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BACKGROUND: Transferrin is synthetized in the liver and
is the most important iron-transport carrier in the human
body. Severe alcohol consumption leads to alterations in
glycosylation of transferrin. Mass spectrometry can pro-
vide fast detection and quantification of transferrin iso-
forms because they have different molecular masses. In
this study, we used antibody chips in combination with
MALDI-TOF MS for the detection and quantification
of transferrin isoforms.

METHODS: Protein chips were prepared by functional-
ization of indium tin oxide glass using ambient ion soft
landing of electrosprayed antitransferrin antibody.
Two microliters of patient serum was applied on the
antibody-modified spots, and after incubation, wash-
ing, and matrix deposition, transferrin isoforms were
detected by MALDI-TOF MS. Peak intensities of
each transferrin form were used to calculate total
carbohydrate-deficient transferrin (CDT). The CDT
values obtained by the MALDI chip method were
compared with the results obtained by a standard cap-
illary electrophoresis (CE).

RESULTS: The chip-based MALDI-TOF MS method was
used for enrichment and detection of CDT from human
serum. A sample cohort from 186 patients was analyzed.
Of these samples, 44 were positively identified as belong-
ing to alcoholic patients, whereas 142 were negative by
the MALDI chip approach. The correlation of the data
obtained by the CE and the chip-based MALDI was r �
0.986, 95% CI.

CONCLUSIONS: Functionalized MALDI chips modified
by antitransferrin antibody prepared by ambient ion soft

landing were successfully used for detection and quanti-
fication of CDT from human sera.
© 2018 American Association for Clinical Chemistry

In recent years, substantial advances have been made in
the biological assessment of excessive alcohol consump-
tion. These advances include development of new labo-
ratory tests and more extensive applications of biomark-
ers in alcoholism treatment and research (1 ). Screening
for ongoing and excessive alcohol use is important, espe-
cially for patients with underlying chronic liver diseases.
Commonly used protein or nonprotein biomarkers of
alcoholism include �-glutamyltransferase (2, 3 ), aspar-
tate aminotransferase/alanine aminotransferase (4, 5 ),
macrocytosis (mean cell volume above normal range)
(6, 7 ), and phosphatidylethanol (1, 4 ). Some conjugated
metabolites, such as ethyl glucuronide and ethyl sulfate,
are often used as direct alcoholism biomarkers because
they can be detected in urine by immunoassays after 2 to
5 days of abstinence (1, 8 ).

Another recognized marker of heavy alcohol abuse is
carbohydrate-deficient transferrin (CDT)8. The transfer-
rin molecule consists of a single peptide chain arranged in
2 globular domains, the N-terminal domain (1–336) and
the C-terminal domain (337–679) (9 ). The C-terminal
domain contains 2 N-glycosylation sites located at aspar-
agines 413 and 611 (10 ), which are occupied mostly
by complex biantennary glycans terminated with N-
acetylneuraminic acid (11 ). Severe alcohol consumption
leads to alterations in glycosylation of transferrin, which
results in production of 2 transferrin isoforms that lack
either 1 [disialotransferrin (DST)] or both [asialotrans-
ferrin (AST)] glycan structures (3, 12 ) and are collec-
tively called CDT (3, 12, 13 ). The CDT is potentially a
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useful relapse marker because of its clinical specificity,
high clinical sensitivity, and half-life of 2 to 4 weeks fol-
lowing abstinence (8 ).

Current analytical methods for measurement of
CDT concentrations are based on separation of transfer-
rin glycoforms by HPLC (14–17) or multichannel cap-
illary electrophoresis (CE) (14, 18 ). Both methods allow
relative quantification of CDT by summing the inte-
grated peak areas of the AST and DST forms. The final
results are expressed as a ratio between CDT and total
transferrin. Although both methods are currently consid-
ered to be the gold standard tests for determination of
CDT, they suffer from several limitations, mostly related
to serum quality required for the analysis by these tech-
niques. Both methods can be negatively affected by serum
sample hemolysis, high concentrations of trisialotransferrin
(14), or presence of other transferrin glycoforms (especially
in cirrhotic patients), as all these factors can disrupt the sep-
aration processes. In the case of the CE separation, compli-
cations could also arise from increased concentrations of
fibrinogen and anticoagulants.

