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Abstract 

Cerebrospinal fluid (CSF) leakage can lead to brain and spine pathologies and there is an urgent need for 
a rapid diagnostic method for determining CSF leakage. Beta-2 transferrin (β2TF), asialotransferrin, is a 
specific CSF glycoprotein biomarker used to determine CSF leakage when distinguished from serum 
sialotransferrin (sTF).  

Methods: We detected β2TF using an immunochromatographic assay (ICA), which can be potentially 
developed as a point-of-care (POC) testing platform. Sialic acid-specific lectin selectively captures sTF in 
multiple deletion lines within an ICA test strip, enabling the detection of β2TF. A sample pre-treatment 
process efficiently captures excess sTF increasing sensitivity for CSF leakage detection.  
Results: An optimal cut-off value for determining the presence of CSF in test samples was obtained from 
receiver operating characteristic (ROC) analysis of the ratio of the test signal intensity and the deletion 
lines. On 47 clinical samples, ICA test strips discriminated CSF positive from negative samples with 
statistically significant (positive versus negative t-test; P =0.00027). Additional artificial positive samples, 
prepared by mixing CSF positive and negative clinical samples, were used as a further challenge. These 
positive samples were clearly discriminated from the negative samples (mixture versus negative t-test; P 
=0.00103) and CSF leakage was determined with 97.1% specificity and 96.2% sensitivity. 
Conclusions: ICA represents a promising approach for POC diagnosis of CSF leakage. While requiring 
70 min assay time inconvenient for POC testing, our method was significantly shorter than conventional 
electrophoresis-based detection methods for β2TF. 

Key words: cerebrospinal fluid leakage, transferrin, sialic acid, immunochromatographic assay, point of care 
testing 

Introduction 
Cerebrospinal fluid (CSF) leakage from the ear, 

nose, and other adjacent organs has been observed in 
nonsurgical traumatic (80%), surgical (16%) and 
non-traumatic (4%) modalities [1-3]. CSF has 
functions related to brain protection and untreated 
leakage can result in life-threatening meningitis, brain 

abscess, and pneumocephalus [4-6]. Thus, a rapid 
detection method for CSF leakage is critically needed. 
The confirmation of CSF leakage during surgery 
significantly impacts surgical decisions, and 
immediate repair of the defect is essential [3, 7]. 
Moreover, detection of spontaneous CSF leakage is 
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extremely challenging, because CSF is a colorless fluid 
in humans and is difficult to distinguish when mixed 
with other biological fluids, such as serum. 
Furthermore, the symptoms of CSF leakage, including 
headache, tinnitus, and nasal drainage, are often 
misdiagnosed [3, 8-10]. Therefore, even a thorough 
medical examination based on limited external 
features can often fail to determine CSF leakage 
making additional and more definitive diagnostic 
methods necessary [11-13]. 

High-resolution computerized tomography (CT) 
and magnetic resonance imaging (MRI) are typically 
used to confirm the diagnosis of CSF leakage based on 
identifying the location of a defect [14, 15]. Imaging 
methods are accurate and precise; however, these 
tests are costly and require skilled operators and 
expensive equipment. CT and MRI are certainly not 
time or cost efficient and are rarely used on patients in 
preliminary examinations or during surgery. 
Currently, investigation of point-of-care (POC) tests, 
such as biochemical assays, are used in imaging 
pretesting for the initial detection of CSF leakage [16, 
17]. Among these assays, the β2TF test is considered a 
reliable biochemical method for detecting CSF leakage 
[18-21]. Transferrin (TF) is a glycoprotein important 
for maintaining human iron homeostasis. TF is 
modified to β2TF (asialo-transferrin) in the CSF 
through the action of brain neuraminidase resulting in 
the elimination of terminal sialic acid residues on the 
glycan chains of TF, affording the β2TF glycoform 
constituting up to 30% of total CSF transferrin [22, 23]. 
Hence, the sensitive and reliable detection of β2TF is 
critical for determining CSF leakage.  

