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ABSTRACT: Claudins (CLs) are membrane proteins found in tight junctions and play a major role in establishing the intercellular 
barrier. However, some CLs are abnormally overexpressed on tumor cells, and are valid clinical biomarkers for cancer diagnosis. 
Here, we constructed antibody Fab fragment-based Quenchbodies (Q-bodies) as effective and reliable fluorescent sensors for de-
tecting and visualizing CLs on live tumor cells. The variable region genes for anti-CL1 and anti-CL4 antibodies were used to ex-
press recombinant Fab fragments, and clones recognizing CL4 with high affinity were selected for making Q-bodies. When two 
fluorescent dyes were conjugated to the N-terminal tags attached to the Fab, the fluorescent signal was significantly increased after 
adding nanomolar-levels of purified CL4. Moreover, addition of the Q-body to CL4-expressing cells including CL4-positive cancer 
cells led to a clear fluorescence signal with low background, even without washing steps. Our findings suggested that such Q-
bodies would serve as a potent tool for specifically illuminating membrane targets expressed on cancer cells, both in vitro and in 
vivo. 

Tight junctions are essential cell-sealing complexes present 
between epithelial and endothelial cells and that provide a 
barrier to the diffusion of fluid via the intercellular space, 
thereby serving as determinants of paracellular permeability 1, 

2. Claudin (CL) is a tetra-transmembrane protein that forms the 
backbone of a tight junction and comprises a family consisting 
of 27 members that exhibit varying cell- and tissue-specific 
expression patterns and functions. CL plays a critical role in 
the maintenance of epithelial cell polarity and in controlling 
cell behavior, such as proliferation, differentiation, migration, 
and apoptosis 3-7. Recent studies showed that CL overexpres-
sion is associated with cancer progression and metastasis 8. 
CL3 and CL4 cover immune tissues, and their expression is 
up-regulated in ovarian, breast, prostate, pancreatic, and lung 
cancers9-11, with CL1 expression and distribution also linked to 
cell-dissociation status in pancreatic cancer 12. CLs are, there-
fore, considered valid clinical biomarkers for cancer diagnosis 
and also potent candidates for cancer-targeted therapy.  

CLs can be readily detected via immunohistochemical 
methods, such as western blot and enzyme-linked immuno-
sorbent assay, that utilize commercially available antibodies 6. 
Despite their advantages of specificity and sensitivity, these 
methods sometimes return inaccurate results due to high back-
ground signals, as well as often being labor intensive and time 
consuming. Additionally, although single-photon emission 

computed tomography can be effectively used for CL imaging 
13, the method requires a high level of technical expertise, as 
well as expensive equipment.  

Here, we describe the development of Quenchbody (Q-
body), a reagentless fluoroimmunosensor that can be used to 
quantify and image CLs. A Q-body is a site-specific, fluoro-
phore-labeled antibody fragment that works on the principle of 
antigen-dependent removal of fluorophore(s) quenching by 
intrinsic tryptophan residues14-23. In the absence of antigen, 
fluorescence is quenched by photoinduced electron transfer 
from the tryptophan residues in the antibody to the fluoro-
phore. However, when antigen is present, the bound antigen 
stabilizes the antibody conformation, thereby displacing the 
quenched dye surrounding the antigen-binding site, leading to 
de-quenching. Therefore, adding a Q-body to a target sample 
and measuring the associated increase in fluorescence allows 
antigen quantification within minutes, whereas most other 
conventional methods take several hours or days to obtain 
final results. As an antibody-based sensor, Q-body can detect 
not only small antigens, but also large antigens, such as pro-
teins, and boasts a range of applications as a biosensor for 
many different types of antigens. However, to date, no at-
tempts have been made to detect cellular-membrane proteins 
in vitro or in situ using Q-bodies. Here, we presented results 



 

using a Q-body for the highly sensitive and convenient detec-
tion and imaging of CLs in solution and on cells (Scheme 1). 