Here we present an approach based on MALDI-TOF
MS, which provides rapid detection and relative quantifica-
tion of CDT in human serum with respect to total transfer-
rin. The sample preparation is based on a simple in situ
enrichment of transferrin directly from a serum sample on
functionalized MALDI chips prepared by ambient soft ion
landing (19–22). We functionalized indium tin oxide glass
slides by antitransferrin antibody and used them as MALDI
chips for MALDI-TOF MS analysis of transferrin in serum.
We demonstrate that MALDI-TOF MS combined with an
in situ enrichment on MALDI chip surfaces offers a simple
clinical method for detection and relative quantification of
CDT as an alcoholism marker.

Materials and Methods

PREPARATION OF MALDI CHIPS

MALDI chips were prepared using a laboratory-built ap-
paratus as previously described by Krasny et al. (22 ) with
only minor modifications. A 4-�mol/L solution of poly-
clonal transferrin antibody (70R-7559; Fitzgerald) di-
luted in a 20-mmol/L ammonium bicarbonate buffer
(Sigma-Aldrich), pH 7.8, was used as a modifier solution.
The dried ions were soft-landed and immobilized on pol-
ished indium tin oxide glass slides (VisionTek Systems)
with 15 �/square unit surface resistance. The indium tin
oxide glass slides were manufactured to fit the MSP Bio-
target Adapter (Bruker Daltonics). The geometry of 40-
spot array per chip was defined by an adhesive foil mask
with a 2-mm spot diameter and a 5.4-mm center-to-
center distance. A 4-�mol/L solution of the antibody in a
20-mmol/L ammonium bicarbonate buffer was sprayed
for 5 min at each spot at a flow rate 1 �L/min. A positive
voltage (�1.5 kV) was applied on a 20-�m-diameter

nanoelectrospray emitter. Nitrogen gas heated at 45 °C
was used as the nebulizer gas. The charged aerosol was
dried by passing through the 10-cm-long desolvation
tube (4 mm diameter) that was kept on ground potential
and heated to 45 °C. The MALDI chips, prepared ac-
cording to the above-described procedure, were stored at
4 °C and rinsed in HPLC-grade water (Merck) immedi-
ately before application of the serum samples.

IMMUNOAFFINITY ENRICHMENT ON THE MALDI CHIP

The procedure of transferrin enrichment and its mass
spectrometric detection was similar as described by Pom-
pach et al. (20 ) and was further optimized using a serum
sample from a healthy individual.

Samples of human venous blood (5 mL) were collected
using the VACUETTE blood-collection system (Greiner
Bio-One). Serum was separated by 10-min centrifugation at
1700g and immediately frozen to �80 °C. In addition,
500-�L aliquots of serum from each of the 186 individuals
were stored at �80 °C. Individuals were enrolled under
protocols approved by the Pilsen Hospital Ethics Board. All
participants signed an informed consent. Two microliters of
serum was applied on each spot of polyclonal antitransferrin
antibody immobilized on the MALDI chip and incubated
inside a covered petri dish at room temperature for 1 h. After
the incubation, the chip was washed 3 times for 5 min
with 20 mL of PBS (137 mmol/L NaCl, 2.7 mmol/L
KCl, 10 mmol/L Na2HPO4, 2 mmol/L KH2PO4, pH
7.4) (Sigma-Aldrich), rinsed once with 20 mL of
HPLC-grade water (Merck) (to remove the residual salts,
which would cause spreading of the matrix and hinder
the proper crystal formation), and allowed to dry at room
temperature. Spots were covered with MALDI matrix,
which was prepared by dissolving 7.6 mg of 2,5-
dihydroxyacetophenon (2,5-DHAP) (Bruker Daltonics)
in 375 �L of ethanol (Merck), and 125 �L of aqueous
solution of ammonium citrate dibasic (Sigma-Aldrich) at
a concentration of 18 g/L.

