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Abstract

Antibody-overlay lectin microarray (ALM) has been used for targeted glycan profiling to identify
disease-related protein glycoforms. In this context, high sensitivity is desired because it allows for
the identification of disease-related glycoforms that are often present at low concentration. We
describe a new Tyramide Signal Amplification (TSA) for Antibody-overlay Lectin Microarray
procedure for sensitive profiling of glycosylation patterns. We demonstrated that TSA increased
the sensitivity of the microarray over 100 times for glycan profiling using the model protein
Prostate Specific Antigen (PSA). The glycan profile of PSA enriched from LNCAP cells, obtained
at a sub-nanogram level with the aid of TSA, was consistent with the previous reports. We also
established the glycan profile of Prostate Specific Membrane Antigen (PSMA) using the TSA and
ALM. Thus, the Tyramide Signal Amplification for Antibody-overlay Lectin Microarray is a
sensitive, rapid, comprehensive, and high-throughput method for targeted glycan profiling and can
potentially be used for the identification of disease-related protein glycoforms.

Introduction

Changes in glycan structures are hallmarks of cancer. This reflects cancer-specific changes
in glycan biosynthesis pathways which includes expressions of glycosyltransferases and
glycosidases1-5. The increased activity of sialyltransferases leading to over-expression of
sialylated glycans (e.g., sialyl Lewis x, sialyl Tn, Globo H, Lewis Y, and polysialic acid)
have been demonstrated in malignant tissues throughout the body, including brain, breast,
colon, and prostate6-12. Increased 1-6 branching of N-glycans resulting from the enhanced
expression of UDP-GIcNAc:N-glycan GIcNAc transferase V (GICNACT-V) have also been
strongly correlated with metastatic potential of cancer cells13. These observations suggest
that glycoproteins accompanying substantial tumor-specific structural changes in glycan
moieties may be used as cancer biomarkers to improve specificity. In this context, antibody-
overlay lectin microarray has been used for the analysis of a target glycoprotein to identify
disease-related protein glycoforms14. A target glycoprotein, often enriched from crude
samples by immunoprecipitation, is incubated with lectins on the array. A glycan profile of
this protein is acquired with the aid of a specific antibody against the protein and the
quantitative detection of the antibody.
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Antibody-overlay lectin microarray allows for rapid, comprehensive, and high-throughput
profiling of complex glycans of a target glycoprotein. However, sensitivity may be an issue
when only a small amount of the target glycoprotein (less than 20 ng) is available. Low
sensitivity is largely due to the weak lectin-glycan interaction (dissociation constant, Ky >
1076 M)15. This could lead to the missing identification of some disease-related protein
glycoforms. To increase the sensitivity, Kuno et al. developed an evanescent-field
fluorescence-assisted lectin microarray for /n situ detection of lectin-glycan interactions
under equilibrium conditions14-15. Although this procedure has an advantage of real-time
detection of weak lectin-glycan interactions, it requires a specialized evanescent-field
fluorescence scanner that may not be readily available. Here, we describe an alternative
Tyramide Signal Amplification (TSA) for Antibody-overlay Lectin Microarray (TSA-ALM)
to increase the sensitivity of glycan profiling. TSA is a horseradish peroxidase (HRP)-
mediated signal amplification method often used in immunohistochemistry and in situ
hybridization protocols, but has not been applied for lectin microarray. TSA does not require
specialized instruments and can be easily integrated into the workflow of antibody-overlay
lectin microarray.

