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A proof-of-concept analysis of carbohydrate-deficient
transferrin by imaged capillary isoelectric focusing
and in-capillary immunodetection
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ABSTRACT

Carbohydrate-deficient transferrin (CDT)
is areliable biomarker for chronic alcohol
abuse. We developed a method for CDT
analysis by capillary isoelectric focusing,
followed by immunodetection directly in
the capillary, in an automated fashion
and on a single platform (Peggy Sue™;
ProteinSimple, CA, USA). Transferrin
glycoforms in serum samples, including
disialo-transferrin, were separated and
their apparent isoelectric points and
relative percentages were determined.
The relative CDT values (percent of total
transferrin) matched expected values
for both healthy and alcoholic samples.
Because the method leveraged the
sensitivity of an immunoassay, CDT
was measured when serum samples
were diluted up to 1200-fold, reducing
the volume of serum required. Finally,
the process is fully automated, with up
to 96 samples analyzed per batch.

METHOD SUMMARY
Carbohydrate-deficient transferrin is
a common biomarker for diagnosing
chronic alcohol abuse. Here, we
developed a technique for the detection
of carbohydrate-deficient transferrin by
isoelectric focusing followed seamlessly
by immunodetection directly in the
capillary. The method offers several
advantages over existing techniques,
including small sample size (15 pl),
specificity and automation, while also
providing a complete charge-based
separation profile of transferrin.
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Transferrin (Tf) is an important iron-trans-
porting protein in human serum. With two
available N-linked glycosylation sites,
several glycoforms of Tf exist, depending
on the attachment of zero—two N-glycans.
These N-glycans display a varying number
of terminal sialic acid residues, and this
number is used to name each glycoform.
For example, in healthy individuals, the
major Tf glycoform contains four sialic acid
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residues (tetrasialo-Tf) with minor glyco-
forms of disialo-Tf (two sialic acid residues),
trisialo-Tf (three sialic acid residues), penta-
sialo-Tf (five sialic acid residues) and
hexasialo-Tf (six sialic acid residues) [1]. By
contrast, chronic alcohol abusers, defined
as those that consume more than 50 g of
alcohol a day for greater than seven consec-
utive days, typically have elevated levels of
carbohydrate-deficient Tf (CDT), which
refers collectively to asialo-Tf (nonsi-
alylated) and disialo-Tf[2]. This makes CDT
areliable and specific biomarker to identify
chronic alcohol abuse. In addition to Tf
glycoforms, otherisoforms of Tf exist owing
to genetic polymorphisms caused by one
or more amino acid substitutions to the
primary structure of the protein. Therefore,
the monitoring of Tf glycoforms and genetic
isoforms is important in clinical and
forensic analysis of chronic alcohol abuse,
the investigation of genetic variants and
the assessment of congenital disorders of
glycosylation [1,2].

Tf glycoforms confer different isoelectric
point (pl) values to the molecule. Specifi-
cally, Tf glycoforms with many sialic acid
residues have lower pl values, and Tf glyco-
forms with few sialic acid residues have
higher pl values. Because CDT is deficient
in sialic acid residues, it has a higher overall
pl than other glycoforms, and this property
is leveraged to separate CDT from other
glycoforms in charge-based separation
methods. Early isoelectric focusing (IEF)
methods relied on labor-intensive slab gels,
followed by immunodetection that are only
semiquantitative [2]. Other methods for CDT
analysis have been reported, including
those based on capillary zone electropho-
resis [3] and HPLC [4], the latter of which
is currently the IFCC reference method for
CDT measurement. However, the detection
modes inthese methods are typically based
on UV/visible absorption or native fluores-
cence [5], and, therefore, have limited sensi-
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tivity. Recently, the sensitivity was improved
by harnessing the ability of Tf to bind Th%*,
which greatly enhances the intrinsic fluores-
cence of Tf, resulting in arelevant increase in
analytical sensitivity by a factor of approxi-
mately 3 [6]. A CDT-targeting antibody can
be used to leverage the high sensitivity of
immunoassay [7]. However, a drawback
of this method is the antibody does not
distinguish disialo-Tf and asialo-Tf from
monosialo-Tf, which is not considered
CDT[7].