Although the detection of β2TF has been used in 
the diagnosis of CSF leakage, there remain several 
practical limitations in using this method for a POC 
diagnosis. The minor differences in the TF-based 
glycan chains make it difficult to distinguish β2TF 
from sialo transferrin (sTF) since sTF is a major 
component in serum. Currently, these TF glycoforms 
are distinguished using electrophoresis, requiring a 
relatively long processing time (120-150 min), and 
skilled professionals for highly reproducible 
diagnosis of CSF leakage [24, 25]. Moreover, an 
electrophoresis-based assay is usually performed in 
remote highly specialized professional clinical 
laboratories that requires additional turnaround time 
for sample analysis [26]. Thus, conventional 
electrophoresis for detecting β2TF is unsuitable as a 
POC assay for rapid diagnosis and immediate 
treatment of CSF leakage. These considerations 
provide strong motivation for developing a new rapid 
assay for the determination of β2TF in the diagnosis of 
CSF leakage.  

Only two studies have been reported for the 
rapid detection of β2TF for determining CSF leakage. 
Papadea and Schlosser [27] reported the detection of 
β2TF using an immunofixation electrophoresis system 
and this is not a rapid method of analysis. This system 
could reproducibly separate β2TF from sTF and 
provide sensitive detection within 2.5 h. Kwon et al. 
[28] selectively eliminated sTF using a chemical and 
enzymatic method allowing the rapid detection of 
CSF leakage. In this study, sTF was treated with an 
enzyme to covalently couple it to micron sized 
magnetic beads, which were then removed using a 
magnetic separator, and the residual β2TF was 
quantitatively analyzed using an enzyme-linked 
immunosorbent assay (ELISA). Unfortunately, both of 
these approaches still required considerable time and 
multiple laborious process steps to detect CSF 
leakage. 

Herein, we report the detection of β2TF using an 
immunochromatographic assay (ICA), which has the 
potential to serve as a low cost POC testing platform 
with rapid and easy to perform operation. In this ICA 
method, sialic acid-specific lectin is immobilized into 
multiple deletion lines at the beginning of a test strip 
to capture sTF, and anti-transferrin antibodies are 
immobilized in a detection line near the end of the test 
strip. Thus, the serum specific sTF is selectively 
captured early in the deletion lines, allowing β2TF to 
move alone along the test strip to the detection line. In 
addition to the enhanced efficiency of sTF capture by 
sialic acid-specific lectin, a sample pre-treatment 
process step was also used to eliminate the binding of 
other unidentified sialo glycoproteins and the hook 
effect, which results in a higher likelihood for false 
negatives despite high concentrations of analyte [29]. 
Mixtures of CSF and serum were next analyzed using 
our newly developed method, and correlated values 
obtained between signal intensity of the test and 
deletion lines were compared on the basis of mixing 
ratios of CSF (%) and serum. Finally, 47 clinical 
samples were evaluated using this method, and 
significant differences were observed between the 
positive samples, negative samples, and artificial 
mixtures. Receiver operating characteristic (ROC) 
analysis was performed to obtain the optimal cut-off 
value based on Youden’s index [30], from which we 
could determine whether the test samples contained 
CSF.  

Materials and Methods  
Materials 

Surfactant 10G (95R-103) and bovine serum 
albumin (BSA) were from Fitzgerald Industries 
International (Acton, MA, USA). Anti-transferrin 
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monoclonal antibody (4T15-8B9; conjugated Ab, 
4T15-11D3; immobilized Ab) was obtained from 
Hytest (Joukahaisenkatu, Turku, Finland). Neo 
protein saver (NPS-301) was obtained from Toyobo 
(Satte City, Kamiyoshiba, Japan). Spin column tubes 
(69725), and spin desalting columns (89891) were 
purchased from Thermo Fisher Scientific (Waltham, 
MA, USA). G1 reaction buffer (B1723) was from New 
England Biolabs (Ipswich, MA, USA). Sambucus nigra 
lectin (L-1300) and biotinylated S. nigra lectin (B-1305) 
were from Vector laboratories (Burlingame, CA, 
USA). Centrifugal filters (UFC510096), laminated 
cards (HF000MC100) and the nitrocellulose (NC) 
membrane (HFB01804) were from Millipore (Billerica, 
MA, USA). Sample and absorbent pads (Grade 222) 
were sourced from Bore da Biotech (Seongnam-si, 
Gyeonggi-do, Korea). Gold colloidal solution was 
from BBI International (EM.GC20; Cardiff, UK). 
Polyvinylpyrrolidone (PVP 29K), transferrin (T8158), 
neuraminidase (N2876), human serum (H4522), 
sodium metaperiodate (S1878), streptavidin (S4762), 
and other chemicals were from Sigma-Aldrich (St. 
Louis, MO USA). All buffers and reagent solutions 
were prepared using distilled water generated using 
an ELGA water purification system (Lane End, UK).  