Reagents and Cell Culture

Lectins (supplementary Table 1) were purchased from EY Laboratories (San Mateo, CA)
and Vector Labs (Burlingame, CA). Stock solutions of these lectins were prepared in PBS
buffer at a concentration of 1, 2, or 5 mg/mL. Aliquots of 240 uL of these lectins were
placed into a dry ice bath (snap frozen), and then immediately stored at —80° C up to a year
without loss of activity. Human seminal fluid PSA (100% free PSA) was from Lee
Biosolutions, Inc. (St. Louis, MO). Recombinant Human PSMA (rhPSMA) produced by a
Chinese Hamster Ovary (CHO) cell line was purchased from R&D Systems (Minneapolis,
MN, Catalog#4234-ZN). Sulfo-NHA-LC biotin, Dylight amine-reactive fluor 594, and
Dylight 549 conjugated streptavidin were from Thermo Scientific (Rockford, IL). Tyramide
Signal Amplification (TSA) Biotin kit was from PerkinElmer (Shelton, CT). Mouse anti-
PSA monoclonal antibody (Clone BP001) was from Scripps Laboratory (San Diego, CA).
Mouse anti-PSMA monoclonal antibody (J-591) was kindly provided by Dr. Neil H Bander
from Cornell University. Bovine serum albumin (BSA) was purchased from Roche
Diagnostics (Indianapolis, IN). PSA and PSMA antibodies and BSA were biotinylated using
the Sulfo-NHA-LC biotin following the manufacturer’s instructions. Mouse polyclonal 19G
and ethanolamine were from Sigma (St. Louis, MO). LNCAP cell line (Clone FGC) was
purchased from ATCC (Manassas, VA) and cultured according the manufacturer’s
instructions. al-2 fucosidase was purchased from the New England BioLabs (Ipswich, MA).

Lectin Microarray Fabrication and Printing Quality Check

We fabricated 38-lectin microarrays with varying density following the procedures by Hus
et al. 16 with modifications. The printing buffer contained PBS with 0.01% Tween 20. Each
lectin was prepared in three concentrations (1, 0.5, and 0.25 mg/mL) using the printing
buffer. We also included BSA, Cy5-labeled BSA, and 5 concentrations of biotinylated BSA
(0.4,1.2, 3.6, 10.8, 32.4 ug/mL) as controls. One hundred and fourteen lectin solutions
(n=38x3) and controls were loaded into 384-well plates in a desired order, and spotted on
Nexterion H slides (Schott, Jena, Germany) using a BioRobotics MicroGrid 11 600 arrayer
(Digilab, Holliston, MA) in triplicates. Twelve identical 19x20 arrays were printed on each
slide. After printing, the slides were left in the printing chamber overnight at 50% relative
humidity to ensure maximum coupling efficiency before being stored at —20° C for future
use.
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To monitor the quality of spotting, the first and last slides of each printing cycle were
selected for protein staining by incubating them at room temperature (RT) for 1 hour with
Dylight amine-reactive fluor 594 diluted 100 times in PBS. Before the staining, 50mM
ethanolamine in 40mM sodium borate buffer (pH 8.5) was used to block the slides at RT for
1 hour. Then the slides were washed three times using PBST 0.1 (PBS + 0.1% Tween 20)
and one time using water, and dried by centrifugation at 200 rpm for 5 mins. After the
staining, the slides were also washed and dried as previously described and scanned with a
GenePix 4100B scanner (Sunnyvale, CA) at 10um resolution, 350 mV laser power and
100% PMT value in the Cy3 channel, and 450 mV laser power and 100%PMT value in the
Cy5 channel. These same scanning conditions were used for all other slides in this study.

Immunoprecipitation of LNCAP PSA

We incubated 100 pL of paramagnetic beads coated with mouse monoclonal anti-PSA
antibody (Beckman Coulter, Brea, CA) with concentrated LNCAP cell culture supernatant at
RT for 4 hours. Then the beads were washed 3 times with 500 pL PBST 0.1, and the bound
PSA was eluted using 100 pL of 100mM Glycine, pH 2.7, overnight at 4°C. The eluate was
then neutralized using 38 pL of 1M Tris-HCI, pH 8.0, before measuring the PSA
concentration using the Beckman Hybritech PSA assay. PSA concentrations of all the eluate
from the tissue specimens were normalized to 100 ng/mL using PBSTO.1 buffer before
analyses by the lectin microarray.