 

EXPERIMENTAL SECTION 
Materials. The KOD-plus DNA polymerase was obtained 

from Toyobo (Osaka, Japan). Restriction enzymes and Esche-
richia coli SHuffle T7 Express lysY were obtained from New 
England Biolabs-Japan (Tokyo, Japan). Oligonucleotides were 
obtained from Operon-Eurofins (Tokyo, Japan). The PureY-
ield plasmid miniprep kit was obtained from Promega (Tokyo, 
Japan). The In-Fusion HD cloning kit, Talon metal-affinity 
resin, and Talon disposable gravity column were obtained 
from Takara-Bio (Otsu, Japan). Ultrafiltration devices were 
obtained from Millipore (centrifugal filter tube Ultra-4, 
MWCO 3 k; Tokyo, Japan) or Pall (Nanosep Centrifugal-3 k; 
Ann Arbor, MI, USA). Immobilized Tris(2-
carboxyethyl)phosphine (TCEP) disulfide-reducing gel was 
obtained from Thermo Pierce (Rockford, IL, USA). 
ATTO520-C2-maleimide (mal) was obtained from ATTO-
TEC (Siegen, Germany). Rhodamine 6G (R6G)-C5-mal was 
obtained from Setareh Biotech, LLC (Eugene, OR, USA). 
Tetramethyl-6-carboxyrhodamine (TAMRA)-C2-mal was 
obtained from Anaspec (Fremont, CA, USA). TAMRA-C5-
mal was obtained from Biotium (Hayward, CA, USA). His-
Sepharose Ni was obtained from GE healthcare (Piscataway, 
NJ, USA). Anti-DYKDDDDK-tag antibody beads and the 
DYKDDDDK peptide were obtained from Wako Pure Chemi-
cals (Osaka, Japan). Recombinant CL4 protein was prepared 
using Sf9 cells infected with recombinant baculovirus24. Hu-
man colon carcinoma LoVo cells were obtained and main-
tained as described 25. Other chemicals and reagents, unless 
otherwise indicated, were from Wako Pure Chemicals. 

Gene constructions. VH of X (X=CL1-1, 2C1, or 3A2), 
which was cloned into pFUSEss-CHIg-hG1 (InvivoGen, San 
Diego, CA, USA), was amplified by polymerase chain reac-
tion (PCR) using primers X_VHback and X_VHfor and KOD-
plus neo DNA polymerase.  VL of X, which was cloned into 
pFUSE2ss-CLIg-hk (InvivoGen), was amplified using primers 
X_VLback and X_VLfor. VH of Y (Y=4D3, 5A5, or 5D12), 
which was cloned into pUC118, was amplified using primers 
Y_VHback and Y_VHfor. VH of Y, which was cloned into 
pUC118, was amplified using Y_VLback and Y_VLfor. All 
primer sequences are provided in the Supporting Information 
Table S-1). CH1 with an N-terminal Cys-tag was amplified 
using primers hCH1XhoBack (5′-gtctcgagcgcttccacc-3’) and 
pUQ2_SOEnoLnkFor (5′-actagtctcattagagcattg-3’) and the 
Fab type Q-body expression vector pUQ2(KTM219)16 as a 
template. The three PCR products were ligated by splicing by 
overlap extension PCR using primers X_VHback and 
pUQ2_SOEnoLnkFor. The product was inserted into AgeI- 
and HindIII-digested pUQ2(KTM219) using an In-Fusion HD 
cloning kit, resulting in pUQ2(X). The obtained plasmid was 
prepared using the PureYield plasmid miniprep system, and 
the entire coding-region sequence was confirmed by sequenc-
ing.  

