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AUSUaut
Measurement of antithyroglobulin antibodies (TgAB) an inevitable laboratory tool in the
management of thyroid gland diseases. Currentlyladta immunoassays still have limitations
underlying the necessity of the introduction oft fagnsitive, and label-free technologies. Our aim
was to develop a method for TgAb measurement inamserum based on the quartz crystal
microbalance (QCM) technology. We immobilized thglabulin on the surface of Attana LNB
Carboxyl sensor chfh prepared standard curve covering the range 000D® kIU/L, and
established optimal measurement conditions. Thidatebn included determination of the detection
limit (LOD), functional sensitivity, linearity, preesion, as well as the comparison with the resafits

the radioimmunoassay (RIA). The LOD and functiosahsitivity were 4.2 kIU/L and 4.7 KIU/L,
respectively. The method was linear in the rang20of 10000 kIU/L. The regression equation for
comparison with RIA wa€qcm = 1.0056 « Gia — 24.2778 whereby no significant proportional or
systematic difference was present. There was a ggoeement with RIA in the classification of
patients according to the clinical significancetloé results. The developed method has advantages
over currently available assays in terms of beti®Q, a higher upper limit of linearity, and
precision.

The characteristics of the developed method unamobigly show that the application of the QCM

biosensors offers a highly reliable novel approactihe measurement of TgAb in human serum.
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HILUUULUUL
Thyroglobulin (Tg), the most abundant protein ofrthd follicles, has an essential role in the
biosynthesis of thyroid hormones [1]. Antibodiesguced against thyroglobulin (TgAb) are one of
the most important biomarkers of autoimmune disea$sehe thyroid gland [2] and some types of
thyroid gland cancers [3].

Throughout the last couple of decades, the metlggolor TgJAb measurement has significantly
evolved, achieving a reduced time of analysis anproved sensitivity. Pivotal measurements of
serum TgAb began in the middle of the last cenfdfyThose assays were qualitative and based on
complement fixation, passive particle agglutinationmmunodiffusion, and indirect
immunofluorescence tests. During the 1970s, thed@entques were surpassed by semiquantitative
passive hemagglutination tests [4]. Later on, ns@esitive competitive radioimmunoassays were
developed, usin{f labeled thyroglobulin. Having superior sensitivihan previously used assays,
radioimmunoassays are still in use in clinical Iabories [5-8]. In the last decades, most clinical
laboratories have moved on to automated, non-iggtapon-competitive assays [2, 9, 10].
Nevertheless, these methods are characterizedghificant variability in limits of detection and
guantitation, reference values, as well as thetigfigetory concordance [2].

For these reasons, there is a significant demandagt, sensitive, and label-free assays for the
measurement of TgAb. The quartz crystal microbaafi@CM) technology offers reliable
opportunities for their development. The surfacéhefquartz crystal is chemically modified, which
allows immobilization of a high spectrum of compdanThe frequency of vibration of quartz
crystal depends on the total mass of the sensstatyyneaning that in cases of the addition or loss
of mass from the sensor surface, the frequencygasarSince the sensor system detects the mass
change, there is no need for compound labelinga§dQCM detection systems were adapted for
the analysis of volatile organic compounds andd@ases [11]. Other than that, QCM biosensors
for different proteins have been developed, amohighvare: serum albumin [12], prostate-specific

antigen [13, 14], C-reactive protein [15] and epnda&l growth factor receptor [16].
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of TgAb in human serum based on QCM.

Materials and Methods

Materials and Equipment

Biosensor measurements were performed on Attand 2Afland’, Stockholm, Sweden). The
instrument is automated, and all components, imetudunning and evaluation software, are
provided by the manufacturer. Degasser, temperatongrollers, and pumps with the flow-rate
range 1-15QuL/min are integral parts of the instrument. Serdops and all chemicals needed for
immobilization, namely 1-ethyl-3-(3 dimethylaminopyl)-carbodiimide  (EDC), N-
hydroxysulfosuccinimide (sulfo-NHS) and ethanolaenisolutions, were purchased from Attana
(Attana®, Stockholm, Sweden). Tg, TgAb (rabbit polyclonatiBuman Tg), and serum samples
were obtained from the Institute for Applicationficlear Energy (INEP), University of Belgrade
(Belgrade, Serbia). PreciControl ClinChem MultiIgophilized control based on human serum)
was purchased from Roch&ystems Ltd (Oswestry, United Kingdom). All otteéremicals were
commercial products of analytical grade and weszlwgithout further purification.

