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(non-specific) IgG2a was used instead of digGs, the binding of
both protein A and ZZ-BNCs to the cIgG-Ag complexes was not
observed. A similar result was obtained in the sandwich ELISA
using chicken IgY as Ag and anti-chicken IgY rabbit polyclonal
1gG as cIgGs and digGs (data not shown). These results corrob-
orated that ZZ-BNCs could recognize dIgGs specifically, even if
the same IgG was used as the cIgG. The mechanism underlying
the specific recognition of digGs by ZZ-BNCs will be discussed
later. The sensitivity of the sandwich ELISA is defined by the limit
of detection (LOD; mean = 3SD) and the limit of quantitation
(LOQ; mean £ 10SD)* at the lowest end of the quantifiable
concentration range of human desmin and chicken IgY (7 = 20).
The LOD and LOQ of sandwich ELISAs for human desmin were
125 ng mL™" {coefficient of variation [CV] = 8.0%) and 250 ng
mL ™" (CV = 6.5%), respectively, and those for chicken IgY were
8ngml ™" (CV = 3.0%) and 16 ng mL ™" (CV = 3.9%), respectively.
These values indicated that both sandwich ELISAs were reliable
and useful for the detection of low levels of Ags.

Effect of ZZ-BNCs on the sandwich immunoassay using QCM

The ability of ZZ-BNCs to specifically recognize digGs in a
sandwich ELISA led us to examine whether ZZ-BNCs can
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distinguish dIgGs from cIgGs in immunoassays. In QCM, the
gold surface of the sensor chip was brought into contact with
anti-human desmin mouse monoclonal 1gG2a (as cIgGs),
blocked with 0.2% Block Ace (a mixture of 2% casein and 0.1%
Tween-20), allowed to react with the same IgG (this time as
digGs), and then mixed with ZZ-BNCs. As shown in Fig. 24,
neither digGs nor ZZ-BNCs resulted in a frequency change
(2 + 4ng cm™? and 4 £ 2 ng cm ™2, respectively), indicating that
cIgGs on a solid phase could not interact with digGs and
ZZ-BNCs, Under similar conditions, ZZ-BNCs could not interact
with various cIgGs on a solid phase, e.g. anti-chicken IgY rabbit
polyclonal IgG (2 ng em™ [ = 2]) and anti-B-tubulin mouse
monoclonal IgG2b (4 ng em™ [n = 1]). In the presence of
human desmin (Ag, 1 ng mL™"), small amounts of digGs were
immobilized onto a solid phase (6 & 2 ng cm™?), and then
ZZ-BNCs were efficiently bound to dIigGs on a solid phase in a
human desmin-dependent manner (329 + 12 ng cm™; Fig. 2B).
According to the increase of the amount of human desmin, the
binding of digGs (indicating specific binding) and ZZ-BNCs
(indicating minimal non-specific binding) to the cIgG-Ag
complexes on the solid phase increased marginally, while the
amount of dIgG-ZZ-BNC complexes (indicating specific binding
of both digGs and ZZ-BNCs) bound to the cIgG-Ag complexes
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Fig. 2 Detection of human desmin by sandwich immunoassays in QCM using an anti-human desmin mouse monoclonal IgG2a as-clgGs and digGs. (A) Without
human desmin. (B) With human desmin (1 pg mL™"). The frequency changes (AF) upon successive injections of cigGs (2 pg mL™"), Block Ace (blocking reagent,
2mg mL™"), Ags (human desmin, 1 pg mL™"), detection immunoglobulin Gs (digGs, 2 ug mL™"), and ZZ-BNCs (2 pg protein mL~") were recorded (arrows). The inset is a

magnified image of the QCM profile for the binding of digGs and ZZ-BNGs. (C) Rela
change (ng cm™%; 1 Hz was equivalent to 0.6 ng cm™2) in the detection by ¢

tionships between the concentration of human desmin (ug mL™") and the frequency
lgG-Ag (open triangles), clgG-Ag-digG (open squares), clgG-Ag-ZZ-BNC (closed

diamonds), and clgG-Ag-digG~ZZ-BNCs (closed circles). The Y-axis indicates the sum of bound molecules added in steps after blocking with Block Ace. Results are

presented as means £ SD (n = 3).
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increased significantly (Fig. 2C). When the mouse isotype
control (non-specific) IgG2a was used instead of dIgGs, the
binding of ZZ-BNCs to the cIgG-Ag complexes was not observed.
These results confirmed that ZZ-BNCs could form specific
immunocomplexes with cIgG-Ag-dIgG complexes on a solid
phase in sandwich immunoassays, using ELISA and QCM, by
discriminating dIgGs from cIgGs.

Surface analysis of the immunosensor chip by AFM

We next analyzed the topographical images (500 x 500 nm) of
immunocomplexes on a gold substrate (equivalent to the
surface of a sensor chip) by AFM. The weight change of the gold
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substrate was also measured by QCM (Fig. 3, Table 1, and ESI
Fig. 11). The height of the bare gold substrate was 1.07 & 0.30
nm (ESI Fig. 1A7). After modification with the blocking reagent
(0.2% Block Ace), the height and weight of gold substrates were
increased to 2.36 £ 0.08 nm and by 451.8 £ 33.0 ng cm™?,
respectively. The addition of ZZ-BNCs (Fig. 1A; 32.4 £+ 4.0 nm
(n = 50) in diameter)'® was found not to affect the height and
weight of gold substrates (ESI Fig. 1Ct), indicating that Block
Ace completely reduced the nonspecific interaction of ZZ-BNCs.
When the Ag (human desmin)-coated gold substrate was
blocked with Block Ace, the addition of ZZ-BNCs did not affect
the height and weight of gold substrates (ESI Fig. 1Ff), but the
use of dIgGs (anti-human desmin mouse monoclonal 1gG2a)
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Fig. 3 Atomic force microscopy (AFM) and fluorescence images of gold substrates on QCM sensor chips. 1st and 3rd lines, AFM images (500 x 500 nm) of immuno-
complexes with/without ZZ-BNCs. The changes of weight (AW) and the ratio of bound ZZ-BNCs to bound ¢/digGs are shown in upper right. 2nd and 4th lines, fluorescence
images (diameter, 2.5 mm; area, 4.9 mm?; 540 pixels) of immunocomplexes with/without ZZ-BNCs. Fluorescence intensities (RFU, relative fluorescence units) and CV (n =
540) are shown in right margins. Bottom line, schema of immunocomplexes immobilized on the gold substrates with ZZ-BNCs. Row A, the bare gold substrate was
modified with antigens (Ags; human desmin), Block Ace, digGs (anti-human desmin mouse monoclonal lgG2a), and ZZ-BNCs; row B, clgGs (anti-human desmin mouse
monoclonal IgG2a), Block Ace, and ZZ-BNCs; row C, clgGs, Block Ace, Ags, digGs, and ZZ-BNCs; and row D, (Ag-digG) complexes, Block Ace, and ZZ-BNCs. The height,
diameter and oblateness of ZZ-BNCs (n = 6) in each row were 8.13 & 1.52 nm, 60.62 = 5.13 nmand 7.61 4 1.05 (forrow A); 8.61 + 1.02nm, 52.72 + 453 nmand 6.15 &
0.28 (for row B); 7.83 = 1.18 nm, 54.30 =% 5.07 nm and 7.03 + 0.95 (for row C); 9.90 = 1.02 nm, 54.31 £ 1.10 nm and 5.53 £ 0.56 (for row D), respectively.
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Table 1 Changes in height and weight of the substrates®

ESI Fig. 11 panel numbers H (nm) AW (ng cm™3) ZZ-BNC-IgG (w/iw)
Bare A 1.07 £ 0.30
+Block B 2.36 £ 0.08 451.8 & 33.0
+ZZ-BNC C 2.27 £ 0.15 12 +1.2
+Ag D 1.28 £ 0.10 375.6 = 6.0
+Block E 3.44 4 0.55 331.8 + 40.2
+ZZ-BNC F 3.70 £ 0.72 5.4+ 3.0
+digG G 4,96 £ 0,54 70.8 £ 5.4
+ZZ-BNC H (Fig. 3A) 10.79 £+ 1.58 764.4 £ 69.6 10.8
+cIgG 1 2.28 £ 0.48 168.6 £ 25.2
+Block ] 2.81 £ 0.24 477.6 + 65.4
+ZZ-BNC K (Fig. 3B) 3.18 £ 0.15 42+24 0.0249
+Ag L 3.56 £+ 0.31 52,2 £ 13.2
+dIgG M 3.09 £ 0.49 6.0 = 1.8
+ZZ-BNC N (Fig. 3C) 9.02 + 1.62 328.8 + 12.0 54.8
+Ag-digG complex o 2.84 4 0.39 162.6 + 33.6 (98.4 =+ 20.4)
(as a dIgG moiety, 60.5%
of the total weight)
+Block P 2.66 & 0.41 451.8 + 60.0
+7Z-BNC Q (Fig. 3D) 8.42 £ 0.71 252.0 + 50.4 2.56

“ H, height (nm). The weight changes (AW) in the gold substrate were calculated from frequency changes (AF [Hz]; 1 Hz was equivalent to
0.6 ng cm'z) in QCM. Results are presented as means =+ SD (n = 5, for H; n = 3, for AW). The weight ratios of ZZ-BNC to IgG in H, K, N, and

Q were calculated from AW of H, K, N, and Q, divided by that of G, I, M, and O, respectively.

followed by the addition of ZZ-BNCs increased the height and
weight of gold substrates significantly to 10,79 £ 1.58 nm and
by 764.4 + 69.6 ng cm ™, respectively (Fig. 3, row A and ESI
Fig. 1H7), indicating that ZZ-BNCs could detect the Ag-digG
complexes on a solid phase.

