycated forms and matrix ad-
ducts, giving rise to interference with HbA;. quantification.

In case of HbD, HbC, and HbE, although mass spectra cannot discern
the globin variants from normal one due to merged mass peaks, HbA;.

quantification results do not seem to affected. Acceptable bias suggest
that these variants probably have no interfering effects on HbA;.
quantification by QuanTOF, mainly because mass peaks of respective
forms (glycated and non-glycated) of variant and normal globins were
merged due to 1 Da mass difference between normal and the variant
globins. Since a small amount of samples with hemoglobin variants
were used in this part of evaluation study, more data are needed to
further investigate the interference of Hb variants on HbA;. measure-
ment by QuanTOF. Although MALDI-TOF MS may not be able to dis-
tinguish variant globin when their mass differences are too small, many
hemoglobin variants can be easily detected [7].

Correlation of glycation rate of a globin and f globin in this study
confirmed the previous finding [5,17]. Similar to B globin subunit, a
globin subunit can also be glycated on its N-terminal valine residue and
other amino acid residues [8]. Our study showed an excellent correla-
tion between glycation rates of a globin and B globin. Furthermore,
glycation rate of B globin are much higher than that of a globin. The
correlation can be used as an additional information to validate the
HbA; . values; any discrepancy between the glycation rate of a globin
and [} globin them may indicate an error in the HbA;. assay. Another
potential use of the correlation is to validate and calculate HbA; . values
in the presence of variant hemoglobin. For example, glycation rate of a
globin can be used to calculate HbA;. values in the presence of variant
B globin and vice versa. To calculate HbA;. values based on the in-
tensity ratio of glycated a globin, a reliable correlation standard curve
should be established firstly.

In conclusion, the QuanTOF HbA;. assay evaluated in this study
showed good analytical performances in precision, accuracy, linearity,
and good correlation with other popular methods. What's more, it was
not prone to the most frequent analytical interferences in HbA; . assay.
Comparing with classical methods such as CE and HPLC, MALDI-TOF
MS have costs and time advantages due to low costs of matrix con-
suming and fast scanning speed. Moreover, MALDI-TOF MS provides
more information regarding glycation rate of a globin, of which it may
offer more potential applications for HbA;. assay of hemoglobin var-
iants.

Funding

This work was supported by Research Foundation of Peking
University Shenzhen Hospital [JCYJ2018003, JCYJ2018005].

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cca.2019.08.025.

References

[1] Diabetes Control and Complications Trial Research Group, The effect of intensive
treatment of diabetes on the development and progression of long-term complica-
tions in insulin-dependent diabetes mellitus, N. Engl. J. Med. 329 (14) (1993)
977-986.

American Diabetes Association, Standards of medical care in diabetes, Diabetes
Care 33 (suppl) (2010) S11-S61.

Jeanne M. Rhea, Ross Molinaro, Pathology consultation on HbA(1c) methods and
interferences, Am. J. Clin. Pathol. 141 (1) (2014) 5-16.

A. Biroccio, A. Urbani, R. Massoud, C. di Ilio, P. Sacchetta, S. Bernardini, C. Cortese,
G. Federici, A quantitative method for the analysis of glycated and glutathionylated
hemoglobin by matrix-assisted laser desorption ionization-time of flight mass
spectrometry, Anal. Biochem. 336 (2) (2005) 279-288.

S.J. Hattan, K.C. Parker, M.L. Vestal, J.Y. Yang, D.A. Herold, M.W. Duncan, Analysis

[2

[3

[4]

[5



A. Xu, et al.

[6

—

[7

—

(8]
[91
[10]

[11]

and quantitation of glycated hemoglobin by matrix assisted laser desorption/ioni-
zation time of flight mass spectrometry, J. Am. Soc. Mass Spectrom. 27 (3) (2016)
532-541.

C.N. Lin, T.J. Emery, R.R. Little, S.E. Hanson, C.L. Rohlfing, S. Jaisson, P. Gillery,
W.L. Roberts, Effects of hemoglobin C, D, E, and S traits on measurements of HbAlc
by six methods, Clin. Chim. Acta 413 (7-8) (2012) 819-821.

K. Zurbriggen, M. Schmugge, M. Schmid, S. Durka, P. Kleinert, T. Kuster,

C.W. Heizmann, H. Troxler, Analysis of minor hemoglobins by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry, Clin. Chem. 51 (6) (2005)
989-996.

R. Shapiro, M.J. McManus, C. Zalut, H.F. Bunn, Sites of nonenzymatic glycosylation
of human hemoglobin A, J. Biol. Chem. 255 (7) (1980) 3120-3127 10.

F. Braga, M. Panteghini, Standardization and analytical goals for glycated he-
moglobin measurement, Clin. Chem. Lab. Med. 51 (9) (2013) 1719-1726.

A. Badar, Z. Arif, K. Alam, Role of carbamylated biomolecules in human diseases,
IUBMB Life 70 (4) (2018) 267-275.

A. Desmons, S. Jaisson, N. Leroy, P. Gillery, E. Guillard, Labile glycated hemoglobin
and carbamylated hemoglobin are still critical points for HbAlc measurement,
Biochem. Med. (Zagreb) 27 (2) (2017) 378-386.

160

[12]

[13]

[14]

[15]

[16]

[17]

Clinica Chimica Acta 498 (2019) 154-160

C.L. Rohlfing, S.M. Connolly, J.D. England, S.E. Hanson, C.M. Moellering,

J.R. Bachelder, R.R. Little, The effect of elevated fetal hemoglobin on hemoglobin
Alc results: five common hemoglobin Alc methods compared with the IFCC re-
ference method, Am. J. Clin. Pathol. 129 (5) (2008) 811-814.

M.R. Lewis, R.C. Macauley, P.R. Sheehan, M.A. Staten, L.S. Phillips, N. Rasouli,
A.G. Pittas, D2d Research Group, Management of hemoglobin variants detected
incidentally in HbAlc testing: a common problem currently lacking a standard
approach, Diabetes Care 40 (2) (2017) e8-€9.

C. Rohlfing, S. Hanson, C. Weykamp, C. Siebelder, T. Higgins, R. Molinaro,

P.M. Yip, R.R. Little, Effects of hemoglobin C, D, E and S traits on measurements of
hemoglobin Alc by twelve methods, Clin. Chim. Acta 455 (2016) 80-83.

R.M. Cohen, R.S. Franco, P.K. Khera, E.P. Smith, C.J. Lindsell, P.J. Ciraolo,

M.B. Palascak, C.H. Joiner, Red cell life span heterogeneity in hematological normal
people is sufficient to alter HbAlc, Blood 112 (10) (2008) 4284-4291.

HbVar: A Database of Human Hemoglobin Variants and Thalassemias, Available at
http://globin.bx.psu.edu/cgi-bin/hbvar/counter , Accessed date: 25 March 2019.
N.B. Roberts, A.B. Amara, M. Morris, B.N. Green, Long-term evaluation of elec-
trospray ionization mass spectrometric analysis of glycated hemoglobin, Clin.
Chem. 47 (2) (2001) 316-321.



Question 1
Attached



Clinica Chimica Acta 498 (2019) 154-160

Contents lists available at ScienceDirect

Clinica Chimica Acta

journal homepage: www.elsevier.com/locate/cca

Evaluation of MALDI-TOF MS for the measurement of glycated hemoglobin = R

Anping Xu®, Yajun Wang", Jie Li®, Guiping Liu®, Xiaofeng Li’, Weidong Chen™", Ling Ji*"

& Department of Laboratory Medicine, Peking University Shenzhen Hospital, Shenzhen, Guangdong, China
b public Health Laboratory Centre, NOS382, Nam Cheong Street, Kowloon, Hong Kong

ARTICLE INFO ABSTRACT

Keywords: Background: Glycated hemoglobin (Hemoglobin A;., HbA;.) plays a key role in monitoring long-term blood
MALDI-TOF MS glucose levels in diabetics mellitus. Therefore, it is of great importance to ensure test quality of HbA,. methods.
HbA Objectives: We aimed to evaluate analytical performances of a matrix assisted laser desorption/ionization time of
Analytical performance flight mass spectrometry (MALDI-TOF MS) system for the measurement of HbA;..

Glycation rate Methods: We assessed the analytical performances of the method including imprecision, accuracy, and linearity.
In addition, comparison with Variant II Turbo 2.0 and Capillarys3 TERA, correlation between glycation rate of a
and (3 globin as well as the influence of most frequent analytical interferences in HbA,. assays were also in-
vestigated.

Results: As measurement of imprecision, within-run CVs and total CVs were lower than 1.6% and 2.4%, re-
spectively. Discrepancy of test results (< 0.2%) of IFCC value-assigned external quality control samples in-
dicated a good accuracy of the method. The linearity was excellent with a correlation coefficient of 0.999. The
QuanTOF results were well correlated with those obtained by Variant II Turbo 2.0 and Capillarys3 TERA. Good
correlation between glycation rates of a and (3 globin were found. QuanTOF was not prone to common inter-
ferences including bilirubin, triglyceride, labile A;., and carbamylated hemoglobin. However, unacceptable
positive bias was observed when the amount of HbF were greater than approximately 8.0% or in the presence of
HbS.

Conclusions: QuanTOF perform well for the determination of HbA;. and meet quality criteria requested for
clinical use.

1. Introduction

Glycated hemoglobin (Hemoglobin A;., HbA;.), a modified he-
moglobin with a covalent bond connection of glucose to the N-terminal
valine of the B chain, is widely used as an important marker for mon-
itoring long term glycemic control performance in diabetics, as well as
screening and diagnosis of diabetes [1,2]. The routine methods cur-
rently used for HbA;. quantification are based on different principles
such as cation exchange high-pressure liquid chromatography, affinity
chromatography (HPLC), capillary electrophoresis (CE), or im-
munological reaction [3]. Each technology has its specific character-
istics and performance. MALDI-TOF MS was previously employed to
precisely measure molecular mass of a and B globin chains for identi-
fication of potential hemoglobin variants, and also modified species
such as the glycated globin [4,5].

As compared with liquid chromatography-mass spectrometry (LC-
MS), MALDI-TOF MS offers important advantages such as lower

instrumentation costs, easier sample preparation, and simpler analysis
procedures. With the development of modern MALDI-TOF MS, it be-
comes more suitable for routine quantitative measurements of HbA;..
Although the protocol for HbA;. quantification based on MALDI-TOF
MS had been described [4,5], to our knowledge, MALDI-TOF MS is not
yet used in the laboratory routine to quantify HbA;.. Moreover, sys-
tematic evaluation of MALDI-TOF MS for HbA;. determination has
never been reported.

In this study, we assessed the analytical performances of a MALDI-
TOF MS system for HbA;. assay with respect to imprecision, accuracy,
linearity, comparison with Variant II and Capillarys3 TERA, correlation
of glycation rates between a and (3 globin and the influence of the most
frequent analytical interferences in HbA;. assays.

2. Materials and methods

The QuanTOF (Intelligene Biosystems, China), a newly developed
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MALDI-TOF MS system, was evaluated for HbA;. measurement in this
study. Residual patient samples collected in EDTA tubes were obtained
from Laboratory Medicine of Peking University Shenzhen Hospital. This
study was approved by the Institutional Medical and Ethics Committee
of Peking University Shenzhen Hospital.

2.1. Sample preparation and mass spectrometry analysis

Sample preparation was performed following the manufacturer's
instruction: whole blood samples collected in EDTA tubes were diluted
1:200 in DI water and mixed 1:9 with 10 mg/mL sinapinic acid (Sigma-
Aldrich, US). Two point five uL of this mixture was then spotted onto a
stainless steel MALDI target plate (6 X 16 sample array).
Simultaneously, a series of standard samples with differing glycation
level assigned by National Glycohemoglobin Standardization Program
(NGSP) was prepared in the same manner to establish the standard
curve on each target.

All spectra were acquired on QuanTOF with the following settings:
source voltage 19 kV, laser frequency 5 kHz, laser energy 8 LJ, scanning
speed 2mm/s, mass range 5000-30,000 m/z, 10-rows scan per spot.
Mass spectrometric analysis speed by QuanTOF was about 15s per
sample spot with the above settings. Mass spectra were processed by
QuanGHb software developed by Intelligene Biosystems for QuanTOF
instrument.

2.2. HbA, standard curve

The standard curve was constructed in similar manner as described
by Hattan and collaborators [5]. Commercially available Lyphochek
hemoglobin A;. standards was purchased from Bio-Rad (Hercules, CA,
US). These six blood-based HbA;. reference standards vary system-
atically in their % HbA;. values traceable to NGSP. Mass spectrometric
peak areas from the BHb and glycated-BHb were used to calculate the
ratio of [glycated BHb/(BHb + glycated BHb)]. Linear regression ana-
lysis was performed between computed ratio and HbA;. level of each
standard by the software and subsequently used as the standard curve
for quantification analysis.

2.3. Evaluation protocol

2.3.1. Imprecision

Three samples with low (5.5%, 37 mmol/mol), medium (7.2%,
55 mmol/mol), and high (11.9%, 107 mmol/mol) HbA;. levels were
used to evaluate precision of the method. For intra-assay imprecision,
samples were run in 20 technical replications on a target plate. Total
imprecision was determined according to the Clinical and Laboratory
Standards Institute (CLSI) EP05-A2 guidelines. The three samples with
different HbA;. levels were tested in two runs per day on twenty con-
secutive days. Results were expressed in both NGSP (%) and IFCC units
(mmol/mol).

2.3.2. Accuracy

Accuracy was evaluated by analyzing 5 external quality control
samples (NO. 201,911, 201,912, 201,913, 201,914, 201,915) from
National Center for Clinical Laboratories in China, which were assigned
by IFCC Network Laboratories for HbA;. with IFCC reference method.
Biases between HbA, . results obtained with QuanTOF and target values
were calculated.

2.3.3. Linearity study

Linearity was evaluated according to the CLSI EP06-A guidelines by
proportionally mixing two samples with a high (17.5%, 168 mmol/mol)
and a low (4.5%, 26 mmol/mol) HbA;. value. Each mixed sample was
assayed in duplicate and regression analysis was performed with ob-
tained mean values versus expected values. The expected HbA; . values
were calculated according the following formula: Expected
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value = (HbA;o, X Vi X Hby, + HbA .y X Vy X Hby)/

(VL X Hby, + Vg X Hby). Vi volume of the sample with low/high
HbA;. value; Hby 4 Hb concentration of the sample with low/high
HbA;. value. Hb concentration was measured by a Sysmex XN9000
hematology analyzer (Sysmex Co., Japan).

2.3.4. Method comparison

A total of 55 samples, HbA;. range from 4.0% (20 mmol/mol) to
17.5% (168 mmol/mol), were analyzed on QuanTOF, a CE method
analysis system (Capillarys3 TERA, Sebia, France), and a cation ex-
change HPLC system (Variant II Turbo 2.0, Bio-rad, US). HbA; results
obtained with the QuanTOF were compared with those obtained with
Capillarys3 TERA and Variant II respectively. Data were further ana-
lyzed using linear regression and a Bland-Altman plot.

2.3.5. Correlation of glycation rate of a globin and f globin

Glycation rate of a globin and p globin, defined as the proportion of
the glycated form in its total globin, can be calculated by glycated a(f)
Hb/[a(B)Hb + glycated a(B)Hb]). Glycation rates of a globin and
globin can be obtained because MALDI-TOF MS can measure intact a
and f globin chains, as well as their glycated forms. The correlation of
glycation rates between a globin and 3 globin were investigated by
analyzing 56 samples with HbA;. values range from 4.3% (23 mmol/
mol) to 13.8% (127 mmol/mol) using QuanTOF.

2.4. Assessment of interfering substances

2.4.1. Labile Ay,

Erythrocytes of three samples, containing a normal (4.8%;
29 mmol/mol), medium (6.6%; 49 mmol/mol), and high (10.0%;
86 mmol/mol) HbA;. level, were incubated with glucose solutions
(56 mmol/L) at 37 °C for 1.5h. HbA,. and labile A,. were measured
every 30 min. Labile A;. was quantitated using Variant II analyzer.
After analysis, the bias with different labile A;. concentrations was
calculated.

2.4.2. Carbamylated hemoglobin

The interference of carbamylated hemoglobin (cHb) on HbA,.
measurements was evaluated by the same three samples mentioned
above. Erythrocytes were incubated with potassium cyanate (1 mmol/
L) at 37 °C for 3 h. HbA;. and cHb were measured every 1 h. cHb values
were determined using Variant II analyzer. HbA;. values of samples
with different concentration of cHb were compared with baseline
HbA, . values.

2.4.3. Bilirubin and triglyceride

Influence of triglyceride and bilirubin was assessed with two sam-
ples with normal (5.6%, 38 mmol/mol) and high (8.7%, 72 mmol/mol)
HbA; . levels. Erythrocytes of the two samples were mixed with various
dilutions of triglyceride and bilirubin plasma to achieve final con-
centrations of 22.8 mmol/L triglyceride and 304.0 umol/L bilirubin,
respectively.

2.4.4. HDF interference

The influence of HbF on HbA;. quantification was assessed by
mixing umbilical cord blood with three samples containing a normal
(5.6%, 38 mmol/mol), medium (6.7%, 50 mmol/mol), and high (9.2%,
77 mmol/mol) HbA; level. HbF levels achieved were ranged from 0.8%
to 14.2% determined with Capillarys3 TERA.

2.4.5. Common hemoglobin variants

Interference of hemoglobin variants was investigated by analyzing
samples containing HbAS (n = 2), HbAD (n = 5), HbAC (n = 3), and
HDbAE (n = 10). All heterozygous hemoglobin variants were confirmed
by Sanger sequencing. The variants were measured by QuanTOF, as
well as a boronate affinity HPLC system (Ultra®, Trinity Biotech,
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Table 1
Performance characteristics of the QuanTOF for HbA;. measurement.

Parameter Results NGSP units, % Results IFCC units, mmol/mol
Precision Low Medium High  Low Medium High
(EP5)
HbA,. values 5.50 7.20 11.90 37 55 107
Within-run 1.63 1.14 0.90 2.79 1.68 1.14
Ccv
Total CV 2.40 1.37 1.41 4.00 2.00 1.78
Trueness Measured Target Bias Measured Target Bias
(EP9) values values values values
201,911 5.46 5.67 -0.21 36 38 -2
201,912 9.82 9.73 0.09 84 83 1
201,913 4.95 4.89 0.06 31 30 1
201,914 7.10 6.87 0.23 54 52 2
201,915 7.98 7.90 0.08 64 63 1
Linearity Measured Expected Bias Measured Expected Bias
values values values values
Low 4.51 4.51 0.00 26 26 0
mixture 1 6.12 6.20 —0.08 43 44 -1
mixture 2 8.05 8.18 —-0.13 65 66 -1
mixture 3 10.45 10.61 -0.16 91 92 -1
mixture 4 13.49 13.47 0.02 124 124 0
High 17.47 17.47 0.00 168 168 0
Interferences Bias, % Bias, mmol/mol
Bilirubin (=304.0 pmol/L) =0.1 =1
Triglycerides (< 22.8 mmol/L) <0.1 <1
cHb (<8.7%) <0.2 <2
Labile A;. (=£12.2%) <0.2 <2
HbF(<8.0%) <0.2 <2
HbF(> 8.0%) > 0.2 > 2
HDAS: globin separation S globin separated with 3 globin
Trueness HbA;. (n = 2) 0.5, 0.4 5,4
HbAC: globin separation C globin unseparated with 3 globin
Trueness HbA;. (n = 3) <0.2 <2
HbAD: globin separation D globin unseparated with B globin
Trueness HbA;. (n = 5) <0.2 <2
HDbAE: globin separation E globin unseparated with {3 globin
Trueness HbA;. (n = 10) <0.2 <2

Ireland) used as a comparative method because results from boronate
affinity HPLC are not thought to be affected by the presence of he-
moglobin variants [6]. Subsequently, the HbA;. values obtained with
QuanTOF were compared with those obtained with Ultra

2.5. Statistical analysis

All statistical and graphical analyses in the above evaluation pro-
tocols were performed with SPSS 19.0 (IBM, USA).

3. Results
3.1. Imprecision and accuracy

For QuanTOF imprecision study, within-run CVs are 1.6%, 1.1% and
0.9% (NGSP units) for low, medium, and high HbA;. level samples,
respectively. Accordingly, total CVs are 2.4%, 1.4% and 1.4% (Table 1).
The CVs in IFCC units are higher those in NGSP units. For QuanTOF
accuracy study, the absolute difference between measured HbA, . value
and respective IFCC target value is less or equal to 0.2% (2 mmol/mol)
for all five control samples (Table 1). These results have shown that the
QuanTOF demonstrates excellent performance on precision and accu-
racy.

3.2. Linearity

The linearity of the method proved to be prominent within the
range of HbA;. values from 4.5% (26 mmol/mol) to 17.5% (168 mmol/
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mol). The equation of the linear regression was Y (measured HbA;,,
%) = 0.995 X X (expected HbA;. values, %) + 0.106, with a correla-
tion coefficient of 0.999 (Table 1).

3.3. Correlation study

HbA,. values obtained with QuanTOF were well correlated with
respective results from Variant II and Capillarys3 TERA (P < .001 for
both analyzers). The linear regression analysis results were: Y
(QuanTOF HbA;.,, %) = 0.898 X X (Variant II Turbo 2.0 HbA,
%) + 0.472, with a correlation coefficient of 0.996 (Fig. 1A); or Y
(QuanTOF HbA;.,, %) =0.951 x X (Capillarys3 TERA HbA,,
%) + 0.258, with a correlation coefficient of 0.997 (Fig. 1C). The
Bland-Altman plot showed mean differences of —0.384% (QuanTOF vs
Variant II Turbo 2.0) and — 0.146% (QuanTOF vs Capillarys3 TERA),
respectively with the standard deviations (SD) of 0.414 and 0.260
(Fig. 1B and D).

3.4. Glycation rates correlation between a globin and f globin

After analysis of a globin glycation rates and 3 globin glycation
rates obtain from 56 normal samples, we found the glycation rate of a
globin was well correlated with that of 3 globin (P < .001). And linear
regression analysis resulted in the following equations: Y (Glycation
rate of {3 globin, %) = 1.655 X X (Glycation rate of a globin, %)-0.229,
with a correlation coefficient of 0.996 (Fig. 1E).

3.5. Effects of analytical interferences

3.5.1. Labile A;.

No modification of hemoglobin was detected on the mass spectrum
over the range of m/z 15,000-16,000. As compared with the baseline
HbA,;. values, all HbA;. level biases of glucose treated samples with
various duration were within 0.2% (3 mmol/mol) at proportion of la-
bile A;. up to 12.2% (Table 1, Supplementary Table 1).

3.5.2. Carbamylated hemoglobin

After treatment with potassium cyanate, cHb-a globin (m/z
15,168.6) peak, as demonstrated earlier [7], were observed in mass
spectrum (Fig. 2B). All HbA, . values were within 0.2% (2 mmol/mol) of
the baseline HbA; . values with proportion of cHb up to 8.7% (Table 1,
Supplementary Table 2).

3.5.3. Bilirubin and triglyceride

Measured HbA;. values were within 0.1% (1 mmol/mol) ranges of
the baseline HbA;. values with concentrations of bilirubin and trigly-
ceride up to 304.0 umol/L and 22.8 mmol/L, respectively (Table 1).

3.5.4. HDF interference

When HbF was present, mass spectrum showed the peaks of y globin
chain in Fig. 2C (m/z = 15,997.4). HbA; . results were not modified by
HDF significantly when its percentage was lower than 8.0%. However,
the bias of HbA;. values exceeded 0.2% (2 mmol/mol) when greater
than approximately 8.0% HbF was present. Additionally, the bias in-
creased with the increase of the percentage of HbF (Table 1, Supple-
mentary Table 3).

3.5.5. Common hemoglobin variants

Of the four most common Hb variants (i.e. HbS, HbD, HbC, and
HbE), only S globin (m/z = 15,838.7) can be detected by QuanTOF
(Fig. 2D). Nevertheless, the bias of measured HbA;. results with
QuanTOF exceeded 5.0% (NGSP criteria, < = 5%) in comparison with
Ultra2. Although HbD, HbC, and HbE were not detected, acceptable
biases compared with Ultra® were observed (Table 1).
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Fig. 1. Method comparison with linear regression analysis and Bland-Altman plots. HbA; results obtained with the QuanTOF were compared with those obtained
with Variant II Turbo 2.0 (A and B) and Capillarys3 TERA (C and D) respectively. The solid line shows the estimations of mean differences ~ X, and the dashed lines
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Fig. 2. MALDI-TOF spectrum of normal and variant hemoglobin. Fig. 2A shows a mass spectrum of a normal sample with the known masses for MH + 1 of a globin
(m/z = 15,127.0) and (3 globin subunits (m/z = 15,868.0), as well as the corresponding glycated 3 globin (m/z = 16,031.0) and glycated a globin (m/z = 15,289.0).
Other known peaks with high masses are sinapinic acid matrix adducts [m/z = 15,334 (a globin), m/z = 16,077 (f globin) m/z] [Reference NO. 4]. Fig. 2B shows a
mass spectrum of a normal sample treated with potassium cyanate; cHb-a globin (m/z 15,168.6) peak were observed in mass spectrum. Mass spectrum showed the
peaks of y globin (n/z = 15,997.4) in the presence of HbF (C). Fig. 2D shows detection of S variant globin (m/z = 15,838.7) by QuanTOF.

4. Discussion

HbA;. plays a key role in assessing long term glycemic control
quality in diabetes mellitus. It is crucial to measure HbA,;. with an
analyzer as well as related quantification method to provide reliable
results. HbA;. is defined as glucose attachment to the N-terminal valine
residue of the 3 globin. The greatly enhanced reproducibility of MALDI-
TOF MS makes it well suited for the relative quantitation of glycated
globin vs. non-modified B globin - glucose modification results in a
162 Da increase in (3 globin mass which can be readily distinguished.

Glucose may also modify other amino acid residues such as lysine
residues present on (3 globin [8]. Since MALDI-TOF MS cannot distin-
guish these glycated species with same molecular weight, HbA; results
obtained with QuanTOF contain various glycated species. Nevertheless,
this study showed good performances of QuanTOF in routine HbA;.
analytical test. Reproducibility study showed total CVs is well within
the recommended precision [9]. In addition, the results presented in
this study are in good agreement with target values of external control
samples as well as those obtained from Variant II and Capillarys3 TERA.

The study indicated that HbA;. quantification by MALDI-TOF MS
was not prone to common interferences such as triglyceride, bilirubin,
labile A;., and cHb. Labile A;. forms at early stage of hemoglobin
glycation process; its concentration varies with change of blood glucose
level. Carbamylation hemoglobin, detected by QuanTOF in this study,
results from the modification of urea-derived isocyanic acid (-OCNH,-,
molecular weight 42) and mostly increases in patients with renal failure
[10]. Molecular weight of cHb-a globin (m/z = 15,168.6) observed in
mass spectrum consist with the alteration of cHb modification on a
globin (m/z = 15,127.0). Recent research shows Labile A;. and cHb are
still interfere with HbA;. measurement by HPLC [11]. QuanTOF Data
demonstrate that MALDI-TOF MS is superior to HPLC in this matter.

HDF, consist of 2a chain and 2y chain, remain a very common and
important interfering substance in HbA;. determination. It was docu-
mented that significant bias was induced by HbF when its proportion
increased up to 20% or higher [12]. QuanTOF can detect the presence
of y globin. However, when HbF percentages exceeded approximately
8.0%, unacceptable positive bias was found, suggesting that high level
of HbF interfere with HbA,. measurement.