Fab expression and purification. SHuffle T7 Express lysY 
cells were transformed with each expression vector and cul-
tured at 30°C for 16 h in LBA medium (LB medium contain-
ing 100 µg/mL ampicillin) and 1.5% agar. A single colony 
was picked and grown at 30°C in 4 mL of LBA medium over-
night, from which 1.6 mL was used to inoculate 100 mL of 

LBA medium. The cells were cultured at 30°C to an OD600 of 
0.6, after which 0.4 mM isopropylthio-b-galactopyranoside 
was added. The solution was incubated for an additional 16 h 
at 16°C, followed by centrifugation (8000 g for 20 min at 4°C). 
The pellet was resuspended in 10 mL Talon wash buffer [50 
mM phosphate, 0.3 M sodium chloride (NaCl), and 5 mM 
imidazole (pH 7.4)], followed by sonication. After centrifuga-
tion (8000 g for 20 min at 4°C), the supernatant was incubated 
with 0.2 mL of Talon metal-affinity resin on a rotating wheel 
for 30 min at 25°C, and the beads were washed three times 
with 25 mL Talon wash buffer. After addition of 4 mL Talon 
elution buffer [50 mM phosphate, 0.3 M NaCl, and 0.5 M 
imidazole (pH 7.4)] and incubation at 25 °C for 30 min, the 
eluent was collected using a Talon disposable gravity column. 
The eluent was subjected to an ultrafiltration device, equili-
brated with PBST [10 mM phosphate, 137 mM NaCl, 2.7 mM 
KCl, and 0.05% Tween 20 (pH 7.4)], and concentrated to 250 
µL. Protein expression and purification were confirmed by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) analysis, and protein concentration was deter-
mined using various concentrations of bovine serum albumin 
(BSA) as a standard.  

Fluorescence labeling and purification. A volume of im-
mobilized TCEP disulfide-reducing gel slurry equal to the 
volume of 450 µg of purified protein was added to a microtube 
and centrifuged (100 g for 1 min at 4°C). After removing the 
supernatant, 450 µg of purified protein was added and incu-
bated for 1 h at room temperature on a rotating wheel. After 
centrifugation at 100 g for 1 min, the supernatant was recov-
ered and divided into four samples, with each reacted with a 
20-fold mole of either ATTO520-C2-mal, R6G-C5-mal, 
TAMRA-C2-mal, or TAMRA-C5-mal in 2 µL dimethyl sul-
foxide in the dark for 2 h at 25°C, respectively. Each reaction 
mixture was then incubated with 100 µL of His-Sepharose Ni 
beads on a rotating wheel at room temperature for 30 min. The 
beads were washed three times with 1 mL His wash buffer [20 
mM phosphate, 0.5 M NaCl, 60 mM imidazole, and 0.1% 
polyoxyethylene(23)lauryl ether (pH 7.4)] by centrifugation 
(1000 g for 1 min at 4°C). After adding 500 µL of His elution 
buffer [20 mM phosphate, 0.5 M NaCl, 0.5 M imidazole, and 
0.1% polyoxyethylene(23)lauryl ether (pH 7.4)] and incubat-
ing at 25°C for 15 min, the eluent was collected by centrifuga-
tion (1000 g for 1 min at 4°C) and transferred to a Nanosep 
Centrifugal-3 k ultrafiltration device. After equilibration twice 
with 500 µL of PBST by centrifugation (14,000 g for 20 min 
at 4°C), the supernatant was concentrated to 200 µL. 

To purify the Q-bodies via Flag-tag, anti-DYKDDDDK-
tagged antibody beads (10 µL) were added to the tube. After 
incubation at 25°C for 1 h, the beads were washed three times 
by centrifugation (1000 g for 1 min at 4°C) with 1 mL of Flag 
wash buffer [20 mM phosphate, 0.5 M NaCl, and 0.1% poly-
oxyethylene(23)lauryl ether (pH 7.4)] and incubated with 100 
µL of wash buffer containing 50 µg of Flag peptide at 25°C. 
After 1 h, the eluent was collected and stored at 4°C. An ali-
quot (3 µL) of each was mixed with 3 µL of SDS loading 
buffer [0.125 M Tris-HCl, 4% (w/v) SDS, 20% (w/v) glycerol, 
0.01% (w/v) bromphenol blue, and 100 mM dithiothreitol (pH 
6.8)], boiled at 95°C for 5 min, and exposed to 12.5% PAGE. 
A fluorescence image was obtained using a transilluminator 
with excitation at 500 nm (Gelmiére; Wako Pure Chemicals), 
and protein concentration was determined after CBB staining 
by comparing with varied concentrations of BSA used as a 
standard. 