Capillary IEF (clEF) can be used to
analyze Tf, and it is both quantitative and
automated [8]. As its name suggests, clEF
brings IEF inside a capillary to separate
molecules based on their pl. Because
clEF uses a capillary instead of a slab gel,
as in conventional IEF, the method has
improved resolution, speed and sensitivity.
Although this method has the advantages
of automation and quantitation, it requires
a mobilization step to move the focused
material through the detector that is located
at one end of the capillary [8]. This mobili-
zation step takes longer than the focusing
step itself, and it can alter the separation
resolution and impact the reproducibility.
These mobilization-related issues prevented
clEF from being widely used in bioanalytical
chemistry. Furthermore, immunoextraction
of Tf from the serum is typically required
before analysis by clEF [8].

The development of imaged clEF (iclEF)
eliminated the need for a mobilization step,
and thus alleviated its associated problems,
making it an easier way to perform IEF
in a capillary [9]. Instead of mobilizing
the focused material through a detector
located at one end of the capillary, the
entire capillary is monitored throughout
the focusing process. This in turn facili-
tates faster method development, and
enhances reproducibility, robustness
and speed. The technology advanced the
potential of capillary-based IEF technology,
and it became the gold standard method
for IEF [10]. Tf glycoforms in human serum
samples were previously analyzed by iclEF
and required little sample pretreatment [11].
The method was precise and could
determine the pl of each glycoform within
0.03 pH units [11]. However, this iclEF
method still has limitations in sensitivity,
since its detector is based on UV absorption
and not immunodetection.
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In recent years, a new IEF method has
emerged that combines the principles of
iclEF with immunodetection [12]. Following
IEF, proteins are immobilized to the capillary
wall by a UV-catalyzed chemical reaction.
Then, antibodies are used for sensitive
and specific immunodetection of charge
variants. This assay, also called Simple
Western™ Charge, can similarly be applied
to proteins separated by size, called Simple
Western Size [13]. Simple Western Charge was
employed to rapidly characterize sialylation
patterns without requiring protein purifi-
cation[14]. In this study, we introduce a proof-
of-concept for CDT analysis that combines
the charge-based separation of iclEF with
the sensitivity of immunodetection, both of
which are performed seamlessly back to back
on a single Simple Western platform (Peggy
Sue™ from ProteinSimple, CA, USA). Serum
samples can be diluted directly in sample
buffer with only minor pretreatment to remove
ironions. The sensitivity of this method elimi-
nated the need forimmunopurification of Tf
from human serum samples that is typically
required for clEF [8]. Furthermore, the method
enables the analysis of up to 96 samples in
a fully automated fashion overnight (<15 h).
Finally, we compared the results from this
assay with traditional iclEF by native fluores-
cence detection (Maurice™ from Protein-
Simple).

iclEF with immunodetection method was
run on the Peggy Sue Simple Western
instrument (ProteinSimple). The capillary is
5 cm long, 100 um internal diameter and
holds 400 nl of solution. Because samples
areimmobilized on the capillary wall prior to
immunodetection, capillaries are single use.
Traditional iclEF experiments were run on
ProteinSimple’s Maurice instrument with
fluorescence detection (280 nm excitation,
320-450 nm emission). The voltage settings
were 1500 V for prefocusing and 3000 V for
focusing.

Serum sample controls (Normal Control and
High CDT Control) were purchased from
Sebia (GA, USA). iclEF sample buffer (Premix
G2 Ampholyte-Free pH Gradient, PN
040-967), 1% methylcellulose solution (PN
101876), antibody diluent (antibody diluent 2,
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PN 042-203), anti-mouse secondary
antibody (ready-to-use format, PN 042-205),
pl standard ladder 1 (containing 5 pl markers,
ranging from 4.0 to 7.3, PN 040-644), luminol
solution (luminol-S, PN 043-311), column
wash buffer (PN 041-108), anolyte (PN
040-337), catholyte (PN 040-338) and
peroxide solution (PN 043-379) used for the
Peggy Sue system were products of Protein-
Simple. Anti-human Tf mouse monoclonal
antibody (PN MAB5746), purified human IgG
(PN 1-001-A) and purified human Tf (PN
2914-HT) were purchased from R&D
Systems (MN, USA). Phosphate-buffered
saline (PBS) solution, urea powder, sialidase
(PN 10269611001), sodium citrate dihydrate
and citric acid were purchased from Sigma
(MS, USA). Pharmalytes 5-8 (PN 17045301)
and Pharmalytes 3—-10 (PN 17045601) were
products of GE Healthcare (IL, USA). The
Amicon® Ultra — 0.5-ml Centrifugal Filter 10
K NMWL (PN UFC501096) was used as the
centrifuging protein dialysis tube and was
purchased from Sigma.