HbA;. determination in the presence of hemoglobin variants is a
crucial issue [13]. Hemoglobin variants could interfere with HbA;.
measurement due to the effects of the hemoglobin variants on the
specific method used or on the alteration of erythrocyte lifespan
[14,15]. To date, there are > 1300 hemoglobin variants identified [16].
The four most common hemoglobin variants, known as HbS, HbC, HbD,
and HbE, result from a single amino acid substitution in B globin chain
of valine to glutamic, lysine to glutamic, glutamine to glutamic and
lysine to glutamic, respectively [16]. Accordingly, the respective mass
difference is ~30Da (S globin), ~1 Da (C globin), ~1 Da (D globin),
and ~1 Da (E globin). Consequently, QuanTOF could only distinguish
the presence of S globin among the four most common Hb variants due
to mass resolution limitation of a linear time-of-flight analyzer. How-
ever, unacceptable positive biases were observed as compared with an
affinity HPLC method, which was routinely used as a comparative
method in previous studies [6]. This may due to limitation of resolution
resulting in overlapping mass peaks arising from molecular components
of normal and variant 3 globins, their glycated forms and matrix ad-
ducts, giving rise to interference with HbA;. quantification.

In case of HbD, HbC, and HbE, although mass spectra cannot discern
the globin variants from normal one due to merged mass peaks, HbA;.

quantification results do not seem to affected. Acceptable bias suggest
that these variants probably have no interfering effects on HbA;.
quantification by QuanTOF, mainly because mass peaks of respective
forms (glycated and non-glycated) of variant and normal globins were
merged due to 1 Da mass difference between normal and the variant
globins. Since a small amount of samples with hemoglobin variants
were used in this part of evaluation study, more data are needed to
further investigate the interference of Hb variants on HbA;. measure-
ment by QuanTOF. Although MALDI-TOF MS may not be able to dis-
tinguish variant globin when their mass differences are too small, many
hemoglobin variants can be easily detected [7].

Correlation of glycation rate of a globin and f globin in this study
confirmed the previous finding [5,17]. Similar to B globin subunit, a
globin subunit can also be glycated on its N-terminal valine residue and
other amino acid residues [8]. Our study showed an excellent correla-
tion between glycation rates of a globin and B globin. Furthermore,
glycation rate of B globin are much higher than that of a globin. The
correlation can be used as an additional information to validate the
HbA; . values; any discrepancy between the glycation rate of a globin
and [} globin them may indicate an error in the HbA;. assay. Another
potential use of the correlation is to validate and calculate HbA; . values
in the presence of variant hemoglobin. For example, glycation rate of a
globin can be used to calculate HbA;. values in the presence of variant
B globin and vice versa. To calculate HbA;. values based on the in-
tensity ratio of glycated a globin, a reliable correlation standard curve
should be established firstly.

In conclusion, the QuanTOF HbA;. assay evaluated in this study
showed good analytical performances in precision, accuracy, linearity,
and good correlation with other popular methods. What's more, it was
not prone to the most frequent analytical interferences in HbA; . assay.
Comparing with classical methods such as CE and HPLC, MALDI-TOF
MS have costs and time advantages due to low costs of matrix con-
suming and fast scanning speed. Moreover, MALDI-TOF MS provides
more information regarding glycation rate of a globin, of which it may
offer more potential applications for HbA;. assay of hemoglobin var-
iants.
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ARTICLE INFO ABSTRACT

Keywords: Background: Glycated hemoglobin (Hemoglobin A;., HbA;.) plays a key role in monitoring long-term blood
MALDI-TOF MS glucose levels in diabetics mellitus. Therefore, it is of great importance to ensure test quality of HbA,. methods.
HbA Objectives: We aimed to evaluate analytical performances of a matrix assisted laser desorption/ionization time of
Analytical performance flight mass spectrometry (MALDI-TOF MS) system for the measurement of HbA;..

Glycation rate Methods: We assessed the analytical performances of the method including imprecision, accuracy, and linearity.
In addition, comparison with Variant II Turbo 2.0 and Capillarys3 TERA, correlation between glycation rate of a
and (3 globin as well as the influence of most frequent analytical interferences in HbA,. assays were also in-
vestigated.

Results: As measurement of imprecision, within-run CVs and total CVs were lower than 1.6% and 2.4%, re-
spectively. Discrepancy of test results (< 0.2%) of IFCC value-assigned external quality control samples in-
dicated a good accuracy of the method. The linearity was excellent with a correlation coefficient of 0.999. The
QuanTOF results were well correlated with those obtained by Variant II Turbo 2.0 and Capillarys3 TERA. Good
correlation between glycation rates of a and (3 globin were found. QuanTOF was not prone to common inter-
ferences including bilirubin, triglyceride, labile A;., and carbamylated hemoglobin. However, unacceptable
positive bias was observed when the amount of HbF were greater than approximately 8.0% or in the presence of
HbS.

Conclusions: QuanTOF perform well for the determination of HbA;. and meet quality criteria requested for
clinical use.

1. Introduction

Glycated hemoglobin (Hemoglobin A;., HbA;.), a modified he-
moglobin with a covalent bond connection of glucose to the N-terminal
valine of the B chain, is widely used as an important marker for mon-
itoring long term glycemic control performance in diabetics, as well as
screening and diagnosis of diabetes [1,2]. The routine methods cur-
rently used for HbA;. quantification are based on different principles
such as cation exchange high-pressure liquid chromatography, affinity
chromatography (HPLC), capillary electrophoresis (CE), or im-
munological reaction [3]. Each technology has its specific character-
istics and performance. MALDI-TOF MS was previously employed to
precisely measure molecular mass of a and B globin chains for identi-
fication of potential hemoglobin variants, and also modified species
such as the glycated globin [4,5].

As compared with liquid chromatography-mass spectrometry (LC-
MS), MALDI-TOF MS offers important advantages such as lower

instrumentation costs, easier sample preparation, and simpler analysis
procedures. With the development of modern MALDI-TOF MS, it be-
comes more suitable for routine quantitative measurements of HbA;..
Although the protocol for HbA;. quantification based on MALDI-TOF
MS had been described [4,5], to our knowledge, MALDI-TOF MS is not
yet used in the laboratory routine to quantify HbA;.. Moreover, sys-
tematic evaluation of MALDI-TOF MS for HbA;. determination has
never been reported.

In this study, we assessed the analytical performances of a MALDI-
TOF MS system for HbA;. assay with respect to imprecision, accuracy,
linearity, comparison with Variant II and Capillarys3 TERA, correlation
of glycation rates between a and (3 globin and the influence of the most
frequent analytical interferences in HbA;. assays.

2. Materials and methods

The QuanTOF (Intelligene Biosystems, China), a newly developed
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MALDI-TOF MS system, was evaluated for HbA;. measurement in this
study. Residual patient samples collected in EDTA tubes were obtained
from Laboratory Medicine of Peking University Shenzhen Hospital. This
study was approved by the Institutional Medical and Ethics Committee
of Peking University Shenzhen Hospital.

2.1. Sample preparation and mass spectrometry analysis

Sample preparation was performed following the manufacturer's
instruction: whole blood samples collected in EDTA tubes were diluted
1:200 in DI water and mixed 1:9 with 10 mg/mL sinapinic acid (Sigma-
Aldrich, US). Two point five uL of this mixture was then spotted onto a
stainless steel MALDI target plate (6 X 16 sample array).
Simultaneously, a series of standard samples with differing glycation
level assigned by National Glycohemoglobin Standardization Program
(NGSP) was prepared in the same manner to establish the standard
curve on each target.

All spectra were acquired on QuanTOF with the following settings:
source voltage 19 kV, laser frequency 5 kHz, laser energy 8 LJ, scanning
speed 2mm/s, mass range 5000-30,000 m/z, 10-rows scan per spot.
Mass spectrometric analysis speed by QuanTOF was about 15s per
sample spot with the above settings. Mass spectra were processed by
QuanGHb software developed by Intelligene Biosystems for QuanTOF
instrument.

2.2. HbA, standard curve

The standard curve was constructed in similar manner as described
by Hattan and collaborators [5]. Commercially available Lyphochek
hemoglobin A;. standards was purchased from Bio-Rad (Hercules, CA,
US). These six blood-based HbA;. reference standards vary system-
atically in their % HbA;. values traceable to NGSP. Mass spectrometric
peak areas from the BHb and glycated-BHb were used to calculate the
ratio of [glycated BHb/(BHb + glycated BHb)]. Linear regression ana-
lysis was performed between computed ratio and HbA;. level of each
standard by the software and subsequently used as the standard curve
for quantification analysis.

2.3. Evaluation protocol

2.3.1. Imprecision

Three samples with low (5.5%, 37 mmol/mol), medium (7.2%,
55 mmol/mol), and high (11.9%, 107 mmol/mol) HbA;. levels were
used to evaluate precision of the method. For intra-assay imprecision,
samples were run in 20 technical replications on a target plate. Total
imprecision was determined according to the Clinical and Laboratory
Standards Institute (CLSI) EP05-A2 guidelines. The three samples with
different HbA;. levels were tested in two runs per day on twenty con-
secutive days. Results were expressed in both NGSP (%) and IFCC units
(mmol/mol).

2.3.2. Accuracy

Accuracy was evaluated by analyzing 5 external quality control
samples (NO. 201,911, 201,912, 201,913, 201,914, 201,915) from
National Center for Clinical Laboratories in China, which were assigned
by IFCC Network Laboratories for HbA;. with IFCC reference method.
Biases between HbA, . results obtained with QuanTOF and target values
were calculated.

2.3.3. Linearity study

Linearity was evaluated according to the CLSI EP06-A guidelines by
proportionally mixing two samples with a high (17.5%, 168 mmol/mol)
and a low (4.5%, 26 mmol/mol) HbA;. value. Each mixed sample was
assayed in duplicate and regression analysis was performed with ob-
tained mean values versus expected values. The expected HbA; . values
were calculated according the following formula: Expected
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value = (HbA;o, X Vi X Hby, + HbA .y X Vy X Hby)/

(VL X Hby, + Vg X Hby). Vi volume of the sample with low/high
HbA;. value; Hby 4 Hb concentration of the sample with low/high
HbA;. value. Hb concentration was measured by a Sysmex XN9000
hematology analyzer (Sysmex Co., Japan).

2.3.4. Method comparison

A total of 55 samples, HbA;. range from 4.0% (20 mmol/mol) to
17.5% (168 mmol/mol), were analyzed on QuanTOF, a CE method
analysis system (Capillarys3 TERA, Sebia, France), and a cation ex-
change HPLC system (Variant II Turbo 2.0, Bio-rad, US). HbA; results
obtained with the QuanTOF were compared with those obtained with
Capillarys3 TERA and Variant II respectively. Data were further ana-
lyzed using linear regression and a Bland-Altman plot.

2.3.5. Correlation of glycation rate of a globin and f globin

Glycation rate of a globin and p globin, defined as the proportion of
the glycated form in its total globin, can be calculated by glycated a(f)
Hb/[a(B)Hb + glycated a(B)Hb]). Glycation rates of a globin and
globin can be obtained because MALDI-TOF MS can measure intact a
and f globin chains, as well as their glycated forms. The correlation of
glycation rates between a globin and 3 globin were investigated by
analyzing 56 samples with HbA;. values range from 4.3% (23 mmol/
mol) to 13.8% (127 mmol/mol) using QuanTOF.

2.4. Assessment of interfering substances

2.4.1. Labile Ay,

Erythrocytes of three samples, containing a normal (4.8%;
29 mmol/mol), medium (6.6%; 49 mmol/mol), and high (10.0%;
86 mmol/mol) HbA;. level, were incubated with glucose solutions
(56 mmol/L) at 37 °C for 1.5h. HbA,. and labile A,. were measured
every 30 min. Labile A;. was quantitated using Variant II analyzer.
After analysis, the bias with different labile A;. concentrations was
calculated.

2.4.2. Carbamylated hemoglobin

The interference of carbamylated hemoglobin (cHb) on HbA,.
measurements was evaluated by the same three samples mentioned
above. Erythrocytes were incubated with potassium cyanate (1 mmol/
L) at 37 °C for 3 h. HbA;. and cHb were measured every 1 h. cHb values
were determined using Variant II analyzer. HbA;. values of samples
with different concentration of cHb were compared with baseline
HbA, . values.

2.4.3. Bilirubin and triglyceride

Influence of triglyceride and bilirubin was assessed with two sam-
ples with normal (5.6%, 38 mmol/mol) and high (8.7%, 72 mmol/mol)
HbA; . levels. Erythrocytes of the two samples were mixed with various
dilutions of triglyceride and bilirubin plasma to achieve final con-
centrations of 22.8 mmol/L triglyceride and 304.0 umol/L bilirubin,
respectively.

2.4.4. HDF interference

The influence of HbF on HbA;. quantification was assessed by
mixing umbilical cord blood with three samples containing a normal
(5.6%, 38 mmol/mol), medium (6.7%, 50 mmol/mol), and high (9.2%,
77 mmol/mol) HbA; level. HbF levels achieved were ranged from 0.8%
to 14.2% determined with Capillarys3 TERA.

2.4.5. Common hemoglobin variants

Interference of hemoglobin variants was investigated by analyzing
samples containing HbAS (n = 2), HbAD (n = 5), HbAC (n = 3), and
HDbAE (n = 10). All heterozygous hemoglobin variants were confirmed
by Sanger sequencing. The variants were measured by QuanTOF, as
well as a boronate affinity HPLC system (Ultra®, Trinity Biotech,
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Table 1
Performance characteristics of the QuanTOF for HbA;. measurement.

Parameter Results NGSP units, % Results IFCC units, mmol/mol
Precision Low Medium High  Low Medium High
(EP5)
HbA,. values 5.50 7.20 11.90 37 55 107
Within-run 1.63 1.14 0.90 2.79 1.68 1.14
Ccv
Total CV 2.40 1.37 1.41 4.00 2.00 1.78
Trueness Measured Target Bias Measured Target Bias
(EP9) values values values values
201,911 5.46 5.67 -0.21 36 38 -2
201,912 9.82 9.73 0.09 84 83 1
201,913 4.95 4.89 0.06 31 30 1
201,914 7.10 6.87 0.23 54 52 2
201,915 7.98 7.90 0.08 64 63 1
Linearity Measured Expected Bias Measured Expected Bias
values values values values
Low 4.51 4.51 0.00 26 26 0
mixture 1 6.12 6.20 —0.08 43 44 -1
mixture 2 8.05 8.18 —-0.13 65 66 -1
mixture 3 10.45 10.61 -0.16 91 92 -1
mixture 4 13.49 13.47 0.02 124 124 0
High 17.47 17.47 0.00 168 168 0
Interferences Bias, % Bias, mmol/mol
Bilirubin (=304.0 pmol/L) =0.1 =1
Triglycerides (< 22.8 mmol/L) <0.1 <1
cHb (<8.7%) <0.2 <2
Labile A;. (=£12.2%) <0.2 <2
HbF(<8.0%) <0.2 <2
HbF(> 8.0%) > 0.2 > 2
HDAS: globin separation S globin separated with 3 globin
Trueness HbA;. (n = 2) 0.5, 0.4 5,4
HbAC: globin separation C globin unseparated with 3 globin
Trueness HbA;. (n = 3) <0.2 <2
HbAD: globin separation D globin unseparated with B globin
Trueness HbA;. (n = 5) <0.2 <2
HDbAE: globin separation E globin unseparated with {3 globin
Trueness HbA;. (n = 10) <0.2 <2

Ireland) used as a comparative method because results from boronate
affinity HPLC are not thought to be affected by the presence of he-
moglobin variants [6]. Subsequently, the HbA;. values obtained with
QuanTOF were compared with those obtained with Ultra

2.5. Statistical analysis

All statistical and graphical analyses in the above evaluation pro-
tocols were performed with SPSS 19.0 (IBM, USA).

3. Results
3.1. Imprecision and accuracy

For QuanTOF imprecision study, within-run CVs are 1.6%, 1.1% and
0.9% (NGSP units) for low, medium, and high HbA;. level samples,
respectively. Accordingly, total CVs are 2.4%, 1.4% and 1.4% (Table 1).
The CVs in IFCC units are higher those in NGSP units. For QuanTOF
accuracy study, the absolute difference between measured HbA, . value
and respective IFCC target value is less or equal to 0.2% (2 mmol/mol)
for all five control samples (Table 1). These results have shown that the
QuanTOF demonstrates excellent performance on precision and accu-
racy.

3.2. Linearity

The linearity of the method proved to be prominent within the
range of HbA;. values from 4.5% (26 mmol/mol) to 17.5% (168 mmol/
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mol). The equation of the linear regression was Y (measured HbA;,,
%) = 0.995 X X (expected HbA;. values, %) + 0.106, with a correla-
tion coefficient of 0.999 (Table 1).

3.3. Correlation study

HbA,. values obtained with QuanTOF were well correlated with
respective results from Variant II and Capillarys3 TERA (P < .001 for
both analyzers). The linear regression analysis results were: Y
(QuanTOF HbA;.,, %) = 0.898 X X (Variant II Turbo 2.0 HbA,
%) + 0.472, with a correlation coefficient of 0.996 (Fig. 1A); or Y
(QuanTOF HbA;.,, %) =0.951 x X (Capillarys3 TERA HbA,,
%) + 0.258, with a correlation coefficient of 0.997 (Fig. 1C). The
Bland-Altman plot showed mean differences of —0.384% (QuanTOF vs
Variant II Turbo 2.0) and — 0.146% (QuanTOF vs Capillarys3 TERA),
respectively with the standard deviations (SD) of 0.414 and 0.260
(Fig. 1B and D).

3.4. Glycation rates correlation between a globin and f globin

After analysis of a globin glycation rates and 3 globin glycation
rates obtain from 56 normal samples, we found the glycation rate of a
globin was well correlated with that of 3 globin (P < .001). And linear
regression analysis resulted in the following equations: Y (Glycation
rate of {3 globin, %) = 1.655 X X (Glycation rate of a globin, %)-0.229,
with a correlation coefficient of 0.996 (Fig. 1E).

3.5. Effects of analytical interferences

3.5.1. Labile A;.

No modification of hemoglobin was detected on the mass spectrum
over the range of m/z 15,000-16,000. As compared with the baseline
HbA,;. values, all HbA;. level biases of glucose treated samples with
various duration were within 0.2% (3 mmol/mol) at proportion of la-
bile A;. up to 12.2% (Table 1, Supplementary Table 1).

3.5.2. Carbamylated hemoglobin

After treatment with potassium cyanate, cHb-a globin (m/z
15,168.6) peak, as demonstrated earlier [7], were observed in mass
spectrum (Fig. 2B). All HbA, . values were within 0.2% (2 mmol/mol) of
the baseline HbA; . values with proportion of cHb up to 8.7% (Table 1,
Supplementary Table 2).

3.5.3. Bilirubin and triglyceride

Measured HbA;. values were within 0.1% (1 mmol/mol) ranges of
the baseline HbA;. values with concentrations of bilirubin and trigly-
ceride up to 304.0 umol/L and 22.8 mmol/L, respectively (Table 1).

3.5.4. HDF interference

When HbF was present, mass spectrum showed the peaks of y globin
chain in Fig. 2C (m/z = 15,997.4). HbA; . results were not modified by
HDF significantly when its percentage was lower than 8.0%. However,
the bias of HbA;. values exceeded 0.2% (2 mmol/mol) when greater
than approximately 8.0% HbF was present. Additionally, the bias in-
creased with the increase of the percentage of HbF (Table 1, Supple-
mentary Table 3).

3.5.5. Common hemoglobin variants

Of the four most common Hb variants (i.e. HbS, HbD, HbC, and
HbE), only S globin (m/z = 15,838.7) can be detected by QuanTOF
(Fig. 2D). Nevertheless, the bias of measured HbA;. results with
QuanTOF exceeded 5.0% (NGSP criteria, < = 5%) in comparison with
Ultra2. Although HbD, HbC, and HbE were not detected, acceptable
biases compared with Ultra® were observed (Table 1).
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Fig. 2. MALDI-TOF spectrum of normal and variant hemoglobin. Fig. 2A shows a mass spectrum of a normal sample with the known masses for MH + 1 of a globin
(m/z = 15,127.0) and (3 globin subunits (m/z = 15,868.0), as well as the corresponding glycated 3 globin (m/z = 16,031.0) and glycated a globin (m/z = 15,289.0).
Other known peaks with high masses are sinapinic acid matrix adducts [m/z = 15,334 (a globin), m/z = 16,077 (f globin) m/z] [Reference NO. 4]. Fig. 2B shows a
mass spectrum of a normal sample treated with potassium cyanate; cHb-a globin (m/z 15,168.6) peak were observed in mass spectrum. Mass spectrum showed the
peaks of y globin (n/z = 15,997.4) in the presence of HbF (C). Fig. 2D shows detection of S variant globin (m/z = 15,838.7) by QuanTOF.

4. Discussion

HbA;. plays a key role in assessing long term glycemic control
quality in diabetes mellitus. It is crucial to measure HbA,;. with an
analyzer as well as related quantification method to provide reliable
results. HbA;. is defined as glucose attachment to the N-terminal valine
residue of the 3 globin. The greatly enhanced reproducibility of MALDI-
TOF MS makes it well suited for the relative quantitation of glycated
globin vs. non-modified B globin - glucose modification results in a
162 Da increase in (3 globin mass which can be readily distinguished.

Glucose may also modify other amino acid residues such as lysine
residues present on (3 globin [8]. Since MALDI-TOF MS cannot distin-
guish these glycated species with same molecular weight, HbA; results
obtained with QuanTOF contain various glycated species. Nevertheless,
this study showed good performances of QuanTOF in routine HbA;.
analytical test. Reproducibility study showed total CVs is well within
the recommended precision [9]. In addition, the results presented in
this study are in good agreement with target values of external control
samples as well as those obtained from Variant II and Capillarys3 TERA.

The study indicated that HbA;. quantification by MALDI-TOF MS
was not prone to common interferences such as triglyceride, bilirubin,
labile A;., and cHb. Labile A;. forms at early stage of hemoglobin
glycation process; its concentration varies with change of blood glucose
level. Carbamylation hemoglobin, detected by QuanTOF in this study,
results from the modification of urea-derived isocyanic acid (-OCNH,-,
molecular weight 42) and mostly increases in patients with renal failure
[10]. Molecular weight of cHb-a globin (m/z = 15,168.6) observed in
mass spectrum consist with the alteration of cHb modification on a
globin (m/z = 15,127.0). Recent research shows Labile A;. and cHb are
still interfere with HbA;. measurement by HPLC [11]. QuanTOF Data
demonstrate that MALDI-TOF MS is superior to HPLC in this matter.

HDF, consist of 2a chain and 2y chain, remain a very common and
important interfering substance in HbA;. determination. It was docu-
mented that significant bias was induced by HbF when its proportion
increased up to 20% or higher [12]. QuanTOF can detect the presence
of y globin. However, when HbF percentages exceeded approximately
8.0%, unacceptable positive bias was found, suggesting that high level
of HbF interfere with HbA,. measurement.

HbA;. determination in the presence of hemoglobin variants is a
crucial issue [13]. Hemoglobin variants could interfere with HbA;.
measurement due to the effects of the hemoglobin variants on the
specific method used or on the alteration of erythrocyte lifespan
[14,15]. To date, there are > 1300 hemoglobin variants identified [16].
The four most common hemoglobin variants, known as HbS, HbC, HbD,
and HbE, result from a single amino acid substitution in B globin chain
of valine to glutamic, lysine to glutamic, glutamine to glutamic and
lysine to glutamic, respectively [16]. Accordingly, the respective mass
difference is ~30Da (S globin), ~1 Da (C globin), ~1 Da (D globin),
and ~1 Da (E globin). Consequently, QuanTOF could only distinguish
the presence of S globin among the four most common Hb variants due
to mass resolution limitation of a linear time-of-flight analyzer. How-
ever, unacceptable positive biases were observed as compared with an
affinity HPLC method, which was routinely used as a comparative
method in previous studies [6]. This may due to limitation of resolution
resulting in overlapping mass peaks arising from molecular components
of normal and variant 3 globins, their glycated forms and matrix ad-
ducts, giving rise to interference with HbA;. quantification.

In case of HbD, HbC, and HbE, although mass spectra cannot discern
the globin variants from normal one due to merged mass peaks, HbA;.

quantification results do not seem to affected. Acceptable bias suggest
that these variants probably have no interfering effects on HbA;.
quantification by QuanTOF, mainly because mass peaks of respective
forms (glycated and non-glycated) of variant and normal globins were
merged due to 1 Da mass difference between normal and the variant
globins. Since a small amount of samples with hemoglobin variants
were used in this part of evaluation study, more data are needed to
further investigate the interference of Hb variants on HbA;. measure-
ment by QuanTOF. Although MALDI-TOF MS may not be able to dis-
tinguish variant globin when their mass differences are too small, many
hemoglobin variants can be easily detected [7].

Correlation of glycation rate of a globin and f globin in this study
confirmed the previous finding [5,17]. Similar to B globin subunit, a
globin subunit can also be glycated on its N-terminal valine residue and
other amino acid residues [8]. Our study showed an excellent correla-
tion between glycation rates of a globin and B globin. Furthermore,
glycation rate of B globin are much higher than that of a globin. The
correlation can be used as an additional information to validate the
HbA; . values; any discrepancy between the glycation rate of a globin
and [} globin them may indicate an error in the HbA;. assay. Another
potential use of the correlation is to validate and calculate HbA; . values
in the presence of variant hemoglobin. For example, glycation rate of a
globin can be used to calculate HbA;. values in the presence of variant
B globin and vice versa. To calculate HbA;. values based on the in-
tensity ratio of glycated a globin, a reliable correlation standard curve
should be established firstly.

In conclusion, the QuanTOF HbA;. assay evaluated in this study
showed good analytical performances in precision, accuracy, linearity,
and good correlation with other popular methods. What's more, it was
not prone to the most frequent analytical interferences in HbA; . assay.
Comparing with classical methods such as CE and HPLC, MALDI-TOF
MS have costs and time advantages due to low costs of matrix con-
suming and fast scanning speed. Moreover, MALDI-TOF MS provides
more information regarding glycation rate of a globin, of which it may
offer more potential applications for HbA;. assay of hemoglobin var-
iants.
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ARTICLE INFO ABSTRACT

Keywords: Background: Glycated hemoglobin (Hemoglobin A;., HbA;.) plays a key role in monitoring long-term blood
MALDI-TOF MS glucose levels in diabetics mellitus. Therefore, it is of great importance to ensure test quality of HbA,. methods.
HbA Objectives: We aimed to evaluate analytical performances of a matrix assisted laser desorption/ionization time of
Analytical performance flight mass spectrometry (MALDI-TOF MS) system for the measurement of HbA;..

Glycation rate Methods: We assessed the analytical performances of the method including imprecision, accuracy, and linearity.
In addition, comparison with Variant II Turbo 2.0 and Capillarys3 TERA, correlation between glycation rate of a
and (3 globin as well as the influence of most frequent analytical interferences in HbA,. assays were also in-
vestigated.

Results: As measurement of imprecision, within-run CVs and total CVs were lower than 1.6% and 2.4%, re-
spectively. Discrepancy of test results (< 0.2%) of IFCC value-assigned external quality control samples in-
dicated a good accuracy of the method. The linearity was excellent with a correlation coefficient of 0.999. The
QuanTOF results were well correlated with those obtained by Variant II Turbo 2.0 and Capillarys3 TERA. Good
correlation between glycation rates of a and (3 globin were found. QuanTOF was not prone to common inter-
ferences including bilirubin, triglyceride, labile A;., and carbamylated hemoglobin. However, unacceptable
positive bias was observed when the amount of HbF were greater than approximately 8.0% or in the presence of
HbS.

Conclusions: QuanTOF perform well for the determination of HbA;. and meet quality criteria requested for
clinical use.

