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60/ 963,673, filed August 7 , 2007, the content of
which is herein incorporated by reference. FIELD OF
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Kong et al (Nucleic Acids Res., 2007, 35(8):e6l, e-pub
April 2, 2007 and US Patent application publication US
2007/0281309) describes fabrication of a multi-chamber

microflUidie device for de novo gene synthesis by

' assembling the precursor oligonucleotides and amplifyihg

the assembled templates in a single reaction in the same

chamber
SUMMARY OF'THE INVENTION

We describe here an invention based in part, but is not
limited to, our demonstration of an integrated
microfluidic device capable of performlng two-step gene
synthe31s to assemble a pool of oligonucleotides into
genes with the desired coding sequence. The device
comprised of two polymerase chain reactions (PCRs),

temperature-controlled hydrogel valves, electromagnetic



fabricated using a fast prototypi ng nmethod w t hout
l'i t hography process. The fabricated device is conbi ned
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synthesis. digonucl eotides were first assenbled into
genes by pol ynerase chain asgenbly (PCA) , and the
fulllength gene was anplified by a second PCR The

sy ntrived kzed gemetm@smﬁumbmekesepabaUmd freversheaR@R
reactign xture by the_soli PCR purification.
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purified on the device. Accordingly, in the twostep
nemmod;caheodevntb aayOﬁMmehesecghpnnseeacpupnf|EQRDon
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gaublenstrandsd DNAET 9Bt f €€has partial base
complementarity with at least one other oligonucleotide,
thereby assembling the oligonucleotides into templates for
PCR in the absence of terminal PCR primers; (b) loading
the templates produced in step (a) into the PCR chamber in
the presence of a PCR precursor mix comprising the
terminal PCR primers, dNTPs and polymerase; and (c)
applying a time-varying thermal field to the PCR chamber,
thereby obtaining a PCR product mixture comprising the

double-stranded DNA.

Once the PCR amplication has concluded, the PCR product
may be purified on the device. Accordingly, in the two-
step method, the device may further comprise a
purification chamber in eontrollable fluid communication
with the PCR chamber. In this method there is the further
step of: (d) loading the PCR product mixture into the
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the magnetic beads by subjecting the bead-imobilized

DNA to heat shock conditions 6f 60 C for 3 minutes. An
error-correcting step nmay be incorporated in the
petrhddsatWean chafiber tondimmobnd izer tbar fpithgeoatranded
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The purification step may also be carried out before PCR
amplification of the template. That is, the templates may
be purified (and optionally, errcr-corrected) before being
used for PCR. According, the device may further comprise
a purification chamber in controllable fluid communication
with the PCA chamber.. This method comprises the step of
loading the templates produced by PCA into the

purification chamber to immobilize the templates, thereby

separating the templates from free dNTPs and unpolymerized
oligonucleotides; and then proceeding to PCR.
Immobilization may be effected by using magnetic beads.
The templates may be extracted from the magnetic beads by
subjecting the bead-immobilized templates to heatshock

conditions of 60°C for 3 minutes.



chanber in controllable fluid commnication with the
purification chanber. This nmethod further conprises
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error filter chanber to renove tenplates that contain
base-pair nmismatches; and thén proceeding to PCR

Anot her aspect of our invention relates to a one-step
et hvad hf ath es YPaRh @gioziunag sdotiblee tetpdrded PiAdukea by PCA
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| oading the PCR product m xturé into the purification
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DNA to heatshock conditions of 60 "C for 3 mnutes. As
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this nmethod there is the fur r_step_of loading_the

P PP B 06BN 6. 66 SAERA™ DNACT At B ERBZ8r ( BELTFEgPS, VTS
ehamheplteremeyeocdodbkeesthandetdgbhNAct Bat igeBt @hBrein each
base-pair m smatches . The nethods and devices as =
GééaPPBééeﬁéﬂ@?nhﬁﬁprEFﬂﬁérbase complementarity with at

least one other oligonucleotide, thereby obtaining a PCR
product mixture comprising the double-stranded DNA; and
(b) loading the PCR product mixture into the purification
chamber to immobilize the double-stranded DNA, thereby
separating the double-stranded DNA from free dNTPs,
primers-and unpolymerized oligonucleotides.

Immobilization may be effected by using magnetic beads.
The double-stranded DNA may be extracted from the magnetic
beads by subjecting the bead-immobilized DNA to heatshock

conditions of 60°C for 3 minutes.

As with the PCR products and the templates in the two-step
method, the device for one-step synthesis may comprise an
error filtfation chamber in controllable fluid
communication with the purification chamber. In this
method there is the further step of loading the purified

double-stranded DNA into the error filter chamber to



conprise a mcro-mxer to facilitate m xi ng of
reacti on conponents. Specifically, it may be hel pful
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terminal PCR prinmers) with the tenpl ates produced by
PCA. It may al so be hel pful to include a m xing step
to optim ze binding to the DNA-adsorbing solid phase
megicrd eouplid-fsitGatndei DNze tdevi cestas ndescki-bad r
herein may be operably linked to a fluid-flow
PG ESs0 that the flow of the fluids anong the
chanbers is regulated. In certain enbodi nents, the
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@&um%&swr%ﬁ%%r%heTQe%?Q%xe%ubrbaﬁc%mnbge@ti re@@tmapsalso
as described herein devices nay bé operably
bﬁnb@dpﬁ@latﬁeappﬁ@dél@n@ﬁﬁlnﬁ cbebi g ebéamize Rinding to
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eh@nben-¢onli guredtbe,cent ahatbehweenok bk ard $0Qidk
of fluid, a polynerase chain reaction (PCR) chanber
é@ﬁPﬁgGPédcpémESﬁFaﬂﬁ p&fHeehed - nLIAngerd6inL cppodiments,

thui ¢ ,apd raghapben c6enfikgur 8dmbobrSal EdnPRa$Gge. The
purification of the PCR product, wherein the chanbers

aleids m@mtmowbaﬁkemfbuedCbemhanlcattbn wekh gme channels
%n%tggnghe crof | uidic device may further conprise
"ehanbér conflgured to mx products of the PCA

h PCR f
Eﬁ??%é Bl HipBrerceb e Fod s thar b tey R BhF Ep e

ekingendel.eet cHesgkB .t henPcArehanber, eaehvalves that
control sealing of the PCR chamber are prefereably able to

withstand at least 6.8 psi of pressure.

To carry out the synthesis reactions as described herein,
the devices may be operably linked to a heating element, a
cooling element, a temperature-sensor, and a temperature

controller.

In another aspect, our invention relates to a microfluidic
device for synthesizing double-stranded DNA, the device
comprising a PCR-assembly (PCA) chamber configured to
contain between 1 nL and 100 ulL of fluid, a polymerase
chain reaction (PCR) chamber configured to contain between
1 nL and 100 uL of‘fluid, and a chamber configured for
solid-phase purification of the PCR product, wherein the
chambers are in controllable fluid cpmmunication with one

another.
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configured for error filtering of the PCR product. In
certai n enbodi ments of the merofl uidic device, the
chanbers are in controllable fluid comrunication with

o aneten Wi ChRNGIS MRS akhyes seThe Malives
may be responsive to tenperature changes and those
vdlapee 1t ks fggmned toealixngrodudies PERtbkakbér raast iiom

%ﬂﬂﬁl%FQQQJQEﬁtﬁﬁxﬁPhﬁ_Fo withstand at |east 6.8 psi
of pressure . e M ¢FéT1 ui di ¢ devi ce may be operably

B e

drubliereireanded iNAL RS tSRlseAnC @RS iPEANghkR®er, each
m crof l ui dic device as descri bed herein, operably

l9lileea ucd c@ theigt ihay ladepantiad baski rgmelementardty with
rature-s r, r.ature controller.
B B et e o e A R e O (R
emati c of .one enbodi ment of e _gene_assenbl
e R dl e BINOETRAY SrtE-IRDGLRIRET ramber

ewbhddigneris fofr BCRokased tgenags it hasi fCROpeosiuen .
synt hesi s conbi nes PCA and PCR anplification into a

gnnglee tstiagembblie mkwd sSbEp te¥ntResbs 1us dper bekied , withh
separate stages for assenbly and anplification.Figure
shampeEsdpFents 6PNEAPLPERLIENIEB L 1IEBFOBEHBARALE OBf Wike one
Lhermal: Y6l 8haphCh sPRAKRYE 8RRt hest NerRB! yEYGker may be
wth PCA chip. Figure 3. Enboglnent of integrate
trasponepvgene $ynpkesicsrehicpangAy ScHelbbise; vandeEBrhat

hot ograph _of. the_m_crofl.uidic device (40 nmm 35
BOR PR 8aRk sl ST LR SheafRY! B8pt *Pnribdg ™
phobagmaph sof abNA ext vachseahBukteneexehangepehi pfwith

nmetering chanbers (M and M ), inlet (Al) and outl et
PAZY SHoF -

The microfluidic device may be operably linked to a fluid-

flow actuator.

In another aspect, our invention relétes to a system for
synthesizing double-stranded DNA, the system comprising
the microfluidic device as described herein, operably
linked to a heating element, a cooling element, a

temperature-sensor, and a temperature controller.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1. (A) Schematic of one embodiment of the gene
assembly fabrication process. (B) Schematic illustration
of embodiments of PCR-based gene synthesis. One-step
synthesis combines PCA and PCR amplification into a single
stage. The two-step synthesis is performed with separate

stages for assembly and amplification.



| oadi ng wash and el ution buffers, beads chanber (d) ,
and product collection chanber (C2) . Figure 5 .
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phot osensitive resin for single-chanber chip. (B)

Fabri cat ed singl e-chanber chiip with hydrogel val ves.

The PCR reactions and hydrogel valves were controll ed

bﬁghma gepamabeitnbargoelfechyi echeaheps (BE $chefafEc2of

gc Phot ograph of a two-step enenﬁ¥nthesis chip

ﬁpﬁh §8Fmééh§§élP€R ﬁG?lPP@BPEéHP 63fmiMs0thfymal cycler

E;QHr%CQ choghemati c of enbodi ments of the MutS error
ilTtering steps. (A) Conventional nethod using ge

Ehguteo@hoﬁebbgimenSepéraneeghetﬁdsnabchedpDBéBe synthesis

t b tS f tche i th
SIHONREIRE T T A SRS R St
MitSognayARci geliraebihbzesd 9n3BHﬂﬂ¢t|C particles or
ni ckel chel ate partlcles Figure 7 . DNA quantity (

Bégure 4ndEppodirertmues éﬁ?oSCh?mﬁéﬁpngan@AdBvegh%%ograph
QPAnﬁﬁ”B&€r§%Egoﬁ/ﬂh%%QEG ?E gg%ogﬁ9%r$9£ SHAUENLE, %

| et ons an I nsertions rrec sequenc
EBrmB6OsbpMDNAnd amp) mnlhtl@@%ﬁpenﬁeohtsequehze for
igure 8 . Enbodinents of. (AL Chip- b gene
Shathag w2shorath b Ry beRs ncaeanryciBlRer (CL), and
pphiEtcabi 0act byhf ehagxehange) and error fllterlng,
zB) Schematic of fully |ntegrated devi ce for gene
javResPs. Frgadément s Conewpt aal (YesBFLPERONTS dg@ﬁe
Lc C q Fi e
O e B P RO e P e L 1k ng
thrﬁ»ﬂ¢seqaengéefuhambpr|uhipoWLanUQHEOQEEesalﬁégur%he
mbodi nent

R erar . O8hcLRRs PR RRT brch bre S aHACE nEPROLY AR OV £

bapanged tRstHecDett POt YREBSEBSESs CYCEi Ngag@Nerassenty
PCA), and |igation based gene synthesis. Figure 12.