When the cIgGs were adsorbed on the gold substrate (the same
antibodies used as dIgGs, viz.,, anti-human desmin mouse
monoclonal IgG2a) and blocked with Block Ace, ZZ-BNCs inter-
acted with the cIgGs on the gold substrate less efficiently (Fig. 3,
row B and ESI Fig. 1Kt). However, after further addition of Ags
and dIgGs, the height and weight of gold substrates were signif-
icantly increased by the addition of ZZ-BNCs to 9.02 £ 1.62 nm
and by 328.8 + 12.0 ng em 2, respectively (Fig. 3, row C and ESI
Fig. 1NT). When the mouse isotype control (non-specific) IgG2a
was used instead of dIgGs, the binding of ZZ-BNCs to the cIgG-Ag
complexes was not observed. Based on the increments in the
weight of the gold substrates, the ratio (54.8) of bound ZZ-BNCs to
bound dIgGs (Fig. 3, row C) was about 2200 times the ratio
(0.0249) of bound ZZ-BNCs to bound cigGs (Fig. 3, row B).
Moreover, the ratio (10.8) of bound ZZ-BNCs to bound dIgGs
(Fig. 3, row A) was about 430 times the ratio (0.0249) of bound
ZZ-BNCs to bound cIgGs (Fig. 3, row B). These results also
strongly suggested that ZZ-BNCs could preferentially bind to
Ag~digG rather than to cIgGs complexes on a solid phase in QCM,
even if the same IgGs were used as cIgGs and dIgGs.

Next, we investigated the surface density of IgGs and
ZZ-BNCs on each gold substrate of the QCM sensor chip by
using Cy3-labeled and Cy5-labeled forms, respectively. Based on
the fluorescence intensity of each gold substrate (Fig. 3, 2nd
line), different amounts of Cy3-labeld IgGs were immobilized
onto the gold substrate. The values were well correlated with the
IgG amounts determined by QCM (Fig. 3, 1st line) (correlation

This journal is © The Royal Sodiety of Chemistry 2013

coefficient, 0.979). Furthermore, when the whole area of the
gold substrate (diameter, 2.5 mm; area, 4.9 mm?) was divided
into 540 pixels, the CV (coefficient of variation) value of each
fluorescence intensity was 3-21%, suggesting that IgG mole-
cules were immobilized uniformly on the surface of the gold
substrate. Similarly, fluorescence intensities of Cy5-labeled
ZZ-BNCs are in good agreement with the results obtained by
QCM (Fig. 3, 3rd and 4th lines) (correlation coefficient, 0.988).
Taken together, the binding of ZZ-BNCs might depend on the
orientation of IgGs rather than the surface density of 1gGs.

Discrimination of IgGs fixed in a randomized- and oriented-
immobilization manner by ZZ-BNCs

In order to investigate the higher affinity of ZZ-BNCs for
Ag-dIgG complexes, immunocomplexes of Ag and dIgG
(Ag: digG = 4.9:7.5 in weight) were prepared in advance,
adsorbed onto gold substrates, blocked with 0.2% Block Ace,
and then brought into contact with ZZ-BNCs (Fig. 3, row D and
ESI Fig. 1Qt). Compared with the sequential addition of Ag and
digGs (Fig. 3, row A and ESI Fig. 1HY), the height and weight of
gold substrates were moderately increased by the addition of
ZZ-BNCs (to 8.42 % 0.71 nm and by 252.0 + 50.4 ng cm™?,
respectively). The weight ratio (2.56) of bound ZZ-BNCs to the
dIgG moiety (60.5% of total weight) of bound Ag-digG immu-
nocomplexes (Fig. 3, row D) was about one-third of the weight
ratio (10.8) of bound ZZ-BNCs to cIgGs (Fig. 3, row A). As
previously demonstrated,” digGs can be fixed onto a solid
phase through their Fv regions in an “Ag-dependent oriented-
immobilization manner”. More precisely, the Fv regions of
digGs were tethered onto solid-phase Ags such that the Fc
regions of dIgGs were presented outwardly, away from the solid
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Fig. 4 Mode of function of ZZ-BNCs. (A) Postulated mechanisms for discriminating 1gGs on a solid phase. IgGs fixed in a randomized- (upper panels) and oriented-
immobilization manner (lower panels). Secondary antibodies (left panels), protein A (center panels), and ZZ-BNCs (right panels). (B) Concept for evaluating the direction

of sensing molecules on a solid phase by BNCs displaying analytes.

phase. Our results therefore strongly suggested that ZZ-BNCs
could detect the IgGs immobilized by Ags more efficiently than
the randomly immobilized IgG-Ag complexes.

Orientation-specific detection of IgGs on a solid phase by
ZZ-BNCs

The mechanisms underlying the specific recognition of 1gGs
fixed in an oriented-immobilization manner could be attributed
to both the radial extension of Fe-binding Z domains on
ZZ-BNCs and the large size of the ZZ-BNCs. First, since the
display of Z domains was achieved in an oriented-immobiliza-
tion manner and at a high density (approximately 72 800
molecules pm™?), we considered that ZZ-BNCs would have a
higher avidity for Fc regions fixed in an oriented-immobiliza-
tion manner and at a comparable high density, rather than for
those fixed in a randomized-immobilization manner and at low
density. Furthermore, due to the surface of the solid phase, the
shape of the BNCs spontaneously changed from spherical to
dome shaped (oblateness: 4.33 + 0.26) without disrupting its
nanocapsule structure.** When the topographical images of
ZZ-BNCs on the immunocomplexes were analyzed by AFM,
ZZ-BNCs in Fig. 3 (rows A-D) were dome-shaped nanocapsules
(oblateness: 7.61 + 1.05, 6.15 + 0.28, 7.03 % 0.95 and 5.53 +
0.56 [n = 6], respectively), suggesting that the absorption of
ZZ-BNCs to the solid phase was additively enhanced by the
immunocomplexes. Even when the surface of the solid phase
was rugged, ZZ-BNCs could achieve optimal binding to Fc
regions by changing their shape (Fig. 3, rows A, C and D, bottom
line). Secondly, ZZ-BNCs are approximately 30 nm nano-
capsules (of about 6500 kDa);*® therefore, the steric hindrance

3476 | Analyst, 2013, 138, 3470-3477

around Z domains is assumed to be higher than that around Fv
regions of secondary antibodies (approximately 10 nm, and
about 150 kDa).*® As shown in Fig. 44, the Fc regions of I1gGs
that had been immobilized randomly (including cIgGs in
Fig. 1B} are likely to be located in the vicinity of the solid phase
and to be surrounded by flanking Fab regions. Hence, ZZ-BNCs
could more efficiently recognize Fc regions of IgGs fixed in an
oriented-immobilization manner (including cIgG-Ag-digG
complexes in Fig. 1B) than Fc regions that had been randomly
immobilized (Fig. 4A, right panels). In contrast, secondary
antibodies were so small that they could interact with IgGs fixed
in either an oriented- or a randomized-immobilization manner
(Fig. 44, left panels), abolishing the signals from cIgG-Ag-digG
complexes with high background (see Fig. 1B). As for the
complex of biotinylated protein A, biotinylated HRP, and avidin,
the size of the complex (approximately 30 nm long for the
42 kDa protein A),** as well as of ZZ-BNCs, may allow it to
interact specifically with the Fc regions of IgGs fixed in an
oriented-immobilization manner (Fig. 4A, center panels).
However, the number of Fe-binding domains (Z domains) in
one complex is much smaller than that of ZZ-BNCs (about 5
compared to about 240), which may reduce the sensitivity of a
sandwich ELISA using the complex (see Fig. 1B).

Conclusions

The radial extension of Fe-binding domains on ZZ-BNC facili-
tated the discrimination of IgGs fixed in an oriented- and
randomized-immobilization manner, which allowed us to
evaluate the direction of IgGs. The use of ZZ-BNCs as biosensing
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molecules would not only allow the use of the same IgGs as
clgGs and digGs simultaneously in sandwich immunoassays,
but would also improve the optimization of immunosensors
significantly. Moreover, it would be promising to apply the
ZZ-BNC-based technology for evaluating the direction of various
sensing molecules (e.g., receptors, ligands, lectins, sugars) on a
solid phase by analyte-displaying BNCs (Fig. 4B). The BNCs
displaying exogenous molecules {i.e., analytes) could be gener-
ated by recombinant DNA techniques'®* and chemical modi-
fication.?® Thus, it is anticipated that BNCs will be a unique
probe for the evaluation of the orientation of sensing molecules
on solid phases.

Acknowledgements

This work was supported in part by KAKENHI Grant-in-Aid for
Scientific Research (A) (21240052 and 25242043, to SK); Grant-
in-Aid for Young Scientists (B) (23710143 and 25870310, to MI),
the Program for Promotion of Basic and Applied Researches for
Innovations in Bio-oriented Industry (BRAIN; to SK), and the
Health Labor Sciences Research Grant from the Ministry of
Health Labor and Welfare (to SK).

References

1 T. A. Bendikov, A. Rabinkov, T. Karakouz, A. Vaskevich and
1. Rubinstein, 4nal. Chem., 2008, 80, 7487.

2 Z. Lv, J. Wang, G. Chen and L. Deng, Int. J. Biol. Macromol.,
2010, 47, 661.

3 F. Liu, M. Dubey, H. Takahashi, D. G. Castner and
D. W. Grainger, Anal. Chem., 2010, 82, 2947.

4 H.Y. Song, X. Zhou, J. Hobley and X. Su, Langmuir, 2011, 28,
997. i

5 X. Zhao, F. Pan, B. Cowsill, J. R. Lu, L. Garcia-Gancedo,
A. J. Flewitt, G. M. Ashley and J. Luo, Langmuir, 2011, 27,
7654,

6 Y. M. Bae, B. K. Oh, W. Lee, W. H. Lee and J. W. Choi, Biosens.
Bioelectron., 2005, 21, 103.

7 M. Iijima, M. Somiya, N. Yoshimeoto, T. Niimi and S. Kuroda,
Sci. Rep., 2012, 2, 790, DOI: 10.1038/s1rep00790.

8 A. Kausaite-Minkstimiene, A. Ramanaviciene, J. Kirlyte and
A. Ramanavicius, Anal. Chem., 2010, 82, 6401.

This journal is ® The Royal Society of Chemistry 2013

Analyst

9 Z. Balevicius, A. Ramanaviciene, I  Baleviciute,
A. Makaraviciute, L. Mikoliunaite and A. Ramanavicius,
Sens. Actuators, B, 2011, 160, 555.

10 J. R. Crowther, in Molecular Biomethods Handbook, ed. R.
Rapley and J. M. Walker, Humana Press Inc, Totowa, 1998,
p. 595.

11 8. Kuroda, S. Otaka, T. Miyazaki, M. Nakao and Y. Fujisawa,
J. Biol, Chem., 1992, 267, 1953,

12 B. Nilsson, T. Moks, B. Jansson, L. Abrahmsén, A. Elmblad,
E. Holmgren, C. Henrichson, T. A. Jones and M. Uhlén,
Protein Eng., 1987, 1, 107.