 

Flow cytometric analysis. HT-1080 human myoblast cells 
either transfected with a pcDNA3.1-based CL-expression vec-
tor25 or not (5 × 105 cells) were washed with 200 µL of phos-
phate-buffered saline (PBS) containing 0.2% BSA and 0.1% 
NaN3 [fluorescence-activated cell sorting (FACS) medium] 
and mixed with 10 µg/mL primary antibody in 100 µL FACS 
medium. After incubation for 1 h on ice, cells were washed 
with 200 µL of FACS medium, followed by mixing with 10 
µg/mL of Alexa 488-conjugated goat anti-mouse IgG in 100 
µL FACS medium. After 30 min on ice, cells were washed 
three times with 200 µL FACS buffer and analyzed using a 
FACS Calibur flow cytometer (BD Biosciences, San Jose, CA, 
USA). Histograms were produced using FCS Express 6 Flow 
(De Novo Software, Glendale, CA, USA). 

Fluorescence measurements. Q-body (10 ng) in 250 µL 
PBST (0.8 nM) was poured into a 5 mm × 5 mm quartz cell 
(Starna Scientific, Hainault, UK), and the fluorescence spec-
trum was measured with a fluorescence spectrophotometer 
(Model FP-8500; JASCO, Tokyo, Japan) at 25°C.  After puri-
fied CL protein was added and incubated for 10 min to 120 
min, spectral measurement was performed. To evaluate the 
initial quenching of the Q-body, 250 µL of 7 M guanidine 
hydrochloride and 100 mM dithiothreitol were added instead 
of PBST to the cell, and the fluorescence was measured after 
20 min. The excitation wavelengths used were 520 nm, 530 
nm, and 546 nm for the ATTO520-, R6G-, and TAMRA-
labeled Q-body, respectively, with slit widths set to 5.0 nm. 
Dose-response curves were drawn by fitting the intensities at 
the maximum emission wavelength for each Q-body using 
Kaleida Graph 4.1 (Synergy Software, Reading, PA, USA). 
Half maximal effective concentration (EC50) and limit-of-
detection (LOD) values were calculated from the curve fitting 
to a 4-parameter logistic equation. The LOD value was ob-
tained as the estimated antigen concentration showing the 
mean blank FI plus three times of standard deviation (n = 3). 

Cell imaging. HT1080 cells (8 × 104 cells) either transfect-
ed with or without the CL-expression vector were seeded in a 
48-well plate and cultured at 37°C in a humidified CO2 incu-
bator overnight. After aspirating the medium, 6 nM of the Q-
body in 100 µL FACS medium was added, incubated for 135 
min (5A5) or 140 min (5D12), and imaged using a fluores-
cence microscope (IX71; Olympus, Tokyo, Japan) equipped 
with an ImaGEM EM-CCD camera (Hamamatsu Photonics, 
Shizuoka, Japan). Signal to background ratios were calculated 
using ImageJ (NIH, Bethesda, MD, USA).  

 

RESULTS AND DISCUSSION 
Gene construction and bacterial expression of Fabs 

against CL. We used three CL1-specific antibody clones 
(CL1-1, 2C1, and 3A2) and three CL4-specific clones (4D3, 
5A5, and 5D12), all of which were selected from an anti-CL 
antibody library by phage display 26-28. We constructed five 
expression vectors to create Q-bodies against CLs by inserting 
the VH and VL of each anti-CL antibody into pUQ2, a Fab-
type Q-body expression vector with two labeling sites at the 
N-terminus of each V region16 (Figure S-1 in the Supporting 
Information). The proteins were bacterially expressed and 
purified with use of His-tag appended at the C-terminus of Fd 
chain, yielding 100 µg to 200 µg of purified soluble protein 
per 100 mL culture (Figure 1a and Figure S-2 in the Support-
ing Information). It is worth noting that unlike clones 4D3 and 

