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A Novel Bioprinting Application for the Production of Reference Material Containing a Defined
Copy Number of Target DNA
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ABSTRACT

Nucleic acid amplification methods such as polymerase chain reaction (PCR) are extensively used in

many fields to detect target DNA. Recent advances in analytical sciences require a method to accurately
quantify DNA at the single molecule level. However, analytical quality control when detecting low
copy number target DNA is often missing due to a lack of appropriate reference materials. Herein, we
have developed a novel method to produce reference material containing a defined copy number of
target DNA. In this method, the suspension of cells carrying a single target DNA sequence is ejected by
an inkjet head and the number of cells in each droplet is counted using highly sensitive cameras in order
to control the copy number. We compared the use of this reference material with that of diluted solutions
of DNA to evaluate the performance of qualitative real-time PCR in terms of the limit of detection
(LOD). Our results demonstrate that by using this DNA reference material, more accurate information

regarding performance quality can be provided.
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Schematic diagram of inkjet and cell counting
system used in the production of copy number
defined reference material.

(A) shows the side view, where droplets
containing zero, one, or more yeast cells are
ejected into each well of a well plate. The
positioning of the well plate is controlled by
planar XY stages. (B) shows the top view, where
excitation laser light is shown in green and
fluorescent light emitted from cells in the droplet
is shown in orange. The fluorescent images of
cells in each droplet are captured simultaneously
by two highly sensitive cameras positioned
perpendicular to each other.

5

Fig. 1
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Fig. 2 Genomic Southern blot analysis.

Genomic DNA was extracted from wild type
yeast (WT) and recombinant yeast (hmg-Lel). The
Genomic DNA (5 pg/lane) was digested with
HindIII or Kpnl and then fractionated on a 0.8%
agarose gel, transferred to a membrane, and

probed with the target sequence (358 bp fragment).
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Fig. 3 Pairs of fluorescent images for estimating cell
numbers in a droplet.
The number of cells was estimated as zero (A),
one (B), and two (C) from the number of bright
spots in the pair of images. When the number of
bright spots was inconsistent between two images,
the larger value was adopted. The number of cells
in (D) was taken to be two. Scale bars: 100 um.
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EREROIT L DX DR EDOREIZLDBDD
2, FIIMOBERICL DL ORONEEFET DD
WCHEEICARTHS. 22T, Fox T ey
B NUTOHERICHEKRS D LUE LTz,
(1) MfaEBEROMBN = v —8iEb 2%, (2)
MROBRAT TN, Q) A7 V=Y hOT /LN
DT/ AL E =T —, (4) BREEIC L HDNAY 1D
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IZEBIEE X A LT,
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T 24
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Intensity of fluorescence (abs.units)
Fig. 4 Flow cytometric analysis for cell cycle distribution

of yeast cells. Red line: cells with a-factor.

Blue line: cells with no treatment. Fluorescence
intensities of around 80 and 160 (arbitrary units)
correspond to the haploid and diploid DNA
contents per cell, respectively. The ratio of diploid
cells in the a-factor-treated sample was estimated
as 3%.
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NmO A ORI EML OMRHE & ke &9,
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Table 1. Numbers of droplets with a specific number of cells.

The actual number of cells (per droplet)

0 cell 1 cell 2 cells 3 cells 4 cells
0 cell 1074 2 0 0 0
1 cell 0 686 8 0 0
The estimated number of cells
by inkjet system (per droplet) 2 cells 0 10 218 4 !
3 cells 0 0 0 44 6
4 cells 0 0 0 1 1
Concordance rate (%) 100 98.3 96.5 89.8 12.5
Inkjet head _—
1.0 1601 —marN=537
i Average: 0.23 mm
= 120 i :
Bty I E 0.5 > Maximum: 0.69 mm
plate o Droplet = 5 7
f// § 0.0 3 80
o o -
]
AVAVARRE FH RS £ ]
1
] > 1 T
P 3 ! 0
: B e 00 02 04 06 08 10
Glass slide Microscope 10 -05 00 05 10
s Distance from the center (mm)
[ ] X direction (mm)

Fig. 5

Quantification of droplet landing positions. (A) Schematic diagram of the experimental setup. To simulate the actual

process, a 96-well plate without a bottom was positioned on the glass slide. The landing position of the droplets was
measured using a microscope. (B) Spatial distribution of droplet landing locations relative to the center. (C)
Histogram of the distance between droplet landing location and the center.
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RMETHD. ZOXHIarZIx—va VTR
B M OB RE O T v B34 LSS . RFEBRTIX
FTrxDTo R TRET DAL FIX—Tg
VOREREFME Lz, £7°, BEO&OERRBIK
(1.00 x 107 cells/mL) % BEE 7 4 V2V 7
TP L7 B AL, &U izt h
TRy T4 uLpiELZ. HEWT, VT A A
LPCRTH —%# v FDNADTFIEZFIME L 7=, 5,
487 = VHI3 T = VT CTH —7 y Myt &
2. 3D0DRTT 4T Uz VOCQEIZERENT