For analysis on both Peggy Sue and Maurice,
ironions in Tf were removed using EDTA (0.17
M EDTA solution in 0.2 M citrate buffer, pH
4.0). First, 15 ul of each serum sample was
treated twice with 150 ul EDTA solution using
the Amicon Ultra Centrifugal Filter by spinning
at 14,000 rpm at 4°C down to a final volume
of 30 ul. Then, the sample was buffer
exchanged into 0.5x PBS by equilibrating
twice with 150 ul 0.5x PBS using the same
Amicon Ultra Centrifugal Filter and spinning
at 14,000 rpm at 4°C to a final volume of
approximately 30 ul. All samples were treated
and prepared fresh on the same day as the
analysis. Samples were stored onice until use.

For analysis on Peggy Sue, the purified Tf
and CDT serum samples were diluted directly
into the final IEF sample solution containing
Premix G2 ampholyte-free premix, 3%
Pharmalyte 5-8, 1% Pharmalyte 3-10 and
pl ladder solution. The serum samples
were typically diluted into the IEF buffer by
a dilution factor of 1/600, which was deter-
mined to be in the linear range of detection
from a 2x serial dilution series from 1/50 to
1/1600. The final concentration of purified
Tf was 5 ug/ml.

For analysis on Maurice, the purified
Tf and CDT samples were diluted directly
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into the IEF buffer containing 8 M urea, 3%
Pharmalyte 5-8, 1% Pharmalyte 3-10,0.35%
methylcellulose solution and pl markers 5.85
and 7.05. The final concentration of purified
Tf was 0.16 mg/ml, and the serum samples
were diluted into the IEF buffer by a dilution
factor of 1/25.

Antibody preparation

The Tf primary antibody was diluted 1/200
in antibody diluent. For the secondary
antibody, human IgG (60 pug/ml) was spiked
into the ready-to-use secondary antibody
solution to reduce nonspecific recognition
of serum proteins by the secondary antibody.

Sample run & data processing

Sample solutions and antibody solutions
were loaded onto a 384-well plate. The plate
was centrifuged at 2500 rpm for 10 min at
4°C and then inserted into the Peggy Sue,
which keeps the sample plate at approxi-
mately 4°C. The IEF time was set to 50 min
using a constant electric power setting of
21,000 microwatts. On Peggy Sue, the
incubation times for the primary antibody
and secondary antibody were 60 and 30 min,
respectively. For Maurice iclEF runs, the
focusing time was 1 min at 1.5 kV followed
by 14 min at 3 kV. All data were processed
using Compass software.

RESULTS & DISCUSSION
Workflow overview

The workflow for CDT analysis developed
here is shown in Figure 1. First, 15-ul serum
samples are treated with EDTA to remove
iron, and then resuspended in PBS. Then,
samples are diluted 600-fold in the IEF
sample solution containing carrier ampho-
lytes, urea and pl markers. Finally, samples
are transferred to a 384-well Peggy Sue
sample plate and loaded on Peggy Sue. A
protocol is included along with this paper
that can be followed to analyze any human
serum sample by this method.

Upon starting the instrument, samples
are automatically loaded into capillaries
in which |IEF is performed. After focusing,
the separated proteins are immobilized
onto the capillary walls by a UV-catalyzed
reaction. Then, the capillaries are washed to
remove the |IEF buffer solution, and a primary
antibody specific for Tf is applied into the
capillaries, followed by an HRP-conjugated
secondary antibody. Finally, a luminol—
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Figure 1. Workflow of carbohydrate-deficient transferrin analysis by Simple Western Charge.

IEF: Early isoelectric focusing.

peroxide solution is applied for chemilumi-
nescence imaging of the whole capillary.
More information on the principles of this
assay may be found in a similar study
that characterized protein sialylation
patterns [14]. Following sample preparation,
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Figure 2. Electropherograms of purified transferrin and carbohydrate-deficient transferrin controls.
The purified Tf sample concentration is 5 ng/ml and the CDT samples were diluted 600-fold.
Numbers above peaks correspond to Tf glycoforms; 5: pentasialo-Tf, 4: tetrasialo-Tf, 3: trisialo-Tf,
2: disialo-Tf. The inset shows a magnification of the disialo-Tf peak in the Normal Control.