5A5, 5D12 shows three bands including two upper bands. We 
think at least one of these bands represents a contaminating 
band that is also observed for other clones, which disappears 
after fluorescence labeling and purification using Flag-tag 
appended to the L chain (see below). To confirm the antigen-
binding activity of these recombinant Fabs, CL1- or CL4-
expressing cells were used for flow cytometric analysis, and 
their binding activity with the Fab was compared with that of 
the full-sized IgG antibody. Our results indicated that the anti-
CL1 Fabs (CL1-1, 3A2, and 2C1) showed lower affinity to 
CL1-expressing cells, whereas the full-sized antibody showed 
significant binding affinity to the same cells. However, for 
CL4, all three Fabs (4D3, 5A5, and 5D12) showed significant 
binding affinity similar to that of the full-sized antibodies 25, 28 
(Figures 1b, Figures S-3 and S-4 in the Supporting Infor-
mation). Based on these results, we focused on 4D3, 5A5, and 
5D12 in subsequent experiments. 

CL4 Q-bodies exhibit CL4 dose-dependent fluorescent 
response. The anti-CL4 Fab fragments (4D3, 5A5, and 5D12) 
with two N-terminal Cys tags were labeled using TAMRA-
C5-mal dye and purified. According to the fluorescence image 
(Figure 2a), clones 4D3 and 5A5 showed two distinct bands 
for Fd/L chains, while the band(s) for 5D12 migrates faster 
than the other clones. The quenching efficiency was estimated 
by denaturation (Figures 2b-c and Figure S-5 in the Support-
ing Information). We observed that 5A5 and 5D12 showed up 
to 8-fold higher quenching efficiency as compared with that 
observed with 4D3. It is worth noting that although 5D12 
seems to have one fluorescent band in Figure 2a, the observed 
highest quenching efficiency and following results strongly 
suggest that 5D12 Q-body is also labeled at both chains. Alt-
hough the tertiary structures of these proteins are not yet 
known, the different position and number of Trp residues in 
these clones (Table S-2 in the Supporting Information), as well 
as the dimerization tendency of the two dyes, might explain 
their different quenching efficiencies. We then mixed each Q-
body with 84 nM of purified CL4 protein and measured the 
time-dependency of its fluorescence intensity. Although 4D3 
showed a quicker, but modest (~1.2-fold), increase in fluores-
cence within 10 min of antigen introduction, 5A5 and 5D12 
showed gradual, but continuous, fluorescence increases up to 
1.95- and 2.15-fold, respectively, at 120 min following antigen 
introduction (Figure S-6 in the Supporting Information). This 
result revealed clone-dependent de-quenching (fluorescence 
recovery) of the dye in the presence of antigen, and also indi-
cated that 5A5 and 5D12, rather than 4D3, were more potent 
Q-bodies. 

To determine the possibility of obtaining a higher response, 
we labeled 5A5 and 5D12 with other dyes, including 
ATTO520, R6G, TAMRA-C2, and TAMRA-C5, and com-
pared their responses. Our results indicated that ATTO520 and 
TAMRA-C5 showed the highest responses after denaturation 
(Figure S-7 in the Supporting Information), and ATTO520 
showed the highest responses upon addition of 84 nM antigen 
to the Q-body in PBST buffer (Figure S-8 in the Supporting 
Information). Therefore, we used ATTO520 and TAMRA-C5 
as fluorescent labels and 5A5 and 5D12 as clones for further 
analyses.  