L— h2723403, 7L — 323921411 TH D
(Table 2) . ARFERTHE Y = MITHE LTIKEIZA
VIV M URT AW LTSI 1E O R O
FI1.05 x 1045 ThHo7=D &, ik L-BER SRR
DU FE | IAEHEY) B AR OFEYERE CTd 52 = 0.06
cells/droplet (1.57 x 10° cells/mL) D#J63.7f% ToH >
Telo, BETo v A TERLULEGEO RS2
DaALH I X — a3 VIDFET DR Peonam & 11
WY DaLHIx— g rOa b —ROBEHEIT
TNEN34x10°%L934x 102 — LA I
oo Y470 oarZIx—va YOgIEUT
ORUZHED .
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A7y FAT AL > TR S ES U
FREDa L Z I x— 3 OEEEEITILLTOR
WZHED .

(12)

©
— IR £
Ocontami = \/g Vcontumi L Po p 1
i=1

L, paldA v 7Yz b RAT LOREMHDm
MlaofERE FHk), 43/ 7 V=2y hV AT LD
JIE C UM 23 /01 E S D & THvE L2k o
AlReZe B A R, Bk & AR, F2ERI% = 1000 F
TOMMAFHE Lz, HE&ER2RKRIT0.001TH S.

Table 2 Contamination of target DNA.

Expected rate of

Positive/All (well) contamination (%)
Plate 1 0/16 0
Plate 2 1/16 9.34x10°¢
Plate 3 2/16 1.87 x 107

RBIZEELZOIZ LS THIEEREOIX 5D
TEWRET D, A LT, REREEE LIKK
HY72DNA = E—HUILL T ORKUTHE D .

(13)

Nan = f(ncapyr Neells ncontami) = ncopy *MNeen + Neontami

72120, nald D = VINOEHEHITE 2 E—3L, negpyld
THERE N ODNA 2 =3, neanl TAIEEL,  ncontamil L =
VEIF—TarOabt—HERT. - T
3ODEEN LA LI ERZIZLL T OXTHE
ARETH B .

)+ o) (o)
Oan = ancopy Ucapy ancount Ocount ancontami Ocontami

(14)

2

= \/(Ecuunt . o-copy)z + (Ecopy . gcount)z + Uczantami

=L, MR

T

DA E coune & HENELPNDNA =2

to — i&/g 'fﬁ ) /ﬁ;ﬁ ﬁ% ,fﬁEc()py ci % %L %? ﬂnwpy }: Neell D }“_6\_‘2
FERETHD.

BAKBRAERLE LT, A7V 2y hVAT AT
12 E—ODNA 1% 31 L7284, DNAZ E—#
DOIEAEFEFEIT0.182 B —TH 5. KT Y U oAIchie
HPEROFIRE T 2 B — ODNADIEEYE 4 (EL
LB OEERZIHER Ela v —Th a0,

A7V xy hFut ATERLEESITMSED
1/5LLF DX S & R oEEYE NS LS.

HRRREMEICKSEEPCR7YEAD
SEER il

BB U 7o M iaAr M B oo M & 35 2 7
W, BxITEMPCROLODZ M+ 5 CTE~Ry b
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TR & DR Z1T - 72, KREBRTIERL &/
L 72 BEBEATBUSEYE E O = B —BU I BRI CHEE L
7. ET A0V 2y N RBRIBNT, 1%1E
YETFNEIZHEVN0.06 cells/dropletlZFRFE L, % & L7=1,
2,3, 4, 8,16, 3200DNA = B"—¥ZF#4 % £ THEiH
ZEEGEIIZ96 T = L L— R DFK T = VI TE LT
AMFEFNT/NE W2, 2fIRLL EAEAET 2RI
FEIIHmCThoTe. REMWY O3 —#DDNA%L
FEOMMRNS 7 = VT S iz tk, HHEIR, Ro
U = VICE), B, 2KV IRI L7z, Fig 6
XU 7V H A LPCROFERCfEA R L, Table 31L#t
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YINDEGME MY S0, FrlTA
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T a7 ar ha—) »HLERBIEERD biveho
7o GEMT — 2 13H1%) .

F K EEDNADFEIR D U 7 L % A4 LPCREE SR
LT, MBRETIER LY T IVIRT Y w04
WZHED 72D, BHBORKBRME TR Oz, L
TAY 7Py NFat ATERLEY S 7T
IE—THN%OREFEELHFL, 22— i
100% DB REFTHZ &R L. MxT,
FxTCqEDIX L > E A LR (SD) TREAM L
72. Table 323 /R9 X 912, HHFRA100% D H (7
TEKTHE, A7 Vv bR BEATERL
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Z10.9433 £ -2.54 (HEEZIFR148%) THY, 1~
IV N ATIER LY I ViTERER
0.9940 & -3.43 (HgME%N=:95.7%) T 5 (Fig. 6) .
THEAERELV A7V 2y b e A TER

L7REEE D D K 0 EfER R ERAR LD Z &
EEKRTD.