MALDI MATRIX

The matrix solution was mixed with 2% trifluoroacetic
acid (Sigma-Aldrich) in a 1:1 ratio, and 1 �L was imme-
diately applied on each spot and let to dry at room tem-
perature. Sinapinic acid (Bruker Daltonics)-based ma-
trix, prepared as a saturated solution of sinapinic acid in
30:70 (v/v) acetonitrile (Merck) and 0.1% trifluoroacetic
acid in water, was tested as a possible alternative matrix
but provided inferior results (Fig. 1).

m/z CALIBRATION OF MALDI-TOF MS

Five picomoles of BSA standard (Sigma-Aldrich), used
for calibration of the mass spectrometer, was applied after
the enrichment procedure at 4 positions between the
spots and covered with matrix.
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DESIALYLATED TRANSFERRIN

For enrichment of the desialylated glycoform of transfer-
rin, human serum was treated with 100 U of �-2/3,6,8
neuraminidase from Clostridium perfringens overexpressed
in Escherichia coli (New England Biolabs) overnight at
37 °C. The further procedure of transferrin enrichment and
detection on the MALDI chip was the same as described in
previous sections.

MASS SPECTROMETRY

Mass spectra of intact proteins were acquired in positive
linear mode using Ultraflex III TOF/TOF mass spec-
trometer (Bruker Daltonics) with a Smart Beam laser
(200 Hz). Samples were analyzed manually with part
sample random walk and accumulation of 6000 laser
shots for each spot. The mass spectrometer was externally
calibrated using BSA standard. The mass spectrometry
data were acquired in m/z range 18000 to 90000 and in
m/z range 18000 to 60000 for CDT quantification. The
laser frequency was set to 100 Hz with a pulse delay of
120 ns, lens voltage to 12000 V, detector gain to 1900 V,
and gating to 5000. The 40-position chip could accom-
modate 11 samples and 1 low/high transferrin standard,
all in triplicate.

ASSAY VALIDATION

MALDI chip assay validation was performed based on an
experimental design recommended in a report by Grant
et al. (23 ) with minor modifications. For the reproduc-
ibility test, healthy and disease pools were prepared by
mixing 10 samples for each pool. The variability of CDT
was determined in both pools from 5 individual repli-
cates of each pool analyzed every day for 5 days. The
lower limit of quantification was determined by quanti-

fication of CDT in the healthy pool diluted with a 3-fold
serial dilution (3�, 9�, 27�, 81�, 243�, and 729�)
with BSA (Sigma-Aldrich) in PBS at a 60-g/L concentra-
tion. Each dilution sample was analyzed in triplicate. All
procedures including transferrin enrichment and MALDI-
TOF MS detection were performed as previously described.
The linearity test was performed by quantification of CDT
from disease and healthy pools mixed in 3:1, 1:1, and 1:3
ratios. Each combined mixture of healthy and disease sam-
ples was analyzed in triplicate.

DATA PROCESSING

Data were processed by mMass software (24 ) with the
following processing steps and parameters: Mass spectra
of each sample analyzed in triplicate were summed and
normalized on the highest signal in the spectrum, which
corresponded to the doubly charged tetrasialotransferrin
(TeST) at m/z 39740. The baseline was corrected with
precision and relative offset set at 100. The moving aver-
age method was used for smoothing the spectra (window
size 50, 3 cycles). Spectra were annotated manually.

Ion intensities corresponding to the triply charged
TeST, DST, and AST were used for calculation of rela-
tive CDT abundance using following formulas: 1% �
(IAST � IDST � ITeST)/100 and CDT% � (IAST �
IDST)/1%. Finally, the CDT values were recalculated by
the equations derived from calibration curves obtained
by measurement of transferrin standards with low (0.8%)
and high (5.0%) CDT (Sebia) for each MALDI chip.

PARALLEL DETERMINATION AND STATISTICAL ANALYSIS

Of all 186 serum samples, 179 were also analyzed by
the commercially available Capillarys CDT technique
(Sebia) in parallel to the chip-based MALDI-TOF MS

Fig. 1. Spectrum of enriched transferrin.
(A), Spectrum of enriched transferrin detected by MALDI-TOF MS using sinapinic acid (black) and 2,5-DHAP (green) matrices. (B), Spectrum of
enriched transferrin treated with neuraminidase (blue) and nontreated (black). The mass shift corresponds to loss of 4 sialic acids.