13 N. Kurata, T. Shishido, M. Muraoka, T. Tanaka, C. Ogino,
H. Fukuda and A. Kondo, J. Biochem., 2008, 144, 701,

14 M. Iijima, T. Matsuzaki, H. Kadoya, S. Hatahira,
S. Hiramatsu, G. Jung, K. Tanizawa and S. Kuroda, Anal
Biochem., 2010, 396, 257.

15 M. Iijima, T. Matsuzaki, N. Yoshimoto, T. Niimi, K. Tanizawa
and S. Kuroda, Biomaterials, 2011, 32, 9011.

16 M. lijima, H. Kadoya, S. Hatahira, S. Hiramatsu, G. Jung,
A, Martin, J. Quinn, J. Jung, S. Y. Jeong, E. K. Choi,
T. Arakawa, F. Hinako, M. Kusunoki, N. Yoshimoto,
T. Niimi, K. Tanizawa and S. Kuroda, Biomaterials, 2011,
32, 1455,

17 N. E. Coe Clough and P. J. Hauer, ILAR J., 2005, 46, 300.

18 J. Jung, M. lijima, N. Yoshimoto, M. Sasaki, T. Niimi,
K. Tatematsu, S. Y. Jeong, E. K. Choi, K. Tanizawa and
S. Kuroda, Protein Expression Purif., 2011, 78, 149.

19 G. Z. Sauerbrey, Z. Phys., 1959, 155, 206.

20 E. Lazarides and B. D. Hubbard, Proc. Natl. Acad. Sci. U. S. A,
1976, 73, 4344.

21 D. MacDougall and W. B. Crummett, Anal. Chem., 1980, 52,
2242, i

22 H. Yan, Z. Shen, R. Mernaough and X. Zeng, Anal. Chem.,
2011, 83, 625.

23 N. H. Thomson, Ultramicroscopy, 2005, 105, 103.

24 S. Ohnishi, M. Murata and M. Hato, Biophys. J., 1998, 74, 455.

25 T. Yamada, Y. Iwasaki, H. Tada, H. Iwabuki, M. K. L. Chuah,
T. VandenDriessche, H. Fukuda, A. Kondo, M. Ueda,
M. Seno, K. Tanizawa and S. Kuroda, Nat Biotechnol.,
2003, 21, 885.

26 T. Kasuya, J. Jung, H. Kadoya, T. Matsuzaki, K. Tatematsu,
T. Okajima, E. Miyoshi, K. Tanizawa and S. Kuroda, Hum.
Gene Ther., 2008, 19, 887.

Analyst, 2013, 138, 3470-3477 | 3477

— 182 —



Biosci, Biolechnol, Biochen.. 77 (43, 120760-1-4, 2013

Note

a1

Bio-Nanocapsules for Signal Enhancement of
Alkaline Phosphatase-Linked Immunosorbent Assays

asumi [mima, Mikako Yawas s o YOSHIMOTO, 1 Nimv, un’ichi N
M I Mikako Y MoTo, Nobuo Yosumoro, Tomoaki N, and Shun’ichi Kurop

Graduare School of Bivagricultural Sciences, Nagova University, Nagova, Aichi 464-860], Japan

Received October 2, 2012; Accepted Janvary 1. 2013; Oni’ine Publication, April 7, 2013

[doi:10.1271/bbb. 1207607

The biv-nanocapsules displaying about 240 molecules
of immunoglobulin G Fe-binding Z domains (ZZ-BNCs)
enhanced the signals of enzyme-linked immunosorbent
assay by tethering the Fe regions of secondary anti-
bodies (Abs), which were eliminated using high-molecu-
far mass enzymes {¢.g., alkaline phosphatase). By way of
opitmizing the distance between enzymes and Abs, ZZ-
BMCs improved sensitivity independently of enzymes,

Key words: bio-nanocapsbles; alkaline phosphatase;
horseradish peroxidase; oriented immobili-
zation; cluster formation

Enzyme-linked imumunosorbent assay (ELISA)Y is
used to detect immunocomplexes in biological, clinical,
and food samples. Two different strategies are applied to
secondary antibodies (enzyme-conjugated Absy in the
aqueous phase to improve their seositivity and specific-
ity for detection. One strategy is 1o cluster of Abs or
enzymes onto macromolecules to amplify the signal,'?
Another is to immobilize onto macromolecular scaffolds
to improve the avidity and antigen recognition capability
of the Ab by reducing steric hindrance around the Fv
regions. ™" However, due (o the challenges inherent in
chemically modifying Abs in a residue-specific manner,
neither of these strategies has yet accomplished fully
oriented immebilization of Abs.”

To achieve clustering and fully oriented immobiliza-
tion of secondary Abs on macromolecular scaffolds,
we generated bio-nanocapsules (BNCs) consisting of a
liposome and approximately 120 molecules of ZZ-L
proteins (hepatitis B virus surface antigen L protein
harboring immunoglobulin IgG Fe-binding Z domains
derived from Staphyiococcous aureus protein A). ZZ-
BNC displays approximately 120 surface. ZZ domains
(equal to approximately 240 Z domains) (Fig. 1A)% with
& capacity to capture about 60 mouse full-length IgG
molecules, and to display all 1gG Fv regions outwardly
for effective antigen binding.” When ELISA was
performed to detect ovalbumin (OVA) on solid phase
using anti-OVA Abs and horseradish peroxidase (HRP)-
conjugated secondary Abs, the addition of ZZ-BNCs to
the aqueous phase significantly enhanced HRP-derived
signals through the formation of so-called “BNC-based
enzyme-Ab conjugates” (Fig. 1B, left panel).y We
atiributed this enhancement to both cluster formation
andd fully oriented immobilization of HRP-conjugated

secondary Abs on ZZ-BNC scaffolds. On the other hand,
since alkaline phosphatase (ALP) has good stability,
high turnover numbers, a variety of substrates, and can
be measured by changes in absorbance, fuorescence, or
lumingscence,” we made atternpts to use ALP-conju-
gated secondary Abs under the same conditions. As
shown in Fig. 1B (right panel), ZZ-BNCs were found
unexpectedly to attenuate the ALP-derived signals. In
this study, to expand on the possibility of ZZ-BNCs in
ALP-based ELISA and HRP-based ELISA, we opti-
mized the structure of BNC-based enzyme-Ab conju-
gates for use with ALP-conjugated secondary Abs.

The interactions between ZZ-BNCs and HRP and
ALP-conjugated secondary Abs were examined by a
quartz crysial microbalance (QCM). The sensor chip in
the measuring bath was first treated with ZZ-BNCs
{(10ug/ml as protein), blecked with skimmed milk
(2mg/mL), and incubated with HRP- or ALP-conju-
gated secondary Abs (10pg/ml; n=3). ZZ-BNCs
bound to the sensor chip in guantities were estimated
based on the initial frequency change (AF == 2,799 &
27 Hz, equivalent to 1,679 = 16ng/cm?). After blocking
with skimmed milk, 842 48ng/cm® of HRP-conju-
gated secondary Abs was adsorbed onto the sensor chip
(Fig. 1C, left panel). By contrast, ALP-conjugated
secondary Abs did not affect the initial frequency
change (2 4 3ng/em®; Fig. 1C, right panel). These
results confinm that ZZ-BNCs did not interact with
ALP-conjugated secondary Abs.

The aforementioned secondary Abs were prepared by
chemical conjugation with glutaraldehyde (a bifunc-
tional reagent, spacer arm length, 5 A}, which at times
resulted in an increase in molecular heterogeneity and
the steric bulk of the secondary Abs.!% Tt has also been
reported that steric hindrance by high-molecular mass
enzymes affected the sensitivity, specificity, and stabil-
ity of BLISA.'Y Due to the higher molecular mass of
ALP (about 112kDa versus about 40 kDa for HRP), the
steric hindrance caused by the ALP functionality in
secondary Abs might prevent interaction between the Fe
regions and ZZ-BNCs. In conventional ELISA (without
the use of ZZ-BNCs), longer distances between enzymes
and Abs generate higher signals from secondary Abs.'?
Hence, we reacted ALP with bifunctional cross-linkers
of varying length, as follows (Table 1): N-{e~-maleimi-
docaproyl-oxy]sulfosuccinimide ester (EMCS; spacer
arm length, about 12 A), maleimide-pelyethylene glyeol