Antibody oxidation 
Sialic acid residues on the glycan chains of the 

anti-transferrin antibody were oxidized to reduce 
antibody binding to the sialic acid-specific lectin. 
Antibody (1 mg mL-1) was treated with 1 mM sodium 
metaperiodate in acetate buffer solution (0. 1 M, pH 
5.5). After incubation at 4 °C for 30 min, the sodium 
metaperiodate was removed using desalting 
resin-based centrifugation at 1,000 × g for 3 min at 4 

°C. The desalting resin was prepared in a spin column 
tube with 750 µL after washing with 1 × 
phosphate-buffered saline (PBS) and centrifugation 
three times at 1,000 × g for 3 min at 4 °C. After 
desalting, the diluted antibody solution was replaced 
by washing with 1 × PBS using a centrifugal filter at 
12,000 × g for 20 min at 4 °C. The antibody was then 
bound to BSA (Mr = 66 kDa) using a BSA antibody 
ratio of 1:10 for 90 min at 25 °C. After the BSA 
treatment, unbound BSA was removed by centrifugal 
ultrafiltration (MWCO 100 kDa) with 1 × PBS at 
12,000 × g for 20 min at 4 °C. After filtration, the 
antibody-BSA complex was diluted with 1 × PBS to 1 
mg mL-1 based on the initial amount of antibody. This 
treated antibody is designated as oxidized-antibody. 

Preparation of streptavidin-gold nanoparticle 
(AuNP) conjugate 

Streptavidin (10 μL, 1 mg mL-1) was added to a 
mixture of 1 mL of 20 nm colloidal gold nanoparticles 

(AuNP, 1 OD) and 100 μL of borate buffer (0.1 M, pH 
8.4). After incubation at room temperature (RT, 25 °C) 
for 30 min, 100 μL Neo protein saver (50 mg mL-1) was 
added to this mixture to block the residual sites on the 
surface of the AuNPs. After incubation at 4 °C for 60 
min, the mixture was centrifuged using a refrigerated 
micro centrifuge (Smart R17; Hanil Science Industrial 
Co., Gangwon-do, Korea) at 13,475 × g for 20 min at 10 
°C. The supernatant was discarded, the AuNP 
conjugates were re-suspended in 10 mM borate buffer 
(pH 8.4), and the centrifugation and re-suspension 
steps were repeated twice. The final re-suspended 
AuNP conjugate solution was concentrated 2-fold by 
changing the solution volume to 1 × PBS containing 50 
mg mL-1 trehalose, 5 mg mL-1 neo protein saver, 2 mg 
mL-1 Tween 20, and 10 mg mL-1 Triton-X 100. Prior to 
using the AuNP-streptavidin conjugate, the solution 
was diluted with the same volume of 1 × PBS solution.  

Preparation of ICA test strip 
The ICA test strip was assembled from an NC 

membrane, absorbent pad, and sample pad. The 
non-oxidized anti-transferrin antibody (11D3) was 
immobilized (8 mm from beginning on the top side of 
the NC membrane; 30 × 2.5 cm2) using a dispenser 
(DCI 100; Zeta Corporation, Kyunggi-do, Korea). The 
antibody-loaded NC membrane was dried in a 
chamber at 37 °C and 15% humidity for 15 min. After 
incubation, the absorbent pad (Grade 222; 30 × 2 cm2) 
was attached to the top and bottom side of the NC 
membrane with a 2 mm overlap. The combined NC 
membrane and absorbent pad was cut into 4 mm wide 
strips using a cutting machine.  

