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ABSTRACT: To date, medical diagnosis of gout and pseudogout has
been performed by observing the crystals in the joint fluid of patients
under a polarized microscope. Conventional diagnostic methods using a
polarized microscope have disadvantages, such as time-consuming
analysis, a high false negative rate, and difficulty in distinguishing gout
with monosodium urate (MSU) crystals and pseudogout with calcium
pyrophosphate dihydrate (CPPD) crystals in synovial fluids. In this
study, a chromogenic assay for the diagnosis of gout and pseudogout,
without the requirement of a polarized microscope and trained experts,
was proposed using Fv antibodies with specific binding activities to MSU
and CPPD crystals. The IgG VH chain Fv library with randomized
complementarity-determining region 3 (CDR3) region was expressed on
the outer membrane of Escherichia coli using autodisplay technology.
The target Fv antibodies with binding activity to MSU and CPPD crystals were screened from the autodisplayed Fv library on the E.
coli outer membrane, and five clones were selected. On the basis of the binding properties of the screened Fv antibodies, peptides
with the selected clone of amino acid sequences of the CDR3 region (15 residues) were chemically synthesized. The binding
properties of the synthetic peptides with amino acid sequences of CDR3 regions from the selected clones were analyzed using
fluorescence imaging and flow cytometry, and the affinity constants (Kd) of each peptide for binding to MSU and CPPD crystals
were calculated by fitting based on the isotherm model. A chromogenic assay configuration for gout and pseudogout was developed
using synthetic peptides. In this chromogenic assay, synthetic peptides labeled with biotin and streptavidin−horseradish peroxidase
(HRP) complex were used, and crystal detection was possible using a chromogenic reaction between HRP and a chromogenic
substrate (TMB). Finally, gout and pseudogout were diagnosed by detecting MSU and CPPD crystals in the synovial fluid in the
concentration range of 0−300 μg/mL.
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1. INTRODUCTION

Patients with gout and pseudogout are well known to have
crystals in joints made of monosodium urate (MSU) and
calcium pyrophosphate dihydrate (CPPD). Gout is an
inflammatory arthritis that results from the deposition of
MSU crystals in joints or tissues. Because uricase is inactive in
humans, MSU is generated from uric acid, which is the final
product of the purine mechanism.1−4 For patients with
pseudogout, CPPD crystals are generated by extracellular
pyrophosphate (PPi), which is a result of the degradation of
adenosine triphosphate (ATP) to form adenosine mono-
phosphate (AMP) in chondrocytes.5,6 For gout patients, X-ray
diffraction (XRD) analysis showed that MSU crystals are 5−25
μm long and <350 nm thick, needle shaped, triclinic single-
crystal structures. XRD analysis of CPPD crystals in the joint
fluid of pseudogout patients shows that the crystals are square

shaped, 10−20 μm in size, triclinic single-crystal structures.7−10

Although conventional gout diagnosis has been performed by
observing MSU crystals in joint fluid using a polarized
microscope, it is difficult to detect CPPD in pseudogout
patients using the same method because of the weak
birefringence of CPPD.11−13 As the pathogenesis mechanisms
of gout and pseudogout are different, the coexistence of MSU
and CPPD crystals in the joint fluids of patients with the two
diseases is exceedingly rare.14
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However, the symptoms and pain areas are identical, making
the differentiation of the two diseases difficult. In addition, as
gout and pseudogout require different medical treatments due
to the differences in their pathogeneses, the two diseases must
be clearly distinguished. Medical diagnosis of gout and
pseudogout is typically performed by observing the crystals
in the joint fluid of patients under a polarized microscope.11−13

Such conventional diagnosis methods using a polarized
microscope have the disadvantages of time-consuming analysis,
a high false negative rate (2.8% for gout patients and 7.9% for
pseudogout patients),15,16 and difficulty in distinguishing
CPPD crystals in pseudogout patients. In this study, a
chromogenic assay for the diagnosis of gout and pseudogout,
without a polarized microscope and trained experts, was
performed using Fv antibodies with specific binding activities
to MSU and CPPD crystals.17 In addition, MSU and CPPD
crystals of less than 2 μm could be detected for early-stage
diagnosis of gout and pseudogout.18−20 Autodisplay is an
expression method in which the target proteins are expressed
on the outer membrane of E. coli through the beta-barrel of the
AIDA-1 protein.21,22 Autodisplay has been employed for the
expression of various proteins, such as Z-domain, casein, lipase,
Ro/SSA, and La/SSB antigens.23−27 These Fv antibodies were
screened from the autodisplayed Fv library on the outer
membrane of E. coli. The advantages of autodisplay are as
follows: (1) high expression density on E. coli of >105

proteins/E. coli, (2) high yield of expression of >90% in the
total E. coli population, and (3) coexpression of multiple
protein domains on a single E. coli simultaneously.21,22 The Fv
antibody represents the Fv region of the IgG heavy chain (VH),