" To whom correspondence should be addréssed. Tel/Fax: +81-32-789-5227; E-mail: skuroda@agr.nagoys-u.acjp
Abbreviarions: Abs, antibodies; ALP, alkaline phosphatase; BNC, bio-nanocapsule; ELISA, enzyme-linked immunosorbent assay; HRP,
horseradish peroxidase; [gG, immunoglobulin G; OVA, ovalbumin, QCM. quartz crystal microbalance
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Effects of Enzymes on the Interaction of Secondary Antibodies with ZZ-BNCs,
A, Capsular structure of ZZ-BNC. One ZZ-BNC particle consists of about 120 ZZ-L proteins embedded in a liposome. The 27 domain and the
S protein were necessary for interaction with the IgG Fe region and particle formation respectively, B, Detection of OV A (Sigma-Aldrich, St
Louis, MO) on solid phase by HRP- and ALP-based ELISA. OVA (100 L ot the indicated concentrations) was adsorbed 1o each well of a Nune-
Trmuno Plate 1 (96 wells: Nalge Nune Intemational. Rochester, N'Y). The plate was kept a1 4°C ovemnight and washed 3 times with 200uL of
phosphate-buffered saline (PBS) containing 0.05% {v/v) Tween-20 (PBST). Abs were diluted with PRST containing 5% (w/v) skimmed milk
{(Nacaial Tesque. Kyota, Japan). A primary &b, 2 mouse anth-OVA [gG; (100pL. 0.4 pg/ml; Abcam, Cambridge, UK. was added to each well,
ineubated at room emperatdre for 1.5h, and washed 3 times with PBST. A secondary Ab, HRP- or ALP-glutaraidehyde-IgG (HRP- or ALP-
conjugated rabbit anti-mouse 120G 1004k, 2ug/mL; Sigma-Aldrich), was added 10 each well, incubated at room temperature for 1.5h, and
washed 3 times with PBST. In the case of the sddition of ZZ-BNCs, the secondary Abs (Zug/ml.} were preincubated with ZZ-BNCs (Zpg/mL
as protein) at room temperature for 30 min. The colorimetric reaction was performed at room temperature for 15 min in 100pL per wel of a
3.%,3,5 «etramethylbenzidine substrate kit (Pierce, Rockford, 1L, for HRP) or u BluePhos microwell phosphatase substrate kit (Kirkegaard and
Perry Laboratories, Gaithershurg, MD, for ALP). The reaction was stopped with 100 4L, of 2 N H:80, (for HRPYor stop solution (for ALP), The
absorbance at 450 nm (Assg) was measured on a Varioskan microplate reader (Therme Fisher Scientific, Walthany, MA) using the absorbance at
690 nm and 620nm as references for HRP and ALP respectively, Measurements were performed at least 4 times independeatly. Error bars
indicate standard deviations. Solid circles, with ZZ-BNCs; hollow circles, without ZZ-BNCs, £, Intersction of ZZ-BNCs with HRP- and ALP-
eonjugated secondary Abs, The sensor chip of QCM (Twin-Q. As One, Osaka, Japan) consisted of & S-mm diameter disk made from an AT-cm
27-MHz quartz crystal with gold electrodes on both sides (diameter, 2.5 #m; area, 4.9 mm?). A frequency charige {AF) of 1 Hz corresponded to a
weight change of 0.6ng/cm™. The temperature of the measuring bath (500 uL) was kept constant at 25 “C with mixing at 600 rpm with a stiring
tbe. Measurements were performed until a stable frequency (less than & 3 Hz) was observed for > Umin in triplicate: The sensor chip was first
treated with ZZ-BNCs (10pg/mL as protein), and then blocked with skimmed milk (Zmg/mL), Finally it was reacted with HRP- or ALP-
conjugated secondary Abs (10ug/mL}. Arrows separate steps between avents,

(PEG)-carbonate-N-hydroxysuccinimide (NHS) (020TS,
050TS, and 400TS; spacer arm lengths, about 160 A,
about 400A, and about 3,100A respectively). The
amine residues on the IgG surfaces (rabbit anti-mouse
18G) were converted to sulfhydryl residues by the
catalytic action of N-succimimidyl S-acetylthioacetate
(SATA), and then reacted with eguimolar guantities of
maleimide-containing ALPs. The molar ratic of ALP to
1gG was estimated to be 1:1 for each ALP-conjugated
IgG complex.

The binding capacities of ZZ-BNC to various ALP-
conjugated IgGs (ALP-EMCS-Ig(G, ALP-020TS8-IgG,

ALP-050TS-1eG, and ALP-400TS-1gG) were measured
by QCM (Table 1). HRP-glutaraldehyde-1gG but not
ALP-glutaraldehyde-IgG exhibited a strong affinity for
ZZ-BNCs (15.6 and Omol of 1gG per mol of ZZ-BNC
particles respectively), and the other ALP-conjugated
[gGs displayed weak but comparable affinity for ZZ-
BNCs (2.4-3.6mol). These data strongly suggest that
the increment of spacer anm length improved interaction
between the [gG-Fe regions and the ZZ domains on the
ZZ-BNCs, facilitating the formation of ALP-IgG-ZZ-
BNC complexes. Next, ALP-conjugated IgGs prepared
with longer cross-linkers were examined for their ability
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Table 1. Effects of Spacer Arm Length of Secondary Abs on Binding Capaclties of ZZ-BNCx

Antibodies® Cross-linkers® Enzymes’ Spacer ?X‘f fength (motl Q? ggrfni?i:;;% NC)
fgG Glutaraldehyde HRP 5 156

[eG Ghutaraldehyde ALF 5 [

SATAIgG EMCS ALP ~j2 3.6

SATA-IgG 02078 ALP ~160 24

SATA-IgG 05078 ALP ~400 2.4

SATA-1gG 40078 ALP ~3100 35

“Rabbit anti-mouse 126G (1 mg, Sigma-Aldrich) was reacted with 2 10-fold molar excess of SATA (Plerce, Rockford, 1L at room temperature for | h, SATA-modified
[2G(BATA-2G) was deacetylated by 25 mn hydroxylamine af room temperature for 2h 10 generate sulfhydryt-containing [5G, On the ather hand, ALP (1 mg. Rache,
Mannheiny, Germany) was reacted with & 10-fold molar excess of eross-linkers (EMOCS, Plerce: 02075, G50TS. and SD0TS. NOFE, Tokyo) at roen: temparature for
30min to generate maleimide-containing ' ALP. Sulfhydryl-containing 12G was reacted with an equal melar of maleimide-containing ALP ut 4°C overnight. The
reaction was. terminated with 2 my 2-aminoethanethiol hydrechloride 10 obtain ALP-conjugated I1g0s (ALP-EMCS G, ALP-O20TS-1gG. ALPOS0TS-1gG. and
ALP-4G0TS-12G).

®The binding capacity of ZZ-BNC 1o the ALP-conj 3 feGs was determined by QUM (n = 3).The CV (cosfficient of variation) for each value is tess than 5%,

A o8

o 100 200 300 400 g 50 100 150 200
OVA {ng/mt.) ant-OVA 1gG (ng/mb)

igG
! i Linker ALP 7
%“ ZZ-BNC

Fig. 2, Enhancement of ALP-IgG-Derived Signals by ZZ-BNCs.

A, Detection of OVA on solid phase by ELISA using various ALP-conjugated IgGs in the presence of ZZ-BNCs. As described in Fig, 1B, the
amounts of OVA on solid phase were determined with ALP-EMCS-1gG (eircles), ALP-020T8-126 (squares), ALP-030TS-I1gC (diamonds), and
ALP-400T5-1G (triangles), with and without ZZ-BNCs. Measurements were performed at least 4 times independently. Error bars indicate
standard deviations. Solid symbols and bold lines, with ZZ-BNCs; hollow symbols and broken lines, without ZZ-BNCs. B, Detection of anti-
GVA 1gG in aqueous phase by ELISA using various ALP-conjugated IgGs in the presence of ZZ-BNCs. The OVA (100pL, 400ng/mL)
adsorbed onto cach well was contacted by anti-OVA 1gG (100pL, 0~200ng/mL), followed by ALP-EMCS-12G (eircles), ALP-020T8-1gG
{sguares), ALP-050TS-1gG (diamonds), and ALP-400TS-1g0 (rriangles), with and without ZZ-BNCs. Measurements were performed at least 4
times independenily. Error bars indicate standard deviations. Solid symbols and bold lines, with ZZ-BNCs; hollow symbols and broken lines,
without ZZ-BNCs. C, Molecular organization of the now BNC-based ALP-Ab conjugates. ALP-conjugated 13Gs were tethered onto ZZ-BNC in
an oriented immobilization pattern {this study, left panel), which displaved at best four molecules of ALP-corjugated 12G on each ZZ-BNC.
1gGs and ALPs were independently tethered onte ZZ-BNC in an oriented immobilization patiern and vie longer spacer arms (12-100 &)
respectively (new model, right panel), which displaved »4 molecules of ALP and 1gG at the optimal ALP/IgG ratio to accormplish maimum
sensitivity. .
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to-enhance ALP-derived: signals ‘for the detection of
OVA on solid phase in the presence of ZZ-BNCs
(Fig. 2A). By comparison with the signals obtained
without ZZ-BNCs, the signals at 400 ng/mL OV A were
increased 3.4-fold (ALP-EMCS-IgG), 4.0:fold (ALP-
0207T8-1gGy, 4.0-fold (ALP-050TS-1gG), and 2.0-fold
(ALP-400TS-1gG) upon the addition of ZZ-BNCs in
agueows phase. With sensitivity was defined by the limit
of detection (LOD, mean £ 3 8D} and the limit of
guantitation (LOQ, mean & 10 8D at the lowest end of
the guantifiable concentration range of OVA (n =20},
LOD and LOG of ELISA using ALP-020T5-12G were
significantly decreased by ‘the addition of ZZ-BNCs
from 200pg/ml. (CV = 5.2% for both}, to 25pg/mL
{CV = 8.7%) and 30 pg/mL (CV = 4.2%) respectively.
Furthermore, we investigated to defermine whether the
ALP-12G-7Z-BNC complexes contributed 1o the detec-
tion of anti-OVA IgGs in the agueous phase (Fig. 2B},
The signals at 200 ng/mL anti-OVA 1gGs were 2.9-fold
(ALP-EMICS-1g(), 2.7-fold (ALP-020TS-1gG), 3.3-fold
(ALP-030TS-1gG),  and  Z.1-fold - (ALP-4007TS-IgG)
higher than those withoot ZZ-BNCs.

These results: confirm  that the ‘use .of a variety of
cross-Hinkers with longer spacer arms (> 12 &) facilitates
the formation of ALP-IgG-ZZ-BNC complexes, thereby
enhancing the sensitivity of conventional ALP-based
ELISAs, preswmably by oriented immobilization of
tgGs, Since the average diameters of IgG and ALP are
approximately 100 A, the spacer arm length of gluta-
raldehyde (5 A) is too short o present Fo regions on the
surface of ALP-conjugated IgGs, This orientation makes
it difficult for the ZZ domains of ZZ-BNC to slide into
the cavity between 1gG and ALP. However, even when
longer spacer anms {AQA} were used, they did not
further improve the interaction of ALP-conjugated IgGs
with ZZ-BNC (Table 1), Meanwhile, the use of mnger
spacer arms made the interaction of ALP-IgG-ZZ-BNC
complexes with primary Abs weaker, decreasing the
sensitivity of ELISA (Fig.2A and B} This result
suggests that longer spacer arms . consisting of PEG
clustered on the surface of ALP-1gG-ZZ-BNC com-
plexes formed hydrated phase around the Fy region of
the secondary Ab porticn and then repe!iec} the access of
primary Ab,”? When 020TS and 050TS were used,
sensitivity did not significantly change. Compared with
400TS, there is no substantial difference between the
ydrated phases generated by the two PEG molecules. In