Tyramide Signal Amplification for Antibody-overlay Lectin Microarray

The 12 microarrays on the slide were divided by placing a Whatman® FAST slide with 16
wells on the top of the slide and assembled into a FAST Frame. Sample (e.g., seminal PSA,
enriched PSA from LNCAP cells, rboPSMA) of 100 L in volume was applied to each lectin
microarray. After overnight incubation at RT, 20 pg of mouse polyclonal IgG was added to
each array followed by 30-mins incubation. This step was to mask the residual lectin sites to
eliminate binding to the biotinylated PSA antibody. Then the incubation solution was
discarded, and the slide was washed three times with PBSTO0.1. A 100 uL 4 pug/mL of
biotinylated antibody (e.g., PSA or PSMA) in PBSTO.1 was applied to the array and
incubated at RT for 1h. The array was washed 3 times with PBSTO0.1, and 100 uL of
streptavidin conjugated Dylight 549 (diluted 500 times in PBSTO.1) was added to the array
and incubated at RT for 30 mins before the array was washed, dried, and scanned.

With TSA, however, additional steps were performed according to the manufacturer’s
instruction with modification, after antibody incubation. First, the array was washed three
times with TNT wash buffer (100 mM Tris-HCI, 150 mM NacCl, and 0.05% Tween 20, pH
7.4). Second, 100 pL of TNB blocking buffer (100 mM Tris-HCI, 150 mM NaCl, and 0.5%
Blocking Reagent supplied in the TSA kit) was incubated with the array for 30 mins. Third,
100 pL of 11 pg/mL unlabeled horseradish peroxidase (HRP) in the TNB buffer was
incubated with the array for 30 mins and then washed 2 times using the TNT buffer. Fourth,
100 pL of 3% H,0, in the TNB buffer was incubated with the array for 10 minutes and
washed 2 times using the TNT buffer. Then, 100 uL of streptavidin-conjugated HRP (in the
TSA Kkit), diluted 400 times in the TNB buffer, were incubated with the array for 30 mins,
followed by 3 washes using the TNT buffer and incubation of 50 pL of biotin-tyramide
(diluted in the amplification buffer with the TSA kit) for 5 mins. Last, the array was washed
3 times before incubation of streptavidin-conjugated Dylight 549, as described without TSA,
before scanning.

Data Analysis

Lectins on the arrays were stained using the amine-reactive Dylight 594 to check printing
quality. Total Coefficient of Variation (CV) of labeled fluorescent intensities across all 24
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arrays on the first and last slides of each batch (n=72) was calculated for each lectin at the
highest density (1 mg/mL). All the lectins, except PWM, bound to the Nexterion H slides
under the printing condition as described. Reproducibility of these arrays in glycosylation
profiling of PSA was evaluated using 100 ng/mL of immunoprecipitated LNCAP PSA by
total CV of the fluorescent intensities of lectins at the highest density across 12 arrays within
one slide. Fluorescent intensities from biotinylated BSA were compared among arrays to
normalize the variation of protein printing.

Results and Discussion

TSA increases sensitivity of ALM for glycan profiling

We developed a new TSA-ALM procedure to increase the sensitivity of targeted glycan
profiling. Figure 1 shows the principle of detection of the target glycoprotein on lectin
microarray using TSA. After incubation of the biotinylated detection antibody, the array is
incubated with streptavidin-labeled HRP (SA-HRP). The enzyme portion of the SA-HRP
catalyzes localized deposition of biotin tyramide, resulting in higher levels of biotin which
will be detected by streptavidin-labeled Cy3.

We compared the sensitivity of lectin microarray for PSA purified from human seminal fluid
(sfPSA) with TSA to that without TSA. As a model, we made an 8-lectin microarray with 10
spots of the same concentration (1 mg/mL), including SNA that has well-defined specificity
to sfPSA. By measuring the spotting reproducibility in a separate experiment, we
determined that the CV was in the range of 14-28%. We compared the dose-dependent
fluorescence signals of the ALM for sfPSA (2-200 ng/100uL) with and without TSA
(Figure 2). No apparent signals were observed for 20 ng of sfPSA (Figure 2E), and only
weak signals for 200 ng of sSfPSA without TSA (Figure 2F). However, with TSA, strong
signals were observed for 20 ng of sfPSA (Figure 2D). Specific dose-dependent fluorescent
signals were obtained for SNA, MNA, LcHA, and Jacalin (data not shown). By comparing
the sensitivity of these lectins to sfPSA, calculated as the slopes of their dose-response
curves, we demonstrated that overall TSA increased the sensitivity of these lectins to SfPSA
over 100 times (Table 1). MNA and Jacalin have weaker interactions with sfPSA than SNA
and LcHA, as evidenced by their lower sensitivity to sSfPSA. Nevertheless, their increases in
sensitivity were more significant (513 and 530 times) than SNA and LcHA (140 and 282
times). Therefore, TSA allowed for the detection of weak interactions of sfPSA to MNA and
Jacalin that were not detectable without TSA (Figure 2E). Using the model lectin
microarray, we demonstrated that the TSA increased the sensitivity of glycosylation
profiling using ALM over 100 times and allowed the detection of weak lectin-glycan
interactions.