Direct Immunoaffinity Mass Spectrometry by MALDI
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technique. Seven samples contained high amount of lip-
ids and were not analyzed by CE to prevent capillary
blockage. Both methods were compared using Pearson’s
correlation coefficient and the Passing–Bablok method
for regression. The linearity was tested by the CUSUM
test as described by Schellenberg et al. (14 ), and R soft-
ware (25 ) was used for statistical computing and graph-
ics. Statistical analysis of the assay validation data fol-
lowed recommendations from Grant et al. (23 ). CDT
values of 133 samples determined by both MALDI chip
and CE approach as healthy individuals (alcoholism
negative, based on the CDT relative concentration),
were used for calculation of reference range values us-
ing RefVal software (26 ).

Results

DETECTION OF TRANSFERRIN

The enriched transferrin was detected by MALDI-TOF
MS at 4 different charge states. The singly charged trans-
ferrin was observed at m/z 79525, doubly charged at m/z
39760, triply charged at m/z 26500, and quadruply
charged at m/z 19866. The 2,5-DHAP was determined
to be a better matrix for detection of enriched transferrin
compared with the commonly used sinapinic acid, which
provided lower resolution and lower peak intensity (Fig.
1A). To check the feasibility of the MALDI chip ap-
proach to resolve altered glycosylation of transferrin, the
healthy individual serum was treated in vitro with
neuraminidase. The transferrin glycoform without
sialic acids was observed in the spectrum at m/z 78355

(1�), 39168 (2�), 26110 (3�), and 19575 (4�).
The mass shift of 1182 Da corresponded to the loss of
4 sialic acids (Fig. 1B).

DETECTION OF CDT

Serum samples from a healthy individual and a severe
alcoholic patient were used to demonstrate the CDT de-
tection by the MALDI chip. In the mass spectra of en-
riched transferrin from healthy and alcoholic patient sera,
doubly (m/z 39740), triply (m/z 26481), and quadruply
(m/z 19850) charged ions corresponding to the TeST
were observed (Fig. 2). DST, the isoform lacking 1 com-
plex biantennary glycan, was also detected in the spectra
for samples from both healthy and alcoholic patients at
m/z 38634 (2�), 25746 (3�), and 19303 (4�). How-
ever, AST, the isoform lacking 2 biantennary glycans,
was observed only in the sample from the alcoholic pa-
tient, as can be seen in the spectrum at m/z 37527 (2�),
25010 (3�), and 18751 (4�) in Fig. 2. The other trans-
ferrin forms bearing glycans with different numbers of
sialic acids, such as trisialotransferrin (lacking 1 sialic
acid), were also observed in the spectra as minor signals.

VALIDATION AND REFERENCE RANGE STUDY

The reproducibility test was performed by analysis of
healthy and disease pools in 5 replicates for 5 different
days. For the healthy pool, the intraassay CV (CVintra)
was 7.2%, the interassay CV (CVinter) was 9.7%, and the
total CV (CVtotal) was 12.1%. For the disease pool, the
CVintra was 4.1%, the CVinter was 7.1%, and the CVtotal

was 8.1% (see Table 1 in the Data Supplement that ac-

Fig. 2. Spectrum of transferrin isolate from whole blood of healthy patient (A) and alcoholic patient (B).
Transferrin isoforms TeST, DST, and AST differ in N-glycosylation site occupancy by biantennary doubly sialylated glycans.
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companies the online version of this article at http://
www.clinchem.org/content/vol64/issue9). For determi-
nation of the lower limit of quantification, differently
diluted healthy pools were analyzed. For the nondiluted
pool, the CV was 1.6%; for 3� diluted, 12%; for 9�
diluted, 6.5%; for 27� diluted, 7.8%; for 81� diluted,
4.2%; and for 243� diluted, 10.7% (see Table 2 in the
online Data Supplement). The CVtotal was 7.1%. Signals
corresponding to TeST were observed in 729� diluted
serum, but the intensity of the DST form was too low to
be quantifiable. The linearity test included determina-
tion of CDT in the healthy pool, the disease pool, and
their mixtures at 3 different ratios: 3:1, 1:1, and 1:3. The
CVtotal was 4.6% (see Fig. 1 in the online Data Supple-
ment). The reference range was determined by detection
of 133 healthy individuals whose CDT values were pre-
viously checked by CE. For the MALDI chip technology,
the reference range was calculated by the parametric
method used for normally distributed data. The lower
limit was 1.4% (90% CI, 1.3%–1.6%), and the upper
limit was 4.0% (90% CI, 3.8%–4.3%).