1. Introduction

Glycated hemoglobin (Hemoglobin A;., HbA;.), a modified he-
moglobin with a covalent bond connection of glucose to the N-terminal
valine of the B chain, is widely used as an important marker for mon-
itoring long term glycemic control performance in diabetics, as well as
screening and diagnosis of diabetes [1,2]. The routine methods cur-
rently used for HbA;. quantification are based on different principles
such as cation exchange high-pressure liquid chromatography, affinity
chromatography (HPLC), capillary electrophoresis (CE), or im-
munological reaction [3]. Each technology has its specific character-
istics and performance. MALDI-TOF MS was previously employed to
precisely measure molecular mass of a and B globin chains for identi-
fication of potential hemoglobin variants, and also modified species
such as the glycated globin [4,5].

As compared with liquid chromatography-mass spectrometry (LC-
MS), MALDI-TOF MS offers important advantages such as lower

instrumentation costs, easier sample preparation, and simpler analysis
procedures. With the development of modern MALDI-TOF MS, it be-
comes more suitable for routine quantitative measurements of HbA;..
Although the protocol for HbA;. quantification based on MALDI-TOF
MS had been described [4,5], to our knowledge, MALDI-TOF MS is not
yet used in the laboratory routine to quantify HbA;.. Moreover, sys-
tematic evaluation of MALDI-TOF MS for HbA;. determination has
never been reported.

In this study, we assessed the analytical performances of a MALDI-
TOF MS system for HbA;. assay with respect to imprecision, accuracy,
linearity, comparison with Variant II and Capillarys3 TERA, correlation
of glycation rates between a and (3 globin and the influence of the most
frequent analytical interferences in HbA;. assays.

2. Materials and methods

The QuanTOF (Intelligene Biosystems, China), a newly developed
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MALDI-TOF MS system, was evaluated for HbA;. measurement in this
study. Residual patient samples collected in EDTA tubes were obtained
from Laboratory Medicine of Peking University Shenzhen Hospital. This
study was approved by the Institutional Medical and Ethics Committee
of Peking University Shenzhen Hospital.

2.1. Sample preparation and mass spectrometry analysis

Sample preparation was performed following the manufacturer's
instruction: whole blood samples collected in EDTA tubes were diluted
1:200 in DI water and mixed 1:9 with 10 mg/mL sinapinic acid (Sigma-
Aldrich, US). Two point five uL of this mixture was then spotted onto a
stainless steel MALDI target plate (6 X 16 sample array).
Simultaneously, a series of standard samples with differing glycation
level assigned by National Glycohemoglobin Standardization Program
(NGSP) was prepared in the same manner to establish the standard
curve on each target.

All spectra were acquired on QuanTOF with the following settings:
source voltage 19 kV, laser frequency 5 kHz, laser energy 8 LJ, scanning
speed 2mm/s, mass range 5000-30,000 m/z, 10-rows scan per spot.
Mass spectrometric analysis speed by QuanTOF was about 15s per
sample spot with the above settings. Mass spectra were processed by
QuanGHb software developed by Intelligene Biosystems for QuanTOF
instrument.

2.2. HbA, standard curve

The standard curve was constructed in similar manner as described
by Hattan and collaborators [5]. Commercially available Lyphochek
hemoglobin A;. standards was purchased from Bio-Rad (Hercules, CA,
US). These six blood-based HbA;. reference standards vary system-
atically in their % HbA;. values traceable to NGSP. Mass spectrometric
peak areas from the BHb and glycated-BHb were used to calculate the
ratio of [glycated BHb/(BHb + glycated BHb)]. Linear regression ana-
lysis was performed between computed ratio and HbA;. level of each
standard by the software and subsequently used as the standard curve
for quantification analysis.

2.3. Evaluation protocol

2.3.1. Imprecision

Three samples with low (5.5%, 37 mmol/mol), medium (7.2%,
55 mmol/mol), and high (11.9%, 107 mmol/mol) HbA;. levels were
used to evaluate precision of the method. For intra-assay imprecision,
samples were run in 20 technical replications on a target plate. Total
imprecision was determined according to the Clinical and Laboratory
Standards Institute (CLSI) EP05-A2 guidelines. The three samples with
different HbA;. levels were tested in two runs per day on twenty con-
secutive days. Results were expressed in both NGSP (%) and IFCC units
(mmol/mol).

2.3.2. Accuracy

Accuracy was evaluated by analyzing 5 external quality control
samples (NO. 201,911, 201,912, 201,913, 201,914, 201,915) from
National Center for Clinical Laboratories in China, which were assigned
by IFCC Network Laboratories for HbA;. with IFCC reference method.
Biases between HbA, . results obtained with QuanTOF and target values
were calculated.

2.3.3. Linearity study

Linearity was evaluated according to the CLSI EP06-A guidelines by
proportionally mixing two samples with a high (17.5%, 168 mmol/mol)
and a low (4.5%, 26 mmol/mol) HbA;. value. Each mixed sample was
assayed in duplicate and regression analysis was performed with ob-
tained mean values versus expected values. The expected HbA; . values
were calculated according the following formula: Expected
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value = (HbA;o, X Vi X Hby, + HbA .y X Vy X Hby)/

(VL X Hby, + Vg X Hby). Vi volume of the sample with low/high
HbA;. value; Hby 4 Hb concentration of the sample with low/high
HbA;. value. Hb concentration was measured by a Sysmex XN9000
hematology analyzer (Sysmex Co., Japan).

2.3.4. Method comparison

A total of 55 samples, HbA;. range from 4.0% (20 mmol/mol) to
17.5% (168 mmol/mol), were analyzed on QuanTOF, a CE method
analysis system (Capillarys3 TERA, Sebia, France), and a cation ex-
change HPLC system (Variant II Turbo 2.0, Bio-rad, US). HbA; results
obtained with the QuanTOF were compared with those obtained with
Capillarys3 TERA and Variant II respectively. Data were further ana-
lyzed using linear regression and a Bland-Altman plot.

2.3.5. Correlation of glycation rate of a globin and f globin

Glycation rate of a globin and p globin, defined as the proportion of
the glycated form in its total globin, can be calculated by glycated a(f)
Hb/[a(B)Hb + glycated a(B)Hb]). Glycation rates of a globin and
globin can be obtained because MALDI-TOF MS can measure intact a
and f globin chains, as well as their glycated forms. The correlation of
glycation rates between a globin and 3 globin were investigated by
analyzing 56 samples with HbA;. values range from 4.3% (23 mmol/
mol) to 13.8% (127 mmol/mol) using QuanTOF.

2.4. Assessment of interfering substances

2.4.1. Labile Ay,

Erythrocytes of three samples, containing a normal (4.8%;
29 mmol/mol), medium (6.6%; 49 mmol/mol), and high (10.0%;
86 mmol/mol) HbA;. level, were incubated with glucose solutions
(56 mmol/L) at 37 °C for 1.5h. HbA,. and labile A,. were measured
every 30 min. Labile A;. was quantitated using Variant II analyzer.
After analysis, the bias with different labile A;. concentrations was
calculated.

2.4.2. Carbamylated hemoglobin

The interference of carbamylated hemoglobin (cHb) on HbA,.
measurements was evaluated by the same three samples mentioned
above. Erythrocytes were incubated with potassium cyanate (1 mmol/
L) at 37 °C for 3 h. HbA;. and cHb were measured every 1 h. cHb values
were determined using Variant II analyzer. HbA;. values of samples
with different concentration of cHb were compared with baseline
HbA, . values.

2.4.3. Bilirubin and triglyceride

Influence of triglyceride and bilirubin was assessed with two sam-
ples with normal (5.6%, 38 mmol/mol) and high (8.7%, 72 mmol/mol)
HbA; . levels. Erythrocytes of the two samples were mixed with various
dilutions of triglyceride and bilirubin plasma to achieve final con-
centrations of 22.8 mmol/L triglyceride and 304.0 umol/L bilirubin,
respectively.

2.4.4. HDF interference

The influence of HbF on HbA;. quantification was assessed by
mixing umbilical cord blood with three samples containing a normal
(5.6%, 38 mmol/mol), medium (6.7%, 50 mmol/mol), and high (9.2%,
77 mmol/mol) HbA; level. HbF levels achieved were ranged from 0.8%
to 14.2% determined with Capillarys3 TERA.

2.4.5. Common hemoglobin variants

Interference of hemoglobin variants was investigated by analyzing
samples containing HbAS (n = 2), HbAD (n = 5), HbAC (n = 3), and
HDbAE (n = 10). All heterozygous hemoglobin variants were confirmed
by Sanger sequencing. The variants were measured by QuanTOF, as
well as a boronate affinity HPLC system (Ultra®, Trinity Biotech,
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Table 1
Performance characteristics of the QuanTOF for HbA;. measurement.

Parameter Results NGSP units, % Results IFCC units, mmol/mol
Precision Low Medium High  Low Medium High
(EP5)
HbA,. values 5.50 7.20 11.90 37 55 107
Within-run 1.63 1.14 0.90 2.79 1.68 1.14
Ccv
Total CV 2.40 1.37 1.41 4.00 2.00 1.78
Trueness Measured Target Bias Measured Target Bias
(EP9) values values values values
201,911 5.46 5.67 -0.21 36 38 -2
201,912 9.82 9.73 0.09 84 83 1
201,913 4.95 4.89 0.06 31 30 1
201,914 7.10 6.87 0.23 54 52 2
201,915 7.98 7.90 0.08 64 63 1
Linearity Measured Expected Bias Measured Expected Bias
values values values values
Low 4.51 4.51 0.00 26 26 0
mixture 1 6.12 6.20 —0.08 43 44 -1
mixture 2 8.05 8.18 —-0.13 65 66 -1
mixture 3 10.45 10.61 -0.16 91 92 -1
mixture 4 13.49 13.47 0.02 124 124 0
High 17.47 17.47 0.00 168 168 0
Interferences Bias, % Bias, mmol/mol
Bilirubin (=304.0 pmol/L) =0.1 =1
Triglycerides (< 22.8 mmol/L) <0.1 <1
cHb (<8.7%) <0.2 <2
Labile A;. (=£12.2%) <0.2 <2
HbF(<8.0%) <0.2 <2
HbF(> 8.0%) > 0.2 > 2
HDAS: globin separation S globin separated with 3 globin
Trueness HbA;. (n = 2) 0.5, 0.4 5,4
HbAC: globin separation C globin unseparated with 3 globin
Trueness HbA;. (n = 3) <0.2 <2
HbAD: globin separation D globin unseparated with B globin
Trueness HbA;. (n = 5) <0.2 <2
HDbAE: globin separation E globin unseparated with {3 globin
Trueness HbA;. (n = 10) <0.2 <2

Ireland) used as a comparative method because results from boronate
affinity HPLC are not thought to be affected by the presence of he-
moglobin variants [6]. Subsequently, the HbA;. values obtained with
QuanTOF were compared with those obtained with Ultra

2.5. Statistical analysis

All statistical and graphical analyses in the above evaluation pro-
tocols were performed with SPSS 19.0 (IBM, USA).

3. Results
3.1. Imprecision and accuracy

For QuanTOF imprecision study, within-run CVs are 1.6%, 1.1% and
0.9% (NGSP units) for low, medium, and high HbA;. level samples,
respectively. Accordingly, total CVs are 2.4%, 1.4% and 1.4% (Table 1).
The CVs in IFCC units are higher those in NGSP units. For QuanTOF
accuracy study, the absolute difference between measured HbA, . value
and respective IFCC target value is less or equal to 0.2% (2 mmol/mol)
for all five control samples (Table 1). These results have shown that the
QuanTOF demonstrates excellent performance on precision and accu-
racy.

3.2. Linearity

The linearity of the method proved to be prominent within the
range of HbA;. values from 4.5% (26 mmol/mol) to 17.5% (168 mmol/
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mol). The equation of the linear regression was Y (measured HbA;,,
%) = 0.995 X X (expected HbA;. values, %) + 0.106, with a correla-
tion coefficient of 0.999 (Table 1).

3.3. Correlation study

HbA,. values obtained with QuanTOF were well correlated with
respective results from Variant II and Capillarys3 TERA (P < .001 for
both analyzers). The linear regression analysis results were: Y
(QuanTOF HbA;.,, %) = 0.898 X X (Variant II Turbo 2.0 HbA,
%) + 0.472, with a correlation coefficient of 0.996 (Fig. 1A); or Y
(QuanTOF HbA;.,, %) =0.951 x X (Capillarys3 TERA HbA,,
%) + 0.258, with a correlation coefficient of 0.997 (Fig. 1C). The
Bland-Altman plot showed mean differences of —0.384% (QuanTOF vs
Variant II Turbo 2.0) and — 0.146% (QuanTOF vs Capillarys3 TERA),
respectively with the standard deviations (SD) of 0.414 and 0.260
(Fig. 1B and D).

3.4. Glycation rates correlation between a globin and f globin

After analysis of a globin glycation rates and 3 globin glycation
rates obtain from 56 normal samples, we found the glycation rate of a
globin was well correlated with that of 3 globin (P < .001). And linear
regression analysis resulted in the following equations: Y (Glycation
rate of {3 globin, %) = 1.655 X X (Glycation rate of a globin, %)-0.229,
with a correlation coefficient of 0.996 (Fig. 1E).

3.5. Effects of analytical interferences

3.5.1. Labile A;.

No modification of hemoglobin was detected on the mass spectrum
over the range of m/z 15,000-16,000. As compared with the baseline
HbA,;. values, all HbA;. level biases of glucose treated samples with
various duration were within 0.2% (3 mmol/mol) at proportion of la-
bile A;. up to 12.2% (Table 1, Supplementary Table 1).

3.5.2. Carbamylated hemoglobin

After treatment with potassium cyanate, cHb-a globin (m/z
15,168.6) peak, as demonstrated earlier [7], were observed in mass
spectrum (Fig. 2B). All HbA, . values were within 0.2% (2 mmol/mol) of
the baseline HbA; . values with proportion of cHb up to 8.7% (Table 1,
Supplementary Table 2).

3.5.3. Bilirubin and triglyceride

Measured HbA;. values were within 0.1% (1 mmol/mol) ranges of
the baseline HbA;. values with concentrations of bilirubin and trigly-
ceride up to 304.0 umol/L and 22.8 mmol/L, respectively (Table 1).

3.5.4. HDF interference

When HbF was present, mass spectrum showed the peaks of y globin
chain in Fig. 2C (m/z = 15,997.4). HbA; . results were not modified by
HDF significantly when its percentage was lower than 8.0%. However,
the bias of HbA;. values exceeded 0.2% (2 mmol/mol) when greater
than approximately 8.0% HbF was present. Additionally, the bias in-
creased with the increase of the percentage of HbF (Table 1, Supple-
mentary Table 3).

3.5.5. Common hemoglobin variants

Of the four most common Hb variants (i.e. HbS, HbD, HbC, and
HbE), only S globin (m/z = 15,838.7) can be detected by QuanTOF
(Fig. 2D). Nevertheless, the bias of measured HbA;. results with
QuanTOF exceeded 5.0% (NGSP criteria, < = 5%) in comparison with
Ultra2. Although HbD, HbC, and HbE were not detected, acceptable
biases compared with Ultra® were observed (Table 1).
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Fig. 2. MALDI-TOF spectrum of normal and variant hemoglobin. Fig. 2A shows a mass spectrum of a normal sample with the known masses for MH + 1 of a globin
(m/z = 15,127.0) and (3 globin subunits (m/z = 15,868.0), as well as the corresponding glycated 3 globin (m/z = 16,031.0) and glycated a globin (m/z = 15,289.0).
Other known peaks with high masses are sinapinic acid matrix adducts [m/z = 15,334 (a globin), m/z = 16,077 (f globin) m/z] [Reference NO. 4]. Fig. 2B shows a
mass spectrum of a normal sample treated with potassium cyanate; cHb-a globin (m/z 15,168.6) peak were observed in mass spectrum. Mass spectrum showed the
peaks of y globin (n/z = 15,997.4) in the presence of HbF (C). Fig. 2D shows detection of S variant globin (m/z = 15,838.7) by QuanTOF.

4. Discussion

HbA;. plays a key role in assessing long term glycemic control
quality in diabetes mellitus. It is crucial to measure HbA,;. with an
analyzer as well as related quantification method to provide reliable
results. HbA;. is defined as glucose attachment to the N-terminal valine
residue of the 3 globin. The greatly enhanced reproducibility of MALDI-
TOF MS makes it well suited for the relative quantitation of glycated
globin vs. non-modified B globin - glucose modification results in a
162 Da increase in (3 globin mass which can be readily distinguished.

Glucose may also modify other amino acid residues such as lysine
residues present on (3 globin [8]. Since MALDI-TOF MS cannot distin-
guish these glycated species with same molecular weight, HbA; results
obtained with QuanTOF contain various glycated species. Nevertheless,
this study showed good performances of QuanTOF in routine HbA;.
analytical test. Reproducibility study showed total CVs is well within
the recommended precision [9]. In addition, the results presented in
this study are in good agreement with target values of external control
samples as well as those obtained from Variant II and Capillarys3 TERA.

The study indicated that HbA;. quantification by MALDI-TOF MS
was not prone to common interferences such as triglyceride, bilirubin,
labile A;., and cHb. Labile A;. forms at early stage of hemoglobin
glycation process; its concentration varies with change of blood glucose
level. Carbamylation hemoglobin, detected by QuanTOF in this study,
results from the modification of urea-derived isocyanic acid (-OCNH,-,
molecular weight 42) and mostly increases in patients with renal failure
[10]. Molecular weight of cHb-a globin (m/z = 15,168.6) observed in
mass spectrum consist with the alteration of cHb modification on a
globin (m/z = 15,127.0). Recent research shows Labile A;. and cHb are
still interfere with HbA;. measurement by HPLC [11]. QuanTOF Data
demonstrate that MALDI-TOF MS is superior to HPLC in this matter.

HDF, consist of 2a chain and 2y chain, remain a very common and
important interfering substance in HbA;. determination. It was docu-
mented that significant bias was induced by HbF when its proportion
increased up to 20% or higher [12]. QuanTOF can detect the presence
of y globin. However, when HbF percentages exceeded approximately
8.0%, unacceptable positive bias was found, suggesting that high level
of HbF interfere with HbA,. measurement.

HbA;. determination in the presence of hemoglobin variants is a
crucial issue [13]. Hemoglobin variants could interfere with HbA;.
measurement due to the effects of the hemoglobin variants on the
specific method used or on the alteration of erythrocyte lifespan
[14,15]. To date, there are > 1300 hemoglobin variants identified [16].
The four most common hemoglobin variants, known as HbS, HbC, HbD,
and HbE, result from a single amino acid substitution in B globin chain
of valine to glutamic, lysine to glutamic, glutamine to glutamic and
lysine to glutamic, respectively [16]. Accordingly, the respective mass
difference is ~30Da (S globin), ~1 Da (C globin), ~1 Da (D globin),
and ~1 Da (E globin). Consequently, QuanTOF could only distinguish
the presence of S globin among the four most common Hb variants due
to mass resolution limitation of a linear time-of-flight analyzer. How-
ever, unacceptable positive biases were observed as compared with an
affinity HPLC method, which was routinely used as a comparative
method in previous studies [6]. This may due to limitation of resolution
resulting in overlapping mass peaks arising from molecular components
of normal and variant 3 globins, their glycated forms and matrix ad-
ducts, giving rise to interference with HbA;. quantification.

In case of HbD, HbC, and HbE, although mass spectra cannot discern
the globin variants from normal one due to merged mass peaks, HbA;.

quantification results do not seem to affected. Acceptable bias suggest
that these variants probably have no interfering effects on HbA;.
quantification by QuanTOF, mainly because mass peaks of respective
forms (glycated and non-glycated) of variant and normal globins were
merged due to 1 Da mass difference between normal and the variant
globins. Since a small amount of samples with hemoglobin variants
were used in this part of evaluation study, more data are needed to
further investigate the interference of Hb variants on HbA;. measure-
ment by QuanTOF. Although MALDI-TOF MS may not be able to dis-
tinguish variant globin when their mass differences are too small, many
hemoglobin variants can be easily detected [7].

Correlation of glycation rate of a globin and f globin in this study
confirmed the previous finding [5,17]. Similar to B globin subunit, a
globin subunit can also be glycated on its N-terminal valine residue and
other amino acid residues [8]. Our study showed an excellent correla-
tion between glycation rates of a globin and B globin. Furthermore,
glycation rate of B globin are much higher than that of a globin. The
correlation can be used as an additional information to validate the
HbA; . values; any discrepancy between the glycation rate of a globin
and [} globin them may indicate an error in the HbA;. assay. Another
potential use of the correlation is to validate and calculate HbA; . values
in the presence of variant hemoglobin. For example, glycation rate of a
globin can be used to calculate HbA;. values in the presence of variant
B globin and vice versa. To calculate HbA;. values based on the in-
tensity ratio of glycated a globin, a reliable correlation standard curve
should be established firstly.

In conclusion, the QuanTOF HbA;. assay evaluated in this study
showed good analytical performances in precision, accuracy, linearity,
and good correlation with other popular methods. What's more, it was
not prone to the most frequent analytical interferences in HbA; . assay.
Comparing with classical methods such as CE and HPLC, MALDI-TOF
MS have costs and time advantages due to low costs of matrix con-
suming and fast scanning speed. Moreover, MALDI-TOF MS provides
more information regarding glycation rate of a globin, of which it may
offer more potential applications for HbA;. assay of hemoglobin var-
iants.
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ARTICLE INFO ABSTRACT

Keywords: Background: Glycated hemoglobin (Hemoglobin A;., HbA;.) plays a key role in monitoring long-term blood
MALDI-TOF MS glucose levels in diabetics mellitus. Therefore, it is of great importance to ensure test quality of HbA,. methods.
HbA Objectives: We aimed to evaluate analytical performances of a matrix assisted laser desorption/ionization time of
Analytical performance flight mass spectrometry (MALDI-TOF MS) system for the measurement of HbA;..

Glycation rate Methods: We assessed the analytical performances of the method including imprecision, accuracy, and linearity.
In addition, comparison with Variant II Turbo 2.0 and Capillarys3 TERA, correlation between glycation rate of a
and (3 globin as well as the influence of most frequent analytical interferences in HbA,. assays were also in-
vestigated.

Results: As measurement of imprecision, within-run CVs and total CVs were lower than 1.6% and 2.4%, re-
spectively. Discrepancy of test results (< 0.2%) of IFCC value-assigned external quality control samples in-
dicated a good accuracy of the method. The linearity was excellent with a correlation coefficient of 0.999. The
QuanTOF results were well correlated with those obtained by Variant II Turbo 2.0 and Capillarys3 TERA. Good
correlation between glycation rates of a and (3 globin were found. QuanTOF was not prone to common inter-
ferences including bilirubin, triglyceride, labile A;., and carbamylated hemoglobin. However, unacceptable
positive bias was observed when the amount of HbF were greater than approximately 8.0% or in the presence of
HbS.

Conclusions: QuanTOF perform well for the determination of HbA;. and meet quality criteria requested for
clinical use.

1. Introduction

Glycated hemoglobin (Hemoglobin A;., HbA;.), a modified he-
moglobin with a covalent bond connection of glucose to the N-terminal
valine of the B chain, is widely used as an important marker for mon-
itoring long term glycemic control performance in diabetics, as well as
screening and diagnosis of diabetes [1,2]. The routine methods cur-
rently used for HbA;. quantification are based on different principles
such as cation exchange high-pressure liquid chromatography, affinity
chromatography (HPLC), capillary electrophoresis (CE), or im-
munological reaction [3]. Each technology has its specific character-
istics and performance. MALDI-TOF MS was previously employed to
precisely measure molecular mass of a and B globin chains for identi-
fication of potential hemoglobin variants, and also modified species
such as the glycated globin [4,5].

As compared with liquid chromatography-mass spectrometry (LC-
MS), MALDI-TOF MS offers important advantages such as lower

instrumentation costs, easier sample preparation, and simpler analysis
procedures. With the development of modern MALDI-TOF MS, it be-
comes more suitable for routine quantitative measurements of HbA;..
Although the protocol for HbA;. quantification based on MALDI-TOF
MS had been described [4,5], to our knowledge, MALDI-TOF MS is not
yet used in the laboratory routine to quantify HbA;.. Moreover, sys-
tematic evaluation of MALDI-TOF MS for HbA;. determination has
never been reported.

In this study, we assessed the analytical performances of a MALDI-
TOF MS system for HbA;. assay with respect to imprecision, accuracy,
linearity, comparison with Variant II and Capillarys3 TERA, correlation
of glycation rates between a and (3 globin and the influence of the most
frequent analytical interferences in HbA;. assays.

2. Materials and methods

The QuanTOF (Intelligene Biosystems, China), a newly developed
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MALDI-TOF MS system, was evaluated for HbA;. measurement in this
study. Residual patient samples collected in EDTA tubes were obtained
from Laboratory Medicine of Peking University Shenzhen Hospital. This
study was approved by the Institutional Medical and Ethics Committee
of Peking University Shenzhen Hospital.

2.1. Sample preparation and mass spectrometry analysis

Sample preparation was performed following the manufacturer's
instruction: whole blood samples collected in EDTA tubes were diluted
1:200 in DI water and mixed 1:9 with 10 mg/mL sinapinic acid (Sigma-
Aldrich, US). Two point five uL of this mixture was then spotted onto a
stainless steel MALDI target plate (6 X 16 sample array).
Simultaneously, a series of standard samples with differing glycation
level assigned by National Glycohemoglobin Standardization Program
(NGSP) was prepared in the same manner to establish the standard
curve on each target.

All spectra were acquired on QuanTOF with the following settings:
source voltage 19 kV, laser frequency 5 kHz, laser energy 8 LJ, scanning
speed 2mm/s, mass range 5000-30,000 m/z, 10-rows scan per spot.
Mass spectrometric analysis speed by QuanTOF was about 15s per
sample spot with the above settings. Mass spectra were processed by
QuanGHb software developed by Intelligene Biosystems for QuanTOF
instrument.

2.2. HbA, standard curve

The standard curve was constructed in similar manner as described
by Hattan and collaborators [5]. Commercially available Lyphochek
hemoglobin A;. standards was purchased from Bio-Rad (Hercules, CA,
US). These six blood-based HbA;. reference standards vary system-
atically in their % HbA;. values traceable to NGSP. Mass spectrometric
peak areas from the BHb and glycated-BHb were used to calculate the
ratio of [glycated BHb/(BHb + glycated BHb)]. Linear regression ana-
lysis was performed between computed ratio and HbA;. level of each
standard by the software and subsequently used as the standard curve
for quantification analysis.

2.3. Evaluation protocol

2.3.1. Imprecision

Three samples with low (5.5%, 37 mmol/mol), medium (7.2%,
55 mmol/mol), and high (11.9%, 107 mmol/mol) HbA;. levels were
used to evaluate precision of the method. For intra-assay imprecision,
samples were run in 20 technical replications on a target plate. Total
imprecision was determined according to the Clinical and Laboratory
Standards Institute (CLSI) EP05-A2 guidelines. The three samples with
different HbA;. levels were tested in two runs per day on twenty con-
secutive days. Results were expressed in both NGSP (%) and IFCC units
(mmol/mol).

2.3.2. Accuracy

Accuracy was evaluated by analyzing 5 external quality control
samples (NO. 201,911, 201,912, 201,913, 201,914, 201,915) from
National Center for Clinical Laboratories in China, which were assigned
by IFCC Network Laboratories for HbA;. with IFCC reference method.
Biases between HbA, . results obtained with QuanTOF and target values
were calculated.

2.3.3. Linearity study

Linearity was evaluated according to the CLSI EP06-A guidelines by
proportionally mixing two samples with a high (17.5%, 168 mmol/mol)
and a low (4.5%, 26 mmol/mol) HbA;. value. Each mixed sample was
assayed in duplicate and regression analysis was performed with ob-
tained mean values versus expected values. The expected HbA; . values
were calculated according the following formula: Expected
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value = (HbA;o, X Vi X Hby, + HbA .y X Vy X Hby)/

(VL X Hby, + Vg X Hby). Vi volume of the sample with low/high
HbA;. value; Hby 4 Hb concentration of the sample with low/high
HbA;. value. Hb concentration was measured by a Sysmex XN9000
hematology analyzer (Sysmex Co., Japan).