Using these Q-bodies, we observed clear CL4 dose-
dependent responses, indicating that these Q-bodies could be 
used to quantify CL4 (Figure 2d-e and Figure S-9 in the Sup-
porting Information). Moreover, when we used PBS without 



 

Tween 20 instead of PBST as a buffer, we observed higher 
responses from the TAMRA-C5-labeled Q-bodies. By contrast, 
for the ATTO520-labeled Q-bodies, the responses were slight-
ly lower in PBS as compared with those observed in PBST. 
Although the reason for this finding remains unclear, given 
that ATTO520 is more hydrophilic, it is possible that the dye 
can more easily interact with hydrophobic Trp residues in the 
presence of Tween 20, resulting in quenching. However, the 
more highly hydrophobic TAMRA dye does not require deter-
gent to efficiently interact with Trp or other TAMRA dyes 
attached to the Q-body. Nevertheless, the low LOD values for 
each Q-body (ATTO520-labeled 5A5, TAMRA-C5-labeled 
5A5, ATTO520-labeled 5D12, and TAMRA-C5-labeled 
5D12: 3.1 ± 1.3, 1.9 ± 0.7, 2.1 ± 1.1, and 49 ± 40 nM in PBS, 
respectively, and 1.5 ± 0.4, 2.9 ± 1.5, 2.5 ± 0.8, and 12 ± 4.0 
nM in PBST, respectively) indicated that each of these Q-
bodies exhibited high sensitivity. Notably, the dissociation 
constant (Kd) of parental 5A5 IgG is 4.4 nM, whereas that of 
5D12 IgG is 1.41 nM 27. 

 
Cellular imaging of CL4 using the Q-body. We attempted 

to image CL4 on the surface of live cells using the TAMRA-
C5-labeled 5A5 and 5D12 Q-bodies, which showed the high-
est antigen responses in PBS (Figures S-10, and S-11 in the 
Supporting Information). Upon addition of 300 ng/mL (~6 
nM) Q-body in FACS medium to cultured human myoblast 
HT-1080 cells transfected with the CL4-expression vector and 
incubation for 120 min, the cells showed clear cell-surface 
staining with low background fluorescence for both the 5A5 
and 5D12 Q-bodies (Figure 3a). However, when we added the 
same concentration of Q-body to HT-1080 cells exhibiting 
negligible CL4 expression, no stained cells were observed 
with relatively low background fluorescence. As a comparison, 
we prepared and used Alexa488-conjugated 5A5 Fab, wherein 
the dye was randomly conjugated to the amine groups of puri-
fied 5A5 Fab using a commercially available labeling kit. 
When this conjugate at the same concentration was added 
instead of Q-bodies, no clearly stained CL4-positive cells were 
observed under high background fluorescence. These results 
confirmed the merits of using the Q-body (Figure 3b), which 
was de-quenched only upon antigen binding, to avoid high 
background signals, even in the absence of tedious and exten-
sive washing steps. By contrast, the dyes of nonspecifically 
AF488-labeled 5A5 Fab could not be quenched, irrespective 
of CL4 binding and resulting in high background signals un-
less a final washing step was performed.  

Lastly, imaging of endogenous CL4 on the surface of cancer 
cells was performed. When TAMRA-C5-labeled 5A5 Q-body 
in FACS medium was applied to LoVo colon cancer cells ex-
pressing endogenous CL4 25, a clear cellular fluorescence was 
observed (Figure 4). On the other hand, mock HT-1080 cells 
showed very dim staining over background signal, clearly 
showing the Q-body’s ability to stain endogenous CL4-
positive cancer cells. It is worth noting that if we use a buffer 
without NaN3 instead of FACS medium, some intracellular 
staining of mock cells was observed, possibly due to sponta-
neous internalization and destruction of Q-bodies in the endo-
some/lysosome. Hence, inclusion of NaN3 is preferred during 
Q-body assay, but it did not affect cell viability unlike that of 
Tween 20. 

 

CONCLUSIONS 
In this study, we successfully constructed Q-bodies specific 

for cell-membrane protein CL4, which is abnormally ex-
pressed on the surface of many cancer cells. Based on this 
simple and convenient Q-body-based method, we were able to 
perform the sensitive quantification and imaging of CL4. This 
method did not require washing steps, thereby outperforming 
slow conventional immunoassays, such as standard immuno-
fluorescence (IF)-based staining methods.  