which is composed of three complementarity determining
regions (CDRs) of IgG VH, and the Fv library was prepared to
have randomized CDR3 regions by site-directed muta-
genesis.28−30 The prepared Fv library was autodisplayed on
the outer membrane of E. coli. Such an autodisplayed Fv library
has a higher density of Fv antibodies of 105 Fv antibodies/E.
coli on the outer membrane of E. coli than conventional Fv
library-based bacteriophages, which are usually known to have
approximately 10 Fv antibodies/bacteriophage.31−33 In
addition, the autodisplayed Fv library on E. coli has a higher
expression yield of >90% than that of 10% for a bacteriophage-
based Fv library.34,35 Thus, the binding of fluorescently labeled
target antigens to the Fv antibody on E. coli can be screened
without repeated biopanning steps. In this study, the Fv library
of the IgG VH chain with a randomized CDR3 region was
expressed on the outer membrane of E. coli using autodisplay
technology, and then the target Fv antibodies with binding
activity to MSU and CPPD crystals were screened from the
autodisplayed Fv library on the outer membrane of E. coli, as
shown in Figure 1A. The CDR3 regions of Fv antibodies from
the screened target E. coli were synthesized as peptides, and the
binding properties of the synthetic peptides with the amino
acid sequences of CDR3 regions (11 residues) from the
screened clones were analyzed using fluorescence imaging and
flow cytometry. Furthermore, the affinity constants (Kd) of
each peptide for binding to the MSU and CPPD crystals were
calculated by fitting based on the isotherm model. A
chromogenic assay for the diagnosis of gout and pseudogout
was performed using synthetic peptides.

Figure 1. Fv library autodisplayed on the outer membrane of Escherichia coli for the screening of MSU and CPPD crystals. (A) Screening procedure
using the Fv library. (B) Preparation of primers with randomized CDR3, and preparation of Fv library plasmids. (C) Autodisplay of the Fv library
on the outer membrane of E. coli. (D) SDS-PAGE of the outer membrane protein of E. coli with autodisplayed Fv library.
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2. EXPERIMENTAL SECTION
2.1. Materials. Uric acid, sodium hydroxide, calcium chloride, and

sodium pyrophosphate were purchased from Sigma-Aldrich (Seoul,
Korea). Peptides were synthesized at a purity of >95% using Peptron
(Daejeon, Korea). A nylon filter was purchased from Millipore
(Billerica, MA, USA). High-salt Luria−Bertani (LB) medium was
purchased from Duchefa (Haarlem, Netherlands). Primers were
synthesized by Macrogen (Seoul, Korea). Klenow (exo-) polymerase
was purchased from New England Biolabs (Ipswich, MA, USA).
NucleoSpin Gel and a PCR cleanup kit were purchased from
Macherey-Nagel (Düren, Germany). PCR reagents were purchased
from Thermo Fisher Scientific Inc. (Waltham, MA, USA). 3,3′,5,5′-
Tetramethylbenzidine (TMB) was purchased from Pierce Co.
(Rockford, IL, USA). Synovial fluid was supplied by Severance
Hospital (Seoul, Korea). This study was approved by the Institutional
Review Board of Severance Hospital (IRB number 4-2019-0846).
2.2. Preparation and Surface Display of the Fv Library. For

the preparation of the Fv library with site-directed mutagenesis, a
single-stranded primer with the randomized oligonucleotide sequence
of CDR3 was synthesized as shown in Figure 1B, and the annealing of
the reverse extension primer was performed by heating at 95 °C for 5
min and cooling at a rate of −0.3 °C/s to 36 °C. The oligonucleotide
sequences of the primers used are listed in Table 1. The

oligonucleotide sequence of the duplex DNA after annealing was
extended using Klenow (exo-) polymerase (3 μL) with 10 mM dNTP
Mix (8 μL) and NEB buffer (20 μL) in a total volume of 200 μL, and
the extension reaction was inactivated by heating at 75 °C for 20 min.
PCR products were purified using a PCR cleanup kit. The Fv library
plasmid with a randomized CDR3 sequence was synthesized using
PCR. Plasmids were prepared by constructing a template plasmid
(100 ng), primer mixture (2 μL), 10 mM dNTPs (1 μL), Phusion HF
buffer (10 μL), and Phusion high-fidelity polymerase (0.5 μL) in a
total volume of 50 μL. PCR was performed according to the following
steps: (1) 98 °C for 1 min, (2) 98 °C for 30 s, (3) 68 °C for 1 min,
(4) 72 °C for 5 min, (5) repetition of steps 2−4 for 30 cycles, (6) 72
°C for 10 min, and (7) transfer to 4 °C. Finally, the template plasmids
were digested using the DpnI restriction enzyme at 37 °C for 16 h,
and the enzyme was inactivated by heating at 80 °C for 20 min. The
PCR product was filtered using a 100 K Amicon filter (Millipore,
Billerica, MA, USA). The Fv library was autodisplayed on the outer
membrane of E. coli by transforming the above-prepared autodisplay
vector into competent cells of intact E. coli BL21(DE3), as shown in
Figure 1C.23−27 Transformed E. coli was cultured at 37 °C in Luria−
Bertani (LB) broth containing kanamycin (50 mg/L, 10 μL) by
shaking (200 rpm) for 16 h. For the main culture, E. coli cells (100
μL) were cultured again in high-salt LB medium (10 mL) with
kanamycin (50 mg/L, 10 μL), 10 mM ethylenediaminetetraacetic acid
(5 μL), and 99% β-mercaptoethanol (8 μL) at 37 °C with shaking
(200 rpm) until an OD600 nm of 0.6 was reached. To induce Fv library
expression, cultured E. coli cells (10 mL, OD600 nm = 0.6) were
incubated with 1 M isopropyl β-D-1 thiogalactopyranoside (IPTG, 10
μL) at 30 °C under agitation (125 rpm) for 2 h. The amount of
autodisplayed protein on the outer membrane of E. coli was estimated