Evaluation of lectin specificity 
Three ICA test strips with loaded oxidized and 

non-oxidized anti-transferrin antibodies were 
prepared to evaluate the specificity of lectin for sTF 
and the results obtained by oxidizing the antibody. 
One pair each of the three ICA test strips loaded with 
oxidized and non-oxidized anti-transferrin antibodies 
were dipped into the sTF, β2TF, and control solution 
for 15 min. β2TF was prepared by reacting sTF (100 µg 
mL-1) with a neuraminidase (10 µg mL-1) in 1 × G1 
reaction buffer overnight at 37 °C. We prepared the 
sTF (1 µg mL-1), β2TF (1 µg mL-1), and control solution 
(no protein) based on the loading buffer that contains 
1 × PBS with PVP (10 mg mL-1) and surfactant 10G (5 
mg mL-1). Subsequently, the ICA test strips were 
dipped in the loading buffer and washed for 5 min. 
After washing, the ICA test strips were dipped into 
biotinylated sialic acid-binding lectin solution (10 µg 
mL-1) in the loading buffer for 15 min. The ICA test 
strips were then washed with the same solution for 15 
min. The ICA strips were dipped into the prepared 
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AuNP-streptavidin conjugate solution for 15 min and 
washed with loading buffer. The color signal intensity 
was measured using the image analyzing equipment 
(ChemiDoc TM XRS+ Imaging System; Bio-Rad 
Laboratories, Hercules, CA, USA). The captured 
image was analyzed using the Image Lab 4.0 software 
(Bio-Rad). The colorimetric signal intensities were 
analyzed with the profiling of the line for each strip 
sensor, compensating for the background signal 
intensity of the NC membrane. Subsequent signal 
intensity analyses were performed using the same 
method. 

Determination of effect of sample 
pretreatment 

Oxidized anti-transferrin antibody-AuNP 
conjugate was prepared using the same method used 
for streptavidin, except that the final re-suspension 
solution was also replaced with 10 mM borate buffer 
solution (pH 8.5). The ICA test strips were also 
prepared using the same method with the control line 
immobilized at 4 mm from the end on the top side of 
the NC membrane and the five deletion lines 
immobilized at 12, 14, 16, 18, and 20 mm from the end 
on the top side of the NC membrane. The pooled 
serum and CSF solutions were diluted from 20-fold to 
20,000-fold with 1 × PBS containing PVP (10 mg mL-1) 
and surfactant 10G (5 mg mL-1). For sTF and β2TF, 
similar concentrations of pooled serum and CSF were 
spiked in 1 × PBS containing PVP (10 mg mL-1) and 
surfactant 10G (5 mg mL-1) based on the comparison 
of the titration curve results in the buffer-spiked assay 
(see Figure S1 in the online Data Supplement). 
Furthermore, 100 µL of each prepared solution was 
applied to the prepared ICA test strips and for assays 
using sample pretreatment, the pooled serum and 
CSF were reacted with the AuNP conjugate for 15 
min. In addition, the solution was purified three times 
by centrifugation at 13,475 × g for 15 min at 10 °C and 
applied to the ICA test strips. After 8 min, 1 × PBS 
containing PVP (10 mg mL-1) and surfactant 10G (5 
mg mL-1) was applied to the sample pad, and then the 
results were analyzed using the method described in 
the previous section. 

Application of mixed samples  
The pooled serum and CSF were mixed in ratios 

of 1:3, 1:1, and 3:1. The mixed sample and pooled 
serum and CSF (20-fold dilution) were reacted with 1 
× AuNP conjugate for 15 min and purified three times 
by centrifugation at 13,475 × g for 15 min at 10 °C. The 
purified solutions were then applied to the ICA test 
strips and analyzed using the method previously 
described. For the assay using 10% and 30% serum 
samples, the serum was diluted with 1 × PBS and the 

same process was repeated. 

Evaluation of clinical samples 
We obtained 47 clinical samples were from 

Neurological Surgery, P.C. Rockville Centre, NY, USA 
(13 positive and 34 negative samples). Since these 
samples were destined for disposal and de-identified, 
IRB approval was not required. An additional 13 
artificially mixed samples were prepared by mixing 
the same volume of 13 positive samples and 13 
randomly selected negative samples. The serum 
samples were stored at -80 °C for subsequent analysis. 
The clinical samples were also evaluated using the 
same method used for the mixed samples described 
above. As standard reference methods to evaluate 
clinical samples, the beta-2 transferrin was 
predetermined by the diagnostic service company 
(Quest Diagnostics Inc., NY) [31]. 