QUANTIFICATION OF CDT AND COMPARISON WITH CE

The CDT of 186 patients was quantified by the MALDI
chip approach. The CDT values for all samples were
recalculated using the linear equations derived from the
2-point calibration curves and are listed for each target
separately in Table 3 of the online Data Supplement.
These CDT values obtained by MALDI chips were com-

pared with the CDT values determined by the Capillarys
CDT system from Sebia (Fig. 3).

The CDT value of 1.6% was considered a threshold
for alcoholism, in accordance with the assay based on the
Sebia Capillarys CE system (27 ). Thus, individuals with
CDT �1.6% were considered alcoholics, and individu-
als with CDT �1.6% were considered healthy. Using
this metric, the MALDI chip assay detected 44 positive
and 142 negative results, whereas the CE assay detected
44 positive and 135 negative results (7 samples could not
be analyzed by CE because of lipemia). Both methods
determined 39 individuals with CDT �1.6% and 133
individuals with CDT �1.6%. In addition, 5 individuals
had false-negative results and 2 had false-positive findings
by the MALDI chip approach compared with the bench-
mark CE assay. The Passing–Bablok regression method
for comparison of %CDT measured by Sebia Capillarys
CE and MALDI chip (Fig. 4) yielded a Pearson’s corre-
lation coefficient of 0.986, showing a high conformity
between the 2 methods. The Passing–Bablok regression
analysis revealed the slope of linear regression line as 0.89
(95% CI, 0.84–0.94) and the intercept as 0.07 (95% CI,
0.02–0.11), indicating no significant systematic or pro-
portional difference between the methods. To test the
repeatability of the MALDI chip-based assay, a CV was
determined by acquiring spectra from 1 patient sample
deposited on 30 different spots. The mean value of CDT
was 11.7% with an SD of 0.7 and a CV of 5.6% (Fig. 5).

Fig. 3. Plot representing calibrated %CDT values for 179 individuals measured by MALDI chip technology and Sebia Capillarys CE.
False-positive (A), positive (B), negative (C), and false-negative (D) results from MALDI chip. CDT values >1.6% correspond to alcoholic
individuals.
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Discussion

Various mass spectrometry techniques are now used in
clinical diagnostics to monitor concentrations of many
different types of disease markers, from small molecules
to large biopolymers. Although most mass spectrometry
techniques in clinical laboratories are based on GC-MS
or LC-MS assays, MALDI-TOF MS has become a com-
mon instrument that is now routinely used for clinical

microorganism identification (“biotyping”) (28 ). The
success of MALDI-TOF MS for this application was
achieved predominantly by its simplicity, robustness, and
low cost of the operation. In this study, we followed up
on our previous application of MALDI-compatible func-
tionalized chips (20 ), which was based on only the qual-
itative determination of particular protein subunits by
MALDI-TOF MS. We demonstrate here the use of
MALDI-TOF MS for the relative quantification of large
proteins. The abilities of modern MALDI-TOF MS for
relative quantification of proteins were also demon-
strated by a recently published report showing the relative
quantification of glycohemoglobin (29 ).