using densitometry, as shown in Figure 1D. The protein band of the
expressed protein on SDS-PAGE was compared with another protein
band of OmpA (34 kDa), which is known to express 1.0 × 105. The
density of each protein band was estimated using a commercial
documentation system (ChemiDoc XRS, Bio-Rad Laboratories,
Hercules, CA, USA).

2.3. Screening of the Target Fv. The MSU and CPPD crystals
were synthesized as previously reported.7,9,36 MSU crystals were
grown using the following procedure: (1) dissolve uric acid (0.8 g) in
distilled water (160 mL), (2) add 1 N NaOH (5.125 mL), (3) filter
with a membrane filter of pore size 0.20 μm, and (4) incubate at 4 °C
under mild stirring for 3 days. CPPD crystals were grown using the
following procedure: (1) dissolve CaCl2 (1.11 g) in distilled water (50
mL), (2) dissolve Na4P2O7 (0.665 g) in 60 mM hydrochloric acid (50
mL), (3) mix the two solutions, and (4) incubate at 60 °C for 5 days.

For the screening of E. coli with Fv antibodies with specific binding
activity to MSU and CPPD crystals, autodisplayed E. coli (1 mL) at
OD600 nm = 1.0 was mixed with MSU (or CPPD) crystals (5 mg/mL)
under mild shaking (10 rpm) for 30 min at 37 °C, as shown in Figure
2A.37 Then the crystals were filtered with a nylon net filter (60 μm).
After washing with 0.1% Tween-20 in PBS (PBST) and PBS, the
crystals were spread on agar plates to obtain E. coli colonies. For
binding confirmation of the screened E. coli to MSU (or CPPD)
crystals, plasmids were extracted from the screened E. coli colonies
and transformed into E. coli BL21 (DE3) competent cells with the
expression vector of eGFP (pKE019), as shown in Figure 2B.38,39

After induction of Fv antibodies, E. coli (1 mL) at OD600 nm = 1.0 was
mixed with MSU (or CPPD) crystals (2 mg/mL) under mild shaking
(10 rpm) for 30 min at 37 °C. Finally, screened E. coli bound to MSU
(or CPPD) crystals was observed under a fluorescence microscope
(model BX51) from Olympus (Tokyo, Japan), as shown in Figure 2C
and 2D. The oligonucleotide sequences of CDR3 from the screened
clones are summarized in Table 2. Peptides corresponding to CDR3
of the screened Fv antibodies (11 residues) were converted into
amino acid sequences. The peptide was designed to comprise 15
residues by adding two amino acid residues as frame regions at both
ends of the 11 CDR3 amino acid residues, and each peptide was
prepared with >95% purity, as summarized in Table 3.

2.4. Assay with Target Fv. The binding properties of the
synthetic peptides with the amino acid sequences of CDR3 from the
screened Fv antibodies were estimated by mixing the fluorescein
amidite (FAM)-labeled peptide (0.5 mM) and MSU (or CPPD)
crystals (1 mg/mL) while shaking (15 rpm) for 30 min at 37 °C. After
centrifugation (5000g) for 3 min, the crystals were washed with 0.1%
PBST and PBS. The synthesized FAM-labeled peptide bound to MSU
(or CPPD) crystals was observed under a fluorescence microscope, as
shown in Figure 3A and 3B. Flow cytometry was performed using
more than 50 000 crystals in the concentration range of 0−50 μM
with a FACSCalibur flow cytometer (Becton-Dickinson, Franklin
Lakes, NJ, USA) at an excitation wavelength of 488 nm. The
threshold trigger was set on side scatter to eliminate background noise
and to analyze only crystals. The fluorescence signal was calculated as
the mean intensity in arbitrary units (au), as shown in Figures 4 and 5.
The chromogenic assay was performed for MSU (or CPPD) crystals
in synovial fluid using the synthetic biotin-labeled peptide and
streptavidin−HRP complex, as shown in Figure 6. In the control
group, biotin was used only. For MSU (or CPPD) crystals, synovial
fluid was digested with 250 μg/mL proteinase K for 30 min at 37 °C
and isolated by centrifugation (3000g, 3 min). The synthesized biotin-
labeled peptide (20 μM) was mixed with 0−300 μg/mL MSU (or
CPPD) crystals under shaking (15 rpm) for 30 min at 37 °C. After
washing with 0.1% PBST and PBS, streptavidin labeled with
horseradish peroxidase (HRP−streptavidin) (1 μg/mL, 100 μL)
was mixed for 30 min at 37 °C. After washing with 0.1% PBST and
PBS, the TMB solution (100 μL) was added to the reaction sample
(20 μL), and the mixture was incubated for 5 min. Then, after
quenching with 2 M sulfuric acid (100 μL), the optical density was
measured at a wavelength of 450 nm using an enzyme-linked
immunosorbent assay (ELISA) reader (Versamax; Molecular Devices,
Sunnyvale, CA, USA). The limit of detection (LOD) in this work was