Eﬁgﬁ%ﬁbsogfa(%WOTﬁEeEE%%D%IﬁYﬂEW?Ehﬁn?hlPBWlth solid-

phase PCR purification (65 mm x 50 mm).
Figure 6. Schematic of embodiments of the MutS error

filtering steps. .(A) Conventional method using gel

eleétrophoresis to separate the mismatched DNAs captured

by MutS enzyme from the matched DNA with correct sequence;
(B)'Solid—phase.MutS error filter. MutS enzyme is
immobilized on magnetic particles or nickel chelate
particles. .
Figure 7. DNA quantity (M) béfore and (e) after MutS error
filtering. (A) 760 bp DNA sample with a mixture of 50%
incorrectvsequence (2 deletions and 2 insertions) and 50%
correct sequence; (B) 760 bp DNA sample with 100% perfect
seguence. }

Figure 8. Embodiments of (A) Chip-based gene synthesis
system comprising PCA assembly, PCR amplification, buffer
exchange and error filtering; (B) Schematic of fully

integrated device for gene synthesis.



Schematic illustration of the mcrofluidic structure
enpl oyed for the Gene-CD platform Figure 13.
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enbodi nent, (a) A igonucl eotides and PCR m xture were
| oaded i nto PCA chanber. PCA8was then conducted (b)
PCAassenbl ed sol ution was m xed with fresh PCR m xture
Edgtuaieniong Couicesp tplailmeescrier ivhxed peageatswadly
positioned in PCR chanber, and the PCR anplification
V@S TpErfdoie @ OCE)S SPERISYAECResi zed product and

F1ggeSWol.cRJheadent: Wer ¢nBURREY n2BdnkeadedokRl,9 rheads

chanber. Magnetic beads were captured by a magnet, (e)
MagRéting bbéaddNiesequaskred inthb) oBkumrdbnobiufbenchastides.

oaded d m xed with magnetic ads.,. Synt hesi.s

28656 s Skt CaliorlraRer SproR Char 1 5pS BrOGPES 197 pyprian
Bhotaghaphs softcere iFecearkxer oanbadimentrmalabrdcdyes
blue and red) were well m xed after being shuttled

PRieEcerndg sheenest Pre YERaRBEr SYClbrIseRBraAFESmbly
|(bbst rahion sk 4R Séeéa'gggéﬁg%gﬁﬁégggnent with a

syringe punp, “el ectronagne er noel ectric
Reguees 1a8nd Edavdiaequsspti dA) FhguBendé5CDThesthemank; (B)

response of _in situ.phot neri zed. hydr oge al ve,
S S RRE S S e A SRS LTttt 2 W
shpwegetihgokr ansi teaascof pyaty¥erhunctions. Figure 16.
Thermal cycling profiles of the custombuilt PCR

Fhgrwal LéycPeRcTAtERefiB85aPF cC foBRY €8S oAPERATIONS in one
%ﬁg&@ﬁﬂ@ﬁtgsﬁg)'61&?8pé§ﬂ?ﬁ£§&8%eaﬁﬁeggﬁcﬁi%gﬂEéobere

ater tenperature ermal cycling. T
fleapedatiute @CAf ehemberbeb@Bewathehbeatendsatédce (AhdPCA-

wi thin.the PCR chanber (chanber  tenpperat ) _wa

SRR Ao Oter Ag aR e AL Ea oF boP anPeFRgHrE 1Y RE s
BeAcpestihgsoatetrthprenawer ciial tbhgegalcgysherwabdpbbetioned
si ngl e-chanber device. Different oligo concentrations

areFt8edheBbEpY i ANZethRePPRARBEL pECE BN THRS sPEpTgERET -
sUNt BeRLS yheRuLESeAf ptBEUEPMIRACERL LDEL PBLL reagent were

pumped and loaded into beads chamber. Magnetic beads were
captured by a magnet. (e) Magnetic beads were washed. (f)
Elution buffer was loaded and mixed with magnetic beads.
Synthesis product was eluted into elution buffer.

Figure 14. (a) Photographs of one micromixer embodiment.
Colored dyes (blue and red) were well mixed after being
shuttled three times between two chambers. (b) Schematic
illustration of the experimental arrangement with a
syringe pump, electromagnetic mixer, thermoelectric
heaters and data acquisition.

Figure 15. The thermal response of in situ ‘
photopolymerized hydrogel valve. The valve functions were
highly repeatable. The insets showed the transitions of
valve functions.

Figure 16. Thermal cycling profiles of the custom-built

PCR thermal cYcler. A thermocouple mounted on the heater



cycler and the integrated two-step gene synthesis
device. Figure 18. Agarose gel (1.5% electrophoresis
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concentrations of 5- 25 nM and outer priner
concentrations of 0.1-0.4 nM fPor the two-step process.
Synt heses were conducted using a comrercial thernal
cy(ﬁlseruS(eaD) iPOf&heemnmra(tbl)rePCﬂ@@madH iccattiron riésaltes.

St e o e, S e R e e

CQ:rmieﬁré:ﬁeaicet fh%t%erﬁ&t@ieehe(amhléiﬁ:)fa@%d anChafthuinditte PCR
devi ce, (a? One-step process (device: single-chanmber

crﬁf&)mbedfnd C(f@)mkieﬁo e @té’é@s)s V(acﬁe\ﬂoéf@eqsw&eﬁ élﬁlng a
pa?vf%%r% vv| th an oligonucl eotide concentration
a prlmsr concentration of 0.4 mM. Figure -
2Figiee afT.ecth)ofPCa uteison tise myfe rdteu remaned dirdu tidteirow 1
time .on extracti n ndyucted within nc ofI i di.c
ooy 2y T S S AR BSY e TP LSS SN 1 90
2 dan%)entIQEE/éldsElar@E%BldPUoO&p%nﬁl‘é%O@m&ME% Qérc;l@em (B)

is to develop an integrated | ab-on-a-chip mcrosystem
t&mﬁt@rgng@ﬂeormmt@e@é@e resgeiis yif ridm mmermal thermal

C?J}gﬁtf el %ﬁ%%tflacé%% e Qd epg%%gl e.s(g/tnlt%%% i Qevice.

hto a sequence for I ng ‘genes an
gehagnese t!a&;edkgarrdemomlas(ﬂelﬁ%l y aietdiodphoresudi mowing the

Dgsg}é}_ raleSC%)hlallrgjé(r)ea or?{jﬁ(ﬁpé"‘q{ﬁ and llfd&rgasglrcrce(fgfltlrJﬁ%Tif ons of 5—

gene @@%&@'dﬁt@ﬁﬁi&%@ﬂ%oéﬂﬂ%a&@&d#% @ando.4 pM for
integrated into on a mcrofluidic device for gene

asSENBIe - MERISFOGHE -t RyNTRaERS oifhien addweterd (vding a
CCHB?&Y&E&I 1a'{%e%lm%fie @ 1, U$CrAatx%qsttﬁ%§ NVt iR

in terns its varloserrbod “Hents elnventlon
slam:lldﬁmiam@d irastdd st.o the specific enbodi rrents '

I|f| r to the explicit caonbinations a f
o aser e n ! Figure o (AP A 1 femparing
CQ:H@FHydﬂhe@l% Q@é@@t@@or@ud‘d’&i within commercial thermal
cycler (machine) and microfluidic device. (a) One-step
process (device: single-chamber chip); and (b) two-step
process (device: two-step chip) conducted with an
oligonucleotide concentration of 10 nM and a primer
concentration of 0.4 uM. |
Figure 20. The effect of elution temperature and
incubation time on DNA extraction conducted within
microfluidic device (B: 3 min) and standard PCR tube (O: 3
min; ¢: 2 min).

DETAILED DESCRIPTION OF EMBODIMENTS

Our aim is to develop an integrated lab—on—a—chip
microsystem to perform automatic gene assembly from short
synthetic oligonucleotides. The oligonucleotides are
assembled into a DNA sequence for encoding genes and
genomes based on known assembly methods including

polymerase chain reaction (PCR) and ligase chain reaction



two-step overl appi ng gene assenbly nethod for creating
a synthetic gene. This enbodi nent includes four
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(PCA) , polynerase chain reaction (PCR) anplification
buf f er exchange (not shown il Figure 1 (A ), and

error filtering. The PCA step assenbles a pool of

ShERY - oppgﬁﬁu@hééttéégl€ﬁﬁtﬁoﬁ Pen§erAMbRg 2080 pasesbly

ng e
RPERpa destr ent RURGER 50" < ellehEEE BT ST Bh it
mmambﬁuulaﬁcthevasseﬁbkegehenpbaéﬁbDNA i Bet€Bcribe the
anplified by the PCR step (Figure IB) . A s the

ASYERBIED BRONGETSaPE0T ABAF aF HEPSBRRL BAAG ghements and

LNgQLEeGt cSeAUensSent AENPERAUENES I L E 6T 84 DYuySi NY
an enzymatic error filter containing MutS enzyne. This

simbpdpuenfises The aszenbied phodludtnoTobéntegibee to the
these _ste [ xtra st buf f er

SRER STk, Bt g e de S Ren Rl FXb 202 BB R B ci e

aspbli hheabhenoandlenent sf ﬁéé@filﬁgdslh@ﬁéln This step

mAII extract the full-length tenplate, and rel ease the

?hréemghh EBBRLatBel QoAcoYtf eh Pt | BhBEHihORt 86 F Ofhe
tering. GCene synthe3|s on a mcrofluidic device

FHPsét@EIPéﬁréapﬁhﬂﬁ yeRayapeerbhposethed BoRumPeRtERg a
gHPHQfE Eégu%ﬁlperﬁ%oaikgﬁgcgﬁé§u %§2P69£3596&5§9

er na Fer for rm ng One design
sSepenp@Bedhoéra POManérasdi chatnuesserebbn &PGA] j con

strat th. phot [ el |
Ryavoner o arveitar soneeio (SRl oel pRicat Tptn pulfer
éﬁ@ggﬂ@@ (20€ Eﬂo@ﬁGYﬁntlgﬁﬁergagpp; ENAPSF Bb+ OPiltering.

durlnaﬁtenperature cycling. The function of this chip
Be cBrbr ot Prd2ByeRbe s her Avel eef r sRoRbdel B3onyrkepbides

(peral E¥H tﬂgoﬁnﬁoﬁﬁ@tﬁgéeéoioﬁ%ﬁt H%&'P&n%hgouble—

hydr ogel ves e schematic e actu set-up
sfrahe Dhérnahltgdle$mpletshomnthnt$¢g@&esr@d(Egn@hm and

S Ty I Y
deshuacof DA i 8t egeat &dol WOi SE Py JEME PCR step (Figure
1B). As the assembled product also contains some DNA with
incorrect sequence, the product is filtered by using an
enzymatic error filter containing MutS enzyme. This step
purifies the assembled product. To integrate these steps
into a chip, an extra step (buffer exchange) is added, in
conjunction with the PCR amplification and error filtering
steps. This step will extract thebfull—length template,
and release the full-length template to a buffer optimized

for error filtering.