2.3.4. Method comparison

A total of 55 samples, HbA;. range from 4.0% (20 mmol/mol) to
17.5% (168 mmol/mol), were analyzed on QuanTOF, a CE method
analysis system (Capillarys3 TERA, Sebia, France), and a cation ex-
change HPLC system (Variant II Turbo 2.0, Bio-rad, US). HbA; results
obtained with the QuanTOF were compared with those obtained with
Capillarys3 TERA and Variant II respectively. Data were further ana-
lyzed using linear regression and a Bland-Altman plot.

2.3.5. Correlation of glycation rate of a globin and f globin

Glycation rate of a globin and p globin, defined as the proportion of
the glycated form in its total globin, can be calculated by glycated a(f)
Hb/[a(B)Hb + glycated a(B)Hb]). Glycation rates of a globin and
globin can be obtained because MALDI-TOF MS can measure intact a
and f globin chains, as well as their glycated forms. The correlation of
glycation rates between a globin and 3 globin were investigated by
analyzing 56 samples with HbA;. values range from 4.3% (23 mmol/
mol) to 13.8% (127 mmol/mol) using QuanTOF.

2.4. Assessment of interfering substances

2.4.1. Labile Ay,

Erythrocytes of three samples, containing a normal (4.8%;
29 mmol/mol), medium (6.6%; 49 mmol/mol), and high (10.0%;
86 mmol/mol) HbA;. level, were incubated with glucose solutions
(56 mmol/L) at 37 °C for 1.5h. HbA,. and labile A,. were measured
every 30 min. Labile A;. was quantitated using Variant II analyzer.
After analysis, the bias with different labile A;. concentrations was
calculated.

2.4.2. Carbamylated hemoglobin

The interference of carbamylated hemoglobin (cHb) on HbA,.
measurements was evaluated by the same three samples mentioned
above. Erythrocytes were incubated with potassium cyanate (1 mmol/
L) at 37 °C for 3 h. HbA;. and cHb were measured every 1 h. cHb values
were determined using Variant II analyzer. HbA;. values of samples
with different concentration of cHb were compared with baseline
HbA, . values.

2.4.3. Bilirubin and triglyceride

Influence of triglyceride and bilirubin was assessed with two sam-
ples with normal (5.6%, 38 mmol/mol) and high (8.7%, 72 mmol/mol)
HbA; . levels. Erythrocytes of the two samples were mixed with various
dilutions of triglyceride and bilirubin plasma to achieve final con-
centrations of 22.8 mmol/L triglyceride and 304.0 umol/L bilirubin,
respectively.

2.4.4. HDF interference

The influence of HbF on HbA;. quantification was assessed by
mixing umbilical cord blood with three samples containing a normal
(5.6%, 38 mmol/mol), medium (6.7%, 50 mmol/mol), and high (9.2%,
77 mmol/mol) HbA; level. HbF levels achieved were ranged from 0.8%
to 14.2% determined with Capillarys3 TERA.

2.4.5. Common hemoglobin variants

Interference of hemoglobin variants was investigated by analyzing
samples containing HbAS (n = 2), HbAD (n = 5), HbAC (n = 3), and
HDbAE (n = 10). All heterozygous hemoglobin variants were confirmed
by Sanger sequencing. The variants were measured by QuanTOF, as
well as a boronate affinity HPLC system (Ultra®, Trinity Biotech,
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Table 1
Performance characteristics of the QuanTOF for HbA;. measurement.

Parameter Results NGSP units, % Results IFCC units, mmol/mol
Precision Low Medium High  Low Medium High
(EP5)
HbA,. values 5.50 7.20 11.90 37 55 107
Within-run 1.63 1.14 0.90 2.79 1.68 1.14
Ccv
Total CV 2.40 1.37 1.41 4.00 2.00 1.78
Trueness Measured Target Bias Measured Target Bias
(EP9) values values values values
201,911 5.46 5.67 -0.21 36 38 -2
201,912 9.82 9.73 0.09 84 83 1
201,913 4.95 4.89 0.06 31 30 1
201,914 7.10 6.87 0.23 54 52 2
201,915 7.98 7.90 0.08 64 63 1
Linearity Measured Expected Bias Measured Expected Bias
values values values values
Low 4.51 4.51 0.00 26 26 0
mixture 1 6.12 6.20 —0.08 43 44 -1
mixture 2 8.05 8.18 —-0.13 65 66 -1
mixture 3 10.45 10.61 -0.16 91 92 -1
mixture 4 13.49 13.47 0.02 124 124 0
High 17.47 17.47 0.00 168 168 0
Interferences Bias, % Bias, mmol/mol
Bilirubin (=304.0 pmol/L) =0.1 =1
Triglycerides (< 22.8 mmol/L) <0.1 <1
cHb (<8.7%) <0.2 <2
Labile A;. (=£12.2%) <0.2 <2
HbF(<8.0%) <0.2 <2
HbF(> 8.0%) > 0.2 > 2
HDAS: globin separation S globin separated with 3 globin
Trueness HbA;. (n = 2) 0.5, 0.4 5,4
HbAC: globin separation C globin unseparated with 3 globin
Trueness HbA;. (n = 3) <0.2 <2
HbAD: globin separation D globin unseparated with B globin
Trueness HbA;. (n = 5) <0.2 <2
HDbAE: globin separation E globin unseparated with {3 globin
Trueness HbA;. (n = 10) <0.2 <2

Ireland) used as a comparative method because results from boronate
affinity HPLC are not thought to be affected by the presence of he-
moglobin variants [6]. Subsequently, the HbA;. values obtained with
QuanTOF were compared with those obtained with Ultra

2.5. Statistical analysis

All statistical and graphical analyses in the above evaluation pro-
tocols were performed with SPSS 19.0 (IBM, USA).

3. Results
3.1. Imprecision and accuracy

For QuanTOF imprecision study, within-run CVs are 1.6%, 1.1% and
0.9% (NGSP units) for low, medium, and high HbA;. level samples,
respectively. Accordingly, total CVs are 2.4%, 1.4% and 1.4% (Table 1).
The CVs in IFCC units are higher those in NGSP units. For QuanTOF
accuracy study, the absolute difference between measured HbA, . value
and respective IFCC target value is less or equal to 0.2% (2 mmol/mol)
for all five control samples (Table 1). These results have shown that the
QuanTOF demonstrates excellent performance on precision and accu-
racy.

3.2. Linearity

The linearity of the method proved to be prominent within the
range of HbA;. values from 4.5% (26 mmol/mol) to 17.5% (168 mmol/
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mol). The equation of the linear regression was Y (measured HbA;,,
%) = 0.995 X X (expected HbA;. values, %) + 0.106, with a correla-
tion coefficient of 0.999 (Table 1).

3.3. Correlation study

HbA,. values obtained with QuanTOF were well correlated with
respective results from Variant II and Capillarys3 TERA (P < .001 for
both analyzers). The linear regression analysis results were: Y
(QuanTOF HbA;.,, %) = 0.898 X X (Variant II Turbo 2.0 HbA,
%) + 0.472, with a correlation coefficient of 0.996 (Fig. 1A); or Y
(QuanTOF HbA;.,, %) =0.951 x X (Capillarys3 TERA HbA,,
%) + 0.258, with a correlation coefficient of 0.997 (Fig. 1C). The
Bland-Altman plot showed mean differences of —0.384% (QuanTOF vs
Variant II Turbo 2.0) and — 0.146% (QuanTOF vs Capillarys3 TERA),
respectively with the standard deviations (SD) of 0.414 and 0.260
(Fig. 1B and D).

3.4. Glycation rates correlation between a globin and f globin

After analysis of a globin glycation rates and 3 globin glycation
rates obtain from 56 normal samples, we found the glycation rate of a
globin was well correlated with that of 3 globin (P < .001). And linear
regression analysis resulted in the following equations: Y (Glycation
rate of {3 globin, %) = 1.655 X X (Glycation rate of a globin, %)-0.229,
with a correlation coefficient of 0.996 (Fig. 1E).

3.5. Effects of analytical interferences

3.5.1. Labile A;.

No modification of hemoglobin was detected on the mass spectrum
over the range of m/z 15,000-16,000. As compared with the baseline
HbA,;. values, all HbA;. level biases of glucose treated samples with
various duration were within 0.2% (3 mmol/mol) at proportion of la-
bile A;. up to 12.2% (Table 1, Supplementary Table 1).

3.5.2. Carbamylated hemoglobin

After treatment with potassium cyanate, cHb-a globin (m/z
15,168.6) peak, as demonstrated earlier [7], were observed in mass
spectrum (Fig. 2B). All HbA, . values were within 0.2% (2 mmol/mol) of
the baseline HbA; . values with proportion of cHb up to 8.7% (Table 1,
Supplementary Table 2).

3.5.3. Bilirubin and triglyceride

Measured HbA;. values were within 0.1% (1 mmol/mol) ranges of
the baseline HbA;. values with concentrations of bilirubin and trigly-
ceride up to 304.0 umol/L and 22.8 mmol/L, respectively (Table 1).

3.5.4. HDF interference

When HbF was present, mass spectrum showed the peaks of y globin
chain in Fig. 2C (m/z = 15,997.4). HbA; . results were not modified by
HDF significantly when its percentage was lower than 8.0%. However,
the bias of HbA;. values exceeded 0.2% (2 mmol/mol) when greater
than approximately 8.0% HbF was present. Additionally, the bias in-
creased with the increase of the percentage of HbF (Table 1, Supple-
mentary Table 3).

3.5.5. Common hemoglobin variants

Of the four most common Hb variants (i.e. HbS, HbD, HbC, and
HbE), only S globin (m/z = 15,838.7) can be detected by QuanTOF
(Fig. 2D). Nevertheless, the bias of measured HbA;. results with
QuanTOF exceeded 5.0% (NGSP criteria, < = 5%) in comparison with
Ultra2. Although HbD, HbC, and HbE were not detected, acceptable
biases compared with Ultra® were observed (Table 1).
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Fig. 2. MALDI-TOF spectrum of normal and variant hemoglobin. Fig. 2A shows a mass spectrum of a normal sample with the known masses for MH + 1 of a globin
(m/z = 15,127.0) and (3 globin subunits (m/z = 15,868.0), as well as the corresponding glycated 3 globin (m/z = 16,031.0) and glycated a globin (m/z = 15,289.0).
Other known peaks with high masses are sinapinic acid matrix adducts [m/z = 15,334 (a globin), m/z = 16,077 (f globin) m/z] [Reference NO. 4]. Fig. 2B shows a
mass spectrum of a normal sample treated with potassium cyanate; cHb-a globin (m/z 15,168.6) peak were observed in mass spectrum. Mass spectrum showed the
peaks of y globin (n/z = 15,997.4) in the presence of HbF (C). Fig. 2D shows detection of S variant globin (m/z = 15,838.7) by QuanTOF.

4. Discussion

HbA;. plays a key role in assessing long term glycemic control
quality in diabetes mellitus. It is crucial to measure HbA,;. with an
analyzer as well as related quantification method to provide reliable
results. HbA;. is defined as glucose attachment to the N-terminal valine
residue of the 3 globin. The greatly enhanced reproducibility of MALDI-
TOF MS makes it well suited for the relative quantitation of glycated
globin vs. non-modified B globin - glucose modification results in a
162 Da increase in (3 globin mass which can be readily distinguished.

Glucose may also modify other amino acid residues such as lysine
residues present on (3 globin [8]. Since MALDI-TOF MS cannot distin-
guish these glycated species with same molecular weight, HbA; results
obtained with QuanTOF contain various glycated species. Nevertheless,
this study showed good performances of QuanTOF in routine HbA;.
analytical test. Reproducibility study showed total CVs is well within
the recommended precision [9]. In addition, the results presented in
this study are in good agreement with target values of external control
samples as well as those obtained from Variant II and Capillarys3 TERA.

The study indicated that HbA;. quantification by MALDI-TOF MS
was not prone to common interferences such as triglyceride, bilirubin,
labile A;., and cHb. Labile A;. forms at early stage of hemoglobin
glycation process; its concentration varies with change of blood glucose
level. Carbamylation hemoglobin, detected by QuanTOF in this study,
results from the modification of urea-derived isocyanic acid (-OCNH,-,
molecular weight 42) and mostly increases in patients with renal failure
[10]. Molecular weight of cHb-a globin (m/z = 15,168.6) observed in
mass spectrum consist with the alteration of cHb modification on a
globin (m/z = 15,127.0). Recent research shows Labile A;. and cHb are
still interfere with HbA;. measurement by HPLC [11]. QuanTOF Data
demonstrate that MALDI-TOF MS is superior to HPLC in this matter.

HDF, consist of 2a chain and 2y chain, remain a very common and
important interfering substance in HbA;. determination. It was docu-
mented that significant bias was induced by HbF when its proportion
increased up to 20% or higher [12]. QuanTOF can detect the presence
of y globin. However, when HbF percentages exceeded approximately
8.0%, unacceptable positive bias was found, suggesting that high level
of HbF interfere with HbA,. measurement.

HbA;. determination in the presence of hemoglobin variants is a
crucial issue [13]. Hemoglobin variants could interfere with HbA;.
measurement due to the effects of the hemoglobin variants on the
specific method used or on the alteration of erythrocyte lifespan
[14,15]. To date, there are > 1300 hemoglobin variants identified [16].
The four most common hemoglobin variants, known as HbS, HbC, HbD,
and HbE, result from a single amino acid substitution in B globin chain
of valine to glutamic, lysine to glutamic, glutamine to glutamic and
lysine to glutamic, respectively [16]. Accordingly, the respective mass
difference is ~30Da (S globin), ~1 Da (C globin), ~1 Da (D globin),
and ~1 Da (E globin). Consequently, QuanTOF could only distinguish
the presence of S globin among the four most common Hb variants due
to mass resolution limitation of a linear time-of-flight analyzer. How-
ever, unacceptable positive biases were observed as compared with an
affinity HPLC method, which was routinely used as a comparative
method in previous studies [6]. This may due to limitation of resolution
resulting in overlapping mass peaks arising from molecular components
of normal and variant 3 globins, their glycated forms and matrix ad-
ducts, giving rise to interference with HbA;. quantification.

In case of HbD, HbC, and HbE, although mass spectra cannot discern
the globin variants from normal one due to merged mass peaks, HbA;.

quantification results do not seem to affected. Acceptable bias suggest
that these variants probably have no interfering effects on HbA;.
quantification by QuanTOF, mainly because mass peaks of respective
forms (glycated and non-glycated) of variant and normal globins were
merged due to 1 Da mass difference between normal and the variant
globins. Since a small amount of samples with hemoglobin variants
were used in this part of evaluation study, more data are needed to
further investigate the interference of Hb variants on HbA;. measure-
ment by QuanTOF. Although MALDI-TOF MS may not be able to dis-
tinguish variant globin when their mass differences are too small, many
hemoglobin variants can be easily detected [7].

Correlation of glycation rate of a globin and f globin in this study
confirmed the previous finding [5,17]. Similar to B globin subunit, a
globin subunit can also be glycated on its N-terminal valine residue and
other amino acid residues [8]. Our study showed an excellent correla-
tion between glycation rates of a globin and B globin. Furthermore,
glycation rate of B globin are much higher than that of a globin. The
correlation can be used as an additional information to validate the
HbA; . values; any discrepancy between the glycation rate of a globin
and [} globin them may indicate an error in the HbA;. assay. Another
potential use of the correlation is to validate and calculate HbA; . values
in the presence of variant hemoglobin. For example, glycation rate of a
globin can be used to calculate HbA;. values in the presence of variant
B globin and vice versa. To calculate HbA;. values based on the in-
tensity ratio of glycated a globin, a reliable correlation standard curve
should be established firstly.

In conclusion, the QuanTOF HbA;. assay evaluated in this study
showed good analytical performances in precision, accuracy, linearity,
and good correlation with other popular methods. What's more, it was
not prone to the most frequent analytical interferences in HbA; . assay.
Comparing with classical methods such as CE and HPLC, MALDI-TOF
MS have costs and time advantages due to low costs of matrix con-
suming and fast scanning speed. Moreover, MALDI-TOF MS provides
more information regarding glycation rate of a globin, of which it may
offer more potential applications for HbA;. assay of hemoglobin var-
iants.
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ARTICLE INFO ABSTRACT

Keywords: Background: Glycated hemoglobin (Hemoglobin A;., HbA;.) plays a key role in monitoring long-term blood
MALDI-TOF MS glucose levels in diabetics mellitus. Therefore, it is of great importance to ensure test quality of HbA,. methods.
HbA Objectives: We aimed to evaluate analytical performances of a matrix assisted laser desorption/ionization time of
Analytical performance flight mass spectrometry (MALDI-TOF MS) system for the measurement of HbA;..

Glycation rate Methods: We assessed the analytical performances of the method including imprecision, accuracy, and linearity.
In addition, comparison with Variant II Turbo 2.0 and Capillarys3 TERA, correlation between glycation rate of a
and (3 globin as well as the influence of most frequent analytical interferences in HbA,. assays were also in-
vestigated.

Results: As measurement of imprecision, within-run CVs and total CVs were lower than 1.6% and 2.4%, re-
spectively. Discrepancy of test results (< 0.2%) of IFCC value-assigned external quality control samples in-
dicated a good accuracy of the method. The linearity was excellent with a correlation coefficient of 0.999. The
QuanTOF results were well correlated with those obtained by Variant II Turbo 2.0 and Capillarys3 TERA. Good
correlation between glycation rates of a and (3 globin were found. QuanTOF was not prone to common inter-
ferences including bilirubin, triglyceride, labile A;., and carbamylated hemoglobin. However, unacceptable
positive bias was observed when the amount of HbF were greater than approximately 8.0% or in the presence of
HbS.

Conclusions: QuanTOF perform well for the determination of HbA;. and meet quality criteria requested for
clinical use.

1. Introduction

Glycated hemoglobin (Hemoglobin A;., HbA;.), a modified he-
moglobin with a covalent bond connection of glucose to the N-terminal
valine of the B chain, is widely used as an important marker for mon-
itoring long term glycemic control performance in diabetics, as well as
screening and diagnosis of diabetes [1,2]. The routine methods cur-
rently used for HbA;. quantification are based on different principles
such as cation exchange high-pressure liquid chromatography, affinity
chromatography (HPLC), capillary electrophoresis (CE), or im-
munological reaction [3]. Each technology has its specific character-
istics and performance. MALDI-TOF MS was previously employed to
precisely measure molecular mass of a and B globin chains for identi-
fication of potential hemoglobin variants, and also modified species
such as the glycated globin [4,5].

As compared with liquid chromatography-mass spectrometry (LC-
MS), MALDI-TOF MS offers important advantages such as lower

instrumentation costs, easier sample preparation, and simpler analysis
procedures. With the development of modern MALDI-TOF MS, it be-
comes more suitable for routine quantitative measurements of HbA;..
Although the protocol for HbA;. quantification based on MALDI-TOF
MS had been described [4,5], to our knowledge, MALDI-TOF MS is not
yet used in the laboratory routine to quantify HbA;.. Moreover, sys-
tematic evaluation of MALDI-TOF MS for HbA;. determination has
never been reported.

In this study, we assessed the analytical performances of a MALDI-
TOF MS system for HbA;. assay with respect to imprecision, accuracy,
linearity, comparison with Variant II and Capillarys3 TERA, correlation
of glycation rates between a and (3 globin and the influence of the most
frequent analytical interferences in HbA;. assays.

2. Materials and methods

The QuanTOF (Intelligene Biosystems, China), a newly developed
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MALDI-TOF MS system, was evaluated for HbA;. measurement in this
study. Residual patient samples collected in EDTA tubes were obtained
from Laboratory Medicine of Peking University Shenzhen Hospital. This
study was approved by the Institutional Medical and Ethics Committee
of Peking University Shenzhen Hospital.

2.1. Sample preparation and mass spectrometry analysis

Sample preparation was performed following the manufacturer's
instruction: whole blood samples collected in EDTA tubes were diluted
1:200 in DI water and mixed 1:9 with 10 mg/mL sinapinic acid (Sigma-
Aldrich, US). Two point five uL of this mixture was then spotted onto a
stainless steel MALDI target plate (6 X 16 sample array).
Simultaneously, a series of standard samples with differing glycation
level assigned by National Glycohemoglobin Standardization Program
(NGSP) was prepared in the same manner to establish the standard
curve on each target.

All spectra were acquired on QuanTOF with the following settings:
source voltage 19 kV, laser frequency 5 kHz, laser energy 8 LJ, scanning
speed 2mm/s, mass range 5000-30,000 m/z, 10-rows scan per spot.
Mass spectrometric analysis speed by QuanTOF was about 15s per
sample spot with the above settings. Mass spectra were processed by
QuanGHb software developed by Intelligene Biosystems for QuanTOF
instrument.

2.2. HbA, standard curve

The standard curve was constructed in similar manner as described
by Hattan and collaborators [5]. Commercially available Lyphochek
hemoglobin A;. standards was purchased from Bio-Rad (Hercules, CA,
US). These six blood-based HbA;. reference standards vary system-
atically in their % HbA;. values traceable to NGSP. Mass spectrometric
peak areas from the BHb and glycated-BHb were used to calculate the
ratio of [glycated BHb/(BHb + glycated BHb)]. Linear regression ana-
lysis was performed between computed ratio and HbA;. level of each
standard by the software and subsequently used as the standard curve
for quantification analysis.

2.3. Evaluation protocol

2.3.1. Imprecision

Three samples with low (5.5%, 37 mmol/mol), medium (7.2%,
55 mmol/mol), and high (11.9%, 107 mmol/mol) HbA;. levels were
used to evaluate precision of the method. For intra-assay imprecision,
samples were run in 20 technical replications on a target plate. Total
imprecision was determined according to the Clinical and Laboratory
Standards Institute (CLSI) EP05-A2 guidelines. The three samples with
different HbA;. levels were tested in two runs per day on twenty con-
secutive days. Results were expressed in both NGSP (%) and IFCC units
(mmol/mol).

2.3.2. Accuracy

Accuracy was evaluated by analyzing 5 external quality control
samples (NO. 201,911, 201,912, 201,913, 201,914, 201,915) from
National Center for Clinical Laboratories in China, which were assigned
by IFCC Network Laboratories for HbA;. with IFCC reference method.
Biases between HbA, . results obtained with QuanTOF and target values
were calculated.

2.3.3. Linearity study

Linearity was evaluated according to the CLSI EP06-A guidelines by
proportionally mixing two samples with a high (17.5%, 168 mmol/mol)
and a low (4.5%, 26 mmol/mol) HbA;. value. Each mixed sample was
assayed in duplicate and regression analysis was performed with ob-
tained mean values versus expected values. The expected HbA; . values
were calculated according the following formula: Expected
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value = (HbA;o, X Vi X Hby, + HbA .y X Vy X Hby)/

(VL X Hby, + Vg X Hby). Vi volume of the sample with low/high
HbA;. value; Hby 4 Hb concentration of the sample with low/high
HbA;. value. Hb concentration was measured by a Sysmex XN9000
hematology analyzer (Sysmex Co., Japan).

2.3.4. Method comparison

A total of 55 samples, HbA;. range from 4.0% (20 mmol/mol) to
17.5% (168 mmol/mol), were analyzed on QuanTOF, a CE method
analysis system (Capillarys3 TERA, Sebia, France), and a cation ex-
change HPLC system (Variant II Turbo 2.0, Bio-rad, US). HbA; results
obtained with the QuanTOF were compared with those obtained with
Capillarys3 TERA and Variant II respectively. Data were further ana-
lyzed using linear regression and a Bland-Altman plot.

2.3.5. Correlation of glycation rate of a globin and f globin

Glycation rate of a globin and p globin, defined as the proportion of
the glycated form in its total globin, can be calculated by glycated a(f)
Hb/[a(B)Hb + glycated a(B)Hb]). Glycation rates of a globin and
globin can be obtained because MALDI-TOF MS can measure intact a
and f globin chains, as well as their glycated forms. The correlation of
glycation rates between a globin and 3 globin were investigated by
analyzing 56 samples with HbA;. values range from 4.3% (23 mmol/
mol) to 13.8% (127 mmol/mol) using QuanTOF.

2.4. Assessment of interfering substances

2.4.1. Labile Ay,

Erythrocytes of three samples, containing a normal (4.8%;
29 mmol/mol), medium (6.6%; 49 mmol/mol), and high (10.0%;
86 mmol/mol) HbA;. level, were incubated with glucose solutions
(56 mmol/L) at 37 °C for 1.5h. HbA,. and labile A,. were measured
every 30 min. Labile A;. was quantitated using Variant II analyzer.
After analysis, the bias with different labile A;. concentrations was
calculated.

2.4.2. Carbamylated hemoglobin

The interference of carbamylated hemoglobin (cHb) on HbA,.
measurements was evaluated by the same three samples mentioned
above. Erythrocytes were incubated with potassium cyanate (1 mmol/
L) at 37 °C for 3 h. HbA;. and cHb were measured every 1 h. cHb values
were determined using Variant II analyzer. HbA;. values of samples
with different concentration of cHb were compared with baseline
HbA, . values.

2.4.3. Bilirubin and triglyceride

Influence of triglyceride and bilirubin was assessed with two sam-
ples with normal (5.6%, 38 mmol/mol) and high (8.7%, 72 mmol/mol)
HbA; . levels. Erythrocytes of the two samples were mixed with various
dilutions of triglyceride and bilirubin plasma to achieve final con-
centrations of 22.8 mmol/L triglyceride and 304.0 umol/L bilirubin,
respectively.

2.4.4. HDF interference

The influence of HbF on HbA;. quantification was assessed by
mixing umbilical cord blood with three samples containing a normal
(5.6%, 38 mmol/mol), medium (6.7%, 50 mmol/mol), and high (9.2%,
77 mmol/mol) HbA; level. HbF levels achieved were ranged from 0.8%
to 14.2% determined with Capillarys3 TERA.

2.4.5. Common hemoglobin variants

Interference of hemoglobin variants was investigated by analyzing
samples containing HbAS (n = 2), HbAD (n = 5), HbAC (n = 3), and
HDbAE (n = 10). All heterozygous hemoglobin variants were confirmed
by Sanger sequencing. The variants were measured by QuanTOF, as
well as a boronate affinity HPLC system (Ultra®, Trinity Biotech,
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Table 1
Performance characteristics of the QuanTOF for HbA;. measurement.

Parameter Results NGSP units, % Results IFCC units, mmol/mol
Precision Low Medium High  Low Medium High
(EP5)
HbA,. values 5.50 7.20 11.90 37 55 107
Within-run 1.63 1.14 0.90 2.79 1.68 1.14
Ccv
Total CV 2.40 1.37 1.41 4.00 2.00 1.78
Trueness Measured Target Bias Measured Target Bias
(EP9) values values values values
201,911 5.46 5.67 -0.21 36 38 -2
201,912 9.82 9.73 0.09 84 83 1
201,913 4.95 4.89 0.06 31 30 1
201,914 7.10 6.87 0.23 54 52 2
201,915 7.98 7.90 0.08 64 63 1
Linearity Measured Expected Bias Measured Expected Bias
values values values values
Low 4.51 4.51 0.00 26 26 0
mixture 1 6.12 6.20 —0.08 43 44 -1
mixture 2 8.05 8.18 —-0.13 65 66 -1
mixture 3 10.45 10.61 -0.16 91 92 -1
mixture 4 13.49 13.47 0.02 124 124 0
High 17.47 17.47 0.00 168 168 0
Interferences Bias, % Bias, mmol/mol
Bilirubin (=304.0 pmol/L) =0.1 =1
Triglycerides (< 22.8 mmol/L) <0.1 <1
cHb (<8.7%) <0.2 <2
Labile A;. (=£12.2%) <0.2 <2
HbF(<8.0%) <0.2 <2
HbF(> 8.0%) > 0.2 > 2
HDAS: globin separation S globin separated with 3 globin
Trueness HbA;. (n = 2) 0.5, 0.4 5,4
HbAC: globin separation C globin unseparated with 3 globin
Trueness HbA;. (n = 3) <0.2 <2
HbAD: globin separation D globin unseparated with B globin
Trueness HbA;. (n = 5) <0.2 <2
HDbAE: globin separation E globin unseparated with {3 globin
Trueness HbA;. (n = 10) <0.2 <2

Ireland) used as a comparative method because results from boronate
affinity HPLC are not thought to be affected by the presence of he-
moglobin variants [6]. Subsequently, the HbA;. values obtained with
QuanTOF were compared with those obtained with Ultra

2.5. Statistical analysis

All statistical and graphical analyses in the above evaluation pro-
tocols were performed with SPSS 19.0 (IBM, USA).