Optimization of the TSA-ALM

We observed high background signals with the TSA on lectins NPA and Calsepa (Figure
2A). This was likely due to these two lectins interacting with glycans on SA-HRP,
especially on HRP, because SA lacks carbohydrate. Since HRP has also been shown to bind
strongly to other lectins such as AAL, GNA, HHL, and UDA15, this background problem
would potentially affect more lectins than just NPA and Calsepa and it may prevent the use
of TSA for glycan profiling of more complex and heterogeneous features of glycoproteins.
However, this problem was similar to that of using antibody for glycoprotein detection on
lectin microarray, which could also interact with lectins. Kuno et al. overcame the antibody
problem by masking the residual binding sites on lectins using non-labeled polyclonal 1gG
that have substantially the same glycans as those of the detection antibody14. We may be
able to overcome the TSA background problem using a similar approach. To this end, we
fabricated a new lectin microarray containing 38 lectins. Every lectin was spotted three
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times at three concentrations (1, 0.5, and 0.25 mg/mL). Specificity for most of the lectins
had been determined in detail by frontal affinity chromatography (FAC)17. We also spotted
biotinylated bovine serum albumin (BSA) three times at five different concentrations (0.4,
1.2, 3.6, 10.8, and 32.4 ug/mL) as controls for the TSA and SA-Cy3 fluorescence detection.
This new design of array would help (1) investigate the severity of the background problem
and (2) determine the feasibility of the TSA-ALM in studying more complex and
heterogeneous features of glycoproteins.

Using the new array, we found additional lectins UDA, SSA, HHL, GNA, and DBA with
high background signals (Figure 3A). To suppress the undesirable background and eliminate
the false positives, we blocked the binding sites using 11 pg/mL excessive, non-labeled HRP
(in a 30-min incubation) that essentially has the same glycoforms as those of SA-HRP but
lacks the biotin epitope. Then we permanently inhibited the enzymatic activity of HRP by
treating the non-labeled HRP-bound microarray with 10% H,O, (in a-10-min incubation)
prior to the TSA. We further optimized the concentration of SA-HRP to minimize the
exchange between non-labeled HRP and SA-HRP during the 30-min SA-HRP incubation.
We determined that 400 times dilution of the SA-HRP stock solution from the TSA kit gave
the fewest false positives without sacrificing the amplification power of the TSA, as
indicated by the fluorescence intensities of the biotin controls spotted on the array. As the
result of the optimization of experimental conditions, the false positives on UDA, DBA,
SSA, and Calsepa were significantly diminished (Figure 3). For SNA, NPA, HHL, and GNA
in which the false positive signals were still present after the optimization, we excluded
them from glycan profiling using the TSA-ALM.