Gene synthesis on a microfluidic device (also called a
“chip”) may be composed of a number of components. Figure
2(A) illustrates the miniaturized thermal cycler for
performing PCA or PCR. One design is composed of a PDMS
fluidic structure on a silicon substrate with photo-

polymerized hydrogel valves. The hydrogel valves are used
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synthesis chip. This chip integrates the PCA and PCR
steps in the sanme chip with other mcrofluidic

waeonponest s for reagent vol une netering and mpamige2008/000282

can performthe PCA assenbly, followed by the PCR
anplification using the samdlt hermal cycler described
in Figure 2 (C) . W denonstrated the performance of
theséabrthatE@AdeviE@Rbyeagsmmblim®d7ﬁ@ bpe DNAC (Bhe
% Puv} frg E C Th
aﬁﬂ cFEOPPHRE! P20  hhased)t e%%ragfe%e sYAThed?s The

@ﬁﬁ@@%énm@§ fhi§tc@9ﬁ|ﬂ%zéﬁhﬁﬁbﬁﬂéﬂrﬁwetﬁ@aﬂm@fmoelectrlc
thermal cycling chip (Figure 2 (A ). Then the

Bpeithegedorecfpe b\h%rru@bdcy@l%%tm@@@%@r bEPDNA on
&g FP&?QE{{‘%%&V‘Q e—f&lx? YOt NEsL sg ‘?1 LP- £ FLoe $hd
oo b e C%Ip IS

e syn esl S r al ned w 't
EOﬂﬁaledeMktb ®ﬁath@ftmefmmﬁmﬂynkértMEénﬂmowwcimrFlgures

ure 17% The si ngl e-chanber devjce successfullg
he €

r%P@s FeFPEFehgt b protfuct” f1iom System may

e&hgisay%&o}s desoW dh Socopeantration as low as 10 nM
Flgure 17(A)). It also produces a larger quantity of

éeﬁgg ﬁ@a@e Pgn coFmBr ¢ @ e dher bRl £ fYCL€dp gene

gure 17 ows t%e results fromthe two-step
$ﬂmegeai@d0hhpp Tﬁh@ @mearlmkﬂmtavﬁsh@h@ePCRe@mthCR steps
our _device il qgté es that

f
Snthesrata o et S PTG Brus O G0 g o

ﬁéé@énE’GR)aﬁf@énﬁw@tm@ amans;amaj;e Il‘faycéi)re setbf @ath ethe PCA
to DNA extraction_and buffer exchan The forner

PP ORBRERI nEOtHOed ratt LhhiePF Ry 4mp R £ DI Yol Same

Ohe ARSE 9epr@@y&£§bé@a£n cord.aid DiWs, of various
I engt hs. e way to do this is by integrating the

V?é)l &&nmééfa% % r%&ff@ﬂrﬂ@&e&? ﬂﬂb af&bf?caJé@ device

basi ¢ concepf is to use silica-coated magnetic beads
b @a@emﬂbblm@n'g6®l\ltp abtNA [ovepiharst usf GRREY Y herdeadspool

i the sh buf nd releas t he ca tur
Sutneft SRR isrs ifos [ bty it dro gl Yfthesis
ﬁfé&e%ooﬁ@stbieré;@r@rmmﬁz@i Such =i A eott Ari#sd £ Ofherma 1
devi ce. The magnetic beads are confined |in the beads

a9y ‘(}Q}Q Jr%r% %[Zh)y ma% thr fRgimized recipe was

used to synthesize 760 bp DNA on an integrated two-step
géne synthesis chip (Figure 3). The synthesis result
obtained with the chip is compared with that of a
commercial thermal cycler (Figure 17). The single-chamber
device successfully generates the full-length product from
oligonucleotides with a concentration as low as 10 nM
(Figure 17(A)). It also produces a larger quantity of
full-length DNA than the commerciallthermal cycler. Figure
17 (B) shows the results from the two-step integrated chip.
The clear band in the gel results from our device
illustrates that most of the synthesized product is full-
length DNA (Figure 17 (B)).

After PCR amplification, the sample may be subjected to

DNA extraction and buffer exchange. The former process
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underneath the beads chanber. The DNA extraction chip
can be integrated with the PCR chip by connecting the

w®rtiobeto49S the PCR chip to the sanple | oadi ng pawst2088/000282

Figure 4 (A) . The fabricated DNA extraction chip is
shown in Figure 4 (B) . To dehonstrate the concept, we
have enpl oyed silica-coated nagnetic beads from
leriwist rt@gerxtr?ﬁh@ shei €addatledgtrhgP¥Ri Erbmadspbpdnpét her
conne su |er or I BN can 0 be used. W
CPIEIeR PReBrbee b sbaranbears DRo: ff s Vorhout” 1885Fhs.

@&br&@@IQB ebi phby tsi Bg 16@ehpabNAgl aHdescasdsphaREE. DNA
The yield, defined as the percentage of DNA captured
§ﬁéfﬁ€Fé§§earoF§S§29@fércbaP chihp G3FPAG ERBCSPAndar HO use

qaegaboekg&'ﬂsgngz LNKELEQOER: cB%el,BEOT BAEALLAGLOUL 10w
own rel ease proc I's enhanhced by ating
wﬁ ha&eeanEGHSEUetheayserthotﬁe@Mth bhﬁfEr,menhaVBen

cessf devel ope act ch
ZHISERS nhelpaELareRt nhnin B B R hBT L Paplion P
QaﬂﬁecgﬁpenentFE@ﬁrge@$A$thBﬁ§l%hess&HSmQEE@roflEﬁ@ﬁ a
The assenbl ed DNA product contains DNAs with correct

BHG PHESRFEEPNsEqlieAtesThenBagRGti6 PeaBiearfeconfined in
0 0 ugt or
PP BEUS Ghedow hohn & ondy ot { Lo RIAKre oy EATL
NhﬁSreaayheths bapabl ehahbeecofhezDNy ehErEBM$omAth1p can

R BrFFaee tHe” Cobr Sot BNA Che. E8ruaer halImbrRod 1ot

useshthecgekrk gct Hopher esinp1£0168Qa1 3t enlBe 80T Feglire
DNA from the Mt Sbound DNA (in solution) (Figure
8(A) ). The Rabeiaakadab¥b| PULpAGEECRr FBEPT1Ft BROWRL AN

'g?%)%gf§+§??yﬁ8 agﬂﬁ9é££é€g PR "BRELLE, bgédﬁﬁgg'gﬂﬁfoyed

e m smat are captured

pimhbbat ceetdeMmSyrazyoebeadd fhemcdnvetto®hA. wbBbédsilica-
w th th t ffe

HERbG PAPR e ReSaF  6F phagsl BF o 7P by HGHiGES o

MBB2céfeaesberK) usedhi BB A& e NBPDEhHL ccBealS PrbBess
i mmobi lized MutS enzynmes. The experinent was_ perforned
BT AGSEBIALOTI B ES f BYA sapr @STWP R heBOD, Y skt ehey0l b DNA

PEHYEPCEs sample. The yield, defined as the percentage of
DNA captured and released, is 42% for our chip using the
standard protocol provided by Invitrogen. By incorporating
our own release process (which -is enhanced by heating), we
have increased the yield to 70%. In short, we have
successfully developed the DNA extraction chip, which can

be integrated with the PCR chip.

One desirable chip component for gene synthesis is the
error filter. The assembled DNA product contains DNAs with
correct and incorrect Sequences. One. way to remove the
erroneous DNAs from the product, the enzymatic error
filter is used with MutS enzyme (see Figure 6). The MutS
enzyme is capable of recognizing the DNAs with mismatch
and binding to the mismatched site, but does not affect

the correct DNA. The conventional method uses the gel'
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(Figure 7 (A) ) and wth 100% perfect sequence (Figure
7 (B) ). The MutS error filter successfully renoved

wo fwoerougmneous DNAs fromthe product. As the PCT/SG2008/000282

sol i d-phase error filter also uses magnetic beads, the
chip design is simlar to the solid-phase DNA

extraction chip. Mreover, the solid-phase error
Eilletéropap rbe isasiol yepatregeratbed wotrheoth@NAcHmponehésMutS—

B PR (BT aar) s JEURenEt oA WiFchegp oo =

sephiacenthe eemarr ¢iiakeMPB2tn Thesmuell enhohecalf@Ebilized
the process and chip design of the solid-phase error ‘

PRl magnepachieadsudééssral FyBievel bpedicoapehedt BN AaRre
%E?%geéuhﬁﬁ%' C QA% X%geﬁh 508,83, &0 pan§e§h§ ecbPPect
chip de d“H

Si g ave a evel oped harfware an
Suit wanédf gusteddent shregghathenfiieapenatfifectydl i ng,
sol i d-phase purification and error filtering. Figure

geAhasbovembhetseahemmthesdsagyianpbhsthersyst enitén one
enbodi nent, our invention includes the following: 1
Bé&P@eMggﬁpéﬁéﬁ?§h?8F PCﬁPlF@I@r§omﬁanﬁﬁégeb?ﬁ¢§ with

exhb8¢EE 98y ﬁﬂ@ssghbgmgéasﬁhgréQ?e?hhéﬁE w¥€ Da¥€ormed -
denonstrated the ormance of these conponents on

gepagaﬁé nﬁcvéﬁﬂaldpc ehmpéeSTNQSQ bohpohenetclhad pequence

(LR 0L L8R, PSR A DR B e

SYBbheSTEeaMUQHHthak|yllﬁer Novetspetbdgdsrémsved the
erforn1ngpﬁene synthesis on a chip. W have replaced

FhECEBAVEN 6ﬁaﬁr@@ltEPeEf?@bﬁBre@Fstﬁﬁtﬁ%ﬁl@oP PRA Srror

%%ﬁE@QtEQBoaﬂgegrﬁQ nbthteptngs by sol Ldphages et hods
with fluidic regulation control{ed by hydr ogel ~val ves.

$h@lyaelaOOthemmpéxﬂrabaS@nDN% akspaehhancedipy Moreover,

l;ﬁ&oégﬂéggﬂgsé Q%%Ek”?p $P c3n pdNg sE 'Eﬁt%ﬁ%é@éemth

our vice can ou orm conven
ﬁhhedeuompopéﬁvsdeWehcghEémpiéte|emmyganﬂsqua@@edyM@fs on
assenbl ed ?roduct t han
nickel chelate particles as an immobilization method which
will replace the commercial M2B2. This would not affect
the process and chip design of the solid-phase error

filter.