Immobilization of Tg

Thyroglobulin was immobilized on the Attana LNB Gaxryl sensor chip. The sensor chip used has
AT-cut crystals (quartz cut at an angle® 3%’ from the Z-axis) and the fundamental frequenty
around 10 MHz Chip was re-hydrated in the running buffer (PBS/@w&0, 50 mM phosphate
buffer saline containing 0.005% Tween 20) for 1 hémmobilization was performed at 22°C with
a flow rate of 10 uL/min. The sensor chip surfa@s\activated with EDC/sulfo-NHS according to
the manufacturer’s instructions with some modifwas. Briefly, the water solution of 0.1 M EDC
and 0.05 M sulfo-NHS was injected twice over thasse chip for 450 s. Thyroglobulin solution
(0.1 pug/mL) in saline solution was 9 times diluted with /M acetate buffer pH 3.5 to shift the pH.

The obtained solution with protein concentratio® 9@/mL was injected over the sensor chip for
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with 1 M ethanolamine throughout two 300 s longpstelhe sensor chip was rinsed twice with a
regeneration buffer (10 mM glycine, pH=2.3) for20and after that, the new baseline was recorded
in the running buffer.

The sensor coverage by thyroglobulin was calculatedg the Sauerbrey equation, which describes

the relationship between the change in frequendytlaa change in adsorbed mass [17]:

_ - AfA Y (pq:uq)

A
m 2 2

(1)

whereAm (gcmi?) is the adsorbed mass per unit arsfathe frequency changé the area of the
gold surface (0.159 cf)) fo the fundamental mode resonant frequency of thetairg~10 MHz) pq

the density of quartz (2.648 génanduq the shear modulus of quartz (2.947x1011 &&H

TgAb detection assay — Standard series/curve

Standard solutions of TgAb (1, 20, 100, 1000, 10880 50000 KkIU/L) were prepared in 75%
commercial control human serum with the additiorP8S and Tween 20 (to a final concentration
of 0.125%). Standard solutions were centrifuged(D4rpm, 4°C, for 1 h) and then injected with a
flow rate of 20uL/min for 105 s (Figure 1). Commercial human ser{#8%) in PBS/Tween 20
was used as blank. After each injection sensor shiface was regenerated using a regeneration

buffer (20 s, 2QuL/min). Measurements were performed in triplicates.

Limits of blank and detection, functional sensitivty and precision

Limit of detection (LOD) was determined accordingGLSI Protocol EP17-A [18]. First, the limit
of blank (LOB), defined as the mean of the blankgle +1.645 times the standard deviation (SD),
was calculated. LOD is defined as LOB + 1.645 tiriess SD of the lowest analyte concentration.
The functional sensitivity as the lowest TgAb camcation measured with the coefficient of

variation (CV)< 20% [2].



RTPCAlauiity Was LEdLEU Uy LUIISTYUCSTIUY Hcasuimigaiiic sailipic ul uchiieu vunivenuauun (500
KIU/L) within the linear range (20; 100; 1000 an@b00 kIU/L) for five times within the same day,
during 20 days period according to CLSI Protocob#2 [19]. Reproducibility was evaluated by
repeating the measurement of the same four samplaglicates every four months during 13
months period (the first, fifth, ninth, and thirtele month) [19]. The sensor chip was sealed with
PARAFILM® M (Sigma-Aldrich, St. Louis) and stored in a hungdvironment at 4°C between

measurements.

Concordance between RIA and QCM assay

TgAb in human sera samples (N=15) were measurddwith standard radioimmunoassay (RIA)

and QCM assay.

This study was performed on the leftover of thergmaized sera specimens collected for routine
analysis, so the informed consent was not neces3ée study was approved by the Ethics
Committee of INEP (No. 02-114/1) according to thedglines (No.# 02-832/1), which conforms

with the Helsinki Declaration, 1975 (revised 2008).

RIA protocol

The assay is based on the binding of serum TgAh ¥f-labeled human Tg, resulting in the
formation of the radioactively labeled immune coexas, which are then precipitated with 9%
polyethylene glycol (PEG). The unbound moleculesabtled Tg are removed by aspiration and
rinsing. The measured radioactivity is directly podional to the concentration of TgAb. At the
same time as tested serums were analyzed, starafasldfined concentration of TgAbs were used
for standard curve creation. Concentrations of Tgfdndards were equal to those in QCM assay,

only the bovine serum was used as the diluent [20].

QCM protocol
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Tween 20 of 0.125%. The mixture was centrifugeti4ft00 rpm, 4°C, for 1 h. Measurements were

performed under the same conditions as descrilvestdodard solutions.