Results and Discussion 
Detection strategy and ICA design 

The β2TF assay for determining of CSF leakage 
require the distinguishing the glycan chain between 
β2TF and sTF. The glycan chains of β2TF in CSF have 
different terminal sugar residues than are found on 
the glycan chains of serum specific-sTF due to the 
action of a brain neuraminidase. Hydrolysis of TF 
glycan chains by this neuraminidase removes their 
non-reducing terminal sialic acid residues resulting in 
generation of the β2TF (asialo-transferrin) glycoform. 
Thus, the glycan chains of CSF β2TF differ from those 
of sTF in which all of its glycan chains are capped 
with terminal sialic acid residues. Based on the 
specificity of a sialic acid-binding lectin, we designed 
a detection strategy for the diagnosis of CSF leakage 
(Figure 1). In the first step of the sample pretreatment 
process (Figure 1A), the sample solutions are treated 
with an anti-transferrin (TF) antibody (Ab), specific 
for transferrin, which are then conjugated to gold 
nano particle (AuNP), thereby capturing total TF (sTF 
+ β2TF). The pretreated sample containing TF-AuNP 
complexes is then loaded onto the ICA test strip 
(Figure 1B). On the ICA test strip, proximal to the 
loading position, there are multiple deletion lines, 
containing sialic acid-specific lectin, and further 
downstream a test line, containing an anti-TF 
antibody, and close to the end of the test strip, a 
control line with anti-mouse IgG antibody that serves 
as a positive control. To demonstrate the strategy, we 
evaluated the specificity of sialic acid binding lectin, 
improved deletion efficiency through sample 
preparation and applied our assay to mixture 
samples, prepared with CSF and serum, and 47 
clinical samples. 
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The reactions taking place in sample 
pre-treatment, the deletion lines, and the test line are 
illustrated in Figure 1C. During the sample 
pretreatment process, both β2TF and sTF are captured 
by the anti-TF Ab-AuNP conjugates and these 
complexes are recovered by centrifugation. Next, this 
pretreated solution containing the TF-AuNP 
complexes is loaded onto the ICA sample pad and 
then migrated along the test strip towards the 
absorbent pad (Figure 1B). The TF-AuNP complexes 
differentially bind to the specific sialic acid-binding 
lectin immobilized in the deletion lines, which 
selectively remove sTF-AuNP complexes but allow 
the β2TF AuNP complexes to proceed along the test 
strip. These β2TF (asialo-transferrin)-AuNP 
complexes flow forward encountering the test line 
where they are captured with immobilized anti-TF 
antibody, resulting in a detection signal at the test 
line. The signal intensity at the test line serves as an 
indicator of the amount of β2TF in a given sample. 
The control line indicates the performance of ICA 
works well.  

Evaluation of the specificity and efficiency of 
lectin in the deletion lines of the ICA test strip 

The specificity and the efficiency of the sialic 
acid-binding lectin in the capture of sTF at the 
deletion lines on the ICA test strip is critical for a 
successful CSF leakage diagnostic. Hence, the 
specificity of sialic acid-binding lectin for sTF capture 

was evaluated using a NC membrane dipstick 
method. Anti-TF antibodies were immobilized on a 
NC membrane strip and the strips were dipped into 
the solutions containing sTF, β2TF, and PBS (negative 
control), respectively, followed by the sequential 
binding of biotinylated lectin and streptavidin-AuNP 
conjugate to these NC strips. This experiment 
confirmed the binding of sTF to the sialic acid-binding 
lectin. However, the results also showed weak signal 
for both β2TF and the control (Figure 2A). We 
hypothesized that this unexpected signal resulted 
from the interaction of the anti-transferrin Ab with the 
sialic acid-binding lectin. This lectin interaction might 
result from the glycan chains of antibody that also can 
contain terminal sialic acid residues. The mild 
periodate oxidation of the anti-transferrin antibody 
removes the terminal sialic acid residues from its 
glycan chains leaving aldehyde groups in these 
glycan chains [32]. The use of oxidized antibodies 
(asialo-Ab) greatly reduced the undesired interaction 
between anti-transferrin Ab and the sialic 
acid-binding lectin (Figure 2A). Thus, the periodate 
oxidation of this antibody improved the selectivity of 
the interaction between sialic acid-binding lectin and 
sTF by avoiding removing the interaction of 
β2TF-anti-transferrin antibody AuNP conjugate 
(Figure 2B) with only a relatively small loss of sTF 
signal intensity.  