We have successfully developed components that enable
automatic gene synthesis - on a chip. Beside the chip
design, we have also developed hardware and software for
reagents regulation, femperature cycling, solid-phase
purification and error filtering. Figure 8 (A) shoWs the
schematic diagram of the system. In one embodiment, our
invention includes the following:

1. Device components for PCA, PCR, solid-phase DNA
extraction, and solid-phase error filter. We have
demonstrated the performance of these components on
separate microfluidic chips. These components can be

integrated into a single chip and become a microsystem
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usi ng manual pipetting, comercial thermal cycler for
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exchange and error filtering. W present a schematic
of the integrated chip in Fithre 8 (B) . The device
consists of a printed circuit board (PCR, bottom
|tdnyegr )i swidalpaibitee grfatped foltmi nigi lgenkeatyerseand
tenperaturglsensors The thin film heater and
densors | ocated beneath the PCA and PCR

chamReies &He@ hiels EBQY@@Ef@&%ﬁh@ggeﬁ@es&htﬂe%hbﬁbheat@hlp
beneath the DNA extraction chanber is to i ncrease the
e dage yﬁ@ﬂ@cevhéhﬁyﬁp@g@mtvamaé gah alsetpephoresis

]
sgaLralled Diaamnbeotahed eatgry The BURA0R, B8y o
@ﬁmnmﬁhwmmOﬁadﬁlahoﬁmdlahe ebgplatheni nbagtrateddcbiyp

enpl.oy pol ynmet hyl et hacryl at e top.l ayer)
F%%%F§@% VERE SR cFBFI Yt Eite QFrB@@uéétr?FE&Pé 4SsHoOWe

dePiage oS Bt H%%b%@%gt%aeabh&a@fm@ geng.using
over | appi ng ol i gos i ncludes thé processes of

Bi-oiThfe éﬁﬁuﬂtéslnd@pa@@n@baéopuaedgymﬁhegag oxfigegéasm

%%%%%%ltxom,g r%eth,Sdgl ObHOY EI C &?’%en gb%ese

sequence I mal |go
@EE@@HEh&yaBedSMDEhESt&edfeabbembmsdngrbﬂusttMh@NA

nlcroarraé gRlchnDnd et al Nucl ei ¢ Aci ds Research, 3
C8HTEPE 103804 bP OEGItBPEPaP=BFi G¥RKEPELP; 48 conducted

syAhBeshagrs. pTpeseinll geBRhS At 81t BRBrheheaseder for pca
purified, and assenbl éd into | onger DNA segnents using

ﬁDﬁtPCEbeEQdIQgétEéﬁCﬁﬁépbét?ﬁéﬁa§@rc9éfﬁﬁg agseabbg and

DNA segnents with incorrect sequence
g@gﬁ%eggéggg% Yan error filtering before final PCR

H&pbméseatlanséﬁamatEt aff, tNaclietegAstds BaspaiehFigure

2, .2004 I n_our _denonstrated. enbod
gﬁég DWEFsSFV&Sﬁ EEPBlﬁé§ Pﬁb?uEﬁ%BHeBychFPﬁEuEgara (PCR,
poiRbrd1bheee- di aBN$heBgkafBhdtRi nPROt APALYFBEEZ8Hd
resin. The protein adsorption and PCR m xture

é¢aperatirsa FANPRNB- wehe Ehini Aaledhpytesabndgteneerature

sensors located beneath the PCA and PCR chambers are for
thermal cycling. The thin film heater beneath the DNA
extraction éhamber is to increase the release yield. The
hydrogel valve can also be controlled by an integrated
heater. The chip can be powered by an electrical module
through the electrical connection pads around the chip.
The integrated chip may employ polymethyl-methacrylate

(PMMA) (top layer) to create the microfluidic structure.

Figure 9 shows design, synthesis and assembly of a gene
using overlapping oligos. It includes the processes of
bioinformatics, oligonucleotide synthesis, and gene
assembly where the bioinformatics partition the DNA
sequence'into optimal short oligomers. Then, these
oligomers are synthesized either using in-situ DNA

micrcarray (Richmond et al, Nucleic Acids Research, 3,



device with a thin |layer of parylene. The fluidic
control was realized with a precision syringe punp,
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m xture was seal ed during thermal cycling by in situ

hydr ogel val ves, which were I®sted and capabl e of

W t hst andi ng pressures of 8 psi w thout visible

Is@akage. 2\ 49hewe d oty ciiagr ofiligicthue 18ypitilesesnwBegizers.

successfully attained with |Low oligonucl eoti de

dOFEEN OISR It 2T eand eperser  c Bvddhtedri 8RdopseeRPled
Si e e P S ne ; - hes

BT e aae e e R R o o e aere gongrared By

tolod yimsarastee g yprloces .5 skeob 1iyh d PCA3 ulteithgder. r ONAr atgment s

bo%?hprocesse were not very different. The . .

it hedired 5 o&ﬁ@ﬁ?“ﬁ&r8r$eFFPPE&db%YDﬁR §EqQ8ntihgeTing

e flaadve ramaar PeR Lapei0ficatipar (2a3@rbasesl, canpaeabl gcids

to the control experinments conducted in PCR tube with

Reeeamehei ak (PRernill 6éyckPEP4)We have successful |y used

this device to synthesize a green fluorescent protein

flnaghendepGRRV R tET66mbpYimeatd, obhgei REYS{eAparabl ehip was
hesi s wyiel rror. Wi XRer .

SURECSe R KRl s d o bR A S b b eB s PR bRt moLa of

oyoltepolThe riesdl tresgner Tae pabecdet edsbmediby BhNA PCR

seguencin was 1 per 250 bg. To our,knomdegge, this

st c¥

P s
Prst SPEPER TGP GBVPcHcdenEAI REIFRY PHt EgRAtRE the

HWOSEEPwgeRe aSY Rl heshgerAbengawyt Bnkhe That eghabied g8Aerol
synthesi s chip, we describe a microf luidic design to
pasi teathéedy willhdsBs Ppeedaépnafsrpreparempuf fefl thermally

ﬁekEEEQQFTRgd?%ggﬁt%S%UE@PPbbgaEiSQFi%ﬁ ﬁ%ﬁ?ﬂ?éréé sealed
usi ng silica-coated nagnetic beads for the solid-phase
BGRipgr theeakilonytdisgpayate theusygtiregezedaproducthich

fromthe PCR reactiop mxture, On testing, we found
HRAE hoSRBRt SHEaCoERBLR EEnBE"GoBAE 0RRERCE RaOBA ©
extracthentcelfisebeBcycalggshoned that a 70% extraction
efficiency and nicrogran}ﬁevel DNA | oadi ng capacity

wer enehkal pedtbyiappkylndid shatheBeat vehackuccessfully
attained with low oligonucleotide concentration of 10 nM
and primer concentration of 0.4 uM using one-step and two-
step PCR-based gene synthesis précesses. More full-length
products were generated by the two-step process, but the
resulting error rates of both processes were not very
different. The synthesized products were verified by DNA
sequencing to have an error rate of ~1 per 250 bases,
comparable to the control experiments conducted in PCR

tube with a commercial thermal'cyCler.

We have successfully used this device to synthesize a
green fluorescent protein fragment (GFPuv) (760 bp), and
obtained comparable synthesis yield and error rate with
experiments conducted in PCR tube within a commercial
thermal cycler. The resulting error rate determined by DNA

seQuencing was 1 per 250 bp. To our knowledge, this is the
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(e.g. 60C for 3 mn) before DNA elution. This would
hel p prepare the synthesized gene in a suitable buffer

weRbdbioess for in vitro cell-free protein synt h&si/$G2008/000282

integrate DNA error correction nmethods on chip to
I nprove the accuracy of syntlBesi zed products. For the
enbodi nent we denonstrated, the process takes ~2 hrs

ENsLUdhDgr & 10y RERS {SPi €y Ch@poreciit ol e iR ed two-

"purification (< 10 mn) , producing 2 ng DNA products

78R @phe. sYmihesihis work was denpnstrated with
fluidic design in mcroliter scale to direct conpare
M ohg expeln | pient ntieg ROCRd ubsne thetlol Uine Ifipeatt giesscribe

and, structures' di nensions_ca scal down
SRLTER TS SRR Bk ds i (e pduct and
Byabaesisurt ide sesigoof £ dy dagelt maly efppreactican. We
chanbers, mcrom xers, and PCR purification are
HeRN B 62 0 TP bl 5k eeP Aeith RAIHRIUC HAAT ifamtthe

. i oat i on . . _
%‘2%%%%%%%&@@%%%%%0 pr od%éag:]a ef f |H§Se cy Hesized
plepéndt ofrspethd | RIR yremck tonplisteness @f testing, we

ui | di ng-bl ock oligos hyhridization. The prinar

SR e e | T b BT VRO b EnelRA (iU the
ohA g@ﬂtﬁfam&r@f@i@ié}[&yﬁ. ONRE (YW Riralty 4 armet
sequence and to ensure that each oligonmer is free_ of

Bhlyr STEH AT YL SR st CRRSIATN P udd g elad ing
ST e dabiaek Souna S Sy

gen to sequences such that

- ach. of0 thefsrduenices besfaur IR aiditsitaructTriss fwaeeld help

The gquidelines for partitioning DNA.sequence into .
FRTHET 017 GO0 (H YU 10 are’ & Ml 4P s that gy solution
s&t et i it @atli -nede DWW d (G0 iridh dINA M f Oiafdeyrate DNA
anong vari ous genes, where the oligos are desired to
R/ P TR FIOrH MR (Fhpdhdt i (TRRCYS rfgie accuracy
F OSPrd iy i Al 7 a8l Qo and. SEEONGA Wi dGid R L form

“hairpins or diners. Therefore, the algorithns and

dretdrogtsr afevd| dped Horcastd goskan crlodnrsayi (dliudimy two PCRs
DhO" 1 B U O MG P Bl s AR Q0% 8N
producing ~2 ng DNA pfoducts (752 bp).

While this work was demonstrated with fluidic design in
microliter scale to direct compare with experiments in PCR
tube, the leume of reactors and structures’ dimensions
can be scaled down substantially to provide more cost-
effective gene synthesis. The design of hydrogel valves,
reaction chambers, micromixers, and PCR purification are
flexible and can be scaled down without significant design

modification.

Oligo Design for DNA Assembly

Gene sequence fidelity and production efficiency depend on
specificity and completeness of building-block oligos
hybridization. The primary bioinformatics objectives are

to ensure that each oligomer has one and only one
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al, Bioinformatics, 20(17), 2893-2902, 2004) are
adapted to devel op hi gh performance bioinformatics for

wageorasenbl y. The DNA sequence can be consi darescags/én02s2

text made of four letters (AL T, G, and C) which
contains string informationiguch as keyword
(cross-hybridi zati on) and duplication (repeats or high

&fpCORLRRLS) . tBYgEErstqidenti Ayangot BEsRFOPERIBL L Sch
sequence regions, we believe this approach provides
sbigpmerativanragest oy $decrdarenstyentunssepdt ywould

% d. Lu l,
R SFAE P ie elatb R P Gt PEORS L o eiRbhco s -
¢Rapiétargert ab, kibucd el Ckidci tist Reseasab] y 32egWhces such
Server issue, W 76- 180, 2004). First, the troubl esone
BRAL s23RBnPs BAR DRIPPRGFStBY ARHILE relth/eht eet vt ree-
contai ning repeated regions or high G+C content wl|
ﬁh%d@ﬁl@lﬁgl@%ﬁef%s@@myt,lwaﬂ%% Iélglh PRAPPRER cel Uk hignal

c nds cape oL | (L r -
PR R R R L e AL R T Lo
ot itheh OAI dedgont Dosepientscraasedy odmong various genes,
al i gonucl eotides is designed for, each segnent; these
FPET R SERET LT 1 BT AP T LS Al TSV al Pt Het Sy HEST P
SaghEN Su Bé € (TRNPI Me -t d¥ H-K er { d N2kt Seguangesecondary
I nconbi ni ng the segnents, these are used in place of

SHETEL T ® goPUEP EBL YL 1165 a5 eWDTRT ¥ nt B ¢ &nft at € or
{’%r'%lﬁé pcln?d rrf?é’%dgfd@xﬁé éé’_ @@P &Vﬂ%%f{tﬁ%roar ay (Li

ctions nmay be required depending on t er o
ghd gonecheot B oesn aowdnd tagegent (At e, r Qe r'éd, t20Fbr hou et

the final_desired se e. n he

A oL TP TETSEET o 1 bl om 25 o Yoneh o5 adapted
KE YIOF £l S8 a Tdth NG PF th B M B 1o B BOFd i®s for gene

wel | devel oped i n conputer science to inprove

21§97 BAcy conpared to comonly used BLAST program
Third, the trend of self-conplementary can be