Using a double-labeled Fab-type Q-body, previously we 
could perform live cell imaging of osteocalcin production 
from differentiated osteoblast16. At that time, not only mem-
brane-associated but also internalized target probably at the 
endosome was visualized. Although the localization of CL4 
observed this time was primarily on the cell surface, depend-
ing on the target antigens and/or cells, investigation of mem-
brane traffic dynamics, as well as further application to simul-
taneous imaging and delivery of cytotoxic drugs might be 
possible, which will be difficult to perform by conventional IF 
methods. 

Although rather long incubation was required to attain max-
imum fluorescent response, according to the binding kinetics 
simulation (Figure S-12 in the Supporting Information), it is 
primary due to slow association rate at least in the case of 5A5 
28. Hence, the use of antibody with higher association rate will 
give us the Q-body with increased response rate. Probably, the 
clone 4D3 was such an antibody with faster kinetics, which 
was reflected to the resulting faster Q-body response (Fig. S-6, 
Supporting Information). Further engineering of 4D3 to in-
crease its quenching might be a way to realize such sensor 
with improved response as well as detection speed.   This is 
the first demonstration of the use of Q-bodies in the field of 
membrane-protein detection, thereby promoting the extension 
of Q-body applications into other areas of membrane-protein 
detection. Our demonstrated real-time imaging method involv-
ing CL4 expression on cancer cells can potentially be applied 
for rapid endoscopic detection and diagnosis of epithelial can-
cer cells. Moreover, these Q-bodies can also be reagents used 
for the detection of CL-containing exosomes in cancer-patient 
serum, and will be likely by useful for the detection of other 
small molecules affecting cell-cell adhesion. The potential 
applications of Q-bodies are extensive and have the potential 
to improve the day-to-day operations of many different medi-
cal industries as a next-generation probe for the diagnostic 
imaging and sensing of human cancers.  
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Figure caption 

 

Scheme 1. Flowchart describing the experimental procedure. VH and VL of the anti-claudin antibody were insert-
ed into a Q-body vector. Following Fab expression and purification, claudin-binding activity was confirmed by 
flow cytometry. Fluorescent dye was conjugated to the N-terminal tags attached to the Fab, and the fluorescent 
signal was measured after adding purified claudin. The Q-body was finally used for imaging claudin-expressing 
cells. 

 

Figure 1. Recombinant anti-CL4 Fabs exhibit CL4-binding activity. (a) SDS-PAGE analysis of 4D3, 5A5, and 
5D12 Fab fragments. (b) Binding of the Fab (4D3, 5A5, and 5D12) to the antigen probed by flow cytometric 
analysis. Fluorescence was assessed in a fluorescein isothiocyanate channel. 

 

Figure 2. Production and quenching of TAMRA-C5-labeled CL4 Q-bodies. (a) Fluorescence image of SDS-
PAGE for TAMRA-C5-labeled CL4 Q-bodies. (b) Schematic image of the quenched and denatured Q-body. (c) 
Normalized fluorescence intensities of Q-bodies in the presence of denaturant. Error bars represent ±1 standard 
deviation (n = 3). (d, e) CL-4 dose responses of ATTO520- or TAMRA-C5-labeled 5A5 (d) or 5D12 (e) Q-bodies. 
Fluorescence intensity was measured 2 h after adding purified CL4.  Error bars represent ±1 standard deviation (n 
= 3). 

 

Figure 3. Successful use of Q-bodies to sensitively image CL4 on the surface of live cells. (a) Microscopic ob-
servation of CL4-expressing or mock HT-1080 cells with 300 ng/mL Q-bodies in FACS medium. Control obser-
vation with randomly AF488-labeled Fab is also shown. (b) Comparison of signal to noise ratios obtained by Q-
body and Alexa-labeled Fab. Ratios of the fluorescence intensity of a CL-4 expressing cell to that of neighboring 
background were quantified. Error bars represent ±1 standard deviation (n = 40). 

 

Figure 4. Imaging of LoVo cancer cells with 5A5 Q-body. Transmission and fluorescence images of HT-1080 and 
LoVo cells 2 h after adding Q-body are shown. White bars represent 200 µm. 
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