CDT: Carbohydrate-deficient transferrin; Tf: Transferrin.
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Figure 3. Analysis of purified transferrin and normal and high carbohydrate-deficient transferrin
control samples by Maurice imaged capillary isoelectric focusing. Final concentrations: Purified
Tf: 0.16 mg/ml; CDT Controls: 1/25 dilution. Numbers above peaks correspond to Tf glycoforms;

4: tetrasialo-Tf, 3: trisialo-Tf, 2: disialo-Tf.

CDT: Carbohydrate-deficient transferrin; Tf: Transferrin.

to 96 samples (eight cycles) can be run in
approximately 15 h.

Following the workflow shown in Figure 1, we
analyzed purified Tf and control serum
samples containing a predetermined amount
of CDT. These samples correspond to low
(normal) and high (alcoholic) levels of CDT,
called Normal Control and High CDT Control,
respectively. The electropherograms resulting
from this analysis are shown in Figure 2.
According to manufacturer specifications for
the Normal and High CDT Controls [15], the
typical glycoforms include pentasialo-Tf
(~18%), tetrasialo-Tf (~77%), trisialo-Tf (~3%)
and disialo-Tf (~0.9%) for the normal sample.
For the High CDT Control sample, the typical

glycoforms include pentasialo-Tf (~16%),
tetrasialo-Tf (~76%), trisialo-Tf (~3%) and
disialo-Tf (~5.1%). In our method, we were able
to detect glycoform peaks above pentasialo-
Tf (Figure 2). However, when considering the
sum of only pentasialo-Tf through diasialo-Tf
peaks for comparison, we measure penta-
sialo-Tf (~30%), tetrasialo-Tf (~68%), trisialo-Tf
(~1%) and disialo-Tf (~0.5%) for the Normal
Control; and pentasialo-Tf (~23%), tetrasialo-
Tf (~64%), trisialo-Tf (~5%) and disialo-Tf (~8%)
for the High CDT Control. The differences in
values described here are likely due to the
different analytical techniques used; Tf peak
profiles obtained by capillary zone electro-
phoresis and clEF are known to differ slightly
and values between runs can also vary [1].
Nevertheless, in both the manufacturer speci-
fications and our analysis, tetrasialo-Tf is the
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Figure 4. Peak area of carbohydrate-deficient transferrin (disialo-transferrin) versus sample dilution
of a twofold serial dilution series of the normal control serum sample. Data are the averages of
results from six replicates, and the error bars represent the standard errors of the means.

Tf: Transferrin.
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predominant glycoform, as expected.
Furthermore, disialo-Tf is the target analyte
in IFCC-approved HPLC method for CDT [4],
and its relative levels (diasialo-Tf to total Tf
fraction percentage) are consistent with the
method described here (<2% for healthy
individuals). It should be noted that the Tf in
our samples has been treated with EDTA to
remove bound iron. Because removing iron
from Tfincreases its apparent pl, the pl values
we measure here are higher than previous
clEF results of ferric Tfisoforms [16]. Instead,
they align more closely with apoTf isoforms,
as expected [16].

The results presented so far represent a
novel detection method for CDT based on IEF
followed seamlessly by immunodetection
directly in the capillary. To understand how
these results compare to traditional iclEF
with native fluorescence detection, the same
samples were analyzed by traditional iclEF,
shown in Figure 3. As expected, a similar
separation pattern for Tf was observed as
previously published [11]. However, because
this method detects all analytes in the sample
at 280-nm excitation and 320-450-nm
emission, the separation profile also includes
other unrelated components that are present
in serum. Therefore, combining iclEF with
in-capillary immunodetection increases both
specificity and sensitivity.

As in previously published iclEF methods,
here Tf glycoforms are clearly separated and
their apparent pl values can be precisely
determined within 0.03 pH units [11]. With
such separation power and precision in
apparent pl determination, minor peaks
in the serum samples can be assigned to
their corresponding glycoforms when the
main tetrasialo peak is used as a reference.
Similarly, CDT can be identified within the
complete peak pattern of the sample without
the need for a CDT-specific antibody, which
canresultinfalse-positives or false-negatives
arising from uncommon Tf genetic isoforms
or elevated levels of monosialo-Tf [17].