Tred¥A e UL st31 e stATs ddare@ya al yorerhmadeicfanpur

SO el P be JB117) CUBos 9007 - S004) Ta o
[ th Unneresisar o oonpuidin ioni za t hout arsd muplication
(repeats or high G+C contents). By first identifying the
problematic sequence regions, we believe‘this approach
provides several advantages over the current gene assembly
software DNAWorks (Hoover and Lubkowski, 30(10), Nucleic
Acids Research, pp. e43, 2002) and Gene20ligo (Rouillard
et al, Nucleic Acids Research, 32, Web Server iséue, wl76-
180, 2004). First, the troublesome DNA segments can be
predicted and circumvented. DNA containing repeated
regions or high G+C content will hinder the gene assembly,
which can be predicted using sequence landscape algorithms
(Li and Stormo, Bioinformatics, 17(11), 1067-76, 2001).
The sequence is then divided into segments; a set of
oligonucleotides is designed for each segment; these are
assembled in parallel. Finally all the synthesized

segments are combined into the final sequence. In
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Mold programto calculate the free energy of
secondary structure. Optinmal oligonucleotides are

wained/gness f or gene assenbly by LCR or PCA baseaamsG20b82000282

approach descri bed. The | ong DNA sequence is first
di vided into segnents with liength of 500 bp - 1 kbp,
and then each segnent is partitioned into opti nal

ebheesiRgsede0BebRBALD, pth@éétar@ruﬁ@atiﬂgpisa@eéﬁtym@rt
priority methods. For Ien th rlorlté met hod, all the
5™

@ﬂﬂg@§uﬁé9@tﬁﬁéssﬁﬁeaﬁéﬁ@bhedéﬁzﬁe@ phetesEer oPCR.
%$%¥9§25690E58?;%Fea§§ g %H& 3 %ﬁé@ﬂstﬁgg ?%Hé%may.be

accep ure varil a
¢Bdoi radodgptheingi go SEé nﬁmbenebfl@Ql@@ﬂ@@l@@ﬂiées and

riority nethod, the os are all owed. havin
FrEEFBne Féﬁgfﬁgu%ﬁe ng %?EmoB?%i 132 4n $%+g$qh§equence

aaepgqt henel a:ges§er£1ybHa§zg@i&@dppwyéﬂeéaﬁnb@da@@éﬂg@red
on reduci ng synthesis errors due to the

abskpyverdi sagrohing puchied wlilgozsla®ylhaws ngebl-
Habggéﬁé§”1§°£8§ ?? oL} Scéeé 08@ r&70 PP 8{§%5§R

ure c oseér e nean
MDhbaﬂeﬁ1ﬂbshomh@npyob@@d|BLMSDpré@iﬁ@Drﬂmifm oﬁhéhErend
oligos with lower Tminto a final r odu

ate
%Ec?%i TGP LSRRV REK SR OF PR L et ce3iin? %?ﬁ%ng suffix

Present 1 Ehventhon (B easdl s€onhasesh Shh psrAddics, 17(11),
fabricated using a variety of technlques |nclud|ng

bb7née, | 2@Pledchon @btabnbBssimprmolding of (17) 2893-
e T T

con I on an n1proceSS|ng
¥echai guesramphod otd 1 bopsaphyhantir¢eacte vey | ©oh et chidgry
technj ques. In one enbodi nent, glass etching and
AFFEGSPBR bondi ng of fused silica substrates may be

used to prepare mcrof |luidic_chjps.
9?%%%%%c%%%%%@%?%ﬁ?ﬁlﬁ%ﬁn?%ﬁeﬂﬁ%&ﬁp?Qﬂ%ﬁﬁi?ﬁ?ﬁ(ﬁ?%ﬁ%ﬁ%y by

Q@N'Sﬁspéﬁnbgéééeén Jhe %Egﬂﬁﬁéﬂtd §€rfﬁ€@SYTN@ﬂ1@hg DNA
U S. " 5,498,392; 5, 587,128; 5,955, 029; 6, 953, 675)

@lﬁag@qa@s@dlssn £Foft mvmédl’rsw i mmfe@ Wit cbendigr of 500
BSrio{“1Q§,F§%8 Jﬁgnpgggﬁts '@Sﬁgjpartltloned into
optimal oligos based on length priority or melting
temperature priority methods. For length priority method,
all the oligos have the same length defined by the user or
calculated from the user-defined meltihg temperature (Tm)
and acceptable melting temperature variation (ATm) among
the oligo set. For melting temperature priority method,
the oligos are allowed having different lengths in order
to obtain a uniform Tm among the oligo set. This method
provides an advantage on reducing synthesis errors due to
the mis-hybridization of mutated oligos. By having a
uniform Tm across the oligo set, one can perform LCR or
PCA at a temperature closer to the mean Tm, which will
diminish the probability of incorporation of the mutatedi

oligos with lower Tm into a final product.

Microfluidic device




smal I, mass produced, typically one-use, disposable
"“chips" for rapid anplification of cellular or

woMoes/@ikxal nucleic acids in a sanple. The devipga/sG2008/000282
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"~ and

included a sanple inlet port, a "nesoscale" flow

system and a neans for confieol ling tenperature in one

or nore reaction chanmbers. O f-chip punps were used to
G0RE S B ufd i dadd ove angle 10 Ll8d # vesn t eRGRIM Siorbleatd N 1icon-
and cooling neans disclosed included electrical ,
pesedtorips | aneriabaichicrl disinks? Wiited @f reashiiques,
sensors_on the chip,.and pre-a t i ndi

137 Ltl(?%lrﬁ)%‘i n%u%n%o%glnlc%ln ?Cgttfe%’gqg(%%léy@ﬁir%@'diq& osed.Of
A gormmar § ) uith ebainelmobsi ngedL1@R | remsipar i tlosjtaphy,
lysis waste to an open vent or to annjg{f-chi site.
Ahat 5O cERPEESA EeR" RA i tHabet S Ank! T G passages

i & £2SEn ONB1 LE0SSr 508 | oAl r Ll DBNSE Ofboed el

or dlg??%l% 0. iﬁgmﬂ to 500 mm viere dirscl osed. Reaction "o
vothmesues . Slmlone ¢vetinere pglasstedchiesiqnd giiffusion

m croflui dic systens, using |l.amnate 0 I

W?Jr%%a?} e u%\%@l %rflscaan%g?%%r?%?srmr?%gﬁggofﬁggg ! S¥pare

i EBHs1 @@ c ndie1ef ) Ui ditte Syt edEr of i vedyhng cegraesnafed
ity (Jandik et al. J . Chromatography A, 954:

conpl ex et, .
arnd no 1 Ped 20l bk Brdio MY HFERii it B ettrocheni cal

Fl ow Cel | s: Desi gn, Fabrication, and Characterization”,
Tive sV1 VoDt Dephrernty bfamBi deldi heeti e Beat 13287, 1287
ng ver s f Sk gt on; ray i - -
LELELSY SLolia AN I ol e A oo con
Besod dsv ofe Cheor gz r Reseang hPCRB5( 75he 494t <99, dpophosed

Donal d et . al | ect rophoresis, 21, .27-40,. 2000;
B S
et ip &t Yiot Ordhed e £ N t i SiE 0FS | S¢ BNt 1 eremimiigrobial
Suitable materials for fabricating a mcrof luidic
Hes) 0EC | 3} deleln LUt SHRL S0t THE e BlCe ot el Bl BFTRLe

%ﬁ?ﬁ%{ﬁ@{tschnme YERLboRRL e, s POt ¥m, and a means for

yl si |l oxane) (PDVS), poly(nethyl nethacrylate) -

¢ 1 1 ghassemiBerea ttwre hien hyeke ophobdee negagei @i chambers.
8P£YQ§{S Sﬁﬁgsaﬁeggmgéed to control fluid flow and to
deliver reagents. Heating and cooling means disclosed
included electrical resistors, lasers, and cold sinks.
Printed circuits, sensors on the chip, and pre-analytical
binding means for trapping and concentrating analyte were
disclosed. A common fluid channel was used to transport
cell lysis waste to an open vent or to an off-chip site.
Analytical devices having chambers and flow passages with
at least one cross—seqtional dimension on the order of 0.1

um to 500 um were disclosed. Reaction volumes of 5 upL or

lower were predicted.

Design of microfluidic systems using laminate technology
allows multichannel analysis and the formation of 3-

dimensional microfluidic systems of varying degrees of

" complexity (Jandik et al. J. Chromatography A, 954: 33-40,

2002; Cabrera. "Microfluidic Electrochemical Flow Cells:



whi ch adsorbs proteins and inhibits certain biologica
processes, a passivating agent may be necessary

wd ogdfomssr et al. Nucleic Acids Research, 24: 3t5%/87908/000282
1996). Suitable passivating agents are known in the
art and include paryl ene and0DDM See Zhang et al,
Bi ot ech. Adv. , 2006, 24, 243 for a description of
peedghl urdbeideviice, f ahdi chbraottechaology, Thesisj npoo2
materials, design and surface gassivation,techniques

PePapEReRt cPof BEEPRPLESSTLEBNt FoRF BbPe PRUVETSITY OF

WQQHHH&%@BEOﬁébEéigréttglthﬁngfy£§8a@eéhgﬁi§H§ ,tﬁ§¥658—
the reaction fluids can be noved fromone location to
ahoét hePOw t Mthonhaéddenilcéhiheaidannehceegutat el Gyemheal

HaGrestnanpor b AT IOER ARTe ~enc PRohr o 2 417

niecotbphdireschanpel 23-a0f | podochannebr haniag are
vari able length. In sone enbodi nents, one dinension of
tRecepPpsatsdchroninf i ERahRetNT5TPRYs ERaRNSOR<HRRT BOT

@nggﬂggsggygd%ﬁgg&§rhpne di mensi on of the cross

section o nnel 1s larger than 500 nm.

Mook Lui et g £Lowhehayl oro i Bl e ol bl Cacyi ce
channel i s non-ideal and may be dependent onwa
wetludg, propeatéeeseot r dighnessto) i quecdivi stesit ygopolymer

ce tension, adhesion, and cohesion. Furt fl ow
vy T S A DI R A SR
£605$mSeRY1 onathpcpfibes) aleveonfrolded b y the
di agonal w dth or dianmeter. The nobst narrow di nension

phe at§hanoehyh w@im&@f@f@yg@ofﬁ@ﬁé 9fcH | Q3. ppMs,
Vias in a channel can be designed to pronote '
dirielt idparbs | prptaindrandfinlhit st eeetehedkivkdgical

' f1 uidi ' 0 t_j Lon
Rodert EE%, P Grh i ool Sl YR L e
ot &he Twol¢packcnns Rayedakie, ptack7wmihdn 19e6sane
hangﬁL (I synt hesj s chanber' ; -stgg chi . Chanq;ls
PEE e VRS T b7 TolihecTIThe® ctid I THS ToF et i
eaetugdhaphey1 &y rangephy OM dedlziond 08 nd1, Biotech. Adv.,
ﬁgeC|f|caII , the volunme of
2006, 24, 243 for a description of microfluidic device
fabrication technology, including materials, design and

surface passivation techniques for PCR microfluidics.

‘Controllable fluid communication’ refers to the device
design such that the reaction fluids can be moved from one
location to another within the device in a manner

regulated by the user.