Table 1. Oligonucleotide Primer Sequences for Randomized
CDR3 Sequence Regions of the Fv Library
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determined to be the average value for a blank sample plus three times
its standard deviation (3σ) as in the case of conventional
immunoassays.40

3. RESULTS AND DISCUSSION

3.1. Preparation and Screening of the Fv Library on
the E. coli Outer Membrane. The Fv library of the IgG VH
chain with a randomized CDR3 was expressed on the outer
membrane of E. coli using autodisplay technology, and then E.
coli with target Fv antibodies with the binding activity to MSU
and CPPD crystal was screened as shown in Figure 1A. To
prepare the Fv library of Fv antibodies composed of an IgG VH

chain with a randomized CDR3, synthetic primers with a
randomized CDR3 region corresponding to 11 amino acid
residues were prepared as shown in Figure 1B. The amino acid
sequence corresponding to the CDR3 region of IgG was
analyzed using a database (Kabat and Chothia)41,42 to
determine the common amino acid sequence features at each
position for site-directed mutagenesis. On the basis of the
database analysis results, site-directed mutagenesis was
performed by controlling the nucleotide proportion at each
nucleotide position of CDR3, as summarized in Table 1. The
prepared double-stranded primer was attached to a template
plasmid with a VH chain of antithyroid peroxidase (TPO)

Figure 2. Screening of Fv antibody with the binding activity to MSU and CPPD crystals. (A) Screening procedure using the Fv library. (B)
Preparation of E. coli with autodisplayed Fv antibody and GFP expressed in the cytosol. (C) Fluorescence image of MSU crystals with screened
clones. (D) Fluorescence image of CPPD crystals with screened clones.

Table 2. Oligonucleotide Sequence of CDR3 from the screened Fv Antibodies and the Corresponding Amino Acid Sequence

screened clone oligonucleotide sequence of CDR3 (33 bp)

Clone-1 5′-1TGCTG 6TGGGA 11ATATT 16CTAGC 21TTGGC 26GGGAT 31TA33T-3′
Clone-2 5′-1GGTTA 6CGCCC 11ATTTT 16ATTGG 21TCGTT 26CGGAT 31TT33C-3′
Clone-3 5′-1TGTCT 6TGAGC 11TGCTA 16GGACG 21TAAAA 26TTGAT 31TA33C-3′
Clone-4 5′-1TGCGA 6GTCAG 11GCAGG 16CCGGG 21AAGCG 26TAGAT 31TT33T-3′
Clone-5 5′-1TGCGT 6TGACG 11GTATA 16AGTCG 21ACTAC 26GCGAT 31GA33T-3′
Template 5′-1GACAA 6AGTTA 11CAGTC 16TGGGC 21TTGTC 26AGGAT 31AA33T-3′

Table 3. Amino Acid Sequences of Synthetic Peptides from Screened CDR3 and Control Peptides

synthetic peptide amino acid sequence (15 mer) labeling at C-terminal MW with FAM (g/mol)

Peptide-1 N-1ARCCG 6NILAW 11RDYWG-C FAM or biotin 2160.4
Peptide-2 N-1ARGYA 6HFIGR 11SDFWG-C FAM or biotin 2116.2
Peptide-3 N-1ARCLE 6LLGRK 11IDFWG-C FAM or biotin 2153.5
Peptide-4 N-1ARCES 6GRPGS 11VDFWG-C FAM or biotin 2000.1
Peptide-5 N-1ARCVD 6GISRL 11RDDWG-C FAM or biotin 2095.2
Control peptide-1 N−1VYYCA 6REPTG 11TGIYF 16DVWG-C FAM 2573.8
Control peptide-2 N-1ARDPP 6QEPGR 11ADVWG-C FAM 2027.1

Control peptide-3 N-1ARGRR 6PIVIS 11MDYWG-C FAM 2153.4
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antibodies (pST009), and the Fv library plasmid was obtained
from PCR after a reaction with DpnI. The Fv library was
transformed into E. coli, and its diversity was estimated to be
2.8 × 105 clones/library from random sample sequencing. For