Concordance was statistically evaluated with BlaAttdian, Passing-Bablok, and Inter-rater

(Kappa) agreement tests, using Med€ald2 software.

Results and discussion

Immobilization of Tg

Before immobilization, the LNB Carboxyl sensor chy@as re-hydrated in the running buffer, and
the baseline was recorded for 2 hours (until thengk in frequency was lower than 1 Hz within 10
minutes). Chemistry of immobilization is shown imgre 1A. Exact recorded signals are shown in
Figure 1B. To ensure sufficient Tg immobilizatidhe activation step was performed twice (signals
1 and 2), and protein binding three times (sigBag. Blocking of the surface was performed twice
(signals 6 and 7), as well as the regeneration (sigpals 8 and 9). Immobilization responBg,
was determined from the presented graph.

Experimental frequency changs, was 255 Hz, indicating the mass of immobilizedrdigyobulin
was 179 ng when calculated using the Sauerbreytieqyd7]. Obtained mass suggests successful
immobilization as 202 ng was applied to the crystahree binding steps, and the total efficiency

of immobilization is 88%.

TgAb detection assay

The developed assay is based on the mechanismdihfibetween TgAb and Tg immobilized on
the sensor chip, resulting in the change of ogmha frequency, proportional to TgAb

concentration. Dissociation of bonded antibodieadsieved by rapid pH change from 7.4 to 2.3,
7
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negatively charged amino acid residues. Even thémgtpH is known as a destabilizing for protein
native fold, the irreversible changes on proteirfage require aggregation [21], and in the case of
proteins immobilized on a solid support, this effexcprevented, and proteins are stabilized [22].
Thus, short contact with 50 mM glycine buffer pl3 Besulted only in the dissociation of antibodies
without affecting immobilized protein. After dissation, the same Tg chip can be used for another
measurement (Figure 2). Representative sensorgrbsdifferent samples in duplicates are shown
in Figure S1. The height of each peak represesmtsitinal corresponding to the frequency change
of vibration of sensor crystal. Constant baseliesgthan 1 Hz of change in 10 minutes) between
measurements indicates efficient regeneration ef tiimnyroglobulin sensor chip surface. We
performed over 350 measurements with the same whip satisfactory behavior, baseline

frequency, and response.

Detection of TgAb
Figure 3 shows the calibration curve obtained byedeg frequency changes of six anti-
thyroglobulin antibody standards dissolved in 758mmercial standard human serum containing

0.125% Tween 20 after retracting frequency charigleeoblank.

LOD, functional sensitivity and linearity

The LOD and the functional sensitivity of the assag quoted in Table 1. Detection signal,
increases linearly with the logarithm of TgAb coniration according to the equation= 28.7495
* [09(Crgan — 14.2874 in a wide concentration range of 20 - 10000 KI(RE = 0.998) (Figure S2)

and the CV between 4 and 7% across the range.

Precision
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and inter- corresponding to repeatability and rdpoibility, respectively). The signals obtained for
four samples during 13 months period are presenté&dgure 4. The stability of detected signals,
with similar precisions within the linear rangepypes that the same sensor chip can be reused for
multiple measurements over at least 1 year. Thesats also support the thesis of thyroglobulin
stability during short regeneration steps in low pH

The content of Table 1 indicates that the develapethod has better performances than currently
used assays regarding LOD and LOQ, as well as lzehilinearity range. Data about precision,
comparable with already available assays, candotte an additional advantage because the QCM
technology allows for the multiple reuses of ser@ops. Also, the developed method can be easily
automated, but even with manual measurementsrathgr fast. In this work, the turn-around time
was about 10 minutes, so the turn-around time dammoeliably compared with automated assays
in clinical laboratories. However, the manual pragan of the biosensor and the sample

pretreatment might be considered as limitations.

Comparison between RIA and QCM

Bland-Altman difference plot (Figure 5A) shows tlia¢ relative difference between methods was
acceptable for the majority of samples. Even ineptions, the result of bot assays was far below
the threshold of 100 kIU/L (RIA). Passing-Bablolgmession line (Figure 5B) had slope (95%
confidence interval (Cl)) of 1.0056 (0.8957 to B1)¥and intercept (95% CI) -24.2778 (-35.9259
to 1.2553) which excluded the presence of a sicamifi proportional or systematic difference.
Finally, the inter-rater agreement test gave kaygae (95% CI) of 0.865 (0.611-1.000), which
indicates good agreement between the results ofdRBAQCM in the context of classification of

patients using the threshold of 100 kIU/L.