BT, 95%LL E ORI A A T D Fe/ R EE A
LOD & 3 % EFIZHEVOD, 2FH O IEHEY) E O
LODZ §Hii L7=. Table 3SOMHEOFERMNS, Th
Z L OLODIT M HEW B T DO FEARSE A2 = B —
TH Y, DNABREAIRIE CTOAMRE RN B —T

A

45 4 o] lo} O—+100
e}
40 1 EF oo +80
: D
5 5 L
3 35 6 EK} 60
3 o
{2 L40
25 20
slope: -2.54
R? 0.9433
T 0

1 2 4 8 16 32

Copy number of target DNA
(dilution process)

Delection rate (%)

Cq value

boTe. DFEVDNABRBEARKEZEHNT2L0 6,
AR HEY)E 2 9% 2 & TX D IRV LOD A
BNDHZ EERLTZ.

BBRIC, AEBRTIEA Y7V =y 7B ATHE
L7zlar—L2a B —DEEYEIZHBNT, —i
S FEA LT (Fig. 62 O'Table 3) . 24U 5H D4k
A OFAEFRIIRE S TWRVDS, —RE LT,
A7y b uY A TIEEERAE SR LT
7 ) LDNATPCROMT 24T > 7o Dlzxt L, ARk
TIEZ—75 v Midd &2 F>7 7 A I RDNA % fifi
L7z ik s, 27 VREOZERNEZLND.

45 4 O O O O O+ 100
(o]
40 * . 80
T i 3
o . H .
35 4 ~teglr——T60 B
,_% e
. °
3
30 40 ¥
=]
25 4 =20
slope: -3.43
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0

1 2 4 8 1% 32

Copy number of target DNA
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Fig. 6 Boxplot of real-time PCR data and constructed standard curves of (A) the dilution series and (B) the developed

reference materials.

The whiskers are drawn to the 10th percentile and up to 90th percentile. Data that lie outside the 10th and 90th
percentile are drawn as individual points. Larger circles show the detection rate (right Y-axis). The linearities (R2)
were 0.9433 and 0.9940, respectively. The slopes were —2.54 and —3.43, respectively.
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Table 3 Summary of real-time PCR results.

Dilution process

1 copy 2 copies 4 copies 8 copies 16 copies 32 copies
Average Cq 38.55 38.36 37.95 36.96 35.93 34.85
Max Cq 39.59 40.01 39.94 38.77 38.77 35.61
Min Cq 37.40 36.92 36.35 35.43 34.94 33.92
SD Cq 0.4862 0.6965 0.7815 0.7667 0.7560 0.4351
Detection rate 42% 48% 90% 100% 100% 100%
(Positive/Total) (20/48) (23/48) (43/48) (48/48) (48/48) (48/48)
Inkjet process
1 copy 2 copies 4 copies 8 copies 16 copies 32 copies
Average Cq 38.66 38.04 36.98 35.76 34.72 33.68
Max Cq 46.39 46.97 38.59 38.13 35.65 34.49
Min Cq 36.78 36.48 36.02 34.92 34.12 32.10
SD Cq 1.4703 1.5458 0.5390 0.5862 0.3889 0.4281
Detection rate 92% 100% 100% 100% 100% 100%
(Positive/Total) (44/48) (48/48) (48/48) (48/48) (48/48) (48/48)
WICAHNTHLEERD. 2D, RIEEYE %
FEH M % U 742 f BPCRT 2 M, ool

AWFZET, Bex MR EYE DIERTEEZ R L
o, FlZOEEWEE Y 7 VZ A LPCRTHIE L
TRERAERLIZ. A7V 2y FYAT AIZBWT,
Z—77"y FDNARH 2 & T EER LA > 7 /X —
T4 NE LTHERAETHD. ¥ —F v |
DNA® = B — LA E o | E 12 K - TR
HEETHZ ENAMRETH D, MA T, ABFZETH%
L 7o MR E 13 8 & D D BN A X~ A X9
HZENHRETHDH. FICAEAEYE OFEEERT
JIE 3 A B % 3 Zymolyase TOALE & & e 7=, 1EARK
U 7oA B I DNA BB 72 0B FIEZR LI
PCR7 > 7'L— & LTHEHAIRECTH H. ZD7®,
St x ORI EYE IR EHR OIS, LV &
K52 72 LOD D REA, o OV [ & 72 13 F25r T IE
DFEROFAMZ SICB W THEMAN 2 br—LE
TIEREC R D THA D .

FRAESE 2, Fex [ IARBISEO L TRE L7
farEnesy R EERE, AREE, (EEE AT AL LED
HERDOI AV T 4 OFHliEE=4 1 > 72BN TIH

IRFEW 72 & DBRIKNG BT X0 FHME LMD &
L7 — 2 et RETH S .

B

AAFGEa D HITY T2, KREICETH ey Y
DA % o T L L (ReE IR FITEENE A
NAFFHAE T = > — 2T A, IMAC) IZJ&H &
L ES%. F7-Gang-hua Langl& O FERE S L
T =AY AR— MG E R L R 5.
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