Fv library expression on the E. coli outer membrane, the
prepared Fv library plasmid was autodisplayed by isopropyl β-
D-1 thiogalactopyranoside induction, as shown in Figure 1C.
The autodisplayed Fv antibody on the membrane was

Figure 3. Binding properties of synthetic peptides with the amino acid sequences of the CDR3 regions of screened clones using fluorescence
imaging. (A) Fluorescence images of MSU and CPPD crystals after treatment of Peptide-1, Peptide-2, and Peptide-3 labeled with fluorescence. (B)
Fluorescence image of MSU and CPPD crystals after treatment of Peptide-4 and Peptide-5 labeled with fluorescence

Figure 4. Binding properties of synthetic peptides with amino acid sequences of CDR3 regions of screened clones using flow cytometry. (A) Flow
cytometry of MSU crystals using Peptide-1, Peptide-2, Peptide-3, Peptide-4, and Peptide-5 labeled with fluorescence. (B) Dose−response curve of
Peptide-1, Peptide-2, Peptide-3, Peptide-4, and Peptide-5 labeled with fluorescence for MSU crystals. (C) Flow cytometry of CPPD crystals using
Peptide-1, Peptide-2, Peptide-3, Peptide-4, and Peptide-5 labeled with fluorescence. (D) Dose−response curve of Peptide-1, Peptide-2, Peptide-3,
Peptide-4, and Peptide-5 labeled with fluorescence for CPPD crystals.
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composed of three CDR regions and four frame regions. As a
negative control, the CDR3-deleted Fv antibody was also
autodisplayed. As shown in Figure 1D, Fv antibodies were
expressed on the outer membrane of E. coli with a molecular
weight of 64.2 kDa. In addition, the level of Fv antibody
expression on the outer membrane of E. coli was estimated to
be 1.73 × 105 Fv antibodies/E. coli by densitometric analysis of
SDS-PAGE by comparing the protein bands with the known
protein expression level, that is, OmpA at the expression level
of 1.0 × 105 OmpA/E. coli.43 The Fv antibodies with binding
activity to crystals were screened, as shown in Figure 2A. First,
the autodisplayed Fv library was mixed with MSU (or CPPD)
crystals for 30 min at 37 °C. The unbound E. coli was eluted
through a nylon net filter with a pore size of 60 μm, and the
bound E. coli was on the filter with MSU (or CPPD) crystals.
After overnight culture, clones with the target Fv antibody
were obtained on agar plates. Five clones were screened after
nucleotide sequence comparison of the template plasmid
(pST009) CDR3. For the binding test of the screened Fv
antibodies, the clones were transformed to express GFP in the
cytosol of E. coli, as shown in Figure 2B. The CDR3
oligonucleotide sequences screened from crystal-binding E.
coli are summarized in Table 2. After incubation with MSU (or
CPPD) crystals, the screened clones with Fv antibodies on the
outer membrane and eGFP in the cytosol were observed to be
bound to the MSU (or CPPD) crystals using fluorescence
microscopy, as shown in Figure 2C and 2D. For Clone-1,
Clone-2, Clone-3, Clone-4, and Clone-5, MSU crystal binding
was observed, and binding of the CDR3-deleted strain was
considerably lower than that of the other strains. These results

indicate that binding to MSU crystals is influenced by the
amino acid sequence of CDR3. For the CPPD crystal, the same
experiment was performed using five screened clones and one
with Fv antibodies with two CDRs (CDR1 and CDR2). For
Clone-1, Clone-2, and Clone-3, CPPD crystal binding was
considerably higher than that of Clone-4 and Clone-5.
These results indicate that (1) Clone-1, Clone-2, Clone-3,

Clone-4, and Clone-5 could be used for the detection of MSU
crystals, (2) MSU and CPPD crystals could be discriminated
by comparing the binding results of Clone-1, Clone-2, and
Clone-3 (binding to both MSU and CPPD) with those of
Clone-4 and Clone-5 (binding only to MSU), and (3) the
binding of Fv antibodies on the outer membrane of E. coli to
crystals was caused by the amino acid sequences of CDR3
regions in comparison with the binding properties of Fv
antibodies only with two CDRs (CDR1 and CDR2). On the
basis of these results, synthetic peptides (15 residues) with
amino acid sequences of CDR3 regions from the screened
clones (11 residues) were prepared by adding two amino acids
at each terminal, as summarized in Table 3.