We developed a fast and technically easy work flow
for relative quantification of CDT based on in situ en-
richment of transferrin from crude human serum by
functionalized immunoaffinity chips followed by a
MALDI-TOF MS detection. The selection of the
MALDI matrix is the key parameter for successful quan-
tification of CDT. Multiply charged transferrin ions
formed during ionization by 2,5-DHAP matrix im-
proved protein signal intensities and peak resolution,
crucial characteristics for confident mass spectrometric
quantification. To overcome the inhomogeneity of 2,5-
DHAP crystals on the dried spot, each spectrum was
obtained as a summation of 18000 laser shots and ac-
quired randomly over 3 positions. The protein assign-
ment could be done confidently because of a lack of any
peak overlaps or presence of other nonspecifically bound
serum proteins. This is clearly an advantage of the in situ
enrichment step (see Fig. 2 in the online Data Supple-

Fig. 4. Passing–Bablok regression and Bland–Altman plots.
(A), Passing–Bablok regression for Sebia Capillarys CE and MALDI chip with Pearson’s correlation coefficient. The dotted red line corresponds
to y = x. (B), The Bland–Altman plot of the between-method difference.

Fig. 5. Repeatability test of the MALDI chip-based assay.
Serum of an alcoholic patient was applied on 30 spots with immo-
bilized antitransferrin antibody. The spectrum represents overlay
of 30 spectra zoomed at triply charged AST, DST, and TeST. The CV
was 5.6%.
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ment). The MALDI spectrum quality was not negatively
influenced by hemolysis of the sample, lipemia of the
serum, or presence of other transferrin variant, an impor-
tant property that further demonstrates robustness of the
assay (see Fig. 3 in the online Data Supplement). Unlike
the CE technique, which is dependent on sample quality,
the robust MALDI chip assay is not influenced by satu-
ration of the sample by iron or shifts in transferrin iso-
electric point, which can appear owing to altered glyco-
sylation, for example, fucosylation or desialylation. We
used the low and high calibration standards for the CE
assay as a performance check, which was used for correc-
tion of MALDI-obtained CDT values to allow direct
comparison with the CE values. The Bland–Altman plot
analysis was performed to evaluate a bias between the
methods. Most data fell within the 95% limit of agree-
ments. The bias within the methods for the low %CDT
samples was likely caused by inaccurate data processing.
Although the bias between methods was high for these
samples, it did not influence the alcoholic/nonalcoholic
criterion. The noncalibrated CDT values obtained by
MALDI were consistently higher than the values ob-
tained by CE. This applied across the whole concentra-
tion range (see Table 3 in the online Data Supplement).
We speculate that the difference is caused by more effi-
cient ionization of deglycosylated forms of transferrin in
MALDI because a similar effect was also observed during
analysis of desialylated transferrin (Fig. 1B). The CDT
values coincided in 95%, and statistical evaluation re-
vealed correlation between both methods. Validation of
the MALDI chip assay was performed based on the list of
experiments recommended for validation of protein
quantification by LC-MS/MS (23 ), from which we se-
lected validation tests relevant to the MALDI chip-based
assay. The analytical figures of merit selected for valida-
tion from ref 23 were reproducibility, linearity, and lower
limit of quantification. All 3 validation tests passed the
best practice criterion, which dictates that the reproduc-
ibility CVintra and CVinter should be �20%. The deter-
mined CVs for MALDI chip technology were �10% for
both healthy and disease pools. For the linearity experi-
ment, the accepted values of CV are �20%. The calcu-
lated CV for the MALDI chip assay was 4.6%. The
243� diluted serum was the lowest concentration that
passed the CV criterion (25%); its CV value was 10.7%.
Thus, this concentration defined the lower limit of quan-
tification for the assay. The systematically higher values
obtained by MALDI do not represent a limitation for
clinical usage because the cutoff CDT values for alcohol-
ism threshold determination could be easily obtained
specifically for MALDI, as they were empirically ob-
tained previously for CE or HPLC-based assays. To clar-
ify how the differences in noncalibrated values relate to
clinically relevant situations, a reference range study was
done using 133 healthy individuals. From the results of

the reference range study, the cutoff CDT value for the
MALDI chip approach was 4.0%, with a 90% CI of
3.8% to 4.3% for noncalibrated data.

The current results demonstrate that the CDT assay
based on the MALDI chips can be validated for use in
clinical practice. The main advantages of the presented
approach are that the calibration-free MALDI chip work
flow is fast, does not require sample separation, is more
robust with respect to sample quality, and can be auto-
mated for high-throughput analysis.
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