3. Results
3.1. Imprecision and accuracy

For QuanTOF imprecision study, within-run CVs are 1.6%, 1.1% and
0.9% (NGSP units) for low, medium, and high HbA;. level samples,
respectively. Accordingly, total CVs are 2.4%, 1.4% and 1.4% (Table 1).
The CVs in IFCC units are higher those in NGSP units. For QuanTOF
accuracy study, the absolute difference between measured HbA, . value
and respective IFCC target value is less or equal to 0.2% (2 mmol/mol)
for all five control samples (Table 1). These results have shown that the
QuanTOF demonstrates excellent performance on precision and accu-
racy.

3.2. Linearity

The linearity of the method proved to be prominent within the
range of HbA;. values from 4.5% (26 mmol/mol) to 17.5% (168 mmol/
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mol). The equation of the linear regression was Y (measured HbA;,,
%) = 0.995 X X (expected HbA;. values, %) + 0.106, with a correla-
tion coefficient of 0.999 (Table 1).

3.3. Correlation study

HbA,. values obtained with QuanTOF were well correlated with
respective results from Variant II and Capillarys3 TERA (P < .001 for
both analyzers). The linear regression analysis results were: Y
(QuanTOF HbA;.,, %) = 0.898 X X (Variant II Turbo 2.0 HbA,
%) + 0.472, with a correlation coefficient of 0.996 (Fig. 1A); or Y
(QuanTOF HbA;.,, %) =0.951 x X (Capillarys3 TERA HbA,,
%) + 0.258, with a correlation coefficient of 0.997 (Fig. 1C). The
Bland-Altman plot showed mean differences of —0.384% (QuanTOF vs
Variant II Turbo 2.0) and — 0.146% (QuanTOF vs Capillarys3 TERA),
respectively with the standard deviations (SD) of 0.414 and 0.260
(Fig. 1B and D).

3.4. Glycation rates correlation between a globin and f globin

After analysis of a globin glycation rates and 3 globin glycation
rates obtain from 56 normal samples, we found the glycation rate of a
globin was well correlated with that of 3 globin (P < .001). And linear
regression analysis resulted in the following equations: Y (Glycation
rate of {3 globin, %) = 1.655 X X (Glycation rate of a globin, %)-0.229,
with a correlation coefficient of 0.996 (Fig. 1E).

3.5. Effects of analytical interferences

3.5.1. Labile A;.

No modification of hemoglobin was detected on the mass spectrum
over the range of m/z 15,000-16,000. As compared with the baseline
HbA,;. values, all HbA;. level biases of glucose treated samples with
various duration were within 0.2% (3 mmol/mol) at proportion of la-
bile A;. up to 12.2% (Table 1, Supplementary Table 1).

3.5.2. Carbamylated hemoglobin

After treatment with potassium cyanate, cHb-a globin (m/z
15,168.6) peak, as demonstrated earlier [7], were observed in mass
spectrum (Fig. 2B). All HbA, . values were within 0.2% (2 mmol/mol) of
the baseline HbA; . values with proportion of cHb up to 8.7% (Table 1,
Supplementary Table 2).

3.5.3. Bilirubin and triglyceride

Measured HbA;. values were within 0.1% (1 mmol/mol) ranges of
the baseline HbA;. values with concentrations of bilirubin and trigly-
ceride up to 304.0 umol/L and 22.8 mmol/L, respectively (Table 1).

3.5.4. HDF interference

When HbF was present, mass spectrum showed the peaks of y globin
chain in Fig. 2C (m/z = 15,997.4). HbA; . results were not modified by
HDF significantly when its percentage was lower than 8.0%. However,
the bias of HbA;. values exceeded 0.2% (2 mmol/mol) when greater
than approximately 8.0% HbF was present. Additionally, the bias in-
creased with the increase of the percentage of HbF (Table 1, Supple-
mentary Table 3).

3.5.5. Common hemoglobin variants

Of the four most common Hb variants (i.e. HbS, HbD, HbC, and
HbE), only S globin (m/z = 15,838.7) can be detected by QuanTOF
(Fig. 2D). Nevertheless, the bias of measured HbA;. results with
QuanTOF exceeded 5.0% (NGSP criteria, < = 5%) in comparison with
Ultra2. Although HbD, HbC, and HbE were not detected, acceptable
biases compared with Ultra® were observed (Table 1).
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Fig. 2. MALDI-TOF spectrum of normal and variant hemoglobin. Fig. 2A shows a mass spectrum of a normal sample with the known masses for MH + 1 of a globin
(m/z = 15,127.0) and (3 globin subunits (m/z = 15,868.0), as well as the corresponding glycated 3 globin (m/z = 16,031.0) and glycated a globin (m/z = 15,289.0).
Other known peaks with high masses are sinapinic acid matrix adducts [m/z = 15,334 (a globin), m/z = 16,077 (f globin) m/z] [Reference NO. 4]. Fig. 2B shows a
mass spectrum of a normal sample treated with potassium cyanate; cHb-a globin (m/z 15,168.6) peak were observed in mass spectrum. Mass spectrum showed the
peaks of y globin (n/z = 15,997.4) in the presence of HbF (C). Fig. 2D shows detection of S variant globin (m/z = 15,838.7) by QuanTOF.

4. Discussion

HbA;. plays a key role in assessing long term glycemic control
quality in diabetes mellitus. It is crucial to measure HbA,;. with an
analyzer as well as related quantification method to provide reliable
results. HbA;. is defined as glucose attachment to the N-terminal valine
residue of the 3 globin. The greatly enhanced reproducibility of MALDI-
TOF MS makes it well suited for the relative quantitation of glycated
globin vs. non-modified B globin - glucose modification results in a
162 Da increase in (3 globin mass which can be readily distinguished.

Glucose may also modify other amino acid residues such as lysine
residues present on (3 globin [8]. Since MALDI-TOF MS cannot distin-
guish these glycated species with same molecular weight, HbA; results
obtained with QuanTOF contain various glycated species. Nevertheless,
this study showed good performances of QuanTOF in routine HbA;.
analytical test. Reproducibility study showed total CVs is well within
the recommended precision [9]. In addition, the results presented in
this study are in good agreement with target values of external control
samples as well as those obtained from Variant II and Capillarys3 TERA.

The study indicated that HbA;. quantification by MALDI-TOF MS
was not prone to common interferences such as triglyceride, bilirubin,
labile A;., and cHb. Labile A;. forms at early stage of hemoglobin
glycation process; its concentration varies with change of blood glucose
level. Carbamylation hemoglobin, detected by QuanTOF in this study,
results from the modification of urea-derived isocyanic acid (-OCNH,-,
molecular weight 42) and mostly increases in patients with renal failure
[10]. Molecular weight of cHb-a globin (m/z = 15,168.6) observed in
mass spectrum consist with the alteration of cHb modification on a
globin (m/z = 15,127.0). Recent research shows Labile A;. and cHb are
still interfere with HbA;. measurement by HPLC [11]. QuanTOF Data
demonstrate that MALDI-TOF MS is superior to HPLC in this matter.

HDF, consist of 2a chain and 2y chain, remain a very common and
important interfering substance in HbA;. determination. It was docu-
mented that significant bias was induced by HbF when its proportion
increased up to 20% or higher [12]. QuanTOF can detect the presence
of y globin. However, when HbF percentages exceeded approximately
8.0%, unacceptable positive bias was found, suggesting that high level
of HbF interfere with HbA,. measurement.

HbA;. determination in the presence of hemoglobin variants is a
crucial issue [13]. Hemoglobin variants could interfere with HbA;.
measurement due to the effects of the hemoglobin variants on the
specific method used or on the alteration of erythrocyte lifespan
[14,15]. To date, there are > 1300 hemoglobin variants identified [16].
The four most common hemoglobin variants, known as HbS, HbC, HbD,
and HbE, result from a single amino acid substitution in B globin chain
of valine to glutamic, lysine to glutamic, glutamine to glutamic and
lysine to glutamic, respectively [16]. Accordingly, the respective mass
difference is ~30Da (S globin), ~1 Da (C globin), ~1 Da (D globin),
and ~1 Da (E globin). Consequently, QuanTOF could only distinguish
the presence of S globin among the four most common Hb variants due
to mass resolution limitation of a linear time-of-flight analyzer. How-
ever, unacceptable positive biases were observed as compared with an
affinity HPLC method, which was routinely used as a comparative
method in previous studies [6]. This may due to limitation of resolution
resulting in overlapping mass peaks arising from molecular components
of normal and variant 3 globins, their glycated forms and matrix ad-
ducts, giving rise to interference with HbA;. quantification.

In case of HbD, HbC, and HbE, although mass spectra cannot discern
the globin variants from normal one due to merged mass peaks, HbA;.

quantification results do not seem to affected. Acceptable bias suggest
that these variants probably have no interfering effects on HbA;.
quantification by QuanTOF, mainly because mass peaks of respective
forms (glycated and non-glycated) of variant and normal globins were
merged due to 1 Da mass difference between normal and the variant
globins. Since a small amount of samples with hemoglobin variants
were used in this part of evaluation study, more data are needed to
further investigate the interference of Hb variants on HbA;. measure-
ment by QuanTOF. Although MALDI-TOF MS may not be able to dis-
tinguish variant globin when their mass differences are too small, many
hemoglobin variants can be easily detected [7].

Correlation of glycation rate of a globin and f globin in this study
confirmed the previous finding [5,17]. Similar to B globin subunit, a
globin subunit can also be glycated on its N-terminal valine residue and
other amino acid residues [8]. Our study showed an excellent correla-
tion between glycation rates of a globin and B globin. Furthermore,
glycation rate of B globin are much higher than that of a globin. The
correlation can be used as an additional information to validate the
HbA; . values; any discrepancy between the glycation rate of a globin
and [} globin them may indicate an error in the HbA;. assay. Another
potential use of the correlation is to validate and calculate HbA; . values
in the presence of variant hemoglobin. For example, glycation rate of a
globin can be used to calculate HbA;. values in the presence of variant
B globin and vice versa. To calculate HbA;. values based on the in-
tensity ratio of glycated a globin, a reliable correlation standard curve
should be established firstly.

In conclusion, the QuanTOF HbA;. assay evaluated in this study
showed good analytical performances in precision, accuracy, linearity,
and good correlation with other popular methods. What's more, it was
not prone to the most frequent analytical interferences in HbA; . assay.
Comparing with classical methods such as CE and HPLC, MALDI-TOF
MS have costs and time advantages due to low costs of matrix con-
suming and fast scanning speed. Moreover, MALDI-TOF MS provides
more information regarding glycation rate of a globin, of which it may
offer more potential applications for HbA;. assay of hemoglobin var-
iants.
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ARTICLE INFO ABSTRACT

Keywords: Background: Glycated hemoglobin (Hemoglobin A;., HbA;.) plays a key role in monitoring long-term blood
MALDI-TOF MS glucose levels in diabetics mellitus. Therefore, it is of great importance to ensure test quality of HbA,. methods.
HbA Objectives: We aimed to evaluate analytical performances of a matrix assisted laser desorption/ionization time of
Analytical performance flight mass spectrometry (MALDI-TOF MS) system for the measurement of HbA;..

Glycation rate Methods: We assessed the analytical performances of the method including imprecision, accuracy, and linearity.
In addition, comparison with Variant II Turbo 2.0 and Capillarys3 TERA, correlation between glycation rate of a
and (3 globin as well as the influence of most frequent analytical interferences in HbA,. assays were also in-
vestigated.

Results: As measurement of imprecision, within-run CVs and total CVs were lower than 1.6% and 2.4%, re-
spectively. Discrepancy of test results (< 0.2%) of IFCC value-assigned external quality control samples in-
dicated a good accuracy of the method. The linearity was excellent with a correlation coefficient of 0.999. The
QuanTOF results were well correlated with those obtained by Variant II Turbo 2.0 and Capillarys3 TERA. Good
correlation between glycation rates of a and (3 globin were found. QuanTOF was not prone to common inter-
ferences including bilirubin, triglyceride, labile A;., and carbamylated hemoglobin. However, unacceptable
positive bias was observed when the amount of HbF were greater than approximately 8.0% or in the presence of
HbS.

Conclusions: QuanTOF perform well for the determination of HbA;. and meet quality criteria requested for
clinical use.

1. Introduction

Glycated hemoglobin (Hemoglobin A;., HbA;.), a modified he-
moglobin with a covalent bond connection of glucose to the N-terminal
valine of the B chain, is widely used as an important marker for mon-
itoring long term glycemic control performance in diabetics, as well as
screening and diagnosis of diabetes [1,2]. The routine methods cur-
rently used for HbA;. quantification are based on different principles
such as cation exchange high-pressure liquid chromatography, affinity
chromatography (HPLC), capillary electrophoresis (CE), or im-
munological reaction [3]. Each technology has its specific character-
istics and performance. MALDI-TOF MS was previously employed to
precisely measure molecular mass of a and B globin chains for identi-
fication of potential hemoglobin variants, and also modified species
such as the glycated globin [4,5].

As compared with liquid chromatography-mass spectrometry (LC-
MS), MALDI-TOF MS offers important advantages such as lower

instrumentation costs, easier sample preparation, and simpler analysis
procedures. With the development of modern MALDI-TOF MS, it be-
comes more suitable for routine quantitative measurements of HbA;..
Although the protocol for HbA;. quantification based on MALDI-TOF
MS had been described [4,5], to our knowledge, MALDI-TOF MS is not
yet used in the laboratory routine to quantify HbA;.. Moreover, sys-
tematic evaluation of MALDI-TOF MS for HbA;. determination has
never been reported.

In this study, we assessed the analytical performances of a MALDI-
TOF MS system for HbA;. assay with respect to imprecision, accuracy,
linearity, comparison with Variant II and Capillarys3 TERA, correlation
of glycation rates between a and (3 globin and the influence of the most
frequent analytical interferences in HbA;. assays.

2. Materials and methods

The QuanTOF (Intelligene Biosystems, China), a newly developed
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MALDI-TOF MS system, was evaluated for HbA;. measurement in this
study. Residual patient samples collected in EDTA tubes were obtained
from Laboratory Medicine of Peking University Shenzhen Hospital. This
study was approved by the Institutional Medical and Ethics Committee
of Peking University Shenzhen Hospital.

2.1. Sample preparation and mass spectrometry analysis

Sample preparation was performed following the manufacturer's
instruction: whole blood samples collected in EDTA tubes were diluted
1:200 in DI water and mixed 1:9 with 10 mg/mL sinapinic acid (Sigma-
Aldrich, US). Two point five uL of this mixture was then spotted onto a
stainless steel MALDI target plate (6 X 16 sample array).
Simultaneously, a series of standard samples with differing glycation
level assigned by National Glycohemoglobin Standardization Program
(NGSP) was prepared in the same manner to establish the standard
curve on each target.

All spectra were acquired on QuanTOF with the following settings:
source voltage 19 kV, laser frequency 5 kHz, laser energy 8 LJ, scanning
speed 2mm/s, mass range 5000-30,000 m/z, 10-rows scan per spot.
Mass spectrometric analysis speed by QuanTOF was about 15s per
sample spot with the above settings. Mass spectra were processed by
QuanGHb software developed by Intelligene Biosystems for QuanTOF
instrument.

2.2. HbA, standard curve

The standard curve was constructed in similar manner as described
by Hattan and collaborators [5]. Commercially available Lyphochek
hemoglobin A;. standards was purchased from Bio-Rad (Hercules, CA,
US). These six blood-based HbA;. reference standards vary system-
atically in their % HbA;. values traceable to NGSP. Mass spectrometric
peak areas from the BHb and glycated-BHb were used to calculate the
ratio of [glycated BHb/(BHb + glycated BHb)]. Linear regression ana-
lysis was performed between computed ratio and HbA;. level of each
standard by the software and subsequently used as the standard curve
for quantification analysis.

2.3. Evaluation protocol

2.3.1. Imprecision

Three samples with low (5.5%, 37 mmol/mol), medium (7.2%,
55 mmol/mol), and high (11.9%, 107 mmol/mol) HbA;. levels were
used to evaluate precision of the method. For intra-assay imprecision,
samples were run in 20 technical replications on a target plate. Total
imprecision was determined according to the Clinical and Laboratory
Standards Institute (CLSI) EP05-A2 guidelines. The three samples with
different HbA;. levels were tested in two runs per day on twenty con-
secutive days. Results were expressed in both NGSP (%) and IFCC units
(mmol/mol).

2.3.2. Accuracy

Accuracy was evaluated by analyzing 5 external quality control
samples (NO. 201,911, 201,912, 201,913, 201,914, 201,915) from
National Center for Clinical Laboratories in China, which were assigned
by IFCC Network Laboratories for HbA;. with IFCC reference method.
Biases between HbA, . results obtained with QuanTOF and target values
were calculated.

2.3.3. Linearity study

Linearity was evaluated according to the CLSI EP06-A guidelines by
proportionally mixing two samples with a high (17.5%, 168 mmol/mol)
and a low (4.5%, 26 mmol/mol) HbA;. value. Each mixed sample was
assayed in duplicate and regression analysis was performed with ob-
tained mean values versus expected values. The expected HbA; . values
were calculated according the following formula: Expected
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value = (HbA;o, X Vi X Hby, + HbA .y X Vy X Hby)/

(VL X Hby, + Vg X Hby). Vi volume of the sample with low/high
HbA;. value; Hby 4 Hb concentration of the sample with low/high
HbA;. value. Hb concentration was measured by a Sysmex XN9000
hematology analyzer (Sysmex Co., Japan).

2.3.4. Method comparison

A total of 55 samples, HbA;. range from 4.0% (20 mmol/mol) to
17.5% (168 mmol/mol), were analyzed on QuanTOF, a CE method
analysis system (Capillarys3 TERA, Sebia, France), and a cation ex-
change HPLC system (Variant II Turbo 2.0, Bio-rad, US). HbA; results
obtained with the QuanTOF were compared with those obtained with
Capillarys3 TERA and Variant II respectively. Data were further ana-
lyzed using linear regression and a Bland-Altman plot.

2.3.5. Correlation of glycation rate of a globin and f globin

Glycation rate of a globin and p globin, defined as the proportion of
the glycated form in its total globin, can be calculated by glycated a(f)
Hb/[a(B)Hb + glycated a(B)Hb]). Glycation rates of a globin and
globin can be obtained because MALDI-TOF MS can measure intact a
and f globin chains, as well as their glycated forms. The correlation of
glycation rates between a globin and 3 globin were investigated by
analyzing 56 samples with HbA;. values range from 4.3% (23 mmol/
mol) to 13.8% (127 mmol/mol) using QuanTOF.

2.4. Assessment of interfering substances

2.4.1. Labile Ay,

Erythrocytes of three samples, containing a normal (4.8%;
29 mmol/mol), medium (6.6%; 49 mmol/mol), and high (10.0%;
86 mmol/mol) HbA;. level, were incubated with glucose solutions
(56 mmol/L) at 37 °C for 1.5h. HbA,. and labile A,. were measured
every 30 min. Labile A;. was quantitated using Variant II analyzer.
After analysis, the bias with different labile A;. concentrations was
calculated.

2.4.2. Carbamylated hemoglobin

The interference of carbamylated hemoglobin (cHb) on HbA,.
measurements was evaluated by the same three samples mentioned
above. Erythrocytes were incubated with potassium cyanate (1 mmol/
L) at 37 °C for 3 h. HbA;. and cHb were measured every 1 h. cHb values
were determined using Variant II analyzer. HbA;. values of samples
with different concentration of cHb were compared with baseline
HbA, . values.

2.4.3. Bilirubin and triglyceride

Influence of triglyceride and bilirubin was assessed with two sam-
ples with normal (5.6%, 38 mmol/mol) and high (8.7%, 72 mmol/mol)
HbA; . levels. Erythrocytes of the two samples were mixed with various
dilutions of triglyceride and bilirubin plasma to achieve final con-
centrations of 22.8 mmol/L triglyceride and 304.0 umol/L bilirubin,
respectively.

2.4.4. HDF interference

The influence of HbF on HbA;. quantification was assessed by
mixing umbilical cord blood with three samples containing a normal
(5.6%, 38 mmol/mol), medium (6.7%, 50 mmol/mol), and high (9.2%,
77 mmol/mol) HbA; level. HbF levels achieved were ranged from 0.8%
to 14.2% determined with Capillarys3 TERA.

2.4.5. Common hemoglobin variants

Interference of hemoglobin variants was investigated by analyzing
samples containing HbAS (n = 2), HbAD (n = 5), HbAC (n = 3), and
HDbAE (n = 10). All heterozygous hemoglobin variants were confirmed
by Sanger sequencing. The variants were measured by QuanTOF, as
well as a boronate affinity HPLC system (Ultra®, Trinity Biotech,



A. Xu, et al.

Table 1
Performance characteristics of the QuanTOF for HbA;. measurement.

Parameter Results NGSP units, % Results IFCC units, mmol/mol
Precision Low Medium High  Low Medium High
(EP5)
HbA,. values 5.50 7.20 11.90 37 55 107
Within-run 1.63 1.14 0.90 2.79 1.68 1.14
Ccv
Total CV 2.40 1.37 1.41 4.00 2.00 1.78
Trueness Measured Target Bias Measured Target Bias
(EP9) values values values values
201,911 5.46 5.67 -0.21 36 38 -2
201,912 9.82 9.73 0.09 84 83 1
201,913 4.95 4.89 0.06 31 30 1
201,914 7.10 6.87 0.23 54 52 2
201,915 7.98 7.90 0.08 64 63 1
Linearity Measured Expected Bias Measured Expected Bias
values values values values
Low 4.51 4.51 0.00 26 26 0
mixture 1 6.12 6.20 —0.08 43 44 -1
mixture 2 8.05 8.18 —-0.13 65 66 -1
mixture 3 10.45 10.61 -0.16 91 92 -1
mixture 4 13.49 13.47 0.02 124 124 0
High 17.47 17.47 0.00 168 168 0
Interferences Bias, % Bias, mmol/mol
Bilirubin (=304.0 pmol/L) =0.1 =1
Triglycerides (< 22.8 mmol/L) <0.1 <1
cHb (<8.7%) <0.2 <2
Labile A;. (=£12.2%) <0.2 <2
HbF(<8.0%) <0.2 <2
HbF(> 8.0%) > 0.2 > 2
HDAS: globin separation S globin separated with 3 globin
Trueness HbA;. (n = 2) 0.5, 0.4 5,4
HbAC: globin separation C globin unseparated with 3 globin
Trueness HbA;. (n = 3) <0.2 <2
HbAD: globin separation D globin unseparated with B globin
Trueness HbA;. (n = 5) <0.2 <2
HDbAE: globin separation E globin unseparated with {3 globin
Trueness HbA;. (n = 10) <0.2 <2

Ireland) used as a comparative method because results from boronate
affinity HPLC are not thought to be affected by the presence of he-
moglobin variants [6]. Subsequently, the HbA;. values obtained with
QuanTOF were compared with those obtained with Ultra

2.5. Statistical analysis

All statistical and graphical analyses in the above evaluation pro-
tocols were performed with SPSS 19.0 (IBM, USA).

3. Results
3.1. Imprecision and accuracy

For QuanTOF imprecision study, within-run CVs are 1.6%, 1.1% and
0.9% (NGSP units) for low, medium, and high HbA;. level samples,
respectively. Accordingly, total CVs are 2.4%, 1.4% and 1.4% (Table 1).
The CVs in IFCC units are higher those in NGSP units. For QuanTOF
accuracy study, the absolute difference between measured HbA, . value
and respective IFCC target value is less or equal to 0.2% (2 mmol/mol)
for all five control samples (Table 1). These results have shown that the
QuanTOF demonstrates excellent performance on precision and accu-
racy.

3.2. Linearity

The linearity of the method proved to be prominent within the
range of HbA;. values from 4.5% (26 mmol/mol) to 17.5% (168 mmol/
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mol). The equation of the linear regression was Y (measured HbA;,,
%) = 0.995 X X (expected HbA;. values, %) + 0.106, with a correla-
tion coefficient of 0.999 (Table 1).

3.3. Correlation study

HbA,. values obtained with QuanTOF were well correlated with
respective results from Variant II and Capillarys3 TERA (P < .001 for
both analyzers). The linear regression analysis results were: Y
(QuanTOF HbA;.,, %) = 0.898 X X (Variant II Turbo 2.0 HbA,
%) + 0.472, with a correlation coefficient of 0.996 (Fig. 1A); or Y
(QuanTOF HbA;.,, %) =0.951 x X (Capillarys3 TERA HbA,,
%) + 0.258, with a correlation coefficient of 0.997 (Fig. 1C). The
Bland-Altman plot showed mean differences of —0.384% (QuanTOF vs
Variant II Turbo 2.0) and — 0.146% (QuanTOF vs Capillarys3 TERA),
respectively with the standard deviations (SD) of 0.414 and 0.260
(Fig. 1B and D).

3.4. Glycation rates correlation between a globin and f globin

After analysis of a globin glycation rates and 3 globin glycation
rates obtain from 56 normal samples, we found the glycation rate of a
globin was well correlated with that of 3 globin (P < .001). And linear
regression analysis resulted in the following equations: Y (Glycation
rate of {3 globin, %) = 1.655 X X (Glycation rate of a globin, %)-0.229,
with a correlation coefficient of 0.996 (Fig. 1E).

3.5. Effects of analytical interferences

3.5.1. Labile A;.

No modification of hemoglobin was detected on the mass spectrum
over the range of m/z 15,000-16,000. As compared with the baseline
HbA,;. values, all HbA;. level biases of glucose treated samples with
various duration were within 0.2% (3 mmol/mol) at proportion of la-
bile A;. up to 12.2% (Table 1, Supplementary Table 1).

3.5.2. Carbamylated hemoglobin

After treatment with potassium cyanate, cHb-a globin (m/z
15,168.6) peak, as demonstrated earlier [7], were observed in mass
spectrum (Fig. 2B). All HbA, . values were within 0.2% (2 mmol/mol) of
the baseline HbA; . values with proportion of cHb up to 8.7% (Table 1,
Supplementary Table 2).

3.5.3. Bilirubin and triglyceride

Measured HbA;. values were within 0.1% (1 mmol/mol) ranges of
the baseline HbA;. values with concentrations of bilirubin and trigly-
ceride up to 304.0 umol/L and 22.8 mmol/L, respectively (Table 1).

3.5.4. HDF interference

When HbF was present, mass spectrum showed the peaks of y globin
chain in Fig. 2C (m/z = 15,997.4). HbA; . results were not modified by
HDF significantly when its percentage was lower than 8.0%. However,
the bias of HbA;. values exceeded 0.2% (2 mmol/mol) when greater
than approximately 8.0% HbF was present. Additionally, the bias in-
creased with the increase of the percentage of HbF (Table 1, Supple-
mentary Table 3).