3.2. Properties of Crystal-Binding Peptides from the
Fv Library. The binding properties of the synthetic peptides
with the amino acid sequences of the CDR3 regions from the
screened clones were analyzed using fluorescence imaging.
First, Peptide-1, Peptide-2, and Peptide-3 labeled with FAM
were incubated with MSU and CPPD crystals, and
fluorescence images were obtained (Figure 3A). For Peptide-
1, Peptide-2, and Peptide-3, binding to both MSU and CPPD
crystals was observed, as in the screened clones with the Fv
antibodies. Next, Peptide-4 and Peptide-5 labeled with FAM
were incubated with MSU and CPPD crystals, and
fluorescence images were obtained (Figure 3B). For Peptide-
4 and Peptide-5 labeled with FAM, the binding to MSU
crystals was considerably higher than that of CPPD, similar to
the results observed in the screened clones with the Fv
antibodies. These results indicate that Peptide-4 and Peptide-5
can be used for the specific detection of MSU crystals.
Therefore, the detection of both MSU and CPPD crystals was
possible using Peptide-1, Peptide-2, Peptide-3, Peptide-4, and
Peptide-5, and differentiation between the two crystals was
possible using two different peptide probes: one peptide from
Peptide-1, Peptide-2, and Peptide-3 and the other from
Peptide-4 and Peptide-5. The binding properties of the
synthetic peptides with the amino acid sequences of CDR3
from the screened clones were quantitatively analyzed using
flow cytometry. Initially, Peptide-1, Peptide-2, Peptide-3,
Peptide-4, and Peptide-5 labeled with FAM were incubated
with MSU crystals, and the fluorescence signal was analyzed
according to the concentration of peptides in the range of 0−
50 μM. As shown in Figure 4A, all five synthetic peptides
exhibited an increase in fluorescence in the given concentration
range, and the dose−response curve was derived from the
average intensity of each plot of flow cytometry. The binding
response of Peptide-1, Peptide-2, Peptide-3, Peptide-4, and
Peptide-5 to MSU crystals was estimated to be the same as that
of the screened E. coli, and these results indicated that the
binding properties were caused by the CDR3 region of the
screened Fv antibodies. As shown in Figure 4B, the affinity
constants (Kd) of each peptide for binding to the MSU crystal
were calculated by fitting the dose−response curve using the
isotherm model, as summarized in Table 4. Next, Peptide-1,
Peptide-2, Peptide-3, Peptide-4, and Peptide-5 labeled with
FAM were incubated with CPPD crystals, and the fluorescence

Figure 5. Estimation of the size limit for the detection of MSU
crystals. (A) Small-sized MSU crystals observed using SEM and
optical microscopy. (B) Flow cytometry of small-sized MSU crystals
using forward scattering channels. (C) Flow cytometry of small-sized
MSU crystals after treatment of Peptide-3 and Control peptide-1
labeled with fluorescence.
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signal was analyzed in the same concentration range as that
used for the MSU crystals. As shown in Figure 4C, Peptide-1,
Peptide-2, and Peptide-3 labeled with FAM showed a higher
increase in the fluorescence signal than Peptide-4 and Peptide-
5 labeled with FAM.
The binding response of Peptide-1, Peptide-2, Peptide-3,

Peptide-4, and Peptide-5 to the CPPD crystal was estimated to
be the same as that of screened E. coli, and these results

indicated that the binding properties were caused by the CDR3
region of the screened Fv antibodies. As shown in Figure 4D,
the dose−response curve was derived from the average
intensity of each plot of flow cytometry, and the affinity
constants (Kd) of each peptide for binding to CPPD crystals
were also calculated by fitting the dose−response curve using
the isotherm model, as summarized in Table 4. The major
crystals found in synovial fluid are basic calcium phosphate
(BCP), MSU, and CPPD crystals.19 Although the symptoms
and pain areas for gout and pseudogout are identical, the
crystals for gout (MSU) and pseudogout (CPPD) are known
to be generated by different mechanisms of pathogenesis. In
this work, the synthesized peptides were used for the specific
detection of MSU and CPPD crystals because gout and
pseudogout do not occur at the same time, and the existence of
multiple types of crystals in the joint fluid is known to be
extremely rare.14 The binding affinity of five synthetic peptides
was estimated for MSU, CPPD (Figure 4), and hydroxyapatite

Figure 6. Assay of MSU and CPPD crystals without a microscope. (A) Assay configuration for samples with MSU and CPPD crystals. (B) Assay
results of Peptide-1, Peptide-2, and Peptide-3 for samples spiked with MSU and CPPD crystals in synovial fluid. (C) Assay results of Peptide-4 and
Peptide-5 for samples spiked with MSU and CPPD crystals in synovial fluid. (D) Cut-off values for the estimation using the optimized chromogenic
assay based on pairs of peptides (Peptide-3 and Peptide-4 and Peptide-3 and Peptide-5).