The TSA-ALM of LNCAP PSA

To validate the TSA-ALM for comprehensive profiling of complex glycan structures, we
chose PSA enriched from the LNCAP cell culture supernatant as a model. The glycan
profile of the LNCAP PSA was well-established using the evanescent-field fluorescent-
assisted ALM14. Various concentrations of LNCAP PSA (1.5-12 ng/100uL) was applied to
the lectin microarray followed by incubation of 4 pg/mL of biotinylated mouse anti-PSA
monoclonal antibody, HRP blocking, HoO5 inhibition, SA-HRP, biotin tyramide, and
detection using SA-Cy3. Eighteen lectins demonstrated specific signals in a dose-dependent
manner for LNCAP PSA (Figure 4). They can be categorized into 2 groups based on their
interactions with LNCAP PSA: (1) weak interactions with less than 1000 A.U. fluorescence
intensities, which include BSL-II, LTL, MAA, PHA-L, SBA, SJA, and VVA (Figure 4B);
(2) strong interactions with the highest fluorescence intensities more than 1000 A.U, which
include DBA, LcHA, MPA, PEA, WFA, Jacalin, ECA, MNA, PHA-E, UDA, and UEA
(Figure 4C and 4D). Disappearance of the signals on UEA after treating LNCAP PSA with
al-2 fucosidase, a highly specific exoglycosidase that cut the terminal al-2 fucose off
glycans, indicated that the signals on UEA was specific for terminal al-2 fucose
(supplementary Figure 1).

The glycosylation profile of LNCAP PSA comprised of these 18 lectins provides the
following information: (1) modification of biantennary N-glycan with Core a1-6
fucosylation as evidenced by strong signals on PEA and LcHA,; (2) galactosylated tri or
tetra-antenna glycan that associated with DSA, PHA-L, ECA, and BSL-II; (3) LacdiNAc
structures associated with signals on WFA, SBA, and VVA; (4) terminal al-2 fucosylation
associated with signals on LTL and UEA,; (5) bisecting GIcNAc associated with PHA-E; (6)
a2-3 sialylation associated with MAA. These structural features correlate well with results
in previous reports12, 18-21. Thus, we validated that the TSA-ALM provided sensitive
glycan profiling of complex and heterogeneous features of a target protein even with low
quantity (less than 20 ng).
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TSA-ALM of rbPSMA

Prostate-specific membrane antigen (PSMA) is a 750-amino acid, type Il transmembrane
zinc metallopeptidase that is most highly expressed in the nervous system, prostate, kidney,
and small intestine22-23. It is a glycoprotein with 10 potential N-glycosylation sites24—26.
A recent report suggests that PSMA is also O-glycosylated27. Increased expression of
PSMA has been shown to be related to prostate cancer, particularly in hormone-refractory
metastatic disease22. Given its property as a prostate-cancer-related cell membrane antigen,
PSMA has been exploited as a target for antibody-based therapeutic strategies28-31. In this
context, it is important to analyze glycan structures of PSMA since enzymatic activity of
PSMA, folding, antibody recognition may be influenced by differential glycosylation in
tumor and normal cells25, 27.

Previous reports on glycan structures of PSMA were carried out through a variety of exo-
and endoglycosidase treatments followed by analysis of PSMA by Western blots or analysis
of glycans by mass spectrometry24—26, 32. We were the first to report the glycosylation
profile of PSMA using a lectin microarray. We used recombinant human PSMA (rhPSMA)
produced by a Chinese Hamster Ovary (CHO) cell line (R&D Systems, Catalog#4234-ZN)
as the model. This rbPSMA has amino acids from Lys44 to Ala750 and an N-terminal 6-His
tag. Twelve lectins demonstrated specific signals in a dose-dependent manner (Figure 5),
which provides the following information on the glycan structures of the rhPSMA: (1)
bisecting GIcNAc associated with PHA-E; (2) modification of biantennary N-glycan with
Core al-6 fucosylation as evidenced by signals on PEA,; (3) galactosylated tri or tetra-
antenna glycans associated with DSA, PHA-L and RCA120; (4) high-mannose type glycans
that associated with UDA. Previous reports on glycan analysis of the rhPSMA derived from
the CHO cells suggested that the rhPSMA was composed of core-fucosylated hybrid
mannose type of sugars25. While in agreement with the previous reports, our results
indicated that the glycan structures of rhPSMA may be more heterogeneous. We also
observed distinct glycosylation patterns between LNCAP PSA and CHO rbPSMA (Figure
6). LNCAP PSA gave much stronger signals on WFA and UEA, indicating a higher amount
of LacdiNAc structures and terminal al-2 fucosylation. In contrast, CHO rbPSMA gave
much stronger signals on DSA, UDA, and PHA-E, indicating a higher amount of high-
mannose type glycans, tri- or tetra-antenna glycans, and bisecting GIcNAc, respectively. We
demonstrated that the TSA antibody-overlay lectin microarray is a useful tool to study the
glycosylation profile of PSMA, and that this approach may be used for the identification of
altered PSMA glycoforms.