- 186 —

M. hinsa et al,

sum, a spacer arm longer than the average diameter of
1gG (100A) is inappropriate for AL?qg{E-iZ—BNC
complexes. For further pptimization of the complexes,
TeGs and ALPs should be displayed on ZZ-BNC directly
in-an oriented immobilization manner and indirectly
with & 12-100 A spacer arm respectively (Fig. 2C). This
conformation should make it possible to optimize the
ratio of IgG to ALP on ZZ-BNC.
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‘When establishing the most appropriate cells from the huge numbers of a cell library for practical use of cells
in regenerative medicine and production of various biopharmaceuticals, cell heterogeneity often found in an
isogenic cell population limits the refinement of clonal cell culture. Here, we demonstrated high-throughput
screening of the most suitable cells in a cell library by an automated undisruptive single-cell analysis and
isolation system, followed by expansion of isolated single cells. This system enabled establishment of the
most suitable cells, such as embryonic stem cells with the highest expression of the pluripotency marker
Rexl1 and hybridomas with the highest antibody secretion, which could not be achieved by conventional
high-throughput cell screening systems (e.g., a fluorescence-activated cell sorter). This single cell-based
breeding system may be a powerful tool to analyze stochastic fluctuations and delineate their molecular
mechanisms.

ell-based technology is sustained by a wide variety of cell species, such as bacteria, yeast, insect and plant,
as well as animal and human cells, for research and industrial use. In particular, cells utilized in
= regenerative medicine and producing various biopharmaceuticals, such as cytokines, antibodies,
enzymes, proteins, peptides and metabolites, have significantly contributed toward human welfare. For the
practical use of biopharmaceuticals, it is essential to obtain the most appropriate cells from a candidate cell
population. Thus far, conventional cell screening systems have been based on colony isolation by assuming all
cells in a colony possess homogeneous characteristics*. However, recent single cell-based analyses have revealed
that each cell in an isogenic cell population shows diverse and heterogeneous gene expression, morphology and/
or cell proliferation®=, For example, each cell of a mouse embryonic stem (ES) cell colony shows heterogeneous
expression of the ES marker protein Rex1°. Humanized immunoglobulin G (IgG)-producing Chinese hamster
ovary (CHO) cells are a mixture of clones showing stochastic fluctuations in IgG production’. Thus, a more
rational approach has been considered necessary to isolate and culture the most suitable cells from a huge number
of cell candidates by single-cell isolation and expansion (i.e., single cell-based breeding). Although we have
examined the use of a fluorescence-activated cell sorter (FACS) as a practical approach, the recovered cells
suffered from mechanical stresses probably associated with high voltage and pressure, as well as chemical stress
from the sheath solution for cell suspension. A conventional FACS system requires cell sample consisting of ~1 X
10° cell population and containing more than 0.1% positive cells®. Considering the cell sample may be limited, a

- large portion of the sample is required for FACS optimization, in which cell sample is not recovered. These

current issues of FACS technology prompted us to develop a novel system capable of isolating single positive cells
from less than 1 X 10° cells under undisruptive conditions. In this study, we have developed an automated single-
cell analysis and isolation system to facilitate high-throughput isolation of fluorescently labeled mammalian cells
in an undisruptive and single cell-based manner. The robot is a stand-alone machine with a microchamber array
chip (containing ~2.5 X 10° cells) and an automated micromanipulator with a glass capillary and fluorescence
microscope system, which isolates single positive cells from ~2.5 X 10° cells under undisruptive conditions. Here,
we report single cell-based selection and expansion of mouse ES cells with a homogeneous genetic background for
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the pluripotency marker gene Rexl and hybridomas that highly
secrete antibody, using our automated single-cell isolation system.

Results

Development of the automated single-cell analysis and isolation
system. Recently, a microchamber array chip was developed, which
allows single-cell microarray analysis of a large cell population (~2.0
X 10° cells)®. Each microchamber (10 pm in diameter) is designed to
accommodate only one cell and enables weak fluorescence detection
at a high signal to noise ratio by excluding noise signals from negative

a
Micromanipurator

Reservoir plate

Filter unit

cells. However, both the fluorescence analysis and single-cell isola-
tion of on-chip cells have been carried out manually. A fully auto-
mated single-cell isolation system may improve screening efficiency
for the most appropriate cell from a candidate cell population.
Therefore, we constructed a robot that executed the following proce-
dures automatically. First, acquisition of the fluorescent intensity of
each cell on the microchamber array chip. Second, permutation of
cells by the order of their fluorescent intensities. Third, physical
retrieval of desired cells with a glass capillary attached to a micro-
manipulator. Fourth, movement and release of isolated cells to the
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Figure 1 | Overview of the automated single-cell analysis and isolation system. (a) Automated single-cell analysis and isolation system.

(b) Microchamber array chip made of polydimethylsiloxane (PDMS, 31,360 wells, 30 um diameters). Left, overview (10 X 16 subareas); center, subarea
(14 X 14 wells); right, wells. (¢) Microchamber array chip made of polystyrene (PS, 256,000 wells, 10 pim diameters). Left, overview (20 X 32 subareas);
center, subarea (20 X 20 wells); right, wells. (d) Cell numbers of hybridoma in each 30-um PDMS microchamber. Error bars = SD (n = 6).

(e) Cell numbers of yeast in each 10-pm PS microchamber. Cell numbers of hybridoma in each 30-pum PDMS microchamber. Error bars = SD (n = 6).
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Pigure 2 | Flow chart of the automated single-cell analysis and isolation

system. Approximately 5.0 X 10 cells in culture medium were added to
the microchamber array chip equipped with an aluminum frame

(step (a)) and then introduced into 30-pm PDMS microchambers by brief
centrifugation (50 X g, at room temperature for 1 min) (step (b)). The

microchamber array was scanned with a CCD camera on the robot. Based
on the fluorescent image, microchambers containing no or more than 2
fluorescent particles were excluded from further analyses. Green circles,
excluded microchambers; red circles, selected microchambers (step (c)). A
histogram of fluorescent intensity from each cell was generated for
permutation of cells by the order of fluorescent intensities, a list of
addresses, fluorescent intensities and images, as well as a transmission
image of each cell was generated (step (d)). Cells of interest were
automatically retrieved with a glass capillary attached to the
micromanipulator. Recovery of each cell was repeated until the
fluorescence from each microchamber was absent (step (e)). Each retrieved
cell was transferred to an assigned reservoir well (step ().

Scale bars = 200 um (b) and 30 pm (e).

reservoirs of a multi-well plate (Figure 1a). Detailed specifications of
the robot were described in “Methods section.” Two types of micro-
chamber array chips were fabricated with polydimethylsiloxane
(PDMS) for mammalian cells (31,360 wells on a 1.39 X 2.23 cm?
total area; 30 pm diameter, 80 pm well-to-well pitch and 30 pm
well depth) (Figure 1b), and with polystyrene (PS) for small
mammalian or yeast cells (256,000 wells on a 1.39 X 2.23 cm? total
area; 10 um diameter, 30 pm well-to-well pitch and 10 pm well
depth) (Figure 1c). Various numbers of hybridomas were intro-
duced into 30-pum microchambers by brief centrifugation. Approxi-
mately 80 ~ 90% of microchambers were occupied by single
hybridomas (Figure 1d). Similarly, yeast cells were introduced into
10-pm microchambers at comparable efficiency (Figure le).

Flowchart of the automated single-cell analysis and isolation
system. Cell manipulation by the robot was carried out as follows.
Cells were introduced into microchambers by brief centrifugation
(Figure 2, steps a and b) and covered with culture medium, which
could be cultured for atleast 24 h. The fluorescent intensities of 9,600
microchambers on a chip were measured by the robot for 30 s
(14 min for a 256,000 microchamber array chip) (step b; Supple-
mentary video S1 online). Microchambers containing no or more
than 2 fluorescent particles were excluded from further analyses (step
¢). Finally, a histogram together with a list of correlations between the
position and fluorescent intensity of each cell was generated (step d).
Cells of interest could be virtually marked in a descending/
ascending/random order of fluorescent intensity. Marked cells
were automatically collected with a glass capillary attached to the
micromanipulator of the robot, which were confirmed by elimi-
nation of fluorescence in the target microchamber (step e). Upon
failure, the robot automatically repeated the collection process. Each
cell was transferred and released into the culture medium of an
assigned well in 96- or 384-well plates (step f). The reciprocal move-
ment of the glass capillary required 15 s for each cell (Supplementary
video S2 online).

Single cell-based breeding of mouse ES cells. Among established ES
cell lines, the expression of pluripotency markers in each cell has
often been observed in a stochastic fluctuating state®®. When ~5.0
X 10" cells of the mouse ES cell line OLG harboring the Oct4-EGFP
gene were introduced to 30-pm PDMS microchambers in our sys-
tem, the cells showed variety of expression level of Oct4 (Figure 3a,
upper panel). The mouse ES cell line clone No. 10 harboring the
Rex1-EGFP gene showed an even higher degree of variety of
expression level of Rexl (Figure 3a, lower panel), indicating that
each mouse ES cell line showed a distinct distribution of stemness®.
From the cell library of clone No. 10 mouse ES cells, 24 cells with the
highest fluorescent intensity were transferred to culture medium and
allowed to proliferate from 1 to ~1,000 cells over 7 d (Figure 3b).
The daughter cells formed rounder colonies with increased homo-
geneous Rex1-EGFP expression, compared with that of parental
cells. After 2-3 weeks, 23 clones reached ~1 X 10° cells, in which
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Figure 3 | Single cell-based breeding of mouse ES cells. (a) Oct4-EGFP and Rex1-EGFP expression in mouse ES cell lines OLG and No. 10,

respectively, were analyzed by the robot. (b) Colony formation from isolated No. 10 cells (daughter cells). Scale bar = 50 um. (c) Rex1-EGFP expression
ofisolated No. 10 cells. Approximately 2.0 X 10* cells were analyzed by FACS. Clone numbers are indicated in the upper-left. Contents of cells with higher
fluorescent intensity (over 10°) are indicated in the upper-right. A549 (an adenosquamous lung carcinoma cell line) cells were used as a negative control.

20 clones retained a higher fluorescent intensity compared with that
of the parental cell population (Figure 3c). When calculating the ratio
of highest numbers of cells with higher intensity (over 10°) to those
with lower intensity (10° ~ 2 X 10%), the daughter cells of >>7.0 ratio
(mean + 38D of parental cells, n = 6) were judged as a single-peak
group. Finally, we obtained 5 clones expressing higher level of Rex1,
which would be suitable for further breeding process (Figure 3c).
This result indicated that single cell-based breeding of cells isolated
from a cell library is a powerful method to expand ES cells with
the highest expression of pluripotency markers. ES and induced
pluripotent stem (iPS) cells, particularly from humans, are often
susceptible to mechanical and chemical stresses'®. The automated
single-cell isolation system is practical for isolating suitable cells
under undisruptive conditions because of gentle manipulation of
cells in culture medium with a glass capillary.