3.5.5. Common hemoglobin variants

Of the four most common Hb variants (i.e. HbS, HbD, HbC, and
HbE), only S globin (m/z = 15,838.7) can be detected by QuanTOF
(Fig. 2D). Nevertheless, the bias of measured HbA;. results with
QuanTOF exceeded 5.0% (NGSP criteria, < = 5%) in comparison with
Ultra2. Although HbD, HbC, and HbE were not detected, acceptable
biases compared with Ultra® were observed (Table 1).
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Fig. 1. Method comparison with linear regression analysis and Bland-Altman plots. HbA; results obtained with the QuanTOF were compared with those obtained
with Variant II Turbo 2.0 (A and B) and Capillarys3 TERA (C and D) respectively. The solid line shows the estimations of mean differences ~ X, and the dashed lines
indicate the "X = 2SD. Fig. 1E shows linear regression analysis of glycation rates correlation between a globin and p globin.
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Fig. 2. MALDI-TOF spectrum of normal and variant hemoglobin. Fig. 2A shows a mass spectrum of a normal sample with the known masses for MH + 1 of a globin
(m/z = 15,127.0) and (3 globin subunits (m/z = 15,868.0), as well as the corresponding glycated 3 globin (m/z = 16,031.0) and glycated a globin (m/z = 15,289.0).
Other known peaks with high masses are sinapinic acid matrix adducts [m/z = 15,334 (a globin), m/z = 16,077 (f globin) m/z] [Reference NO. 4]. Fig. 2B shows a
mass spectrum of a normal sample treated with potassium cyanate; cHb-a globin (m/z 15,168.6) peak were observed in mass spectrum. Mass spectrum showed the
peaks of y globin (n/z = 15,997.4) in the presence of HbF (C). Fig. 2D shows detection of S variant globin (m/z = 15,838.7) by QuanTOF.

4. Discussion

HbA;. plays a key role in assessing long term glycemic control
quality in diabetes mellitus. It is crucial to measure HbA,;. with an
analyzer as well as related quantification method to provide reliable
results. HbA;. is defined as glucose attachment to the N-terminal valine
residue of the 3 globin. The greatly enhanced reproducibility of MALDI-
TOF MS makes it well suited for the relative quantitation of glycated
globin vs. non-modified B globin - glucose modification results in a
162 Da increase in (3 globin mass which can be readily distinguished.

Glucose may also modify other amino acid residues such as lysine
residues present on (3 globin [8]. Since MALDI-TOF MS cannot distin-
guish these glycated species with same molecular weight, HbA; results
obtained with QuanTOF contain various glycated species. Nevertheless,
this study showed good performances of QuanTOF in routine HbA;.
analytical test. Reproducibility study showed total CVs is well within
the recommended precision [9]. In addition, the results presented in
this study are in good agreement with target values of external control
samples as well as those obtained from Variant II and Capillarys3 TERA.

The study indicated that HbA;. quantification by MALDI-TOF MS
was not prone to common interferences such as triglyceride, bilirubin,
labile A;., and cHb. Labile A;. forms at early stage of hemoglobin
glycation process; its concentration varies with change of blood glucose
level. Carbamylation hemoglobin, detected by QuanTOF in this study,
results from the modification of urea-derived isocyanic acid (-OCNH,-,
molecular weight 42) and mostly increases in patients with renal failure
[10]. Molecular weight of cHb-a globin (m/z = 15,168.6) observed in
mass spectrum consist with the alteration of cHb modification on a
globin (m/z = 15,127.0). Recent research shows Labile A;. and cHb are
still interfere with HbA;. measurement by HPLC [11]. QuanTOF Data
demonstrate that MALDI-TOF MS is superior to HPLC in this matter.

HDF, consist of 2a chain and 2y chain, remain a very common and
important interfering substance in HbA;. determination. It was docu-
mented that significant bias was induced by HbF when its proportion
increased up to 20% or higher [12]. QuanTOF can detect the presence
of y globin. However, when HbF percentages exceeded approximately
8.0%, unacceptable positive bias was found, suggesting that high level
of HbF interfere with HbA,. measurement.

HbA;. determination in the presence of hemoglobin variants is a
crucial issue [13]. Hemoglobin variants could interfere with HbA;.
measurement due to the effects of the hemoglobin variants on the
specific method used or on the alteration of erythrocyte lifespan
[14,15]. To date, there are > 1300 hemoglobin variants identified [16].
The four most common hemoglobin variants, known as HbS, HbC, HbD,
and HbE, result from a single amino acid substitution in B globin chain
of valine to glutamic, lysine to glutamic, glutamine to glutamic and
lysine to glutamic, respectively [16]. Accordingly, the respective mass
difference is ~30Da (S globin), ~1 Da (C globin), ~1 Da (D globin),
and ~1 Da (E globin). Consequently, QuanTOF could only distinguish
the presence of S globin among the four most common Hb variants due
to mass resolution limitation of a linear time-of-flight analyzer. How-
ever, unacceptable positive biases were observed as compared with an
affinity HPLC method, which was routinely used as a comparative
method in previous studies [6]. This may due to limitation of resolution
resulting in overlapping mass peaks arising from molecular components
of normal and variant 3 globins, their glycated forms and matrix ad-
ducts, giving rise to interference with HbA;. quantification.

In case of HbD, HbC, and HbE, although mass spectra cannot discern
the globin variants from normal one due to merged mass peaks, HbA;.

quantification results do not seem to affected. Acceptable bias suggest
that these variants probably have no interfering effects on HbA;.
quantification by QuanTOF, mainly because mass peaks of respective
forms (glycated and non-glycated) of variant and normal globins were
merged due to 1 Da mass difference between normal and the variant
globins. Since a small amount of samples with hemoglobin variants
were used in this part of evaluation study, more data are needed to
further investigate the interference of Hb variants on HbA;. measure-
ment by QuanTOF. Although MALDI-TOF MS may not be able to dis-
tinguish variant globin when their mass differences are too small, many
hemoglobin variants can be easily detected [7].

Correlation of glycation rate of a globin and f globin in this study
confirmed the previous finding [5,17]. Similar to B globin subunit, a
globin subunit can also be glycated on its N-terminal valine residue and
other amino acid residues [8]. Our study showed an excellent correla-
tion between glycation rates of a globin and B globin. Furthermore,
glycation rate of B globin are much higher than that of a globin. The
correlation can be used as an additional information to validate the
HbA; . values; any discrepancy between the glycation rate of a globin
and [} globin them may indicate an error in the HbA;. assay. Another
potential use of the correlation is to validate and calculate HbA; . values
in the presence of variant hemoglobin. For example, glycation rate of a
globin can be used to calculate HbA;. values in the presence of variant
B globin and vice versa. To calculate HbA;. values based on the in-
tensity ratio of glycated a globin, a reliable correlation standard curve
should be established firstly.

In conclusion, the QuanTOF HbA;. assay evaluated in this study
showed good analytical performances in precision, accuracy, linearity,
and good correlation with other popular methods. What's more, it was
not prone to the most frequent analytical interferences in HbA; . assay.
Comparing with classical methods such as CE and HPLC, MALDI-TOF
MS have costs and time advantages due to low costs of matrix con-
suming and fast scanning speed. Moreover, MALDI-TOF MS provides
more information regarding glycation rate of a globin, of which it may
offer more potential applications for HbA;. assay of hemoglobin var-
iants.
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ARTICLE INFO ABSTRACT

Keywords: Background: Glycated hemoglobin (Hemoglobin A;., HbA;.) plays a key role in monitoring long-term blood
MALDI-TOF MS glucose levels in diabetics mellitus. Therefore, it is of great importance to ensure test quality of HbA,. methods.
HbA Objectives: We aimed to evaluate analytical performances of a matrix assisted laser desorption/ionization time of
Analytical performance flight mass spectrometry (MALDI-TOF MS) system for the measurement of HbA;..

Glycation rate Methods: We assessed the analytical performances of the method including imprecision, accuracy, and linearity.
In addition, comparison with Variant II Turbo 2.0 and Capillarys3 TERA, correlation between glycation rate of a
and (3 globin as well as the influence of most frequent analytical interferences in HbA,. assays were also in-
vestigated.

Results: As measurement of imprecision, within-run CVs and total CVs were lower than 1.6% and 2.4%, re-
spectively. Discrepancy of test results (< 0.2%) of IFCC value-assigned external quality control samples in-
dicated a good accuracy of the method. The linearity was excellent with a correlation coefficient of 0.999. The
QuanTOF results were well correlated with those obtained by Variant II Turbo 2.0 and Capillarys3 TERA. Good
correlation between glycation rates of a and (3 globin were found. QuanTOF was not prone to common inter-
ferences including bilirubin, triglyceride, labile A;., and carbamylated hemoglobin. However, unacceptable
positive bias was observed when the amount of HbF were greater than approximately 8.0% or in the presence of
HbS.

Conclusions: QuanTOF perform well for the determination of HbA;. and meet quality criteria requested for
clinical use.

1. Introduction

Glycated hemoglobin (Hemoglobin A;., HbA;.), a modified he-
moglobin with a covalent bond connection of glucose to the N-terminal
valine of the B chain, is widely used as an important marker for mon-
itoring long term glycemic control performance in diabetics, as well as
screening and diagnosis of diabetes [1,2]. The routine methods cur-
rently used for HbA;. quantification are based on different principles
such as cation exchange high-pressure liquid chromatography, affinity
chromatography (HPLC), capillary electrophoresis (CE), or im-
munological reaction [3]. Each technology has its specific character-
istics and performance. MALDI-TOF MS was previously employed to
precisely measure molecular mass of a and B globin chains for identi-
fication of potential hemoglobin variants, and also modified species
such as the glycated globin [4,5].

As compared with liquid chromatography-mass spectrometry (LC-
MS), MALDI-TOF MS offers important advantages such as lower

instrumentation costs, easier sample preparation, and simpler analysis
procedures. With the development of modern MALDI-TOF MS, it be-
comes more suitable for routine quantitative measurements of HbA;..
Although the protocol for HbA;. quantification based on MALDI-TOF
MS had been described [4,5], to our knowledge, MALDI-TOF MS is not
yet used in the laboratory routine to quantify HbA;.. Moreover, sys-
tematic evaluation of MALDI-TOF MS for HbA;. determination has
never been reported.

In this study, we assessed the analytical performances of a MALDI-
TOF MS system for HbA;. assay with respect to imprecision, accuracy,
linearity, comparison with Variant II and Capillarys3 TERA, correlation
of glycation rates between a and (3 globin and the influence of the most
frequent analytical interferences in HbA;. assays.

2. Materials and methods

The QuanTOF (Intelligene Biosystems, China), a newly developed
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Guangdong, China.

E-mail addresses: cwd0528@163.com (W. Chen), 1120303921 @qq.com (L. Ji).

https://doi.org/10.1016/j.cca.2019.08.025

Received 7 May 2019; Received in revised form 3 August 2019; Accepted 22 August 2019

Available online 23 August 2019
0009-8981/ © 2019 Elsevier B.V. All rights reserved.



A. Xu, et al.

MALDI-TOF MS system, was evaluated for HbA;. measurement in this
study. Residual patient samples collected in EDTA tubes were obtained
from Laboratory Medicine of Peking University Shenzhen Hospital. This
study was approved by the Institutional Medical and Ethics Committee
of Peking University Shenzhen Hospital.

2.1. Sample preparation and mass spectrometry analysis

Sample preparation was performed following the manufacturer's
instruction: whole blood samples collected in EDTA tubes were diluted
1:200 in DI water and mixed 1:9 with 10 mg/mL sinapinic acid (Sigma-
Aldrich, US). Two point five uL of this mixture was then spotted onto a
stainless steel MALDI target plate (6 X 16 sample array).
Simultaneously, a series of standard samples with differing glycation
level assigned by National Glycohemoglobin Standardization Program
(NGSP) was prepared in the same manner to establish the standard
curve on each target.

All spectra were acquired on QuanTOF with the following settings:
source voltage 19 kV, laser frequency 5 kHz, laser energy 8 LJ, scanning
speed 2mm/s, mass range 5000-30,000 m/z, 10-rows scan per spot.
Mass spectrometric analysis speed by QuanTOF was about 15s per
sample spot with the above settings. Mass spectra were processed by
QuanGHb software developed by Intelligene Biosystems for QuanTOF
instrument.

2.2. HbA, standard curve

The standard curve was constructed in similar manner as described
by Hattan and collaborators [5]. Commercially available Lyphochek
hemoglobin A;. standards was purchased from Bio-Rad (Hercules, CA,
US). These six blood-based HbA;. reference standards vary system-
atically in their % HbA;. values traceable to NGSP. Mass spectrometric
peak areas from the BHb and glycated-BHb were used to calculate the
ratio of [glycated BHb/(BHb + glycated BHb)]. Linear regression ana-
lysis was performed between computed ratio and HbA;. level of each
standard by the software and subsequently used as the standard curve
for quantification analysis.

2.3. Evaluation protocol

2.3.1. Imprecision

Three samples with low (5.5%, 37 mmol/mol), medium (7.2%,
55 mmol/mol), and high (11.9%, 107 mmol/mol) HbA;. levels were
used to evaluate precision of the method. For intra-assay imprecision,
samples were run in 20 technical replications on a target plate. Total
imprecision was determined according to the Clinical and Laboratory
Standards Institute (CLSI) EP05-A2 guidelines. The three samples with
different HbA;. levels were tested in two runs per day on twenty con-
secutive days. Results were expressed in both NGSP (%) and IFCC units
(mmol/mol).

2.3.2. Accuracy

Accuracy was evaluated by analyzing 5 external quality control
samples (NO. 201,911, 201,912, 201,913, 201,914, 201,915) from
National Center for Clinical Laboratories in China, which were assigned
by IFCC Network Laboratories for HbA;. with IFCC reference method.
Biases between HbA, . results obtained with QuanTOF and target values
were calculated.

2.3.3. Linearity study

Linearity was evaluated according to the CLSI EP06-A guidelines by
proportionally mixing two samples with a high (17.5%, 168 mmol/mol)
and a low (4.5%, 26 mmol/mol) HbA;. value. Each mixed sample was
assayed in duplicate and regression analysis was performed with ob-
tained mean values versus expected values. The expected HbA; . values
were calculated according the following formula: Expected
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value = (HbA;o, X Vi X Hby, + HbA .y X Vy X Hby)/

(VL X Hby, + Vg X Hby). Vi volume of the sample with low/high
HbA;. value; Hby 4 Hb concentration of the sample with low/high
HbA;. value. Hb concentration was measured by a Sysmex XN9000
hematology analyzer (Sysmex Co., Japan).

2.3.4. Method comparison

A total of 55 samples, HbA;. range from 4.0% (20 mmol/mol) to
17.5% (168 mmol/mol), were analyzed on QuanTOF, a CE method
analysis system (Capillarys3 TERA, Sebia, France), and a cation ex-
change HPLC system (Variant II Turbo 2.0, Bio-rad, US). HbA; results
obtained with the QuanTOF were compared with those obtained with
Capillarys3 TERA and Variant II respectively. Data were further ana-
lyzed using linear regression and a Bland-Altman plot.

2.3.5. Correlation of glycation rate of a globin and f globin

Glycation rate of a globin and p globin, defined as the proportion of
the glycated form in its total globin, can be calculated by glycated a(f)
Hb/[a(B)Hb + glycated a(B)Hb]). Glycation rates of a globin and
globin can be obtained because MALDI-TOF MS can measure intact a
and f globin chains, as well as their glycated forms. The correlation of
glycation rates between a globin and 3 globin were investigated by
analyzing 56 samples with HbA;. values range from 4.3% (23 mmol/
mol) to 13.8% (127 mmol/mol) using QuanTOF.

2.4. Assessment of interfering substances

2.4.1. Labile Ay,

Erythrocytes of three samples, containing a normal (4.8%;
29 mmol/mol), medium (6.6%; 49 mmol/mol), and high (10.0%;
86 mmol/mol) HbA;. level, were incubated with glucose solutions
(56 mmol/L) at 37 °C for 1.5h. HbA,. and labile A,. were measured
every 30 min. Labile A;. was quantitated using Variant II analyzer.
After analysis, the bias with different labile A;. concentrations was
calculated.

2.4.2. Carbamylated hemoglobin

The interference of carbamylated hemoglobin (cHb) on HbA,.
measurements was evaluated by the same three samples mentioned
above. Erythrocytes were incubated with potassium cyanate (1 mmol/
L) at 37 °C for 3 h. HbA;. and cHb were measured every 1 h. cHb values
were determined using Variant II analyzer. HbA;. values of samples
with different concentration of cHb were compared with baseline
HbA, . values.

2.4.3. Bilirubin and triglyceride

Influence of triglyceride and bilirubin was assessed with two sam-
ples with normal (5.6%, 38 mmol/mol) and high (8.7%, 72 mmol/mol)
HbA; . levels. Erythrocytes of the two samples were mixed with various
dilutions of triglyceride and bilirubin plasma to achieve final con-
centrations of 22.8 mmol/L triglyceride and 304.0 umol/L bilirubin,
respectively.

2.4.4. HDF interference

The influence of HbF on HbA;. quantification was assessed by
mixing umbilical cord blood with three samples containing a normal
(5.6%, 38 mmol/mol), medium (6.7%, 50 mmol/mol), and high (9.2%,
77 mmol/mol) HbA; level. HbF levels achieved were ranged from 0.8%
to 14.2% determined with Capillarys3 TERA.

2.4.5. Common hemoglobin variants

Interference of hemoglobin variants was investigated by analyzing
samples containing HbAS (n = 2), HbAD (n = 5), HbAC (n = 3), and
HDbAE (n = 10). All heterozygous hemoglobin variants were confirmed
by Sanger sequencing. The variants were measured by QuanTOF, as
well as a boronate affinity HPLC system (Ultra®, Trinity Biotech,
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Table 1
Performance characteristics of the QuanTOF for HbA;. measurement.

Parameter Results NGSP units, % Results IFCC units, mmol/mol
Precision Low Medium High  Low Medium High
(EP5)
HbA,. values 5.50 7.20 11.90 37 55 107
Within-run 1.63 1.14 0.90 2.79 1.68 1.14
Ccv
Total CV 2.40 1.37 1.41 4.00 2.00 1.78
Trueness Measured Target Bias Measured Target Bias
(EP9) values values values values
201,911 5.46 5.67 -0.21 36 38 -2
201,912 9.82 9.73 0.09 84 83 1
201,913 4.95 4.89 0.06 31 30 1
201,914 7.10 6.87 0.23 54 52 2
201,915 7.98 7.90 0.08 64 63 1
Linearity Measured Expected Bias Measured Expected Bias
values values values values
Low 4.51 4.51 0.00 26 26 0
mixture 1 6.12 6.20 —0.08 43 44 -1
mixture 2 8.05 8.18 —-0.13 65 66 -1
mixture 3 10.45 10.61 -0.16 91 92 -1
mixture 4 13.49 13.47 0.02 124 124 0
High 17.47 17.47 0.00 168 168 0
Interferences Bias, % Bias, mmol/mol
Bilirubin (=304.0 pmol/L) =0.1 =1
Triglycerides (< 22.8 mmol/L) <0.1 <1
cHb (<8.7%) <0.2 <2
Labile A;. (=£12.2%) <0.2 <2
HbF(<8.0%) <0.2 <2
HbF(> 8.0%) > 0.2 > 2
HDAS: globin separation S globin separated with 3 globin
Trueness HbA;. (n = 2) 0.5, 0.4 5,4
HbAC: globin separation C globin unseparated with 3 globin
Trueness HbA;. (n = 3) <0.2 <2
HbAD: globin separation D globin unseparated with B globin
Trueness HbA;. (n = 5) <0.2 <2
HDbAE: globin separation E globin unseparated with {3 globin
Trueness HbA;. (n = 10) <0.2 <2

Ireland) used as a comparative method because results from boronate
affinity HPLC are not thought to be affected by the presence of he-
moglobin variants [6]. Subsequently, the HbA;. values obtained with
QuanTOF were compared with those obtained with Ultra

2.5. Statistical analysis

All statistical and graphical analyses in the above evaluation pro-
tocols were performed with SPSS 19.0 (IBM, USA).

3. Results
3.1. Imprecision and accuracy

For QuanTOF imprecision study, within-run CVs are 1.6%, 1.1% and
0.9% (NGSP units) for low, medium, and high HbA;. level samples,
respectively. Accordingly, total CVs are 2.4%, 1.4% and 1.4% (Table 1).
The CVs in IFCC units are higher those in NGSP units. For QuanTOF
accuracy study, the absolute difference between measured HbA, . value
and respective IFCC target value is less or equal to 0.2% (2 mmol/mol)
for all five control samples (Table 1). These results have shown that the
QuanTOF demonstrates excellent performance on precision and accu-
racy.

3.2. Linearity

The linearity of the method proved to be prominent within the
range of HbA;. values from 4.5% (26 mmol/mol) to 17.5% (168 mmol/
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mol). The equation of the linear regression was Y (measured HbA;,,
%) = 0.995 X X (expected HbA;. values, %) + 0.106, with a correla-
tion coefficient of 0.999 (Table 1).

3.3. Correlation study

HbA,. values obtained with QuanTOF were well correlated with
respective results from Variant II and Capillarys3 TERA (P < .001 for
both analyzers). The linear regression analysis results were: Y
(QuanTOF HbA;.,, %) = 0.898 X X (Variant II Turbo 2.0 HbA,
%) + 0.472, with a correlation coefficient of 0.996 (Fig. 1A); or Y
(QuanTOF HbA;.,, %) =0.951 x X (Capillarys3 TERA HbA,,
%) + 0.258, with a correlation coefficient of 0.997 (Fig. 1C). The
Bland-Altman plot showed mean differences of —0.384% (QuanTOF vs
Variant II Turbo 2.0) and — 0.146% (QuanTOF vs Capillarys3 TERA),
respectively with the standard deviations (SD) of 0.414 and 0.260
(Fig. 1B and D).

3.4. Glycation rates correlation between a globin and f globin

After analysis of a globin glycation rates and 3 globin glycation
rates obtain from 56 normal samples, we found the glycation rate of a
globin was well correlated with that of 3 globin (P < .001). And linear
regression analysis resulted in the following equations: Y (Glycation
rate of {3 globin, %) = 1.655 X X (Glycation rate of a globin, %)-0.229,
with a correlation coefficient of 0.996 (Fig. 1E).

3.5. Effects of analytical interferences

3.5.1. Labile A;.

No modification of hemoglobin was detected on the mass spectrum
over the range of m/z 15,000-16,000. As compared with the baseline
HbA,;. values, all HbA;. level biases of glucose treated samples with
various duration were within 0.2% (3 mmol/mol) at proportion of la-
bile A;. up to 12.2% (Table 1, Supplementary Table 1).

3.5.2. Carbamylated hemoglobin

After treatment with potassium cyanate, cHb-a globin (m/z
15,168.6) peak, as demonstrated earlier [7], were observed in mass
spectrum (Fig. 2B). All HbA, . values were within 0.2% (2 mmol/mol) of
the baseline HbA; . values with proportion of cHb up to 8.7% (Table 1,
Supplementary Table 2).

3.5.3. Bilirubin and triglyceride

Measured HbA;. values were within 0.1% (1 mmol/mol) ranges of
the baseline HbA;. values with concentrations of bilirubin and trigly-
ceride up to 304.0 umol/L and 22.8 mmol/L, respectively (Table 1).

3.5.4. HDF interference

When HbF was present, mass spectrum showed the peaks of y globin
chain in Fig. 2C (m/z = 15,997.4). HbA; . results were not modified by
HDF significantly when its percentage was lower than 8.0%. However,
the bias of HbA;. values exceeded 0.2% (2 mmol/mol) when greater
than approximately 8.0% HbF was present. Additionally, the bias in-
creased with the increase of the percentage of HbF (Table 1, Supple-
mentary Table 3).

3.5.5. Common hemoglobin variants

Of the four most common Hb variants (i.e. HbS, HbD, HbC, and
HbE), only S globin (m/z = 15,838.7) can be detected by QuanTOF
(Fig. 2D). Nevertheless, the bias of measured HbA;. results with
QuanTOF exceeded 5.0% (NGSP criteria, < = 5%) in comparison with
Ultra2. Although HbD, HbC, and HbE were not detected, acceptable
biases compared with Ultra® were observed (Table 1).
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Fig. 1. Method comparison with linear regression analysis and Bland-Altman plots. HbA; results obtained with the QuanTOF were compared with those obtained
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Fig. 2. MALDI-TOF spectrum of normal and variant hemoglobin. Fig. 2A shows a mass spectrum of a normal sample with the known masses for MH + 1 of a globin
(m/z = 15,127.0) and (3 globin subunits (m/z = 15,868.0), as well as the corresponding glycated 3 globin (m/z = 16,031.0) and glycated a globin (m/z = 15,289.0).
Other known peaks with high masses are sinapinic acid matrix adducts [m/z = 15,334 (a globin), m/z = 16,077 (f globin) m/z] [Reference NO. 4]. Fig. 2B shows a
mass spectrum of a normal sample treated with potassium cyanate; cHb-a globin (m/z 15,168.6) peak were observed in mass spectrum. Mass spectrum showed the
peaks of y globin (n/z = 15,997.4) in the presence of HbF (C). Fig. 2D shows detection of S variant globin (m/z = 15,838.7) by QuanTOF.

4. Discussion

HbA;. plays a key role in assessing long term glycemic control
quality in diabetes mellitus. It is crucial to measure HbA,;. with an
analyzer as well as related quantification method to provide reliable
results. HbA;. is defined as glucose attachment to the N-terminal valine
residue of the 3 globin. The greatly enhanced reproducibility of MALDI-
TOF MS makes it well suited for the relative quantitation of glycated
globin vs. non-modified B globin - glucose modification results in a
162 Da increase in (3 globin mass which can be readily distinguished.

Glucose may also modify other amino acid residues such as lysine
residues present on (3 globin [8]. Since MALDI-TOF MS cannot distin-
guish these glycated species with same molecular weight, HbA; results
obtained with QuanTOF contain various glycated species. Nevertheless,
this study showed good performances of QuanTOF in routine HbA;.
analytical test. Reproducibility study showed total CVs is well within
the recommended precision [9]. In addition, the results presented in
this study are in good agreement with target values of external control
samples as well as those obtained from Variant II and Capillarys3 TERA.

The study indicated that HbA;. quantification by MALDI-TOF MS
was not prone to common interferences such as triglyceride, bilirubin,
labile A;., and cHb. Labile A;. forms at early stage of hemoglobin
glycation process; its concentration varies with change of blood glucose
level. Carbamylation hemoglobin, detected by QuanTOF in this study,
results from the modification of urea-derived isocyanic acid (-OCNH,-,
molecular weight 42) and mostly increases in patients with renal failure
[10]. Molecular weight of cHb-a globin (m/z = 15,168.6) observed in
mass spectrum consist with the alteration of cHb modification on a
globin (m/z = 15,127.0). Recent research shows Labile A;. and cHb are
still interfere with HbA;. measurement by HPLC [11]. QuanTOF Data
demonstrate that MALDI-TOF MS is superior to HPLC in this matter.

HDF, consist of 2a chain and 2y chain, remain a very common and
important interfering substance in HbA;. determination. It was docu-
mented that significant bias was induced by HbF when its proportion
increased up to 20% or higher [12]. QuanTOF can detect the presence
of y globin. However, when HbF percentages exceeded approximately
8.0%, unacceptable positive bias was found, suggesting that high level
of HbF interfere with HbA,. measurement.