 

 
Figure 1. Schematic illustration of detection strategy of beta-2 transferrin (β2TF) for determination of cerebrospinal fluid (CSF) leakage. (A) Sample pretreatment process, (B) 
structure of immunochromatographic assay (ICA), and (C) reaction mechanisms of the entire process.  
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Figure 2. Demonstration of specificity of lectin in immunochromatographic assay (ICA) by evaluation of (A) oxidation effect of antibody. (B) Comparison of colorimetric signal 
intensity between sialo-transferrin (sTF), beta-2 transferrin (β2TF), and control. 

 
Next, we evaluated the efficiency of the deletion 

lines in the ICA test strip using serum and CSF. The 
concentrations of TF in both serum and CSF were first 
quantified using the ICA test strip after preparing 
different concentrations of TF spiked-buffer solutions. 
We compared the signal intensity of these TF 
solutions, CSF, and serum in the test lines in the ICA 
strip (Figure S1 in the online Data Supplement). The 
results showed that the concentration of TF in serum 
and CSF was approximately 2 mg mL-1 and 20 µg 
mL-1, respectively. Based on these concentrations we 
also prepared the sTF-spiked and β2TF-spiked PBS 
solutions and adjusted the concentration of sTF (2 mg 
mL-1) to be comparable to that of serum and the 
concentration of β2TF (20 µg mL-1) to be comparable 
to that of CSF. Different concentrations of the 
sTF-spiked, β2TF-spiked buffer solution, serum, and 
CSF were each applied to the ICA test strips (Figure 
3). The results showed no detectable signal in the 
deletion lines over the range of 20- to 200-fold diluted 
serum but signal was observed in the deletion lines 
over the range of 2,000- to 20,000-fold diluted serum. 
In the sTF-spiked PBS signals were detected in the 
deletion lines over the range of 200- to 20,000-fold 
dilution. These results showed that the serum 
required a 20,000-fold dilution to completely remove 
the sTF. However, in the case of both sTF spiked in 
buffer and serum the deletion lines on the ICA test 
strip (Figure 3A) were non-functional at 20-fold 
dilution due to the hook effect [29].  

After quantifying the signal intensity in the five 
different deletion lines in each diluted sample 
containing sTF, the sTF-spiked PBS solutions (1 µg 
mL-1) showed similar pattern, that has decreasing 
deletion proportion from forward along to rear line, 
as observed for the pretreated serum samples which 
contained 100 µg mL-1 of sTF, while the 2,000-fold 
diluted serum, despite which contained 1 µg mL-1 of 
sTF, showed an inverted pattern (Figure S2 in the 
online Data Supplement). These results provide 

evidence of the presence of unidentified sialo 
glycoproteins in serum that compete for the binding 
of TF-AuNP conjugates to the sialic acid-binding 
lectin immobilized in the deletion lines. Therefore, it is 
clear that the sample pretreatment process is required 
for efficient elimination of these unidentified and 
interfering sialo glycoproteins. In addition, the sample 
pretreatment process can also eliminate the hook 
effect caused by excess amounts of unconjugated TF 
that competes with the TF-AuNP conjugates for 
binding to the sialic acid-binding lectin immobilized 
in the deletion lines, resulting in decreased signal in 
the deletion lines.  