Single cell-based breeding of hybridomas. To evaluate the secretion
of anti-rabbit lactate dehydrogenase IgG, from the hybridoma cell
line HyLDH/YK-1, we treated the hybridomas with brefeldin A (a

protein transport inhibitor)'! to accumulate the IgG intracellularly,
followed by FACS analysis. The isogenic cells were found to secrete
various amounts of antibody and showed a dynamic fluorescent
intensity range between ~10? and ~10° (Figure 4a). A traditional
limiting dilution method to isolate mammalian cells secreting high
amounts of biopharmaceuticals, deposits the cell library into 96- or
384-well plates at ~1 cell per well to form colonies. After culturing
for at least 1 month, the supernatants of these cell cultures are assayed
by enzyme-linked immunosorbent assay (ELISA) to detect candidate
clones, followed by establishing the selected cells, which is time
consuming with low scalability (up to ~100 candidate clones per
screen). Recently, two automatic single-colony isolation systems
became commercially available (ClonePix FL (Molecular Devices,
Sunnyvale, CA, USA) and CellCelector (AVISO, Jena, Germany)).
Both machines facilitate manipulation of a large number of cells, but
approximately 1 month is still required for colony formation and
identification of candidate cells'>". Using a cuboid microchamber
array as the single-cell container and the solid phase of the ELISA,
candidate cells can be manually detected after culturing cells for
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detection. (c) Alexa 488-labeled trapping molecules on the surface of HyLDH/YK-1 cells. Scale bar = 20 pm. (d) Cytotoxicity of the trapping molecule on
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(e) On-chip cell-surface FIA visualized by the robot. Scale bar = 240 pm. (f) Histogram of antibody secretion determined by the cell-surface FIA. Black
vertical lines indicate fluorescence thresholds (range 50-200). White vertical lines indicate cells with high fluorescent intensities. (g) Antibody secretion
determined by a conventional ELISA. Seven cells formed colonies at ~10 d after single-cell isolation (inset, scale bar = 100 pm) and were subjected to
ELISA at ~20 d. Error bars, p < 0.05, n = 6 from three independent experiments.
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several days. The selected cells are then automatically isolated by
CellCelector™. However, both machines are unable to promptly
and automatically isolate the most suitable cell from a cell library,
and retain the issue of cell heterogeneity in the isogenic cell
population. Meanwhile, an automated single cell isolation system
(Cellporter system; SC World, Toyama, Japan)™ has been deve-
loped, which is likely to utilize similar picking-up system to our
study. But, the machine requires additional scanning system (SC
Scanner) for measurement of fluorescent intensity of each cell,
indicating that Cellporter system is not a completely automated
system for cell analysis and isolation. To identify hybridomas that
secreted higher amounts of antibodies, we developed an undisruptive
cell-surface fluorescence-linked immunosorbent assay (CS-FIA) to
evaluate antibody production at a single-cell level using the robot
(Figure 4b). The surfaces of secreting cells were modified with a goat
anti-mouse Fc antibody conjugated to dioleoyl phosphatidyleth-
anolamine-poly-ethylene glycol 2600 (DOPE-PEG2000) as a trap-
ping molecule’, Trapping molecules spontaneously assembled
around the cell surface (Figure 4¢) and showed no cytotoxicity for
at least 2 weeks (Figure 4d}. Celis were introduced into 30-pm PDMS
microchambers to allow the capture of secreted antibodies at the cell
surface, followed by incubation with a fluorescein isothiocyanate
(FITC)-labeled rabbit anti-mouse F(ab’), F(ab'), to establish the
sandwich FIA on the cell surface (Figure 4e). After analyzing

Phase contrast

CytoRed

12h 24 h

on-chip cells using the robot, 362 cells exhibited higher fluo-
rescence among the ~5.0 X 10* cells (Figure 4f). Eight cells with
the highest level of fluorescence were isolated. Seven cells formed
colonies within 10 d and expanded to ~5 X 10° cells over 2 weeks
(Figure 4g). When evaluating the amount of antibody secreted into
the culture medium by ELISA, the daughter cells were found to
secrete higher amounts of antibodies, compared with that of the
parental clone. This result indicated that single cell-based analysis
and isolation allowed us to obtain hybridomas with the highest
antibody-secreting ability in only 1 day. Because the CS-FIA techni-
queis applicable to other cell types and various secreted biomaterials,
the combination of the automated single-cell isolation system with
the CS-FIA would be more effective to improve the productivity of
biomaterials secreted from various cells.

Single cell isolation of adhesive cells. Since ES cells and hybridomas
are less adhesive and non-adhesive cells, respectively, we herein
examined if the robot is applicable to adhesive cells, such as CHO
cells. CHO cells (~1.0 X 10" cells) were trypsinized, stained with
CytoRed (fluorescent dye for viable cells; Dojin, Kumamoto, Japan)
and then introduced into 30-um PDMS microchambers at
comparable efficiency of ES cells and hybridomas (Figure 5a).
Within 3 h, single CHO cells could be retrieved according to their
fluorescent intensities by the robot (Figure 5b), and proliferate to ~4

b
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Phase confrast  Phase contrast

PKHZ6

Figure 5 | Single cell isolation of CHO cells. (a) Cell array for CHO cells. Cells were stained with CytoRed solution. Scale bar = 160 pm. (b) Retrieval of '
single CHO cell. Scale bar = 25 pm. (c) Colony formation from isolated CHO cells. Scale bar = 200 pm. (d) On-chip culture of CHO cells. Cells were
cultured on microchamber array chip and stained with PKH26. Scale bar = 100 pm. (e) Retrieval of cell cluster of CHO cells. CHO cells stained with
PKF26 were trypsinized and retrieved with the robot. Scale bar = 25 pm. (f) Colony formation from isolated cell cluster of CHO cells. Scale bar =

200 pm.

SCIENTIFIC REPORTS [ 3:1191 | DOL: 10.1038/srep01191

— 192 —



X 10 cells in 6 days (Figure 5c¢), of which the viability was more than
80% of retrieved single cells (20/24 clones). Furthermore, single CHO
cells transferred into 50-pm ellipsoidal PS microchambers could
propagate to several cells in microchambers (Figure 5d). After
24 h, the cells were stained with PKH26 (fluorescent dye for mem-
brane staining; Sigma-Aldrich, St Louis, MO, USA), trypsinized
briefly, and then retrieved as a cell cluster by the robot (Figure 5e).
These cell clusters were allowed to grow up to ~2 X 10” cells in 5 days
(Figure 5f), of which the viability was nearly 100% of retrieved cell
clusters (10/10 cell clusters). The automated retrieval of cell clusters
might be useful for the single cell-based breeding of vulnerable
adhesive cells.

Discussion

To manufacture biopharmaceuticals, each cell used for production
(e.g., hybridomas and CHO cells) should express biomaterials stably
and efficiently. In regenerative therapies, each stem cell should
express pluripotency markers homogeneously to obtain differen-
tiated cells with less tumorigenicity. It is an important step to isolate
the most suitable cell from a candidate cell library and expand the cell
population for further optimization. However, both isolation and
expansion have been traditionally performed with a cell colony,
which impairs isolation of suitable cells because of potential difficult-
ies in excluding contaminating unsuitable cells. Furthermore, long-
term culture necessary for colony formation often impairs the
favorable properties of isolated cells’”. For example, the productivity
of established hybridomas is sometimes decreased by long-term cell
culture. In established ES, iPS and mesenchymal stem cells, a trace
number of cells in colonies cannot fully differentiate, which some-
times leads to severe tumorigenesis'®'®. These cellular instabilities are
mainly caused by stochastic fluctuation of gene expression among
individual cells®”, which is considered a general phenomenon in
various cell types. Although cellular instabilities have been conven-
tionally circumvented by contingency-based cell screenings (i.e., ran-
dom screening of naturally occurring suitable cells) to establish cells
with low stochastic fluctuation, the molecular mechanisms under-
lying stochastic fluctuation should be delineated. For example, after
purifying two types of cells with high and low stochastic fluctuation
by single-cell isolation, a comparison of gene expression profiles
might delineate the mechanisms. Taken together, cells used for pro-
ducing biopharmaceuticals and regenerative therapies should be
established by single cell-based screening to maximize favorable
properties and minimize the occurrence of stochastic fluctuation.

Here, we demonstrated that an automated single-cell isolation
system facilitates prompt and effective establishment of the most
suitable single cells from a large number of candidate cells to avoid
the occurrence of stochastic fluctuation. Mouse ES cells with the
highest expression level of the pluripotency marker Rex1 were suc-
cessfully isolated from a heterogeneous cell population. Although 3
isolated ES cells (clones D07, A03, D03) showed Jower expression
level of Rex1 at 2-3 weeks after single-cell isolation, 20 cells retained
higher Rex1 expression (see Figure 3c). Particularly, 5 isolated ES
cells (clones D06, A04, D08, C04, D04) were found to show homo-
geneous profile of Rex1 expression. In addition, hybridomas secret-
ing the highest amount of antibodies were isolated by the robot in
combination with a CS-FIA technique. All isolated hybridomas
showed a higher expression level of antibody than that of parental
hybridomas at ~21 days after single-cell isolation (see Figure 4g).
These results indicate that single cell-based breeding is a practical
way to obtain suitable cells with fewer effects from stochastic fluc-
tuation. Moreover, these established cells would be useful to decipher
the molecular basis of stochastic fluctuation.

Micromanipulation under a microscope, limiting dilution and
FACS have been widely used to isolate single cells. Micromani-
pulation is undisruptive and reliable for manipulating single cells,
but extremely laborious. Limiting dilution is also undisruptive, but

not reliable because of possibly excluding suitable cells during serial
dilutions. As described in the introduction, FACS is a high-through-
put and reliable system for isolating cell populations, but cannot
isolate a single positive cell from less than 1 X 10° cells under undis-
ruptive conditions. In particular, the chemical and mechanical stres-
ses intrinsically associated with FACS are likely to alter the gene
expression profiles of isolated single cells, thus single-cell manipula-
tion should be carried out under undisruptive conditions. The issues
of these techniques for isolating single cells have led us to develop an
automated single-cell isolation system. The robot is designed to isol-
ate a single positive cell from less than 1 X 10° cells in about 1 ml of
culture medium. Therefore, the automated single-cell isolation sys-
tem is considered suitable for high-throughput single cell-based ana-
lysis and isolation.