HbA;. determination in the presence of hemoglobin variants is a
crucial issue [13]. Hemoglobin variants could interfere with HbA;.
measurement due to the effects of the hemoglobin variants on the
specific method used or on the alteration of erythrocyte lifespan
[14,15]. To date, there are > 1300 hemoglobin variants identified [16].
The four most common hemoglobin variants, known as HbS, HbC, HbD,
and HbE, result from a single amino acid substitution in B globin chain
of valine to glutamic, lysine to glutamic, glutamine to glutamic and
lysine to glutamic, respectively [16]. Accordingly, the respective mass
difference is ~30Da (S globin), ~1 Da (C globin), ~1 Da (D globin),
and ~1 Da (E globin). Consequently, QuanTOF could only distinguish
the presence of S globin among the four most common Hb variants due
to mass resolution limitation of a linear time-of-flight analyzer. How-
ever, unacceptable positive biases were observed as compared with an
affinity HPLC method, which was routinely used as a comparative
method in previous studies [6]. This may due to limitation of resolution
resulting in overlapping mass peaks arising from molecular components
of normal and variant 3 globins, their glycated forms and matrix ad-
ducts, giving rise to interference with HbA;. quantification.

In case of HbD, HbC, and HbE, although mass spectra cannot discern
the globin variants from normal one due to merged mass peaks, HbA;.

quantification results do not seem to affected. Acceptable bias suggest
that these variants probably have no interfering effects on HbA;.
quantification by QuanTOF, mainly because mass peaks of respective
forms (glycated and non-glycated) of variant and normal globins were
merged due to 1 Da mass difference between normal and the variant
globins. Since a small amount of samples with hemoglobin variants
were used in this part of evaluation study, more data are needed to
further investigate the interference of Hb variants on HbA;. measure-
ment by QuanTOF. Although MALDI-TOF MS may not be able to dis-
tinguish variant globin when their mass differences are too small, many
hemoglobin variants can be easily detected [7].

Correlation of glycation rate of a globin and f globin in this study
confirmed the previous finding [5,17]. Similar to B globin subunit, a
globin subunit can also be glycated on its N-terminal valine residue and
other amino acid residues [8]. Our study showed an excellent correla-
tion between glycation rates of a globin and B globin. Furthermore,
glycation rate of B globin are much higher than that of a globin. The
correlation can be used as an additional information to validate the
HbA; . values; any discrepancy between the glycation rate of a globin
and [} globin them may indicate an error in the HbA;. assay. Another
potential use of the correlation is to validate and calculate HbA; . values
in the presence of variant hemoglobin. For example, glycation rate of a
globin can be used to calculate HbA;. values in the presence of variant
B globin and vice versa. To calculate HbA;. values based on the in-
tensity ratio of glycated a globin, a reliable correlation standard curve
should be established firstly.

In conclusion, the QuanTOF HbA;. assay evaluated in this study
showed good analytical performances in precision, accuracy, linearity,
and good correlation with other popular methods. What's more, it was
not prone to the most frequent analytical interferences in HbA; . assay.
Comparing with classical methods such as CE and HPLC, MALDI-TOF
MS have costs and time advantages due to low costs of matrix con-
suming and fast scanning speed. Moreover, MALDI-TOF MS provides
more information regarding glycation rate of a globin, of which it may
offer more potential applications for HbA;. assay of hemoglobin var-
iants.

Funding

This work was supported by Research Foundation of Peking
University Shenzhen Hospital [JCYJ2018003, JCYJ2018005].

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cca.2019.08.025.

References

[1] Diabetes Control and Complications Trial Research Group, The effect of intensive
treatment of diabetes on the development and progression of long-term complica-
tions in insulin-dependent diabetes mellitus, N. Engl. J. Med. 329 (14) (1993)
977-986.

American Diabetes Association, Standards of medical care in diabetes, Diabetes
Care 33 (suppl) (2010) S11-S61.

Jeanne M. Rhea, Ross Molinaro, Pathology consultation on HbA(1c) methods and
interferences, Am. J. Clin. Pathol. 141 (1) (2014) 5-16.

A. Biroccio, A. Urbani, R. Massoud, C. di Ilio, P. Sacchetta, S. Bernardini, C. Cortese,
G. Federici, A quantitative method for the analysis of glycated and glutathionylated
hemoglobin by matrix-assisted laser desorption ionization-time of flight mass
spectrometry, Anal. Biochem. 336 (2) (2005) 279-288.

S.J. Hattan, K.C. Parker, M.L. Vestal, J.Y. Yang, D.A. Herold, M.W. Duncan, Analysis

[2

[3

[4]

[5



A. Xu, et al.

[6

—

[7

—

(8]
[91
[10]

[11]

and quantitation of glycated hemoglobin by matrix assisted laser desorption/ioni-
zation time of flight mass spectrometry, J. Am. Soc. Mass Spectrom. 27 (3) (2016)
532-541.

C.N. Lin, T.J. Emery, R.R. Little, S.E. Hanson, C.L. Rohlfing, S. Jaisson, P. Gillery,
W.L. Roberts, Effects of hemoglobin C, D, E, and S traits on measurements of HbAlc
by six methods, Clin. Chim. Acta 413 (7-8) (2012) 819-821.

K. Zurbriggen, M. Schmugge, M. Schmid, S. Durka, P. Kleinert, T. Kuster,

C.W. Heizmann, H. Troxler, Analysis of minor hemoglobins by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry, Clin. Chem. 51 (6) (2005)
989-996.

R. Shapiro, M.J. McManus, C. Zalut, H.F. Bunn, Sites of nonenzymatic glycosylation
of human hemoglobin A, J. Biol. Chem. 255 (7) (1980) 3120-3127 10.

F. Braga, M. Panteghini, Standardization and analytical goals for glycated he-
moglobin measurement, Clin. Chem. Lab. Med. 51 (9) (2013) 1719-1726.

A. Badar, Z. Arif, K. Alam, Role of carbamylated biomolecules in human diseases,
IUBMB Life 70 (4) (2018) 267-275.

A. Desmons, S. Jaisson, N. Leroy, P. Gillery, E. Guillard, Labile glycated hemoglobin
and carbamylated hemoglobin are still critical points for HbAlc measurement,
Biochem. Med. (Zagreb) 27 (2) (2017) 378-386.

160

[12]

[13]

[14]

[15]

[16]

[17]

Clinica Chimica Acta 498 (2019) 154-160

C.L. Rohlfing, S.M. Connolly, J.D. England, S.E. Hanson, C.M. Moellering,

J.R. Bachelder, R.R. Little, The effect of elevated fetal hemoglobin on hemoglobin
Alc results: five common hemoglobin Alc methods compared with the IFCC re-
ference method, Am. J. Clin. Pathol. 129 (5) (2008) 811-814.

M.R. Lewis, R.C. Macauley, P.R. Sheehan, M.A. Staten, L.S. Phillips, N. Rasouli,
A.G. Pittas, D2d Research Group, Management of hemoglobin variants detected
incidentally in HbAlc testing: a common problem currently lacking a standard
approach, Diabetes Care 40 (2) (2017) e8-€9.

C. Rohlfing, S. Hanson, C. Weykamp, C. Siebelder, T. Higgins, R. Molinaro,

P.M. Yip, R.R. Little, Effects of hemoglobin C, D, E and S traits on measurements of
hemoglobin Alc by twelve methods, Clin. Chim. Acta 455 (2016) 80-83.

R.M. Cohen, R.S. Franco, P.K. Khera, E.P. Smith, C.J. Lindsell, P.J. Ciraolo,

M.B. Palascak, C.H. Joiner, Red cell life span heterogeneity in hematological normal
people is sufficient to alter HbAlc, Blood 112 (10) (2008) 4284-4291.

HbVar: A Database of Human Hemoglobin Variants and Thalassemias, Available at
http://globin.bx.psu.edu/cgi-bin/hbvar/counter , Accessed date: 25 March 2019.
N.B. Roberts, A.B. Amara, M. Morris, B.N. Green, Long-term evaluation of elec-
trospray ionization mass spectrometric analysis of glycated hemoglobin, Clin.
Chem. 47 (2) (2001) 316-321.



Question 8
Attached



Clinica Chimica Acta 498 (2019) 154-160

Contents lists available at ScienceDirect

Clinica Chimica Acta

journal homepage: www.elsevier.com/locate/cca

Evaluation of MALDI-TOF MS for the measurement of glycated hemoglobin = R

Anping Xu®, Yajun Wang", Jie Li®, Guiping Liu®, Xiaofeng Li’, Weidong Chen™", Ling Ji*"

& Department of Laboratory Medicine, Peking University Shenzhen Hospital, Shenzhen, Guangdong, China
b public Health Laboratory Centre, NOS382, Nam Cheong Street, Kowloon, Hong Kong

ARTICLE INFO ABSTRACT

Keywords: Background: Glycated hemoglobin (Hemoglobin A;., HbA;.) plays a key role in monitoring long-term blood
MALDI-TOF MS glucose levels in diabetics mellitus. Therefore, it is of great importance to ensure test quality of HbA,. methods.
HbA Objectives: We aimed to evaluate analytical performances of a matrix assisted laser desorption/ionization time of
Analytical performance flight mass spectrometry (MALDI-TOF MS) system for the measurement of HbA;..

Glycation rate Methods: We assessed the analytical performances of the method including imprecision, accuracy, and linearity.
In addition, comparison with Variant II Turbo 2.0 and Capillarys3 TERA, correlation between glycation rate of a
and (3 globin as well as the influence of most frequent analytical interferences in HbA,. assays were also in-
vestigated.

Results: As measurement of imprecision, within-run CVs and total CVs were lower than 1.6% and 2.4%, re-
spectively. Discrepancy of test results (< 0.2%) of IFCC value-assigned external quality control samples in-
dicated a good accuracy of the method. The linearity was excellent with a correlation coefficient of 0.999. The
QuanTOF results were well correlated with those obtained by Variant II Turbo 2.0 and Capillarys3 TERA. Good
correlation between glycation rates of a and (3 globin were found. QuanTOF was not prone to common inter-
ferences including bilirubin, triglyceride, labile A;., and carbamylated hemoglobin. However, unacceptable
positive bias was observed when the amount of HbF were greater than approximately 8.0% or in the presence of
HbS.

Conclusions: QuanTOF perform well for the determination of HbA;. and meet quality criteria requested for
clinical use.

1. Introduction

Glycated hemoglobin (Hemoglobin A;., HbA;.), a modified he-
moglobin with a covalent bond connection of glucose to the N-terminal
valine of the B chain, is widely used as an important marker for mon-
itoring long term glycemic control performance in diabetics, as well as
screening and diagnosis of diabetes [1,2]. The routine methods cur-
rently used for HbA;. quantification are based on different principles
such as cation exchange high-pressure liquid chromatography, affinity
chromatography (HPLC), capillary electrophoresis (CE), or im-
munological reaction [3]. Each technology has its specific character-
istics and performance. MALDI-TOF MS was previously employed to
precisely measure molecular mass of a and B globin chains for identi-
fication of potential hemoglobin variants, and also modified species
such as the glycated globin [4,5].

As compared with liquid chromatography-mass spectrometry (LC-
MS), MALDI-TOF MS offers important advantages such as lower

instrumentation costs, easier sample preparation, and simpler analysis
procedures. With the development of modern MALDI-TOF MS, it be-
comes more suitable for routine quantitative measurements of HbA;..
Although the protocol for HbA;. quantification based on MALDI-TOF
MS had been described [4,5], to our knowledge, MALDI-TOF MS is not
yet used in the laboratory routine to quantify HbA;.. Moreover, sys-
tematic evaluation of MALDI-TOF MS for HbA;. determination has
never been reported.

In this study, we assessed the analytical performances of a MALDI-
TOF MS system for HbA;. assay with respect to imprecision, accuracy,
linearity, comparison with Variant II and Capillarys3 TERA, correlation
of glycation rates between a and (3 globin and the influence of the most
frequent analytical interferences in HbA;. assays.

2. Materials and methods

The QuanTOF (Intelligene Biosystems, China), a newly developed
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MALDI-TOF MS system, was evaluated for HbA;. measurement in this
study. Residual patient samples collected in EDTA tubes were obtained
from Laboratory Medicine of Peking University Shenzhen Hospital. This
study was approved by the Institutional Medical and Ethics Committee
of Peking University Shenzhen Hospital.

2.1. Sample preparation and mass spectrometry analysis

Sample preparation was performed following the manufacturer's
instruction: whole blood samples collected in EDTA tubes were diluted
1:200 in DI water and mixed 1:9 with 10 mg/mL sinapinic acid (Sigma-
Aldrich, US). Two point five uL of this mixture was then spotted onto a
stainless steel MALDI target plate (6 X 16 sample array).
Simultaneously, a series of standard samples with differing glycation
level assigned by National Glycohemoglobin Standardization Program
(NGSP) was prepared in the same manner to establish the standard
curve on each target.

All spectra were acquired on QuanTOF with the following settings:
source voltage 19 kV, laser frequency 5 kHz, laser energy 8 LJ, scanning
speed 2mm/s, mass range 5000-30,000 m/z, 10-rows scan per spot.
Mass spectrometric analysis speed by QuanTOF was about 15s per
sample spot with the above settings. Mass spectra were processed by
QuanGHb software developed by Intelligene Biosystems for QuanTOF
instrument.

2.2. HbA, standard curve

The standard curve was constructed in similar manner as described
by Hattan and collaborators [5]. Commercially available Lyphochek
hemoglobin A;. standards was purchased from Bio-Rad (Hercules, CA,
US). These six blood-based HbA;. reference standards vary system-
atically in their % HbA;. values traceable to NGSP. Mass spectrometric
peak areas from the BHb and glycated-BHb were used to calculate the
ratio of [glycated BHb/(BHb + glycated BHb)]. Linear regression ana-
lysis was performed between computed ratio and HbA;. level of each
standard by the software and subsequently used as the standard curve
for quantification analysis.

2.3. Evaluation protocol

2.3.1. Imprecision

Three samples with low (5.5%, 37 mmol/mol), medium (7.2%,
55 mmol/mol), and high (11.9%, 107 mmol/mol) HbA;. levels were
used to evaluate precision of the method. For intra-assay imprecision,
samples were run in 20 technical replications on a target plate. Total
imprecision was determined according to the Clinical and Laboratory
Standards Institute (CLSI) EP05-A2 guidelines. The three samples with
different HbA;. levels were tested in two runs per day on twenty con-
secutive days. Results were expressed in both NGSP (%) and IFCC units
(mmol/mol).

2.3.2. Accuracy

Accuracy was evaluated by analyzing 5 external quality control
samples (NO. 201,911, 201,912, 201,913, 201,914, 201,915) from
National Center for Clinical Laboratories in China, which were assigned
by IFCC Network Laboratories for HbA;. with IFCC reference method.
Biases between HbA, . results obtained with QuanTOF and target values
were calculated.

2.3.3. Linearity study

Linearity was evaluated according to the CLSI EP06-A guidelines by
proportionally mixing two samples with a high (17.5%, 168 mmol/mol)
and a low (4.5%, 26 mmol/mol) HbA;. value. Each mixed sample was
assayed in duplicate and regression analysis was performed with ob-
tained mean values versus expected values. The expected HbA; . values
were calculated according the following formula: Expected

155

Clinica Chimica Acta 498 (2019) 154-160

value = (HbA;o, X Vi X Hby, + HbA .y X Vy X Hby)/

(VL X Hby, + Vg X Hby). Vi volume of the sample with low/high
HbA;. value; Hby 4 Hb concentration of the sample with low/high
HbA;. value. Hb concentration was measured by a Sysmex XN9000
hematology analyzer (Sysmex Co., Japan).

2.3.4. Method comparison

A total of 55 samples, HbA;. range from 4.0% (20 mmol/mol) to
17.5% (168 mmol/mol), were analyzed on QuanTOF, a CE method
analysis system (Capillarys3 TERA, Sebia, France), and a cation ex-
change HPLC system (Variant II Turbo 2.0, Bio-rad, US). HbA; results
obtained with the QuanTOF were compared with those obtained with
Capillarys3 TERA and Variant II respectively. Data were further ana-
lyzed using linear regression and a Bland-Altman plot.

2.3.5. Correlation of glycation rate of a globin and f globin

Glycation rate of a globin and p globin, defined as the proportion of
the glycated form in its total globin, can be calculated by glycated a(f)
Hb/[a(B)Hb + glycated a(B)Hb]). Glycation rates of a globin and
globin can be obtained because MALDI-TOF MS can measure intact a
and f globin chains, as well as their glycated forms. The correlation of
glycation rates between a globin and 3 globin were investigated by
analyzing 56 samples with HbA;. values range from 4.3% (23 mmol/
mol) to 13.8% (127 mmol/mol) using QuanTOF.

2.4. Assessment of interfering substances

2.4.1. Labile Ay,

Erythrocytes of three samples, containing a normal (4.8%;
29 mmol/mol), medium (6.6%; 49 mmol/mol), and high (10.0%;
86 mmol/mol) HbA;. level, were incubated with glucose solutions
(56 mmol/L) at 37 °C for 1.5h. HbA,. and labile A,. were measured
every 30 min. Labile A;. was quantitated using Variant II analyzer.
After analysis, the bias with different labile A;. concentrations was
calculated.

2.4.2. Carbamylated hemoglobin

The interference of carbamylated hemoglobin (cHb) on HbA,.
measurements was evaluated by the same three samples mentioned
above. Erythrocytes were incubated with potassium cyanate (1 mmol/
L) at 37 °C for 3 h. HbA;. and cHb were measured every 1 h. cHb values
were determined using Variant II analyzer. HbA;. values of samples
with different concentration of cHb were compared with baseline
HbA, . values.

2.4.3. Bilirubin and triglyceride

Influence of triglyceride and bilirubin was assessed with two sam-
ples with normal (5.6%, 38 mmol/mol) and high (8.7%, 72 mmol/mol)
HbA; . levels. Erythrocytes of the two samples were mixed with various
dilutions of triglyceride and bilirubin plasma to achieve final con-
centrations of 22.8 mmol/L triglyceride and 304.0 umol/L bilirubin,
respectively.

2.4.4. HDF interference

The influence of HbF on HbA;. quantification was assessed by
mixing umbilical cord blood with three samples containing a normal
(5.6%, 38 mmol/mol), medium (6.7%, 50 mmol/mol), and high (9.2%,
77 mmol/mol) HbA; level. HbF levels achieved were ranged from 0.8%
to 14.2% determined with Capillarys3 TERA.

2.4.5. Common hemoglobin variants

Interference of hemoglobin variants was investigated by analyzing
samples containing HbAS (n = 2), HbAD (n = 5), HbAC (n = 3), and
HDbAE (n = 10). All heterozygous hemoglobin variants were confirmed
by Sanger sequencing. The variants were measured by QuanTOF, as
well as a boronate affinity HPLC system (Ultra®, Trinity Biotech,
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Table 1
Performance characteristics of the QuanTOF for HbA;. measurement.

Parameter Results NGSP units, % Results IFCC units, mmol/mol
Precision Low Medium High  Low Medium High
(EP5)
HbA,. values 5.50 7.20 11.90 37 55 107
Within-run 1.63 1.14 0.90 2.79 1.68 1.14
Ccv
Total CV 2.40 1.37 1.41 4.00 2.00 1.78
Trueness Measured Target Bias Measured Target Bias
(EP9) values values values values
201,911 5.46 5.67 -0.21 36 38 -2
201,912 9.82 9.73 0.09 84 83 1
201,913 4.95 4.89 0.06 31 30 1
201,914 7.10 6.87 0.23 54 52 2
201,915 7.98 7.90 0.08 64 63 1
Linearity Measured Expected Bias Measured Expected Bias
values values values values
Low 4.51 4.51 0.00 26 26 0
mixture 1 6.12 6.20 —0.08 43 44 -1
mixture 2 8.05 8.18 —-0.13 65 66 -1
mixture 3 10.45 10.61 -0.16 91 92 -1
mixture 4 13.49 13.47 0.02 124 124 0
High 17.47 17.47 0.00 168 168 0
Interferences Bias, % Bias, mmol/mol
Bilirubin (=304.0 pmol/L) =0.1 =1
Triglycerides (< 22.8 mmol/L) <0.1 <1
cHb (<8.7%) <0.2 <2
Labile A;. (=£12.2%) <0.2 <2
HbF(<8.0%) <0.2 <2
HbF(> 8.0%) > 0.2 > 2
HDAS: globin separation S globin separated with 3 globin
Trueness HbA;. (n = 2) 0.5, 0.4 5,4
HbAC: globin separation C globin unseparated with 3 globin
Trueness HbA;. (n = 3) <0.2 <2
HbAD: globin separation D globin unseparated with B globin
Trueness HbA;. (n = 5) <0.2 <2
HDbAE: globin separation E globin unseparated with {3 globin
Trueness HbA;. (n = 10) <0.2 <2

Ireland) used as a comparative method because results from boronate
affinity HPLC are not thought to be affected by the presence of he-
moglobin variants [6]. Subsequently, the HbA;. values obtained with
QuanTOF were compared with those obtained with Ultra

2.5. Statistical analysis

All statistical and graphical analyses in the above evaluation pro-
tocols were performed with SPSS 19.0 (IBM, USA).

3. Results
3.1. Imprecision and accuracy

For QuanTOF imprecision study, within-run CVs are 1.6%, 1.1% and
0.9% (NGSP units) for low, medium, and high HbA;. level samples,
respectively. Accordingly, total CVs are 2.4%, 1.4% and 1.4% (Table 1).
The CVs in IFCC units are higher those in NGSP units. For QuanTOF
accuracy study, the absolute difference between measured HbA, . value
and respective IFCC target value is less or equal to 0.2% (2 mmol/mol)
for all five control samples (Table 1). These results have shown that the
QuanTOF demonstrates excellent performance on precision and accu-
racy.

3.2. Linearity

The linearity of the method proved to be prominent within the
range of HbA;. values from 4.5% (26 mmol/mol) to 17.5% (168 mmol/
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mol). The equation of the linear regression was Y (measured HbA;,,
%) = 0.995 X X (expected HbA;. values, %) + 0.106, with a correla-
tion coefficient of 0.999 (Table 1).

3.3. Correlation study

HbA,. values obtained with QuanTOF were well correlated with
respective results from Variant II and Capillarys3 TERA (P < .001 for
both analyzers). The linear regression analysis results were: Y
(QuanTOF HbA;.,, %) = 0.898 X X (Variant II Turbo 2.0 HbA,
%) + 0.472, with a correlation coefficient of 0.996 (Fig. 1A); or Y
(QuanTOF HbA;.,, %) =0.951 x X (Capillarys3 TERA HbA,,
%) + 0.258, with a correlation coefficient of 0.997 (Fig. 1C). The
Bland-Altman plot showed mean differences of —0.384% (QuanTOF vs
Variant II Turbo 2.0) and — 0.146% (QuanTOF vs Capillarys3 TERA),
respectively with the standard deviations (SD) of 0.414 and 0.260
(Fig. 1B and D).

3.4. Glycation rates correlation between a globin and f globin

After analysis of a globin glycation rates and 3 globin glycation
rates obtain from 56 normal samples, we found the glycation rate of a
globin was well correlated with that of 3 globin (P < .001). And linear
regression analysis resulted in the following equations: Y (Glycation
rate of {3 globin, %) = 1.655 X X (Glycation rate of a globin, %)-0.229,
with a correlation coefficient of 0.996 (Fig. 1E).

3.5. Effects of analytical interferences

3.5.1. Labile A;.

No modification of hemoglobin was detected on the mass spectrum
over the range of m/z 15,000-16,000. As compared with the baseline
HbA,;. values, all HbA;. level biases of glucose treated samples with
various duration were within 0.2% (3 mmol/mol) at proportion of la-
bile A;. up to 12.2% (Table 1, Supplementary Table 1).

3.5.2. Carbamylated hemoglobin

After treatment with potassium cyanate, cHb-a globin (m/z
15,168.6) peak, as demonstrated earlier [7], were observed in mass
spectrum (Fig. 2B). All HbA, . values were within 0.2% (2 mmol/mol) of
the baseline HbA; . values with proportion of cHb up to 8.7% (Table 1,
Supplementary Table 2).

3.5.3. Bilirubin and triglyceride

Measured HbA;. values were within 0.1% (1 mmol/mol) ranges of
the baseline HbA;. values with concentrations of bilirubin and trigly-
ceride up to 304.0 umol/L and 22.8 mmol/L, respectively (Table 1).

3.5.4. HDF interference

When HbF was present, mass spectrum showed the peaks of y globin
chain in Fig. 2C (m/z = 15,997.4). HbA; . results were not modified by
HDF significantly when its percentage was lower than 8.0%. However,
the bias of HbA;. values exceeded 0.2% (2 mmol/mol) when greater
than approximately 8.0% HbF was present. Additionally, the bias in-
creased with the increase of the percentage of HbF (Table 1, Supple-
mentary Table 3).

3.5.5. Common hemoglobin variants

Of the four most common Hb variants (i.e. HbS, HbD, HbC, and
HbE), only S globin (m/z = 15,838.7) can be detected by QuanTOF
(Fig. 2D). Nevertheless, the bias of measured HbA;. results with
QuanTOF exceeded 5.0% (NGSP criteria, < = 5%) in comparison with
Ultra2. Although HbD, HbC, and HbE were not detected, acceptable
biases compared with Ultra® were observed (Table 1).
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Fig. 1. Method comparison with linear regression analysis and Bland-Altman plots. HbA; results obtained with the QuanTOF were compared with those obtained
with Variant II Turbo 2.0 (A and B) and Capillarys3 TERA (C and D) respectively. The solid line shows the estimations of mean differences ~ X, and the dashed lines
indicate the "X = 2SD. Fig. 1E shows linear regression analysis of glycation rates correlation between a globin and p globin.
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Fig. 2. MALDI-TOF spectrum of normal and variant hemoglobin. Fig. 2A shows a mass spectrum of a normal sample with the known masses for MH + 1 of a globin
(m/z = 15,127.0) and (3 globin subunits (m/z = 15,868.0), as well as the corresponding glycated 3 globin (m/z = 16,031.0) and glycated a globin (m/z = 15,289.0).
Other known peaks with high masses are sinapinic acid matrix adducts [m/z = 15,334 (a globin), m/z = 16,077 (f globin) m/z] [Reference NO. 4]. Fig. 2B shows a
mass spectrum of a normal sample treated with potassium cyanate; cHb-a globin (m/z 15,168.6) peak were observed in mass spectrum. Mass spectrum showed the
peaks of y globin (n/z = 15,997.4) in the presence of HbF (C). Fig. 2D shows detection of S variant globin (m/z = 15,838.7) by QuanTOF.

4. Discussion

HbA;. plays a key role in assessing long term glycemic control
quality in diabetes mellitus. It is crucial to measure HbA,;. with an
analyzer as well as related quantification method to provide reliable
results. HbA;. is defined as glucose attachment to the N-terminal valine
residue of the 3 globin. The greatly enhanced reproducibility of MALDI-
TOF MS makes it well suited for the relative quantitation of glycated
globin vs. non-modified B globin - glucose modification results in a
162 Da increase in (3 globin mass which can be readily distinguished.

Glucose may also modify other amino acid residues such as lysine
residues present on (3 globin [8]. Since MALDI-TOF MS cannot distin-
guish these glycated species with same molecular weight, HbA; results
obtained with QuanTOF contain various glycated species. Nevertheless,
this study showed good performances of QuanTOF in routine HbA;.
analytical test. Reproducibility study showed total CVs is well within
the recommended precision [9]. In addition, the results presented in
this study are in good agreement with target values of external control
samples as well as those obtained from Variant II and Capillarys3 TERA.

The study indicated that HbA;. quantification by MALDI-TOF MS
was not prone to common interferences such as triglyceride, bilirubin,
labile A;., and cHb. Labile A;. forms at early stage of hemoglobin
glycation process; its concentration varies with change of blood glucose
level. Carbamylation hemoglobin, detected by QuanTOF in this study,
results from the modification of urea-derived isocyanic acid (-OCNH,-,
molecular weight 42) and mostly increases in patients with renal failure
[10]. Molecular weight of cHb-a globin (m/z = 15,168.6) observed in
mass spectrum consist with the alteration of cHb modification on a
globin (m/z = 15,127.0). Recent research shows Labile A;. and cHb are
still interfere with HbA;. measurement by HPLC [11]. QuanTOF Data
demonstrate that MALDI-TOF MS is superior to HPLC in this matter.