In the case of CSF, the lectin immobilized in the 
deletion lines successfully captured sTF over the 
entire dilution range (20- to 20,000-fold) tested, as the 
total protein concentration in CSF is considerably 
lower than that of serum (Figure 3A). A signal for the 
test line could be observed for CSF over the range of 
20- to 2,000 fold dilution of CSF samples; however, 
there was no detectable signal using 20,000 
fold-diluted CSF (Figure 3C). These results suggest 
that a > 20,000-fold dilution of serum was required for 
the complete removal of sTF but that CSF solutions 
should be diluted < 20,000-fold to detect β2TF at the 
test line (Figure 3B and C). A pretreatment process, 
therefore, was required to overcome the discordance 
between these dilution factors for serum and CSF and 
to eliminate the undesired interfering sialo 
glycoproteins competing with sTF for the sialic 
acid-binding lectin immobilized in the deletion lines. 
The results showed that the pretreated serum and CSF 
solutions afforded increased signals in the deletion 
lines over the entire range of dilutions (Figure 3). In 
addition, no hook effect was observed for the 
pretreated serum and CSF samples (Figure 3A). 

Evaluation of CSF content with the ICA strip 
The ICA test strip containing five deletion lines 

and a test line was developed for detecting the 
presence of CSF in test samples (Figure 1). The 
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complete removal of sTF with a sialic acid-specific 
lectin immobilized in five deletion lines was essential 
for good detection sensitivity of CSF leakage. Various 
unidentified sialo-glycoproteins in human fluids 
resulted in unacceptable false-negatives, since these 
sialo-glycoproteins also bind to the sialic acid-specific 
lectin. Thus, a sample pretreatment process was 
required to eliminate interfering glycoproteins and 
the unconjugated TF that could compete with binding 
of sTF-AuNP complexes to the sialic acid-binding 
lectin immobilized in the deletion lines. Although this 
pretreatment process increased the efficiency for the 
sTF removal by the sialic acid-binding lectin on the 
five deletion lines (Figure 3), there were several 
additional limitations for the accurate detection of 
CSF. First, the anti-TF Ab-AuNP conjugates could 
bind to both sTF and β2TF simultaneously [33]. 
Second, the physiological concentration of sTF in the 
serum was approximately 100-fold higher than that in 
CSF. Third, β2TF constitutes only ~30% of the total TF 
in the CSF [34, 35]. Taking these limitations into 
consideration, the binding of sTF to the anti-TF 
Ab-AuNP conjugates should dominate those of β2TF. 
As a result, the sTF-β2TF-AuNP complexes are 
captured in the deletion lines. Hence, the signal of 
β2TF in test line might not be sufficient for detection 
despite the presence of CSF. Furthermore, all of the 
sTF in test sample might not be captured by the sialic 
acid-binding lectin in the deletion lines because of the 
short reaction time on the ICA test strip or because of 
the weak interaction between sialic acid-binding 

lectin and glycoprotein [36], resulting in the detection 
of a false positive signal in the test line due to sTF 
instead of β2TF. Finally, because the concentration of 
TF in test fluids from human body are variable 
[37-39], we need to measure not only the β2TF 
captured at a test line, but also the sTF captured with 
the lectin in deletion lines in order to accurately 
determine CSF leakage. Therefore, the ratio of the 
signal intensity of test line (for β2TF) to the signal 
intensity of deletion lines (sTF) were determined and 
the ratio (signal of a test line divided by the signal of 
the sum of deletion lines) must be determined to 
overcome these limitations.  

To address these issues, we prepared different 
mixtures of pooled serum and CSF, and the mixtures 
were applied to the ICA test strips after sample 
pretreatment. As shown in Figure 4A, as the 
percentage in the mixture of CSF decreased, the signal 
intensity at the test line decreased, and in contrast, the 
sum of the signal intensity in the deletion lines 
increased (Figure S3 in the online Data Supplement). 
These results suggest that the proportion of sTF and 
β2TF in each sample depend on the mixture ratio of 
CSF and serum used in a test sample. By considering 
the signals in both the deletion lines and test line, we 
could obtain a ratio (signal intensity of the test line / 
the sum of signal intensities of the deletion lines). 
These ratios were proportional to the content of CSF 
in the mixtures (Figure 4B). In addition, we also 
evaluated mixtures of CSF and diluted serum (10% 
and 30% diluted in PBS) to mimic various body fluids, 

 

 
Figure 3. (A) Evaluation of efficiency of deletion lines, sensitivity of test lines and effect of sample pretreatment process (C stands for control line, T: test line, and D: deletion 
lines), (B) the comparison of sum of colorimetric signal intensity of deletion lines, and (C) signal intensity of test line. 
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such as otorrhea, rhinorrhea and drainage from the 
spinal suture area. The results of these experiments 
showed that the ratio also proportionally increased 
with an increased content of CSF (Figure S4 in the 
online Data Supplement). In conclusion, the use of 
both sample pretreatment and a ratio that takes into 
account signals in both the test line and deletion lines 
were essential for accurate determination of CSF 
leakage using the ICA test strip.  