Once way to provice communication between the device
chambers is via channels. One form of a microfluidic
channel is a fluid channel having variable length. 1In
some embodiments, one dimension of the cross-section of a
channel is less than 500 um. In. other embodiments, one
dimension of the cross section of a channel is larger than
500 pum. Microfluidic fluid flow behavior in a

microfluidic channel is non-ideal and may be dependent on
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each chanber may be between 5 nL and 10 nL; 10 nL and
50 nL; 50 nL and 1 nL ; 1 nL and 10 nL ; 7 nL and 20

wooodod@3sTL and 20 L ; 20 nmL and 40 nL ; 40 npcESECR06§)000282

nmL ; and 70 nL and 100 nL . One way to control fluid
access to a chanber on the davice is by providing
val ves. Mcrofluidic valves include for exanple

QMQHaNEt%anﬁeﬁBéﬁbgt1BBeUHBhaneB§?n@lhﬁldaﬁﬂsc031ty,
electrostatic actuator flow controllers with at | east

@néfépﬁeﬁgn@mogwaﬁﬁbﬁS@han 800 aanespopepr BEsehbari velow in
thap ¥glve 8f 4t & gS”Hgné§19§58£'9§9chfﬁé’é%oéé3§§&€10na1

So Tnecl uded“are val ves
pabfeleﬁeabéaBGEtvauwes bghenk dahqeﬁaBndletﬁsbﬁnﬁtameter.

val ves. Patents describing species of mcrofluidic
gﬁﬁv@gsFnBPEH@WUdSmeBSQ?& 9§5a ghanre besas gtlao M998,

Z%éu%é5ef§eZ§7 A9élo© 90¢1§§91naﬁdc§a§9813é§n be

ntrolling the flow of fluid through channels may
deeugnefir baghrohetasdivéctionatohioel aeshani shssehad
|gckude nan exgﬁndable material. Such flow contro
anl sis nay be- forned a s part of the device and

(eI L N R T e L

gehpyente @rPtnechaﬁ@erEgﬁapéegc@fcﬁymb@blezn@t@pléhﬁp or
for this use include hydrogels, polyners (e.g.,
5hel Fupl EepBlyABP s aY sheke aRlager wikahpl gie Same chamger

?gEgQEE¥E§E‘ ﬁam%é?and?béée ?g%g's @@and§i¥ éﬁéeéﬁédway

s super absorbent pol yners s) or ot her
avatbabéetnaherchhmberydro@bésvuhymsmemle@¢h00h$mmse may

in response_to a nunber of factors, for exanp
Fahper aFORel Pbnfe &PPemgth DPe@ SbFativn, t%ﬁ %%%ume of

o0hi paL LoD tRSEenL . LBy, Sug! § 100 coh | @PSi 1§, nt Nena 50
h i e Th

ydrogel nmay regulate the flow o urd rough a
shanpel nLFerdexaapl el |y dsogel 0 nEry; swakl @td 20 uL; 10 uL
t enper atures bel ow 32C thus bl ocking flow through a
ghandel phnd2ehpk nkn@dt 4@ plenpeld atlurandbdyetl32@nd hils UL and
allowi ng flow through the channel. Reversible bl ocking
Be- used to perform serialized

One way to control fluid access to a chamber on the device
is by providing valves. Microfluidic valves include for
example hydraulic, mechanic, pneumatic, magnetic, énd
electrostatic actuator flow controllers with at least one
dimension smaller than 500 pum. A representative flap valve
of the genus is described in U.S. 6431212. Also included
are hydrogel valves, pinch valves, wax valve, membrance
valves, check valves and elastomeric valves. Patents
describing species of microfluidic valves include U.S.
5,971,355; 6,418,968} 6,620,273; 6,748,975; 6,767,194;
6,901,949; and 6,802,342.

Controlling the flow of fluid through channels may occur
through the use of flow control mechanisms that include an
expandable material. Such flow control mechanisms may be

formed as part of the device and may include, for example,
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reacti on processes wthin a mcrofluidic device. For
serialized reaction processes, it nmay be desirable to

woERYeness a series of chem cal reactions and/ QfcT/sG2008/000282

processes within a mcrofluidic device w thout

exposing the reaction materizdd s to the environnment

once they have been introduced into the mcrofluidic
davieeealconnan srteli apsnf ebnbydeogeks knehude, esgch as,
pol y- Nl PAAm pol yvi nyl al cohol, sodi um pol yacryl at e,
ACFyPEEBLASI yHRESTand EBpBEYRer STWFPR AhkgbuRdaReLedf oL
Qvdraphtl heogroups. eNBtunal Nydrogeh .gBt guhpbgelacl ude
agarose, nethylcellulose, hylaronan, and 0t her

petlymalrby (degi vedwpolyheespol pmarel of burli esdefdreenayple,
ingludeﬁz ni?ing nodu&e iuch ?s a_shuttle nlxer fr an, o
BP&¥EFoMBENetPe MRBPISPAC SHAETT 82 hP x PRETCEL ¥ of Bt FORT

ks shytthBsbeburenpbwpomehanhsnssgpnagayed byharnavsoeble
channel . The abrupt opening at the channel - chanber
FaRerions -t BYEreaees chast PEchlvett FeALlaPSehen | tRTRPBR] tO
andurselr Gul ahesotbe ELow, Lust ect bRmagBRbLEaFhXLNTioni
al ternating nagnetic forces re generated to agitate
ragrettb bfadssohuthenmi crofhui dowbiestten theseof. By

itati th | ut i t aj ni t ti .
RN A ke LT e NP e et g AL
bhr eughdarehangel a suebnhbal ther! &guingsepr eyt 3661 may

during their residence tine in the channel. For a

ghveéh wel bempgraturde pelod, 32He tless delpek irigre lofw ttherough
l[iquidis increased b% increasing the length of the
ghahABNeL02RS $RrERkuRe 2oRPIREEARIXPNEPOTR AAGhdhus

a$pPEGtn t?ﬁoﬂ1§ fo&%ﬁn@ﬁé t8ahapched into multiple
channel's s

narr owe as to ensure mxing in a shorter

' ti e C Il enj N :
R P Fa s st ey TPErEbes PPrOLEIS L fatizea
negcdibui drecehanmnebitioinra bmiaryf hutddchdenets, ¥hir ch

are,branching channels off of a nain mcrofl uidi
SR EhPLr 250 o ry o ST Bectonnect bandy DS Sesttible o

sequence a series of chemical reactions and/or processes
within a microfluidic device without exposing the reaction
materials to the environment once they have been

introduced into the microfluidic device.

Common materials for hydrogels include e.g. poly-NIPAAm,
polyvinyl alcohol, sodium polyacrylate, acrylate polymers
and copolymers with an abundance of hydrophilic groups.
Natural hydrogel materials include agarose,
methylcellulose, hylaronan, and other naturally derived

polymers.

A microfluidic device may include a mixing module such as
a shuttle mixer or an electromagnetic mixer. In shuttle
mixing, a solution is shuttle between two chambers
connected by a narrow channel. The abrupt opening at the
channel-chamber junctions to create chaotic advection at

the junctions and recirculates the flow. 1In
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to val ves, tubes, syringes, and/or punps for the
introduction of fluid into the mcrofluidic device.

wdod/edogssconpri se openi ngs out of a m crofl ui d@/sG2008/000282

channel and can al so be connected to collection ports,
absorbent material for renodng fluid fromthe outlet.
It is sonmetines necessary to control the vol une of

thukdrvpbymes iw hlkAngheamterabt Uhgi Gageyt ce. fér¥ek Ukigre
meter may conprise a chanber or a channel of defined

gehametatl denapéhbtd BeehRrbhs baefst hat thatpbanefivhdic

id t i
By shRen eSS EPRRaaten BPEREORR oot tnt o oue
dageetionbkanevenent anbthkni dspacthi twa mguddl stdéeagms are
actuators |Eclude

BB Bon e pant R PR hh atRe il Bt SAEt noEaR LB ias are

fhores AoYeRgnthef  f Lukdgennbet ent hen stRst ENShHEES Bbr a
the punp have a thickness or other dinension of |ess

ghEan1valPriket ef. tBachlpudpsthacresiedenes neehantEakly

29§§%& g§r§ﬁ52§#§§&'”9 pﬂg?§e9§§§%|?§§tig$@éh HAtENL

appficatron pu
208bh8106066s bMbcenshinedeomplaps mbyibe. oper athethdy

hand or robotics, El ectroosnoti are al so
Be0Scly SherBugrs: eherast bo Brorised RS kSIS o

deviegsy AhLghBati ¥el ¥s €enthkhivgahi fongeihsausedrtor
propel fluid in the mcrofluidic device. U.S.

Beg1den7a Heweribed a centrifugal rotor for the
i solation, in a sequence of steps, of a substance from
anhe ks urempt i sabspantess dissol @erdicscméb@h@s@ @bannel .

ghfggrsed IQlufglgghfglcguﬁgcthglﬁl rof ?fgl S ﬁ?el to

processe aneou y nmeans o ura
ffﬁbht@ﬁ@tmoﬁrcehhﬁmeeaphw@icmMaﬁ@ mxwmémrmgacsammess off
of interconnected, chanbered and vented conpart men

Ph APRH"| RUFEP HLAEA5F epRabRe{ he? R 488Y ohbt o%eaﬁ%nnected

Esolat 08, Presedur eyt ake-pl agfa/bp Bihss cedt rifaigal
rotor, the speC|f|c conpartnment occupied by the sanple

imqn©@u©tl©neoﬁffl@sdfxgt@u@hs Baicamylsidge Eviae
BLOCESS LEnPRYELNELRYnGs COTPT DALL QR LOL Py 4 [1§: SPEEGne1

and can also be connected to collection ports, absorbent

material for removing fluid from the outlet.

It is sometimes necessary to control the volume of fluid
volumes within the microfluidic device. A volume meter
may comprise a chamber or a channel of defined volume at
demarcated sections such that introduction of fluid to the

demarcated sections result in a defined volume of fluid.