CUIILIUSIUL

The characteristics of the developed method unambigly show that the application of the QCM
biosensors offers a highly reliable novel approfehithe measurement of TgAb in human serum.
The QCM based assay has advantages over the tymeatlable ones in terms of better LOQ, a
higher upper limit of linearity, and precision. Alsthere is a good agreement with RIA in the

classification of patients according to the clihisignificance of the results.
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Limit of Quantitation, RIA-Radioimmunoassay, NC @I Non-competitive chemiluminescence

immunoassay, NC FIA- Non-competitive fluoroimmunemg QCM- quartz crystal microbalance,

*Functional sensitivity defined as TgAb concentativith total C\k20%, nd - not declared

Assay type LOD LOQ Assay range Precision (%) Reference
(kIU/L) | (kIU/L) (kIU/L) intra inter

RIA 6.0 30 nd 8.3 12.8 [20]
Assay N1 10 30* 10-500 2.9-5.5 1.8-2.0 [2]
Assay N2 | 2.2 nd 20-3000 3.2-4.9 4.6-5.8 [2]

NC CLIA | Assay N3 5 10 5-5000 2.3-3.2 4.4-8.9 [2]
Assay N4 5.152 5.152 5.152-3000 1.8-4.6 nd [2]
Assay N5 | 10 nd 10-2800 2.8-9.1 5.2-9.8 [2]

NC FIA 12 nd 12-4794 3.3-5.6 2.6—6(5 [2]

QCM 4.2 4.7* 20-10000 1.3-4.2 2.1-4.6 This artic
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Figure 1. A) Schematic representation of thyroglwbummobilization on LNB Carboxyl sensor
chip. B) Frequency change recorded during immadtilen (Steps 1 and 2 — activation; 3-5
thyroglobulin binding; 6 and 7 — blocking with etttdamine and 8 and 9 — regeneration).

Figure 2. A) Schematic representation of the agsengiple. B) Representative sensorgram of one
sample. Binding of antibodies from the sample tgrdglobulin immobilized to chip surface
induces frequency change that can be recordeéll)dissociation of antibodies is achieved by pH
shift, regenerating the surface for another measent (2).

Figure 3. Calibration curve obtained with a seaé3$gAb solutions (1-50000 KIU/L) (mean value
+ standard deviation of triplicates).

Figure 4. Measured signals for four samples (mealnev+ standard deviation of triplicates).
Measurements were performed over 13 months.

Figure 5. A) Bland-Altman plot of differences betwme RIA and QCM. B) Passing-Bablok

regression line for comparison of RIA and QCM.

No figures should be printed in color! Color shouldremain in the online version only.

16



l \ 1) EDC Crosslinker |‘CI
(\/E\
e, n 41 A
NS s A J\—L A
2)Sulfo-NHS/L_L§
H )

—

on

_ 4>
PHASE | PHASE Il
ACTIVATION PROTEIN BINDING

HN NH
000000

PHASE IlI
BLOCKING

PHASE Il
PROTEIN BINDING

4

212 X100 . S
N211 8 |
= 9
&=
5 2.1 |
[
8 2.09 .
g 1 2
LL

2.08 1

2.07 ' : ' '
0 1000 2000 3000 4000 5000

t [s]



A

: 3 : . .
2.11
REGENERATION
10 mM GLYCINE i~ 2.105
pH23 £
= 2.1
c
7]
g 2.095
c
g
o 209 +
o
w 2
2.085
\\(/ 2.08 . . . |
1.24 1.26 1.28 1.3 1.32

MEASUREMENT
t[s] %104




Journal Pre-proof

100

80

60

Frequency shift [Hz]

0 1 2 3 4 5
'°91o(chAb) [kIU/L]



I @ © o
=) o 5} =)

Frequency shift [Hz]

n
5}

20

100

CTgAb

1000
[KIUL]

10000

[Jthe 1% month
[ the 5" month
[ the 9" month
I the 13" month




Journal Pre-proof

((RIAKIUL]- QCMKIU/L]) /Mean)*100{%]

150

100

50

-50

-100

- 2500 -
o +1.96 SD
| 1158 2000 -
o
o
o o = 1500 |-
o S
Mean | =<
o 193 (E)
o .
= N N S 1000}
o o °
o
o 500 |-
-1.96 SD
o -77.2
ul 1 1 1 1 1 1 0 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500
Mean of RIAKIU/L Jand QCMKIU/L] RIA[KIUL]



Highlights:

- A novel QCM biosensor method for TgAb measurement is established

- Measurement results are in good correlation with the standard RIA method

- The assay shows low LOD, extended upper limit of linearity and high precision

- The method is applicable for human seraanalysis
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