 

 
Figure 4. Performance of immunochromatographic assay (ICA) used for mixed 
sample based on (A) cerebrospinal fluid (CSF) proportion and (B) the ratio value (the 
signals of a test line divided by the signals of the sum of deletion lines) using test and 
deletion lines. 

 

Evaluation of clinical samples 
We next analyzed 47 clinical samples (13 positive 

and 34 negative samples) obtained from brain 
ventricular, lumbar wound, cervical wound and 
postoperative drainage from spinal surgery (see Table 
S1 in the online Data Supplement). Because the 
positive samples contained over 90% CSF, the ICA 
test strips could easily discriminate positive samples, 
containing CSF, and negative samples, (positive versus 
negative t-test; P=0.00027 in Figure 5). We next 
prepared 13 additional artificial positive samples by 
mixing positive clinical samples, containing CSF, with 
randomly selected negative samples to further 
challenge our ICA method. The artificial positive 
mixtures were again clearly discriminated from the 
negative samples (mixture versus negative t-test; P = 
0.00103 in Figure 5). 

Because the number and diversity of our 
samples were insufficient to evaluate the performance 
of our newly developed method, we further evaluated 
the performance of our ICA method based on a ROC 
curve using two parameters (the ratio value and 
signal intensity of the test line in Figure 6). In these 
analyses the artificial mixtures were included in the 
positive sample group. The area under the curve 
(AUC) values indicated the effectiveness of the ICA 
test strip method in distinguishing the positive and 
negative samples, were 0.9728 and 0.9333 for the ratio 
value and test line signal intensity, respectively [40]. 
AUC values range from perfect discrimination (AUC 
= 1) and no discrimination (AUC = 0.5) between the 
positive and negative samples. Thus, our newly 
developed ICA method was significantly capable of 
distinguishing positive samples from negative 

samples. Furthermore, we calculated the 
Youden's index (J) [30] from the ROC curve, 
which can be used for obtaining an optimal 
cut-off value. Based on this value, the 
specification of the developed method was 
evaluated and is summarized in Table S2 in the 
online Data Supplement. Based on the Youden’s 
index and AUC value, we confirm that the ratio 
value was more valid than the signal intensity of 
the test line, although by combining the 
quantification of detection signals obtained from 
the ICA test strip with statistical analysis, we 
were able to determine CSF leakage with 97.1% 
specificity and 96.2% sensitivity. 

Conclusion 
In conclusion, we have developed a novel 

POC method for determining CSF leakage by 
detecting β2TF using an ICA test strip. To test the 
effectiveness of this approach, we analyzed 47 
clinical samples and 13 artificial mixtures 

 

 
Figure 5. Comparison of the ratio value (the signals of a test line divided by the signals of the 
sum of deletion lines) between clinical samples (positive n = 13, negative n = 34, artificial 
mixture = 16, *** stands for p value < 0.001, ** for <0.01) 
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prepared from positive and negative samples. We 
could clearly discriminate between the positive and 
negative samples (t-test; P=0.00027). ROC analysis 
indicated that our method can be used for the 
determination of CSF leakage. The Youden's index of 
the ROC was used to define the optimal cut-off value, 
and the specificity and sensitivity were 97.1% and 
96.2%, respectively. However, our method requires an 
extended assay time (70 min) mainly because of the 
sample pretreatment process (60 min), which is 
critical because of considerable interference caused by 
other sialo-glycoproteins present and the high 
concentration of TF in human fluids. However, when 
compared to conventional electrophoresis-based 
detection methods for β2TF, the entire assay time of 
our method was significantly shorter and could be 
better adapted to a POC device. We anticipate that our 
ICA test strip method might also be applicable to the 
detection of other biomarkers containing 
(a)sialo-glycoproteins. 
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