A fluid flow actuator allows directional movement of
fluids within a microfluidic device. Exemplary actuators
include syringe pumps, bulbs, bellows, diaphragms, or
bubbles intended to force movement of fluids, where the
substructures of the pump have a thickness or other
dimension of less than 1 millimeter. Such pumps include

the mechanically actuated recirculating pumps described in
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and direction of rotation of the rotor and
gravitational force. The interconnections, chanbers

wony/pmssages of each conpartnent are sized anaEsGloesh002s2

to prevent predeterm ned anounts of sanpl e and reagent
liquids fromoverflow ng the4conmpartnment . Gene
Assenbly and Synthesis Genes or genones have been

-gypthestzgad de7noysobranyol| gonggheothadesnt puasseabl én

a viral genone é? 5 kb; Cello et al, Science, 2002,

2@@5/%@8966bac EErobhabel gendnes (B2Y Re: OBpf ¢ hedt Dy hand
0 ad 3 4

GEngYcl aersi e | Aree 5 SI kb, (RaMnar ot &l @ Proce ueed

Nat regAtade Soe. £fUSA, oﬁOﬁﬂuldOim m5576ilui®3cl@mgbsés.

synthetic DNA reported to date is 582 kb, the genone

piitarhacteei ym (dycopfagan gencé al s unedytdept@pe Bnlluid

co-workers (G bson et al, Science, 2008, 319, 121 g

EOr £her RorEo L BRIGEG nfPBLFS- hal- Deetr 8HRcRESTipTGribed a

eemewgg%ihr@tap gepsity Dby coearf Ay, t echnol 0gi &8
(Tian et "al, Nature, 2004, 432, 1050 and Ri chnond et
atePSNuofeacsw@$d@nG@sfrOQO@4m18QurSOQQ)S@b@WaQW®@

ns4 of _uni Iy onucleot| es.al a sig icantly
g1ﬁ5? %st fu%pgﬁge%rdgr o?pircentlrl 7 samp ilqulé
nhigopuel eanptes @@@p@f@deé@edhglm@nwsmémwﬁayIwy means of
synt hesi zed oligonucleotldes (USD 0.2 per base)

DNA
pi BhbFatife a5 FargelaRaGEkCE T in %?C%|OfP¥E{ﬁ% contains
2004+1432, 1 10503 r Fasnbeehd sUSKERSE Hhh Ya £@NSL f1icd ed

wi th oligonucl eotides from DNA m croarray thus far.
Cempasynenesi sn ush hgh allp:@@‘ifl@tﬁalaost@p%t ¢hcthe

Li I i d h
CheaPLHhEcth So5a e, Lertp epmsl ol oty (T AL ol wnis
ceﬂbtexh@alofobéfgomM@l@pé¢ﬂﬁl@O@émpasym@ﬂes¢@cm@¢@d by

becone unfeaslble Assum ng that a pool o
ahet PARRL %Ijrjg%%‘él%t?r&i%s gsl’ishefb%%?l‘?n?n gt %f?ﬁél $trge of

@ﬁlgh?%tg@@u)% veends B AVEsRgen40i bp Mbth 20 bibeed
over then the | argest” possi bl e doubl e stranded DNA

an@g%ﬁ@cm@@m%dr%aiab@@toa Ph&browoT epfgd 9ragitational
f8§8£¥’Tﬁgrlnterconnectlons, chambers and passages of each

compartment are sized and angled to prevent predetermined
amounts of sample and reagent liquids from overflowing the

compartment.

Gene Assembly and Synthesis

Genes or genomes have been synthesized de novo from
oligonucleotides to assemble a viral genome (7.5 kb; Cello
et al, Science, 2002, 297, 1016), bacteriophage genome
(5.4 kb; Smith et al, Proc. Natl. Acad. Sci. USA, 2003,
100, 15440), and a gene cluster as large as 32 kb (Kodumal
et al, Proc. Natl. Acad; Sci. USA, 2004, 101, 15573). The
longest synthetic DNA reported to date is 582 kb, the
genome of a bacterium (Mycoplasma genitalium) by Venter
and co-workers (Gibson et al, Science, 2008, 319, 1215).

Furthermore, DNA synthesis has been successfully combined



genes and DNA fragnents | arger than about 1.2 kb, nore
t han one rounds of synthesis on a chip may be
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ol i gonucl eotides as disclosed herein may be adapted
for use in series, as descried bel ow. W envision
that a single round of PCR assenbly and synthesis from

8&% Opug e&éhQ?gﬁ'BNﬂ M EEQ riyydt&cﬁﬁalggl@@utﬂlgﬁ et al,

|ne prodtci ng of up to
Npeuré;caooy,lABZan@@éOfa@@130®1©@m©@d162 &b- andusbdeic

bp.t.o 800 bp epyi s hat it mould C
SlﬂﬁeRﬁsch|%O¥% ngée %ﬁggngE?Vf%%% ol gﬁ%oé%pgﬁﬁgue
Mﬁﬁgsﬁﬁcpéogﬁassa§§egbgy ﬂ?fh@ﬁﬁtﬁ%lEéwefa@@iﬂg(éMOﬂme
ods such as |igase- c%aln reaction (LCR) (Chal ners

sgde€h®ﬁo%/CﬁmbtE@ﬁnPhE@@nu%b%9§ld?h9C%Qpa2 1to the
5&§§ ﬁafig %?ﬁ@hegggé& #%éaé%?lé8§2&eéo §§Dt§520§er

e ie emmer et Gene, 49-53
Eh@dronDMAaDdOMOlébul@easl1a5@6)asPtbtbbn(Eh@mn@Erahg,

827-9, Bi oTechn
H637 v otha® anbibondl PROCHeY o aeh o ReGBaF kALY 337y Lucted
@§gh g@@é@n@@@egtléés Nugheben Agi @soResay BHus ef43,

003; Xiong et al, Nucleic Acids Research, 32(12),

@g§e 399€%eéfggHE§n&1£ p¥®1|8fn@§© @§§€ﬂ§&ﬁ protocol s

start pool s of “over | appi ng syntheS|zed ol i gos_ and
ehdgmnuhléﬁﬁadﬁplhaveabe©n d¢menst nasedbl Blagene, 2t he

REFERLnEo 21 ROTRe €08 o HOKECERe ThPE: BT Crrgsn

pepplakiop 6§ oeqybhedléothaveppbdsphsyythaeedsSmayendsome

t hat all Pfu DNA. I t | h
UBE?PEPHSQLIogﬁ§um%8ée?ﬁgF £ob7 n??t gpndirainet oo

Hﬁbﬁﬁ@leggBdé§s§§b£Me poveVveini frkesduseaef each
nphosphoryl at ed ol i gos, which undergo repetitive PCR

eycgongclgoéxdenasaﬂd avenr@calPubP Vehbt A0t BRpPEEELaD,

Aﬁdlt£ na#lo egEep%%@&§%§0§§§%;§q§££gﬁ &'QQA fra%ment

oncen S 1N range er eas
sioglecat i andeduand. doubl énslengded PER apté6n$thaﬁer
gggggnéﬁgtbﬁﬂ %ggghégggn gréggttgan a out 1.2 kb, more
than one rounds of synthesis on a chip may be requlred.
PCR assembly and synthesis from oligonucleotides as
disclosed herein may be adapted for use in series, as
described below. We envision that a single round of PCR
assembly and synthesis from oligonucleotides in a
microfluidic device would be routine for producing DNA of
up  to 1.5 kb; specifically in ranges from 300 bp to 1.2
kb and 500 bp to 800 bp. We envision that it would be

practical to use a chip to make DNA of at least about 100
bp.

A variety of gene assembly methods exist, ranging from
methods such as ligase-chain reaction (LCR) (Chalmers and
Curnow, Bidtechniques, 30(2), 249-52, 2001; Wosnick et al,
Gene, 60(1), 115-27, 1987) to suites of PCR strategies
(Stemmer et al, 164, Gene, 49-53, 1995; Prodromou and L.
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| oner (nM 10~9 range) . Published synthesis attenpts
have used oligos ranging in size from 20-70bp,

wEneemaliisng t hrough hybri di zati on of overl aps d&r<EH0m9/000282

Since many factors are determ ned by the | ength and
conposition of oligos (Tm <econdary structure, etc.),
the size and heterogeneity of this population could

haV@e@rhargQ8¢ff995temnthﬁggﬁééghﬁacysgﬁ gsSegdby edtdnu
qual ity of assenbl ed genes. The percentage of correct
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Nubee@blg@sdarResequsnedeu@3bu20d3thmlam@\@toﬂUptNuclelc
Besi des, the reduced overlaps _of shorter o

Poatipy Beproroter STeel s { RES onplad T nort Shesi bEYS e most
g%?gﬁbﬁ§ BQBtéBS?éféEa?@nﬁﬁkhngooﬂgdofe@@&§l$§§1ng

iciency of the assenbly process . A tinme varyi
ByethablteeldlmebersndoenﬁewutheP®%g@maleﬂlh@@1®mg06fthe

t he fluidic deV|c a I|f|cat|on or
bogeTbIEd GHbS| CrBS s EntRy br Pe S L TR | fuf SRo ol cpn
HQYqbet@pﬂhEEQréﬂterDﬁ|tMe &@ﬁeedﬁnD¢E byhel acitgal heligo

m crofl uidic device on top of a thermal heating bl ock,
BPOHAREGPARL 68 WPERIACA RPCRBYEUPEPEPRRYYERTEdop’ onds that

§%§89'§f§SD§Atbi&a£é|Fbh8§%§ie$999t@Qnﬁ@@@dt@é§éy“bulldlng
bel ow t he PCA and PCR chanbers. A tenperature

bbnckarlepgeaheest®héormnpbeatu1E1@i t@@phéﬁsan@CR

con unctlo W th n
? ﬁ?m§£¥ ?ef e?enen?seo?%lnt féé ? llgos'
WﬁaﬁhlOﬁdéh@ﬁbﬁépe@utiﬁ@rP@Brtﬁéliﬂ@ d@r@&témd(ﬁnimﬁﬁeate

applied_to the reaction chapbers. The tine varyin
?thﬁéllFPﬁFH heyPr A - b%d%bb+?%@l%brr%@%|%ﬁ% %ﬁ?é%ss

ASEELSs0b1158 BOGEOhL Hhdl 6ndevi Cene f1Rl @r@ﬁpl%ahae
actuating tenperature responsive hydrogel valves. The

veapenat bpehosinhbe t vierantledi and @@gbbar§ta@@@¢@uﬁ@Rto
%h€1939a£g59té8§¢e§PP§@£&HGIQQQi?éé&ﬁéé°Ph§£?£§39&u§§R

lower (nM, 107° range) .

Published synthesis attempts have used oligos ranging in
size from 20-70bp, assembling through hybridization of
overlaps (6-40bp). Since many factors are determined by
the length and composition of oligos (Tm, secondary
structure, etc.), the size and heterogeneity of this
population could have a large effect on the efficiency of
assembly and quality of assembled genes. The percentage of
correct final DNA product relies on the quality and number
of “building block” oligos. Shorter oligos have lower
mutated rate compared with that of longer oligos, but more
oligos are required to build the DNA product. Besides, the
reduced overlaps of shorter oligos results in lower Tm of
the annealing reaction, which promotes non-specific
annealing, and reduce the efficiency of the assembly

process.