Table 4. Affinity Constants (Kd) of Crystal-Binding Peptides

Kd value (M)

synthetic peptide to MSU crystal to CPPD crystal

Peptide-1 8.55 × 10−6 3.16 × 10−6

Peptide-2 3.71 × 10−6 4.97 × 10−7

Peptide-3 5.15 × 10−6 8.28 × 10−6

Peptide-4 8.10 × 10−6 1.62 × 10‑4

Peptide-5 7.32 × 10−7 1.39 × 10‑4
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(Ca10(PO4)6(OH)2) crystals as a model of BCP using flow
cytometry (Supplementary Figure S1). The binding affinity of
the five synthetic peptides to hydroxyapatite crystals was
estimated to be far lower than that to MSU and CPPD crystals.
As shown in Supplementary Figure S1d, Peptide-1, Peptide-2,
Peptide-3, Peptide-4, and Peptide-5 were estimated to have a
high affinity to MSU crystals, while Peptide-1, Peptide-2, and
Peptide-3 were estimated to have a high affinity to both the
MSU and the CPPD crystals. In the case of the hydroxyapatite
crystal, all five synthetic peptides showed baseline affinity, so
that the three types of crystals could be distinguished using the
five synthetic peptides. The hydropathy plot of five synthetic
peptides showed that each peptide included hydrophilic,
hydrophobic, and negatively and positively charged parts, as
shown in Supplementary Figure S2.44 These plots showed that
each peptide could form various types of interactions with
MSU and CPPD crystals.
3.3. Diagnosis of Gout and Pseudogout Using

Crystal-Binding Peptides. Gout and pseudogout were
diagnosed using synthetic peptides with binding activity to
MSU and CPPD crystals. The diagnosis based on synthetic
peptides was aimed at detecting crystals of unobservable size
under a conventional polarized microscope.
As shown in Figure 5A, observing the time when the size of

the MSU crystal of patients with early-stage gout becomes 1−5
μm is a difficult task using optical microscopy. To estimate the
detection limit of MSU crystal size using synthetic peptides,
small MSU crystals (1−5 μm) were synthesized. As shown in
Figure 5B, flow cytometry was performed for small-sized
crystals using a forward scattering channel (FSC), and several
types of microbeads with a known size of 1−25 μm were
additionally analyzed as size markers. In the case of small-sized
MSU crystals within the size range of 1−5 μm, the FSC signal
could be observed using flow cytometry. These results showed
that MSU crystals with sizes as small as a few micrometers
could be detected, which could correspond to the crystal sizes
observed in the early stages of gout or pseudogout in
comparison with 5−25 μm crystals typically observed in gout
patients. When the small MSU crystals were treated with
Peptide-3 labeled with FAM, small-sized MSU crystals showed
an increased fluorescence signal according to the concentration
of Peptide-3, as shown in Figure 5C. In the case of the Control
peptide-1 (amino acid sequence N-VYYCAREPTGT-
GIYFDVWG-C) which was not bound to MSU crystals, only
the baseline signal was observed even for increased peptide
concentrations. Two more control peptides (Control peptide-2
and Control peptide-3) were used to compare the specific
binding affinity of synthetic peptides from screened clones
(Table 2) to MSU and CPPD crystals. The two added control
peptides were selected from the unscreened clones of the Fv
library with no specific binding affinity to MSU and CPPD
crystals. These control peptides also showed no significant
binding affinity to MSU and CPPD crystals, and the results of
the affinity test are shown in Supplementary Figure S3. These
results showed that quantitative analysis of small-sized MSU
crystals was possible using fluorescently labeled synthetic
peptides, even if the MSU crystals were smaller than those
observed under a conventional polarized microscope. The
configuration of the chromogenic assay for MSU and CPPD
crystals in synovial fluid involved using synthetic peptides
labeled with biotin, which could be performed without a
microscope. As shown in Figure 6A, Peptide-1, Peptide-2,
Peptide-3, Peptide-4, and Peptide-5 labeled with biotin were

incubated with the MSU (or CPPD) crystal sample and
streptavidin−HRP complex solution after washing the un-
bound peptides. Next, after washing the unbound streptavi-
din−HRP complex, the chromogenic probe of TMB was
allowed to react and the OD was measured at a wavelength of
450 nm. Using this chromogenic assay configuration, the
amount of MSU crystals could be quantitatively measured in
the concentration range of 0−300 μg/mL, and gout and
pseudogout could be diagnosed. As the first step in the
diagnosis of gout and pseudogout, Peptide-1, Peptide-2, and
Peptide-3 were used to determine whether the sample
(synovial fluid) included MSU or CPPD. As shown in Figure
6B, the detection limits of MSU crystals were determined to be
4.2, 59, and 22.5 μg/mL for Peptide-1, Peptide-2, and Peptide-
3, respectively. Furthermore, the detection limits of CPPD
crystals were determined to be 19.8, 22, and 13.5 μg/mL for
Peptide-1, Peptide-2, and Peptide-3, respectively. For diagnosis
of gout and pseudogout, Peptide-1, Peptide-2, and Peptide-3
showed OD450 nm values higher than 0.13 for MSU and CPPD
concentrations higher than 100 μg/mL, and this value is
considered to be the cutoff value for the diagnosis of gout and
pseudogout.2,4 Next, a chromogenic assay was performed using
Peptide-4 and Peptide-5 to determine the crystal type to be
included in the sample. As shown in Figure 6C, the detection
limit of MSU crystal was determined to be 17 μg/mL for
Peptide-4 and 9.4 μg/mL for Peptide-5. The detection limit for
CPPD crystal was determined to be 134.8 μg/mL for Peptide-
4 and 18.9 μg/mL for Peptide-5. When the sample included
the MSU crystal, the OD450 nm value was observed to be higher
than 0.13 for gout patients. Using this cutoff value of OD450 nm
= 0.13, gout patients and pseudogout patients with MSU and
CPPD crystals in the range of 100−300 μg/mL could be
diagnosed, respectively.
MSU and CPPD crystals are known to be coated with