Conclusions

We developed a TSA-ALM approach for sensitive, rapid, comprehensive, and high-
throughput profiling of complex and heterogeneous glycan structure of glycoproteins. This
approach does not require a specialized fluorescence scanner and can be easily incorporated
into the workflow of the ALM for increased sensitivity. We validated this approach in
targeted glycan profiling using PSA enriched from LNCAP cells. We also applied it to study
the glycan profile of the rhPSMA. This is the first report on PSMA glycosylation using a
lectin microarray. We believe that the TSA-ALM is a sensitive, rapid, comprehensive,
versatile, and high-throughput technique for targeted glycan profiling and can potentially be
used to identify disease-related protein glycoforms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

The principle of detection of a target glycoprotein on antibody-overlay lectin microarray
using TSA. After incubation of the biotinylated detection antibody, the array is incubated
with streptavidin-labeled HRP (SA-HRP). The enzyme portion of the SA-HRP catalyzes
localized deposition of biotin tyramide, resulting in higher levels of biotin signals that will
be detected by streptavidin-labeled Cy3 (SA-Cy3).
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Figure 2.

TSA increases the sensitivity for lectin microarray for glycan profiling of seminal PSA. A,
background fluorescent signals of TSA on NPA and Calsepa; B-D, dose-dependent
fluorescent signals of the seminal PSA on the array with TSA; £-F, dose-dependent
fluorescent signals of the seminal PSA on the array without TSA.
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Figure 3.
Optimization of the experimental conditions for the TSA-ALM. Scan images of background

of the TSA lectin microarray when SA-HRP is diluted 100 times without HRP blocking (A),
100 times with HRP blocking (B), and 400 times with HRP blocking (C).
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Figure4.

TSA-ALM glycan profiling of the LNCAP PSA. A, scan images of background of the TSA
lectin microarray (control) and the TSA lectin microarray for LNCAP PSA (right); B, dose-
dependent fluorescent signals of the LNCAP PSA for BSL Il (), LTL (m), MAA (4),
PHA-L (¥), SBA ( ), SIA (O), and VVA (O); C, dose-dependent fluorescent signals of the
LNCAP PSA for DBA(e), LcHA(Y), MPA (O), PEA ( ), and WFA (#); D, dose-
dependent fluorescent signals of the LNCAP PSA for Jacalin (e), ECA (m), MNA (4),
PHA-E (Vv), UDA ( ), and UEA (O).
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Figureb.

TgA-ALM glycan profiling of the rbPSMA.. A, scan images of background of the TSA
lectin microarray (control) and the TSA lectin microarray for the rhPSMA (right); B, dose-
dependent fluorescent signals of the PSMA for 12 lectins: BSL 11 (), Jacalin (), LcHA
( ), MPA ( ),ECA (a), PHA-L ( ), MNA (O), RCA120 (e), UDA (%), PEA ( ), DSA
(m), and PHA-E ( ).
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Figure6.

Glycan profiles of the LNCAP PSA and the rbPSMA.. Relative fluorescent intensities of 33
lectins determined from the ratio to the maximal fluorescent intensity on the array are
indicated with bars. Typical glycan epitopes (structural units) relevant to the present analysis
are indicated by the Consortium for Functional Glycomics format.
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Comparison of the sensitivity of SNA, MNA, LcHA, and Jacalin to sfPSA with and without TSA.

TSA No TSA #timesincreasein
Sensitivity2 | Sensitivity@ sensitivity
SNA 244 1.6 140
MNA 154 0.3 513
LcHA 254 0.9 282
Jacalin 106 0.2 530

Table 1

Page 15

a. .. ) .
Sensitivity, defined as the degree of fluorescence response to a change in ng of sfPSA, was calculated as the slope of the dose-response curve.
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