In high-throughput identification of hybridomas that secrete high
amounts of antibodies, candidate hybridomas can be selected by
FACS, followed by colony formation and evaluation with a con-
ventional ELISA. Cell-surface markers (e.g., CD19, CD20, CD38,
CD138)*** expressed in hybridomas are indirectly labeled with
fluorescence, and then populations of positive cells are collected as
candidate hybridomas by FACS. This method cannot evaluate the
antibody-secreting ability of each hybridoma directly, and only con-
centrates candidate hybridomas. Another method is treatment of
cells with brefeldin A to accumulate antibodies intracellularly. This
method can evaluate the antibody-secreting ability, but also severely
affects cell viability. Thus far, no reported method can evaluate the
antibody-secreting ability of hybridomas directly in an undisruptive
manner and without the requirement of long-term culture for colony
formation. Here, we developed a CS-FIA that fulfills the above cri-
teria. Combination of the CS-FIA with the robot successfully shor-
tened the time to identify positive hybridomas from ~1 month
(FACS) or ~2 months (limiting dilution) to 1 day. To further optim-
ize the CS-FIA, the use of fluorescence-labeled antigens as detection
molecules could improve the signal to noise ratio by reducing cross
reactions among displayed antibodies.

In addition to single cell-based high-throughput analysis and
isolation, our robot can be used for the following applications.
Because the robot can evaluate protein-protein interactions on the
cell surface, orphan ligand screenings using cells displaying receptor
libraries, and orphan receptor screenings using cells expressing cell
surface-anchored forms of ligand libraries are applicable, which may
lead to drug discovery. Moreover, because of the undisruptive con-
dition during cell manipulation, the robot would be suitable for
isolation of rare cells in limited clinical samples (e.g., circulating
tumor cells® and cancer stem cells*®) to develop an innovative dia-
gnosis system. Thus, our automated single-cell isolation system may
offer a new technology for single cell-based engineering and bring
significant progress to cell-based research and industries.

Methods

The automated single-cell analysis and isolation system. The robot consisted of a
micromanipulator (<1 pm movement accuracy) equipped with a pencil pump
(DENSQO, Aichi, Japan) and glass capillary (40.5 pm inside diameter, 58 pm outside
diameter for mammalian cell; 14.5 um inside diameter, 21 pm outside diameter for
yeast cell), a CCD camera (Nikon, Tokyo, Japan), an objective lens (Plan Fluor 10 X/
0.3, Nikon), an excitation light source (Nikon) using a super high pressure mercury
lamp and power supply, filter units (for FITC, 465-495-nm excitation, 515-555-nm
emission, 505 nm dichroic mirror; for Cy3, 510~560-nm excitation, 572.5-647.5-nm
emission, 565 nm dichroic mirror, Nikon), a 96- or 384-well reservoir plate, a
microchamber array chip and a control PC (CPU, Pentium M 1.8 GHz; RAM

980 MB). Microfabrication on the polymethylmethacrylate (PMMA) plate was
performed by X-ray mask and lithography technology combined with synchrotron
radiation®”. Using the patterned PMMA plate as a master plate, a nickel (Ni) mold
part was produced by an electro-forming process resulting in effective production of
the Ni mold part with replicated micro-patterns. Then, the mold part was inserted
into a mold base and injected to produce a microchamber array chip with polystyrene
or PDMS. The robot identified a minimun 1 pim single particle at <1800 MESF from
the fluorescence of GFP, EGFP, phycoerythrin and propidium iodide. The control PC
regulated the vertical movement of the micromanipulator, the horizontal movement
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of the microchamber array chip, fluorescence acquisition and transmission of images
to indentify cells of interest, followed by cell recovery using the pencil pump.

Cell culture. Mouse ES cell lines, OLG and clone No. 10, were cultured in Glasgow
Minimum Essential Medium (Sigma- Aldrich, St Louis, MO, USA) supplemented
with 10% fetal bovine serum (FBS; StemCell Technologies, Vancouver, BC, Canada),
1 mM sodium pyruvate, 0.1 mM non-essential amino acids (NEAA; Invitrogen Life
Technology, Carlsbad, CA, USA), 32.7 mM sodium bicarbonate, 0.1 mM 2-
mercaptoethanol and 1,000 U ml™* leukemia inhibitory factor (Invitrogen). The
mouse hybridoma cell line HyLDH/YK-1 secreting anti-rabbit lactate dehydrogenase
IgG, was cultured in RPMI-1640 (Nacalai, Kyoto, Japan) supplemented with 10%
FBS (Thermo, Waltham, MA, USA), 0.1 mM NEAA and 0.05 mM 2-
mercapteethanol. Human embryonic kidney (HEK) 293 and lung adenocarcinoma
A549 cell lines were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% FBS (PAA Laboratories, Pasching, Austria). Dihydrofolate
reductase-deficient Chinese hamster ovary (CHO) cells (CHO-DG44 cells) were
maintained in RPMI-1640 supplemented with 10% FBS (PAA Laboratories),

Flow cytometric analysis. Daughter mouse ES cells isolated by the robot were
cultured for 2-3 weeks to reach ~1 X 10° cells, and then harvested by trypsinization.
The fluorescent intensities of ~2.0 X 10* cells from each clone were measured with a
BD FACSCanto II flow cytometer (BD, Franklin Lakes, NJ, USA). Parental mouse ES
and A549 cells were used as positive and negative controls, respectively. HyLDH/YK-
1 cells treated with 1 pg ml™" brefeldin A (BD) for 6 h were fixed in PBS containing
4% paraformaldehyde (PFA) at room temperature for 15 min, permeabilized with
PBS containing 0.03% Triton X-100 at room temperature for 5 min and then
collected by centrifugation (200 X g, 5 min). Cells were then incubated with

2 pg ml™! FITC-conjugated anti-mouse F(ab'), rabbit F(ab’), (Rockland,
Gilbertsville, PA, USA) in PBS at room temperature for 20 min, followed by FACS
analysis. HEK 293 cells were used as a negative control.

Preparation of trapping molecules. For the cell-surface FIA, 1.65 nM Immunopure
anti-mouse Fc goat polyclonal antibody (Thermo) was reacted with 66 pM DOPE-
PEG2000-N-hydroxysuccinimide (NHS; NOF, Tokyo, Japan) in 100 pl sodium
phosphate (10 mM, pH 7.6) and 250 mM NaCl at room temperature for 10 min, Free
DOPE-PEG2000-NHS molecules were removed by ultrafiltration through 50 kDa
cut-off membranes (Millipore, Billerica, MA, USA). Coupling of DOPE-PEG2000 to
the antibody was confirmed by SDS-PAGE and Coomassie Brilliant Blue R-256
staining. To observe trapping molecules on the HyLHD/YK-1 cell surface, ~2.0 X 10*
cells were combined with 100 pl serum-free RPMI-1640 medium containing 16 nM
trapping molecules, incubated at 37°C for 10 min and then fixed with 4% PFA at
room temperature for 20 min, Cells were washed with PBS twice, incubated in 100 pl
PBS containing 400 ng Alexa 488-conjugated anti-goat IgG antibody (Invitrogen) at
room temperature for 20 min, washed with PBS twice and then observed under a
confocal laser-scanning microscope (FV-1000D; Olympus, Tokyo, Japan). To
evaluate the cytotoxicity of the trapping molecule (DOPE-PEG2000-antibody) in
HyLDH/YK-1 cells, ~1.25 X 10 cells in 2.5 ml culture medium were treated with the
trapping molecule at 0.16-16 nM final concentration (as a protein concentration)
and then maintained at 37°C with 5% CO, for 2 weeks. Cell viabilities were measured
by trypan blue staining.

Cell-surface FIA. Approximately 5.0 X 10* HyLDH/YK-1 cells were combined with
100 il seram-free RPMI-1640 medium containing 16 nM trapping molecules,
incubated at 37°C for 10 min, mixed with 900 pl serum-free RPMI-1640 medium
and then placed into microchambers by brief centrifugation. After addition of 100 pl
FBS, cells on the microchamber array chip were incubated for 30 min in a CO,
incubator to allow antibody secretion and then treated with 2 pg ml™" FITC-labeled
anti-mouse F(ab’), F(ab’), antibody to establish the cell-surface FIA. After
incubation at room temperature for 10 min, cells were briefly washed twice with
medium and then subjected to the automated single-cell analysis and isolation
system.