biomolecules in synovial fluids, such as proteins and lipids.
Removal of the coating of biomolecules on the crystals has
been an important issue for surface analysis of MSU and CPPD
crystals using FT-IR, Raman, fluorescence, NMR, and X-ray
diffraction methods.19 Such coatings of proteins and lipids on
crystals in joint fluids can be removed by treatment with
proteases (hyaluronidase, trypsin, and proteinase K) and
organic solvents, and surface analysis using various kinds of
spectrometric analysis was reported to be possible without the
interference of coated biomolecules.9,19 In this study, MSU and
CPPD crystals incubated in synovial fluids were treated with
proteinase K before the assay with synthetic peptides to
remove the adsorbed proteins.45 The results of the
chromogenic assay before and after proteinase K treatment
of MSU and CPPD crystals are compared in Supplementary
Figure S4. The chromogenic assay with five peptides was
feasible after treatment of MSU and CPPD crystals with
proteinase K. Optimum diagnosis was possible using a specific
peptide for each step of the chromogenic assay. When Peptide-
3 was used for the diagnosis of gout and pseudogout, the cutoff
value for the detection of both MSU and CPPD crystals in the
first step was estimated to be OD450 nm = 0.13 by comparing
the limit of detection for both crystals, as shown in Figure 6D.
The concentration at the cutoff value corresponded to 29.7
μg/mL for MSU and 23.4 μg/mL for CPPD crystals. When
Peptide-4 was used in the second step, MSU and CPPD
crystals could be differentiated using a cutoff value of OD450 nm
= 0.064, corresponding to 35.7 μg/mL for MSU crystals. When
Peptide-5 was used in the second step, MSU and CPPD
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crystals could be differentiated using a cutoff value of OD450 nm
= 0.080, corresponding to 28.8 μg/mL for MSU crystals. In
patients with gout and pseudogout, MSU and CPPD crystals
are reported to be present in the concentration range of 10−
100 μg/mL in the synovial fluid.16 Thus, these results
demonstrated that the diagnosis of the early stages of gout
and pseudogout could be performed through a two-step
procedure using Peptide-1, Peptide-2, and Peptide-3 in the first
step and Peptide-4 and Peptide-5 in the second step.

5. CONCLUSIONS
The Fv library of the IgG VH chain with a randomized CDR3
region was expressed on the outer membrane of E. coli, and the
diversity of the Fv library was estimated to be 2.8 × 105

clones/library. Target antibodies with binding activity to MSU
and CPPD crystals were screened, and finally, five clones were
screened from the autodisplayed Fv library. The screened
clones showed that Clone-1, Clone-2, Clone-3, Clone-4, and
Clone-5 could be used to detect MSU crystals; MSU and
CPPD crystals could be differentiated by comparing the
binding results of Clone-1, Clone-2, and Clone-3 (binding to
both MSU and CPPD) with those of Clone-4 and Clone-5
(specific to MSU), and MSU crystal binding was caused by the
amino acid sequences of the CDR3 regions. On the basis of
these results, synthetic peptides (15 residues) with CDR3
amino acid sequences (11 residues) from the screened clones
were prepared, and the resulting binding properties were
analyzed using fluorescence imaging for detection and flow
cytometry for quantitative analysis. Specific detection of MSU
and CPPD crystals was possible by comparing the fluorescence
imaging with a minimum of two synthetic peptides, that is, one
peptide each from fluorescence-labeled Peptide-1, Peptide-2,
and Peptide-3 and Peptide-4 and Peptide-5. The dose−
response curve was derived from the average intensity of each
flow cytometry plot. The affinity constants (Kd) of each
peptide for binding to the MSU and CPPD crystals were also
calculated by fitting the dose−response curve using the
isotherm model. MSU crystals with sizes as small as a few
micrometers could be detected, which corresponded to the
crystal size of the early stage of gout in comparison with the 5−
25 μm MSU crystals found in gout patients. A chromogenic
assay configuration for gout and pseudogout was developed
using synthetic peptides, which could be performed without a
microscope. For the chromogenic assay, synthetic peptides
labeled with biotin and streptavidin−HRP complex were used,
and MSU and CPPD crystals in synovial fluid could be
detected by chromogenic reaction. The detection of MSU and
CPPD crystals in synovial fluid was possible in the
concentration range of 0−300 μg/mL for the diagnosis of
gout and pseudogout.
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