HDF, consist of 2a chain and 2y chain, remain a very common and
important interfering substance in HbA;. determination. It was docu-
mented that significant bias was induced by HbF when its proportion
increased up to 20% or higher [12]. QuanTOF can detect the presence
of y globin. However, when HbF percentages exceeded approximately
8.0%, unacceptable positive bias was found, suggesting that high level
of HbF interfere with HbA,. measurement.

HbA;. determination in the presence of hemoglobin variants is a
crucial issue [13]. Hemoglobin variants could interfere with HbA;.
measurement due to the effects of the hemoglobin variants on the
specific method used or on the alteration of erythrocyte lifespan
[14,15]. To date, there are > 1300 hemoglobin variants identified [16].
The four most common hemoglobin variants, known as HbS, HbC, HbD,
and HbE, result from a single amino acid substitution in B globin chain
of valine to glutamic, lysine to glutamic, glutamine to glutamic and
lysine to glutamic, respectively [16]. Accordingly, the respective mass
difference is ~30Da (S globin), ~1 Da (C globin), ~1 Da (D globin),
and ~1 Da (E globin). Consequently, QuanTOF could only distinguish
the presence of S globin among the four most common Hb variants due
to mass resolution limitation of a linear time-of-flight analyzer. How-
ever, unacceptable positive biases were observed as compared with an
affinity HPLC method, which was routinely used as a comparative
method in previous studies [6]. This may due to limitation of resolution
resulting in overlapping mass peaks arising from molecular components
of normal and variant 3 globins, their glycated forms and matrix ad-
ducts, giving rise to interference with HbA;. quantification.

In case of HbD, HbC, and HbE, although mass spectra cannot discern
the globin variants from normal one due to merged mass peaks, HbA;.

quantification results do not seem to affected. Acceptable bias suggest
that these variants probably have no interfering effects on HbA;.
quantification by QuanTOF, mainly because mass peaks of respective
forms (glycated and non-glycated) of variant and normal globins were
merged due to 1 Da mass difference between normal and the variant
globins. Since a small amount of samples with hemoglobin variants
were used in this part of evaluation study, more data are needed to
further investigate the interference of Hb variants on HbA;. measure-
ment by QuanTOF. Although MALDI-TOF MS may not be able to dis-
tinguish variant globin when their mass differences are too small, many
hemoglobin variants can be easily detected [7].

Correlation of glycation rate of a globin and f globin in this study
confirmed the previous finding [5,17]. Similar to B globin subunit, a
globin subunit can also be glycated on its N-terminal valine residue and
other amino acid residues [8]. Our study showed an excellent correla-
tion between glycation rates of a globin and B globin. Furthermore,
glycation rate of B globin are much higher than that of a globin. The
correlation can be used as an additional information to validate the
HbA; . values; any discrepancy between the glycation rate of a globin
and [} globin them may indicate an error in the HbA;. assay. Another
potential use of the correlation is to validate and calculate HbA; . values
in the presence of variant hemoglobin. For example, glycation rate of a
globin can be used to calculate HbA;. values in the presence of variant
B globin and vice versa. To calculate HbA;. values based on the in-
tensity ratio of glycated a globin, a reliable correlation standard curve
should be established firstly.

In conclusion, the QuanTOF HbA;. assay evaluated in this study
showed good analytical performances in precision, accuracy, linearity,
and good correlation with other popular methods. What's more, it was
not prone to the most frequent analytical interferences in HbA; . assay.
Comparing with classical methods such as CE and HPLC, MALDI-TOF
MS have costs and time advantages due to low costs of matrix con-
suming and fast scanning speed. Moreover, MALDI-TOF MS provides
more information regarding glycation rate of a globin, of which it may
offer more potential applications for HbA;. assay of hemoglobin var-
iants.
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ARTICLE INFO ABSTRACT

Keywords: Background: Glycated hemoglobin (Hemoglobin A;., HbA;.) plays a key role in monitoring long-term blood
MALDI-TOF MS glucose levels in diabetics mellitus. Therefore, it is of great importance to ensure test quality of HbA,. methods.
HbA Objectives: We aimed to evaluate analytical performances of a matrix assisted laser desorption/ionization time of
Analytical performance flight mass spectrometry (MALDI-TOF MS) system for the measurement of HbA;..

Glycation rate Methods: We assessed the analytical performances of the method including imprecision, accuracy, and linearity.
In addition, comparison with Variant II Turbo 2.0 and Capillarys3 TERA, correlation between glycation rate of a
and (3 globin as well as the influence of most frequent analytical interferences in HbA,. assays were also in-
vestigated.

Results: As measurement of imprecision, within-run CVs and total CVs were lower than 1.6% and 2.4%, re-
spectively. Discrepancy of test results (< 0.2%) of IFCC value-assigned external quality control samples in-
dicated a good accuracy of the method. The linearity was excellent with a correlation coefficient of 0.999. The
QuanTOF results were well correlated with those obtained by Variant II Turbo 2.0 and Capillarys3 TERA. Good
correlation between glycation rates of a and (3 globin were found. QuanTOF was not prone to common inter-
ferences including bilirubin, triglyceride, labile A;., and carbamylated hemoglobin. However, unacceptable
positive bias was observed when the amount of HbF were greater than approximately 8.0% or in the presence of
HbS.

Conclusions: QuanTOF perform well for the determination of HbA;. and meet quality criteria requested for
clinical use.

1. Introduction

Glycated hemoglobin (Hemoglobin A;., HbA;.), a modified he-
moglobin with a covalent bond connection of glucose to the N-terminal
valine of the B chain, is widely used as an important marker for mon-
itoring long term glycemic control performance in diabetics, as well as
screening and diagnosis of diabetes [1,2]. The routine methods cur-
rently used for HbA;. quantification are based on different principles
such as cation exchange high-pressure liquid chromatography, affinity
chromatography (HPLC), capillary electrophoresis (CE), or im-
munological reaction [3]. Each technology has its specific character-
istics and performance. MALDI-TOF MS was previously employed to
precisely measure molecular mass of a and B globin chains for identi-
fication of potential hemoglobin variants, and also modified species
such as the glycated globin [4,5].

As compared with liquid chromatography-mass spectrometry (LC-
MS), MALDI-TOF MS offers important advantages such as lower

instrumentation costs, easier sample preparation, and simpler analysis
procedures. With the development of modern MALDI-TOF MS, it be-
comes more suitable for routine quantitative measurements of HbA;..
Although the protocol for HbA;. quantification based on MALDI-TOF
MS had been described [4,5], to our knowledge, MALDI-TOF MS is not
yet used in the laboratory routine to quantify HbA;.. Moreover, sys-
tematic evaluation of MALDI-TOF MS for HbA;. determination has
never been reported.

In this study, we assessed the analytical performances of a MALDI-
TOF MS system for HbA;. assay with respect to imprecision, accuracy,
linearity, comparison with Variant II and Capillarys3 TERA, correlation
of glycation rates between a and (3 globin and the influence of the most
frequent analytical interferences in HbA;. assays.

2. Materials and methods

The QuanTOF (Intelligene Biosystems, China), a newly developed
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MALDI-TOF MS system, was evaluated for HbA;. measurement in this
study. Residual patient samples collected in EDTA tubes were obtained
from Laboratory Medicine of Peking University Shenzhen Hospital. This
study was approved by the Institutional Medical and Ethics Committee
of Peking University Shenzhen Hospital.

2.1. Sample preparation and mass spectrometry analysis

Sample preparation was performed following the manufacturer's
instruction: whole blood samples collected in EDTA tubes were diluted
1:200 in DI water and mixed 1:9 with 10 mg/mL sinapinic acid (Sigma-
Aldrich, US). Two point five uL of this mixture was then spotted onto a
stainless steel MALDI target plate (6 X 16 sample array).
Simultaneously, a series of standard samples with differing glycation
level assigned by National Glycohemoglobin Standardization Program
(NGSP) was prepared in the same manner to establish the standard
curve on each target.

All spectra were acquired on QuanTOF with the following settings:
source voltage 19 kV, laser frequency 5 kHz, laser energy 8 LJ, scanning
speed 2mm/s, mass range 5000-30,000 m/z, 10-rows scan per spot.
Mass spectrometric analysis speed by QuanTOF was about 15s per
sample spot with the above settings. Mass spectra were processed by
QuanGHb software developed by Intelligene Biosystems for QuanTOF
instrument.

2.2. HbA, standard curve

The standard curve was constructed in similar manner as described
by Hattan and collaborators [5]. Commercially available Lyphochek
hemoglobin A;. standards was purchased from Bio-Rad (Hercules, CA,
US). These six blood-based HbA;. reference standards vary system-
atically in their % HbA;. values traceable to NGSP. Mass spectrometric
peak areas from the BHb and glycated-BHb were used to calculate the
ratio of [glycated BHb/(BHb + glycated BHb)]. Linear regression ana-
lysis was performed between computed ratio and HbA;. level of each
standard by the software and subsequently used as the standard curve
for quantification analysis.

2.3. Evaluation protocol

2.3.1. Imprecision

Three samples with low (5.5%, 37 mmol/mol), medium (7.2%,
55 mmol/mol), and high (11.9%, 107 mmol/mol) HbA;. levels were
used to evaluate precision of the method. For intra-assay imprecision,
samples were run in 20 technical replications on a target plate. Total
imprecision was determined according to the Clinical and Laboratory
Standards Institute (CLSI) EP05-A2 guidelines. The three samples with
different HbA;. levels were tested in two runs per day on twenty con-
secutive days. Results were expressed in both NGSP (%) and IFCC units
(mmol/mol).

2.3.2. Accuracy

Accuracy was evaluated by analyzing 5 external quality control
samples (NO. 201,911, 201,912, 201,913, 201,914, 201,915) from
National Center for Clinical Laboratories in China, which were assigned
by IFCC Network Laboratories for HbA;. with IFCC reference method.
Biases between HbA, . results obtained with QuanTOF and target values
were calculated.

2.3.3. Linearity study

Linearity was evaluated according to the CLSI EP06-A guidelines by
proportionally mixing two samples with a high (17.5%, 168 mmol/mol)
and a low (4.5%, 26 mmol/mol) HbA;. value. Each mixed sample was
assayed in duplicate and regression analysis was performed with ob-
tained mean values versus expected values. The expected HbA; . values
were calculated according the following formula: Expected
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value = (HbA;o, X Vi X Hby, + HbA .y X Vy X Hby)/

(VL X Hby, + Vg X Hby). Vi volume of the sample with low/high
HbA;. value; Hby 4 Hb concentration of the sample with low/high
HbA;. value. Hb concentration was measured by a Sysmex XN9000
hematology analyzer (Sysmex Co., Japan).

2.3.4. Method comparison

A total of 55 samples, HbA;. range from 4.0% (20 mmol/mol) to
17.5% (168 mmol/mol), were analyzed on QuanTOF, a CE method
analysis system (Capillarys3 TERA, Sebia, France), and a cation ex-
change HPLC system (Variant II Turbo 2.0, Bio-rad, US). HbA; results
obtained with the QuanTOF were compared with those obtained with
Capillarys3 TERA and Variant II respectively. Data were further ana-
lyzed using linear regression and a Bland-Altman plot.

2.3.5. Correlation of glycation rate of a globin and f globin

Glycation rate of a globin and p globin, defined as the proportion of
the glycated form in its total globin, can be calculated by glycated a(f)
Hb/[a(B)Hb + glycated a(B)Hb]). Glycation rates of a globin and
globin can be obtained because MALDI-TOF MS can measure intact a
and f globin chains, as well as their glycated forms. The correlation of
glycation rates between a globin and 3 globin were investigated by
analyzing 56 samples with HbA;. values range from 4.3% (23 mmol/
mol) to 13.8% (127 mmol/mol) using QuanTOF.

2.4. Assessment of interfering substances

2.4.1. Labile Ay,

Erythrocytes of three samples, containing a normal (4.8%;
29 mmol/mol), medium (6.6%; 49 mmol/mol), and high (10.0%;
86 mmol/mol) HbA;. level, were incubated with glucose solutions
(56 mmol/L) at 37 °C for 1.5h. HbA,. and labile A,. were measured
every 30 min. Labile A;. was quantitated using Variant II analyzer.
After analysis, the bias with different labile A;. concentrations was
calculated.

2.4.2. Carbamylated hemoglobin

The interference of carbamylated hemoglobin (cHb) on HbA,.
measurements was evaluated by the same three samples mentioned
above. Erythrocytes were incubated with potassium cyanate (1 mmol/
L) at 37 °C for 3 h. HbA;. and cHb were measured every 1 h. cHb values
were determined using Variant II analyzer. HbA;. values of samples
with different concentration of cHb were compared with baseline
HbA, . values.

2.4.3. Bilirubin and triglyceride

Influence of triglyceride and bilirubin was assessed with two sam-
ples with normal (5.6%, 38 mmol/mol) and high (8.7%, 72 mmol/mol)
HbA; . levels. Erythrocytes of the two samples were mixed with various
dilutions of triglyceride and bilirubin plasma to achieve final con-
centrations of 22.8 mmol/L triglyceride and 304.0 umol/L bilirubin,
respectively.

2.4.4. HDF interference

The influence of HbF on HbA;. quantification was assessed by
mixing umbilical cord blood with three samples containing a normal
(5.6%, 38 mmol/mol), medium (6.7%, 50 mmol/mol), and high (9.2%,
77 mmol/mol) HbA; level. HbF levels achieved were ranged from 0.8%
to 14.2% determined with Capillarys3 TERA.

2.4.5. Common hemoglobin variants

Interference of hemoglobin variants was investigated by analyzing
samples containing HbAS (n = 2), HbAD (n = 5), HbAC (n = 3), and
HDbAE (n = 10). All heterozygous hemoglobin variants were confirmed
by Sanger sequencing. The variants were measured by QuanTOF, as
well as a boronate affinity HPLC system (Ultra®, Trinity Biotech,
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Table 1
Performance characteristics of the QuanTOF for HbA;. measurement.

Parameter Results NGSP units, % Results IFCC units, mmol/mol
Precision Low Medium High  Low Medium High
(EP5)
HbA,. values 5.50 7.20 11.90 37 55 107
Within-run 1.63 1.14 0.90 2.79 1.68 1.14
Ccv
Total CV 2.40 1.37 1.41 4.00 2.00 1.78
Trueness Measured Target Bias Measured Target Bias
(EP9) values values values values
201,911 5.46 5.67 -0.21 36 38 -2
201,912 9.82 9.73 0.09 84 83 1
201,913 4.95 4.89 0.06 31 30 1
201,914 7.10 6.87 0.23 54 52 2
201,915 7.98 7.90 0.08 64 63 1
Linearity Measured Expected Bias Measured Expected Bias
values values values values
Low 4.51 4.51 0.00 26 26 0
mixture 1 6.12 6.20 —0.08 43 44 -1
mixture 2 8.05 8.18 —-0.13 65 66 -1
mixture 3 10.45 10.61 -0.16 91 92 -1
mixture 4 13.49 13.47 0.02 124 124 0
High 17.47 17.47 0.00 168 168 0
Interferences Bias, % Bias, mmol/mol
Bilirubin (=304.0 pmol/L) =0.1 =1
Triglycerides (< 22.8 mmol/L) <0.1 <1
cHb (<8.7%) <0.2 <2
Labile A;. (=£12.2%) <0.2 <2
HbF(<8.0%) <0.2 <2
HbF(> 8.0%) > 0.2 > 2
HDAS: globin separation S globin separated with 3 globin
Trueness HbA;. (n = 2) 0.5, 0.4 5,4
HbAC: globin separation C globin unseparated with 3 globin
Trueness HbA;. (n = 3) <0.2 <2
HbAD: globin separation D globin unseparated with B globin
Trueness HbA;. (n = 5) <0.2 <2
HDbAE: globin separation E globin unseparated with {3 globin
Trueness HbA;. (n = 10) <0.2 <2

Ireland) used as a comparative method because results from boronate
affinity HPLC are not thought to be affected by the presence of he-
moglobin variants [6]. Subsequently, the HbA;. values obtained with
QuanTOF were compared with those obtained with Ultra

2.5. Statistical analysis

All statistical and graphical analyses in the above evaluation pro-
tocols were performed with SPSS 19.0 (IBM, USA).

3. Results
3.1. Imprecision and accuracy

For QuanTOF imprecision study, within-run CVs are 1.6%, 1.1% and
0.9% (NGSP units) for low, medium, and high HbA;. level samples,
respectively. Accordingly, total CVs are 2.4%, 1.4% and 1.4% (Table 1).
The CVs in IFCC units are higher those in NGSP units. For QuanTOF
accuracy study, the absolute difference between measured HbA, . value
and respective IFCC target value is less or equal to 0.2% (2 mmol/mol)
for all five control samples (Table 1). These results have shown that the
QuanTOF demonstrates excellent performance on precision and accu-
racy.

3.2. Linearity

The linearity of the method proved to be prominent within the
range of HbA;. values from 4.5% (26 mmol/mol) to 17.5% (168 mmol/
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mol). The equation of the linear regression was Y (measured HbA;,,
%) = 0.995 X X (expected HbA;. values, %) + 0.106, with a correla-
tion coefficient of 0.999 (Table 1).

3.3. Correlation study

HbA,. values obtained with QuanTOF were well correlated with
respective results from Variant II and Capillarys3 TERA (P < .001 for
both analyzers). The linear regression analysis results were: Y
(QuanTOF HbA;.,, %) = 0.898 X X (Variant II Turbo 2.0 HbA,
%) + 0.472, with a correlation coefficient of 0.996 (Fig. 1A); or Y
(QuanTOF HbA;.,, %) =0.951 x X (Capillarys3 TERA HbA,,
%) + 0.258, with a correlation coefficient of 0.997 (Fig. 1C). The
Bland-Altman plot showed mean differences of —0.384% (QuanTOF vs
Variant II Turbo 2.0) and — 0.146% (QuanTOF vs Capillarys3 TERA),
respectively with the standard deviations (SD) of 0.414 and 0.260
(Fig. 1B and D).

3.4. Glycation rates correlation between a globin and f globin

After analysis of a globin glycation rates and 3 globin glycation
rates obtain from 56 normal samples, we found the glycation rate of a
globin was well correlated with that of 3 globin (P < .001). And linear
regression analysis resulted in the following equations: Y (Glycation
rate of {3 globin, %) = 1.655 X X (Glycation rate of a globin, %)-0.229,
with a correlation coefficient of 0.996 (Fig. 1E).

3.5. Effects of analytical interferences

3.5.1. Labile A;.

No modification of hemoglobin was detected on the mass spectrum
over the range of m/z 15,000-16,000. As compared with the baseline
HbA,;. values, all HbA;. level biases of glucose treated samples with
various duration were within 0.2% (3 mmol/mol) at proportion of la-
bile A;. up to 12.2% (Table 1, Supplementary Table 1).

3.5.2. Carbamylated hemoglobin

After treatment with potassium cyanate, cHb-a globin (m/z
15,168.6) peak, as demonstrated earlier [7], were observed in mass
spectrum (Fig. 2B). All HbA, . values were within 0.2% (2 mmol/mol) of
the baseline HbA; . values with proportion of cHb up to 8.7% (Table 1,
Supplementary Table 2).

3.5.3. Bilirubin and triglyceride

Measured HbA;. values were within 0.1% (1 mmol/mol) ranges of
the baseline HbA;. values with concentrations of bilirubin and trigly-
ceride up to 304.0 umol/L and 22.8 mmol/L, respectively (Table 1).

3.5.4. HDF interference

When HbF was present, mass spectrum showed the peaks of y globin
chain in Fig. 2C (m/z = 15,997.4). HbA; . results were not modified by
HDF significantly when its percentage was lower than 8.0%. However,
the bias of HbA;. values exceeded 0.2% (2 mmol/mol) when greater
than approximately 8.0% HbF was present. Additionally, the bias in-
creased with the increase of the percentage of HbF (Table 1, Supple-
mentary Table 3).

3.5.5. Common hemoglobin variants

Of the four most common Hb variants (i.e. HbS, HbD, HbC, and
HbE), only S globin (m/z = 15,838.7) can be detected by QuanTOF
(Fig. 2D). Nevertheless, the bias of measured HbA;. results with
QuanTOF exceeded 5.0% (NGSP criteria, < = 5%) in comparison with
Ultra2. Although HbD, HbC, and HbE were not detected, acceptable
biases compared with Ultra® were observed (Table 1).



Clinica Chimica Acta 498 (2019) 154-160

A. Xu, et al.
A FEOAMENHOLATE, Fea0 S0 B &)
£
= 1=
W Fhesaswvzazas el e ] AR
o P "
; P
[ -] = 3 ks [ § o
x
5 -\.l L - ‘a
-]
8 " .
g .0 o Fl . =
Heimmme X-J5D
4.5
b iy . »
: - - - 1) Y] 118 158
30 ®0 20 " Mean of SusnTOF and Variani i Turbe 20, %
Warlant § Turbo 2.0 HbA&1E, %
E VBB IKA P58, =0T i D 100
// .
e =
aam & L a
4 o A
; i : ':::.E.a. i IS S § “T
s & aan O -
! LU « = = z
5 i y . B X-250
-]
ET
A7
18 b 114 fe0

e mn of QuanTOF snd Capilanysd TERS, %

E 0] e BEEN-D2RN R=GH00

1 T 1 T T T
] &3 58 15 100 1S
@hycation rabe of o globin

Fig. 1. Method comparison with linear regression analysis and Bland-Altman plots. HbA; results obtained with the QuanTOF were compared with those obtained
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Fig. 2. MALDI-TOF spectrum of normal and variant hemoglobin. Fig. 2A shows a mass spectrum of a normal sample with the known masses for MH + 1 of a globin
(m/z = 15,127.0) and (3 globin subunits (m/z = 15,868.0), as well as the corresponding glycated 3 globin (m/z = 16,031.0) and glycated a globin (m/z = 15,289.0).
Other known peaks with high masses are sinapinic acid matrix adducts [m/z = 15,334 (a globin), m/z = 16,077 (f globin) m/z] [Reference NO. 4]. Fig. 2B shows a
mass spectrum of a normal sample treated with potassium cyanate; cHb-a globin (m/z 15,168.6) peak were observed in mass spectrum. Mass spectrum showed the
peaks of y globin (n/z = 15,997.4) in the presence of HbF (C). Fig. 2D shows detection of S variant globin (m/z = 15,838.7) by QuanTOF.

4. Discussion

HbA;. plays a key role in assessing long term glycemic control
quality in diabetes mellitus. It is crucial to measure HbA,;. with an
analyzer as well as related quantification method to provide reliable
results. HbA;. is defined as glucose attachment to the N-terminal valine
residue of the 3 globin. The greatly enhanced reproducibility of MALDI-
TOF MS makes it well suited for the relative quantitation of glycated
globin vs. non-modified B globin - glucose modification results in a
162 Da increase in (3 globin mass which can be readily distinguished.

Glucose may also modify other amino acid residues such as lysine
residues present on (3 globin [8]. Since MALDI-TOF MS cannot distin-
guish these glycated species with same molecular weight, HbA; results
obtained with QuanTOF contain various glycated species. Nevertheless,
this study showed good performances of QuanTOF in routine HbA;.
analytical test. Reproducibility study showed total CVs is well within
the recommended precision [9]. In addition, the results presented in
this study are in good agreement with target values of external control
samples as well as those obtained from Variant II and Capillarys3 TERA.

The study indicated that HbA;. quantification by MALDI-TOF MS
was not prone to common interferences such as triglyceride, bilirubin,
labile A;., and cHb. Labile A;. forms at early stage of hemoglobin
glycation process; its concentration varies with change of blood glucose
level. Carbamylation hemoglobin, detected by QuanTOF in this study,
results from the modification of urea-derived isocyanic acid (-OCNH,-,
molecular weight 42) and mostly increases in patients with renal failure
[10]. Molecular weight of cHb-a globin (m/z = 15,168.6) observed in
mass spectrum consist with the alteration of cHb modification on a
globin (m/z = 15,127.0). Recent research shows Labile A;. and cHb are
still interfere with HbA;. measurement by HPLC [11]. QuanTOF Data
demonstrate that MALDI-TOF MS is superior to HPLC in this matter.

HDF, consist of 2a chain and 2y chain, remain a very common and
important interfering substance in HbA;. determination. It was docu-
mented that significant bias was induced by HbF when its proportion
increased up to 20% or higher [12]. QuanTOF can detect the presence
of y globin. However, when HbF percentages exceeded approximately
8.0%, unacceptable positive bias was found, suggesting that high level
of HbF interfere with HbA,. measurement.

HbA;. determination in the presence of hemoglobin variants is a
crucial issue [13]. Hemoglobin variants could interfere with HbA;.
measurement due to the effects of the hemoglobin variants on the
specific method used or on the alteration of erythrocyte lifespan
[14,15]. To date, there are > 1300 hemoglobin variants identified [16].
The four most common hemoglobin variants, known as HbS, HbC, HbD,
and HbE, result from a single amino acid substitution in B globin chain
of valine to glutamic, lysine to glutamic, glutamine to glutamic and
lysine to glutamic, respectively [16]. Accordingly, the respective mass
difference is ~30Da (S globin), ~1 Da (C globin), ~1 Da (D globin),
and ~1 Da (E globin). Consequently, QuanTOF could only distinguish
the presence of S globin among the four most common Hb variants due
to mass resolution limitation of a linear time-of-flight analyzer. How-
ever, unacceptable positive biases were observed as compared with an
affinity HPLC method, which was routinely used as a comparative
method in previous studies [6]. This may due to limitation of resolution
resulting in overlapping mass peaks arising from molecular components
of normal and variant 3 globins, their glycated forms and matrix ad-
ducts, giving rise to interference with HbA;. quantification.

In case of HbD, HbC, and HbE, although mass spectra cannot discern
the globin variants from normal one due to merged mass peaks, HbA;.

quantification results do not seem to affected. Acceptable bias suggest
that these variants probably have no interfering effects on HbA;.
quantification by QuanTOF, mainly because mass peaks of respective
forms (glycated and non-glycated) of variant and normal globins were
merged due to 1 Da mass difference between normal and the variant
globins. Since a small amount of samples with hemoglobin variants
were used in this part of evaluation study, more data are needed to
further investigate the interference of Hb variants on HbA;. measure-
ment by QuanTOF. Although MALDI-TOF MS may not be able to dis-
tinguish variant globin when their mass differences are too small, many
hemoglobin variants can be easily detected [7].

Correlation of glycation rate of a globin and f globin in this study
confirmed the previous finding [5,17]. Similar to B globin subunit, a
globin subunit can also be glycated on its N-terminal valine residue and
other amino acid residues [8]. Our study showed an excellent correla-
tion between glycation rates of a globin and B globin. Furthermore,
glycation rate of B globin are much higher than that of a globin. The
correlation can be used as an additional information to validate the
HbA; . values; any discrepancy between the glycation rate of a globin
and [} globin them may indicate an error in the HbA;. assay. Another
potential use of the correlation is to validate and calculate HbA; . values
in the presence of variant hemoglobin. For example, glycation rate of a
globin can be used to calculate HbA;. values in the presence of variant
B globin and vice versa. To calculate HbA;. values based on the in-
tensity ratio of glycated a globin, a reliable correlation standard curve
should be established firstly.

In conclusion, the QuanTOF HbA;. assay evaluated in this study
showed good analytical performances in precision, accuracy, linearity,
and good correlation with other popular methods. What's more, it was
not prone to the most frequent analytical interferences in HbA; . assay.
Comparing with classical methods such as CE and HPLC, MALDI-TOF
MS have costs and time advantages due to low costs of matrix con-
suming and fast scanning speed. Moreover, MALDI-TOF MS provides
more information regarding glycation rate of a globin, of which it may
offer more potential applications for HbA;. assay of hemoglobin var-
iants.
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