We examined the linear range of detection
of CDT in human serum using the Normal
Control sample. The sample was serially
diluted twofold, from 50-fold to 1600-fold. The
resulting data are shown in Figure 4. These
results show linearity across a broad range
(~30-fold) of serum dilutions. From these
results, the 600-fold dilution was chosen for
subsequent CDT analysis to provide enough
material for CDT analysis while remaining
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in the determined linear range. A major
advantage of this method is that only 15 pl of
the serum sample is needed, which is consid-
erably less sample required by other methods
that need 100 pl of the serum sample [4].
Next, we sought to determine the LOQ
of the method. As suggested by the Inter-
national Conference on Harmonization of
Technical Requirements for Registration of
Pharmaceuticals for Human Use (ICH), the
LOQ is determined ‘based on the standard
deviation of the response and the slope’[18].
Mathematically, the LOQ is defined as:

100
LOQ=—
Q S

where ¢ is the residual standard deviation
of concentration calibration lines (standard
deviation of y-intercepts of the lines), and S
is the slope of the calibration line. We used
this formula to calculate the LOQ from three
concentration calibration lines of the Normal
Control sample. From this analysis, the LOQ
of the method calculated to be at approx-
imate the 1/1200 dilution, which is well below
the 1/600 target dilution used in this study.
Given that typical CDT levels are around
100 mg/I[16], this corresponds to as little as
83 ng/l detectable CDT.

Finally, we assessed assay reproducibility
using the CDT controls. These results were
obtained over 3 days, with sixinjections each
day, totaling 18 injections. To visually demon-
strate the reproducibility of this method,
Figure 5 shows an overlay of three represen-
tative electropherograms performed over
3 days from each CDT control. Numerical
values of the peak area percentages from all
replicates are listed in Table 1, which reflects
the intermediate precision of the method
in determination of the Tf glycoforms. As
expected, the results show significantly
higher peak area percentage of the disialo-
glycoform in the High CDT Control sample
compared with the Normal Control sample,
with a mean increase of 6.5% * 0.8, and this
falls within with the specificationsin the Sebia
Normal and High CDT Control instructions for
use, with amean increase of 4.8 + 0.9 (Sebia,
GA, USA). Moreover, according to the specifi-
cations of the Normal Control Sample (Sebia),
the mean CDT is 0.9% + 0.3; therefore, the
coefficient of variation is identical between
our instrument and the manufacturer's
specifications.
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This work presents a new method of CDT
analysis that employs iclEF followed
seamlessly by in-capillary immunodetection
on a single instrument (Peggy Sue from
ProteinSimple). Like existing separation-
based methods for CDT analysis that can
identify genetic variants, including HPLC and
CE, this method separates and visualizes
individual Tfisoforms. Because it has already
been reported that clEF is effective at identi-
fying genetic variants of Tf[1], it is reasonable
to anticipate that this method can do the
same. However, unlike HPLC and CE methods,
which detect any serological material with a
specific UV or fluorescence wavelength, the
method presented here utilizes a Tf-specific
antibody for detection that takes place directly
in the capillary following separation and
capture of proteins to the capillary wall. The
resultis highly sensitive detection of individual
Tf isoforms with minimal interference of
non-Tf serological residents. This in turn
reduces sample size and pretreatment steps.
For example, the Sebia CDT assay requires
200 pl of serum [15], and the IFCC-approved
HPLC method requires 100 ul of serum that
must subjected to both iron saturation and
delipidation [4]. By comparison, the described
method requires 15 pl of serum and only iron
chelation pretreatment. The sensitivity of this
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method meets the standard set in the
commercially available CDT immunode-
tection assay [7] with the added advantage of
providing accurate apparent pl values of each
isoform when standards are included.
Following minor pretreatment, serum samples
are diluted directly in IEF sample buffer, and
a batch of up to 96 samples can be analyzed
overnight in a fully automated fashion. This
method eliminated the need for immunopu-
rification of Tf from serum samples found in
other IEF methods [8].

A potential limitation of the commercially
availableimmunoassay for CDT (N Latex CDT
assay) is that it relies on an antibody that also
detects monosialo-Tf, which is not considered
CDT [7]. Instead, elevated monosialo-Tf is
typically associated with elevated levels of
trisialo-Tf and is not believed to be related to
chronic alcohol abuse. Additionally, trisialo-Tf
is not detected by the N Latex CDT assay [7],
so these conditions would go unnoticed. By
contrast, this IEF-based method provides the
full-charge separation profile of the sample,
and trisialo-Tf can be easily distinguished
from CDT glycoforms, and, therefore, elevated
trisialo-Tf levels can be identified. Finally, this
method measured a significant increase
(6.5% * 0.8) in the diasialo-glycoform level
in the High CDT Control sample compared
with the Normal Control sample that falls
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