Mouse IgG ELISA. Each well of a MaxiSorp 96-well plate (Thermo) was treated with
30 pl anti-mouse Fc antibody (10 ng pl™') at 4°C for 24 h, washed with 200 pl PBS
containing 0.1% (vol/vol) Tween 20 (PBS-T) five times and then treated with 200 pl
bovine serum albumin (5 pg pl™") in PBS at room temperature for 1 h. To measure
the amount of secreted antibody from HyLDH/YK-1 cells isolated by the robot, each
sample was added to an anti-mouse Fc-immobilized well, incubated at room
temperature for 1 h and then washed with 200 ul PBS-T five times, followed by
addition of 200 pl PBS-T containing 0.2 pl horse radish peroxidase-conjugated anti-
mouse Ig (GE healthcare, Little Chalfont, Buckinghamshire). Plates were incubated at
room temperature for 1 h and then washed with PBS-T five times, followed by
addition of 100 pl 3,3',5,5'-tetramethylbenzidine substrate (Thermo). The coloration
reaction was performed at room temperature for 30 min, stopped by 100 pl H,SO4
(2 M) and then the absorbance at 450 rum was measured.
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Cell Surface-Fluorescence Immunosorbent Assay for Real-Time
Detection of Hybridomas with Efficient Antibody Secretion at the

Single-Cell Level
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ABSTRACT: For establishing cells that secrete antibodies most efficiently (e.g., hybridomas, CHO (Chinese hamster ovary)
cells), the screening and subsequent breeding of promising cells have been performed at the single-colony level, which requires
several weeks to propagate a substantial number of cells by forming colonies from single cells for evaluation by the conventional
assays. However, this screening process lacks high-throughput performance in time and colony numbers. Therefore; development
of novel methods is expected to identify single cells secreting higher amounts of antibodies in real-time and in a nondestructive
manner without colony formation. In this study, we prepared lipid-labeled antimouse IgG Fc antibodies (capture molecules) that
were uniformly displayed on the surface of candidate cells. Secreted nascent antibodies were subsequently sandwiched between
capture molecules and fluorescence-labeled antimouse IgG F(ab’), F(ab'), (detection molecules). This newly developed method
is hereinafter referred to as a cell surface-fluorescence immunosorbent assay (CS-FIA). The fluorescence intensity of each cell
was found to correlate well with the amount of sandwiched antibodies (from 6.25 fg/cell to 6.40 pg/cell). When about 4 X 10°
cells of mouse hybridomas were subjected to CS-FIA, we isolated 28 hybridomas showing the highest fluorescence intensity
within a day. Furthermore, after propagation of single cells to about 10° cells (after 2 weeks), 20 hybridomas were still able
to secrete higher amounts (up to 7-fold) of antibodies than parental hybridomas. Our results demonstrate that CS-FIA is a
powerful method for the single-cell- based establishment of cells that secrete most eﬁicxently not onIy antibodies but also various

biomolecules.

ammalian cells, including hybridomas, Chinese hamster
ovary (CHO) cells, and 293 cells, have been utilized to
produce biomolecules (such as biomedicines), which have
sustained not only biosciences but also bioindustries in the past
3 decades.' ™ To establish such cells, it is important to identify
cell clones stably and efficiently expressing materials of interest
from a large number of candidates (screening process) and
subsequently improve their productivity as much as possible
(breeding process). During both processes, it is essential to
routinely determine the productivity of individual cells. Con-
ventionally, colonies derived from a single cell are propagated
substantially and allowed to secret materials of interest into
culture medium. Media are then subjected to immunoassays,
such as 96- or 384-well immunoplate-based enzyme-linked im-
munosorbent assay (ELISA), for quantifying the amount of
materials. However, this method is time-consuming and
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Iaborious. Specifically, when establishing hybridomas, candidate
cells are split into single cells by a limiting dilution method,*
allowed to grow for several weeks until the formation of
colonies, and then subjected to immunoassays. To obtain cells
with the most efficient secretion, several repetitions of the
process and simultaneous culture of a large number of cells are
both indispensable. Therefore, it is necessary to develop a new
screening method that allows the identification of single cells
secreting a higher amount of materials of interest in a real-time
manmner.

Typically, the coexpression of membrane protein CD20° and
green fluorescence protein (GFP)® via the internal ribosomal
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entry site system enables candidate cells to be analyzed by
fluorescence-activated cell sorting (FACS) to identify cells
expressing higher amounts of CD20 and GFP. In the case of
CHO dihydrofolate reductase gene (dhfr)-deficient cells,
fluorescence-labeled methotrexate was used to identify CHO
cells harboring higher copy numbers of dhfr gene.” However,
the expression levels of products of interest do not always
correlate with those of marker molecules, which prompted us to
measure directly the secretion level of materials of interest at
the single-cell level. Previously, Akselband et al.® reported the
encapsulation of single cells into the gel microdrops containing
biotinylated agarose, avidin, a biotinylated capture antibody,
and a fluorescence-labeled detection antibody, through which
secreted materials of interest were immobilized on the agarose
matrix and detected as a fluorescence-labeled immunocomplex.
The microdrops with the highest fluorescence intensity could
then be selected by FACS (i.e., gel microdrop technology). The
drawbacks of this method, however, include low encapsulation
efficiency of cells (<15% of gel microdrops) and physical cell
stress caused by a solid medium. In addition, Manz et al’
modified the cell surface chemically with biotin and then mixed
cells with neutravidin, a biotinylated capture antibody, and a
fluorescence-labeled detection antibody in a semisolid medium.
Secreted materials of interest were immobilized as an immuno-
complex in the vicinity of cells, and the cells with higher fluo-
rescence intensity could be selected by FACS (i.e., matrix-based
secretion assay). During these processes, the cells suffered from
both physical stress caused by the semisolid medium and chem-
ical stress by biotinylation. It was also noted that biotinylated
cells tended to be agglutinated by neutravidin, thereby mak-
ing the isolation of positive cells difficult at the single-cell
level.

In the present study, we developed an easy-to-use and non-
destructive method for identifying cells that secrete most
efficiently at the single-cell level. First, we selected nontoxic
lipid derivatives with higher cell adhesion activity. Second,
capture antibodies were modified with selected lipid derivatives
and mixed with candidate cells to display capture antibodies
spontaneously and uniformly on the cell surface. Third, can-
didate cells were allowed to secrete materials of interest within
a short period of time (~30 min) in normal medium and to
form immunocomplexes with capture antibodies on the cell
surface. Fourth, the fluorescence-labeled detection antibodies
were added to the cells to exhibit fluorescence in a sandwich
fluorescence immunosorbent assay (FIA), the intensity of
which correlated well with the amount of secreted materials of
interest. This screening method, designated as a cell surface-
fluorescence immunosorbent assay (CS-FIA), could be applied
to both the screening and subsequent breeding of various
biomolecule-secreting mammalian cells.

EXPERIMENTAL SECTION

Cells. Hybridoma HyLDHYK-1 (RCB0709) secreting anti-
rabbit lactate dehydrogenase IgG1 was obtained from the RIKEN
BioResource Center (Tsukuba, Japan). HyLDH-YK-1 cells were
cultured in RPMI-1640 medium (Nacalai Tesque, Kyoto, Japan),
supplemented with 10% (v/v) fetal bovine serum (FBS; Thermo,
Waltham, MA), 100 #M nonessential amino acids (Invitrogen,
Carlsbad, CA), and S0 M 2-mercaptoethanol (Wako, Osaka,
Japan), at 37 °C in 5% (v/v) CO, under humidified atmosphere.
Dihydrofolate reductase-deficient CHO (CHO-DG44) cells
(Invitrogen) were cultured in RPMI-1640 medium supple-
mented with 10% FBS (PAA Laboratories, Pasching, Austria).
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Lipid-Labeled Antibodies. N-Hydroxysuccinimide-conju-
gated lipid derivative distearoylphosphatidylethanolamine
(DSPE-NHS), DSPE-polyethylene glycol (PEG) 2000-NHS,
DSPE-PEG3400-NHS, oleyl-PEG2000-NHS, oleyl-PEG4000-
NHS, and dioleoylphosphatidylethanolamine (DOPE)-PEG2000-
NHS were purchased from NOF (Tokyo, Japan). Goat-derived
polyclonal antimouse IgG Fc antibodies (1.65 nmol; Immuno-
pure, Thermo) were mixed with 66 nmol of NHS-conjugated
lipid derivatives in 100 uL of sodium phosphate buffer (10 m}j,
pH 7.6) and NaCl (250 mM), incubated at room temperature for
10 min, and then concentrated using the Amicon Ultra-0.5
Centrifugal Filter Unit with Ultracel-50 Membrane (cutoff
value, 50 kDa; Millipore, Billerica, MA) to obtain lipid-labeled
antibodies. Antibody modifications with lipid derivatives were
monitored by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE), followed by Coomassie Brilliant Blue
(CBB) R-250 staining.

Quartz Crystal Microbalance. The amount of oleyl-
PEG4000-labeled antimouse IgG antibodies bound to mouse
IgGl (1 mg/mlL; Sigma-Aldrich Corp., St. Louis, MO) was
determined by the quartz crystal microbalance (QCM) model
Twin-Q_(As One Corp., Osaka, Japan). The QCM sensor chip
consists of a 9 mm-diameter disk made from an AT-cut 27-MHz
quartz crystal with gold electrodes on each sides (diameter,
2.5 mm; area, 4.9 mm?). A frequency change (AF) of 1 Hz cor-
responds to a weight change of 0.6 ng/cm?. The temperature of
the measuring bath (~600 yL) was maintained at 25 °C, with
mixing at 600 rpm using a stirring tube. Samples were dissolved
in 500 uL of phosphate-buffered saline (PBS; 137 mM NaCl,
10 mM Na,HPO,, 2 mM KH,PO,, pH 7.4). Triplicate mea-
surements were made until a stable frequency (less than +3 Hz)
was observed for >1 min.

Cytotoxicity Test. HyLDH-YK-1 cells (approximately
2.0 X 10% cells/well) grown in 96-well plates were cultured
for 24 h in the presence of either NHS-conjugated lipid
derivatives or lipid-labeled antibodies (at final concentrations of
1.5, 15, and 150 nM). Cells were subsequently incubated for
2 h with 10 uL of the Cell Count Reagent SF (Nacalai Tesque)
containing 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-S-
(2,4-disulfophenyl)-2H-tetrazolium (WST-8) and subjected to
the measurement of absorbance at 450 nm by a Varioskan
multiplate spectrophotometer (Thermo).

Celi Adhesion Assay. Dulbecco’s PBS (D-PBS; 200 1)
containing 1% (w/v) bovine serum albumin (BSA) was added
to each well of the Lab-Tek 8-well glass chamber slide system
(Thermo) and incubated at room temperature for 36 h. After 2
washes with distilled water, 100 yM NHS-conjugated lipid
derivatives in D-PBS (200 yL/well) was added and incubated
at room temperature for 20 min. After washes with distilled
water, HyLDH-YK-1 cells (about 2.0 X 10° cells) in 100 yL of
D-PBS was added to each well and incubated at 37 °C for
S min. After 3 washes with D-PBS, cells were observed under a
FV1000D confocal laser scanning microscope (Olympus,
Tokyo, Japan).

Cell Surface Display Assay. HyLDH-YK-1 cells (about
1.0 X 10° cells) were collected by brief centrifugation and
incubated with 100 uL of 1 pM lipid-labeled antibodies at
37 °C for 10 min. After washes with D-PBS, cells were mixed
with 4% (w/v) paraformaldehyde in D-PBS at room temper-
ature for 20 min. After 2 washes with D-PBS, cells were mixed
with 500 pL of Alexa 488-labeled donkey-derived antigoat IgG
(H+L) (2.0 mg/mL; 1:1000; Invitrogen) and incubated at
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