PCA reactions. Typically, nucleic acids are denatured
at about 95C for 2 mn, followed by 30 or nore cycles

wioodieinadsur ati on at 95C for 30 sec, anneal i ng miT/<E06)600282

10

15

20

25

30

for 30 sec and extension at about 72C for 30 sec, and

a last extension of 720C forz710 m n. The duration and

tenperatures used may vary dependi ng on the

QORRASI Vhenink th@rﬁbhg@magaeeéfgg§,tECBh@rtﬂaéSregulated
anmplified product size, tenplate, and the reagents
9§éalnﬂopfekaﬁpméCfﬁélbéﬁyﬁeﬁagéce Pol §heprsBSRare
gl%éﬂ?%c%’e%n' BEOLPRr aLg ‘898}@"% dsc Lk phosgﬁé‘t £8me OF
eoxynucl eoside tri hospﬁates fo extend
hydymnglthermamusleidamﬁﬁﬁbprappl;eanemtegmmbbyeofmﬁe

or a gment . For a i scussion_concernin
pEFfHera @sp @8?3“9\&?@%&“13 B‘ldje? PViEg087)toP © 2

%hb%ﬁahaﬁeﬁtgh@gwleékthsrcﬁﬁﬁegﬂébeéﬂw1tﬂln A microfluidic
Benj am n, Inc. Menl oPark, Calif. Suitable pol yner ases

Havlade, Thut cRABOAOL 25| A toENt 61 LKA poty mbpagesd pf u

E%ﬁﬁ?éﬁé?y 1298 '%!}ﬁ[%rpo ' ady- p&?' %PQ' y”E"@éxﬁ% rature

€no agmen ynmer ase, yher ase
pohyret ase a&dléEVEMSetémﬁﬂﬁatmpéaﬁﬁ tiad | hodt Mg cdl @nent
known in the art, oI merase havin roof-re dlng
&apSBPFF?9t%%EhWéE %%HGB%F%B%s?eﬁ%§ b%l%§ Q@
ﬁ@@kégaéfeﬁbwtwﬂéb Dﬁg@gfa@@al1ﬂtoF%Netﬁ@a@@idﬂE%ﬁgﬁber
possesses 3 ? to ' exonucl ease proof reading

Actimeryvarhes tltle ndyrebieecet meiecrpribied to the

%%ﬁg{?ﬁp@ﬁé‘ﬁﬂb&{‘ errphs-  HiR é?%g{%]ytﬂg 1PER 14 may

assenbl'y uses po ymer ase-nedi a charn“extension in
ebeblhatapplmedhtatré@@B&téMQtMéigm@m@¢€9t®ﬂesh®aV|ng

ary ends which can nea such that at | east
eSS R NS L R o A U R

cappgbhei o Physye]l epdigles chain el ongation by a

pol ynerase (e.g., a thernostabl e pol ynerase such as

TRE PohYLBLasEe YENIHL MhPohyiTer ASEy (NeW E8)y aeording to
Bi ol abs) , KOD (Novagen) and the |ike) Over | appi ng

bh¢ gdamet eor | Her, nayn ol Mxezhd restension steps of PCR or

PCA reactions. Typically, nucleic acids are denatured at
about 95°C for 2 min, followed by 30 or more cycles of

denaturation at 95°C for 30 sec, annealing at 40-60°C for
30 sec and extension at about 72°C for 30 sec, and a last

extension of 72°C for 10 min. The duration and
temperatures used may vary depending on the composition of
the oligonucleotides, PCR primers, amplified product size,
template, and the reagents used, for example the

polymerase.

Polymerases are enzymes that incorporate nucleoside
triphosphates, or deoxynucleoside triphosphates, to extend
a 3' hydroxyl terminus of a PCR primer, an oligonucleotide
or a DNA fragment. For a general discussion concerning
polymerases, see Watson, J. D. et al, (1987) Molecular

Biology of the Gene, 4th Ed., W. A. Benjamin, Inc., Menlo
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standard PCR reaction contai ning dNTPs, a pol ynerase,
and buffer. The overl appi ng ends of the

wloogeiaysy eoti des, upon anneal i ng, create regi@$sE008/000282
doubl e- stranded nucl eic acid sequences that serve as
prinmers for the elongation Py polynerase in a PCR
reacti on. Products of the elongation reaction serve as

tral ese f ofy f ﬂgﬂﬁg'éHl§Hef%§é§KEHcﬁmﬂ@lQnﬁi%@ﬁgnot

nucl’ei ¢ aC|d sequences, eventually resulting in the

Isiymit thees | soofK@DJIpoherngiarsetrargg@t pstélq/ly@m@ ,Tl’iéanCR
ndi ti ons y b d to |ncr i eld of
O(r)ﬂeyr?eal?agse‘?’ e sRete et ot F i dllent,

TEthodsndiayves been ;Qﬂ%ﬁrréﬂeaie t qssypﬁm@rziesegmﬁs Advernse
ol i gonucl eot i ‘des. These nethods are the

YrRsrIRIchaE ald sl atded iats deviit Wmf@) Ft-hod:

éo%gseeéaucces& vegegélg%qxfj%na;éﬁ%fga;%b Nucj:ﬂ1 C%Alcclh as pfu and

Resgar cth, ma32 1898152004 redlﬂa]lcaasa/rﬁm rwlctah QR fidelity.

T N L e e

fﬂé’i¥ﬂ£¥&€¥53ﬁﬁﬁhujS%w%5Qmﬁ¥E¥% ﬁ&ﬂﬂﬁﬁﬁﬂﬁaaﬁ%—
Pearl,” Protein Eng., 5:827, 1992) and PCR-based two

%HQQfﬁwﬁﬁE%ﬁﬂlﬁﬁﬁQ¥%I7TDS) (Xiong et al, Nucleic Acids
Research, 32:e€98, 2004), all of which are incorporate
RGR refsamnice HRESi n and can be adapted to assenble a
PCR tenplate in a mcrofluidic device. DA-PCRis a
Rﬂﬁe&HiﬁmQﬁyxuﬁﬁsfgﬂlXMﬂnﬁSQHmGdK?E%ﬂﬂdhﬁhﬁ:%ﬁﬁﬁﬂﬁlon in

acent. al i ucl otldes 17-100. b | t
W’?Liﬁrb%/dcl@rcfrép% tg? "%5 astewé,o e S 1e%3c%r |en% rhsa‘%{}nggh
R reasiion, s quant tc}erofariri’@ﬂ Vm;dmtt&fatalatprllmts one
is highly limted, and the resultant reactiaon c%ﬁigiﬁmyf

ofn WS RRNMC IS Hgide s thamde d Haf |3 FivA B ofca
el pes ol ot e tolaln seqrpee et & gﬂ'bl%)ﬁ{@r%%@f (d.he,

two flanking prinmers. In subsequent CR cycl es, the§§
theatmesyatmet roclainer aampldddreda s r%‘rm]&/m%ﬂs(ﬂw okEeY] ap
ch ot her i el do St f t
al d‘bc]iasel'Bﬁ%"%yEﬂ ale“’ls|C*sjkgrleoquﬁ{rsg on Dy g“eénsed-sgr}nn the
KMHdmﬂﬁﬁféHldﬂﬁing oligonucleotides may be mixed in a

standard PCR reaction containing dNTPs, a polymerase, and
buffer. The overlapping ends of the oligonucleotides, upon
annealing, create regions of double-stranded nucleic acid
sequences that serve as pfimers for the elongation by
polymerase in a PCR reaction. Products of the elongation
reaction serve as substrates for formation of a longer
double-strand nucleic acid sequences, eventually resulting
in the synthesis of full-length target sequence. The PCR
conditions may be optimized to increase the yield of the

target long DNA seqguence.

Various PCR based methods have been described to
synthesize genes from oligonucleotides. These methods.are
the thermodynamically balanced inside-out (TBIO) method
(Gao et al, Nucleic Acids Research, 31:e143, 2003),



am no-term nal half and only antisense-strand priners
for the carboxy-term nal half of a gene sequence. In

wEghdbioess, the TBI O primers contained identi cacmagotsimo2s?
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of tenperature-optimzed prinmer overlaps. The TBI O
met hod i nvol ves conpl enent atigon between the next pair
of outside priners with the termini of a fully

§MBEQ§§H§dPtRSI dech§ a@frem Impepé dh¢ 284 i @l arch,
el ongati on nmust be conpl et ed for a gi ven out si de

BEF a8B, p&D@4befdu@lth%ym&tr:t@@th@R bPAIT PERY | o¥rdhu et
Sl ongghLen SRR Lake, pl re.  cueressl ve BOR Lol SMo ey
appr ac |n |ch AR I Mers
¢OEFesppndyb@n@n@ndmarbén@f Nlh‘I@léE@pA@ic% tf@eé)@rch, 32:e59,
asssenbed, and the antisense prinpers corres ond to the

26R8ncoFafFOoBPU L Mot ERRY bt YO bR dsk@nbl Bef 2 Wi thitH s and
2BRI0ACDy Bidi Lecti mual s anphidicat boms | s Gl QU e

primer pair will not occur until anpli flcatlon usi ng
&ncjtﬁnerApmﬁeRe@aarcms %Zm@?%t e20CPDT,S a]rwmﬁ/e/dllwm Pre
§te§s. Fgéstbindiﬁldua ha.]gmsnts anq? A te "
FATRT B3t aF e”4yht hesT2ed: " 10512 BUmer ol onuaéf 5t i s
k& Sm2 0B Pa OVER | 8PmBT £+ ¢ Xeda amﬁcﬁomdﬁacde@rbe S
carried out with pfu DNA pol ynerase to produce DNA

bragornis 4hgheas€epoPPhpedd F+&NUdnsANSEEPEndheic

entire sequence of the DNA of interest is synthesized:

geng - P@RJbr%félm%@%mf rohtItreugieqtideepl GrdCdmisedn
|
W&?%yﬁe\gl %(?%% s elg Of7 aDaf‘se%é)néjrg%écfaacg lgﬁnlmers in

pyr obest | yner ase, two out er nost
@IP@@nueiebiQMesTMs puamettsy .o Al thwugio FCR agsehidyimers

Bk B S he. 4091 1T 1o T Hd T ARG o 20
@ém@@wﬁi@%iﬂ@ﬁew@ﬁam henpsseidd ©tbmidhitha SiaHE ves

reaction. This may inpose a size |imt on the double

St reRIcEP DNA pradRTS Mot UtdBIEIS Thidt givhl R islaning
ﬂ}Pﬁ{%‘e the PNAID S&1dSS- pdd) d U B SCNEMEs e I pl e

smal [ er DNA segnéﬁ%s are syn heS|zed In parallel in
seyemet el chbhpersy 11 i el 1 3dreerchs psyhiorh ioveserdressanid

other, yield a double-stranded, full-length product.

TBIO synthesis requires only sense-strand primers for the
amino-terminal half and only antisense-strand primers for
the carboxy-terminal half of a gene sequence. 1In
addition, the TBIO primers contained identical regions of
temperature-optimized primer overlaps. The TBIO method
involves complementation between the next pair of outside
primers with the termini of a fully synthesized inside
fragment. TBIO bidirectional elongation must be completed
for a given outside primer pair before the next round of

bidirectional elongation can take place.

Successive PCR is a single step PCR approach in which half
the sense primers correspond to one half of the template
to be asssembed, and the antisense primers correspond to

the second half of the template to be assembled. With



then introduced together as precursors for the PCA
reaction for assenbly into a "larger" DNA fragnent for
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assenbly using oligonucleotides would result in a
tenplate (a first-run tenplai®) for PCR anplification

A nunber of first-run tenplates so produced nay serve

ah iy eppreeich,f o RCARsSerD! vl iBNAkiagneats bar gater
than the firstrun tenplates, thus produci ng second-run

ﬁéﬁﬁﬁﬁté@}rlw1@&rﬁ9ttﬁ§0§éc@ﬁ&iﬁuﬁmpéﬁéﬁgﬁg§0ﬁays§@9vén
?2#%?2 eiﬁ&%f§%&§ E%f%h%slé%%eﬂb'y of a third-run

, and so on. e approach may be repeated

¥@ﬂ§.ﬂﬁ¥%l@%%i%%% DNG SQbF%EE%@-I%%19Eh%%ﬁ“§&%§§%§%§ of
used i'n the SyntheSis reacti on"§ are single strande
nblee Cize ® ff Ahtaseembhireg spuchekd zadi: ds ot-hat camerl onger

than the _oligonucl eotide itself. An oligonucleotide
ety BB ERtI6eS00 16 FRPPeRYER LBt 2hEr BL&EANBRPY af Foh

%QE%QQFdes4Qé§QéQB’o%@'@thppf@n@Nﬁoﬁthgﬁgﬁﬁbytgopggduce

bp in | ength. CA chanber containing a urality o

oNirgémagimeotisdésatebers ~b80bheipodkngth. And second, the
al .gonucl eotides necassary Lo produge . a.ten h%kg ized: 5-
corresponglng t0°a gene “or £0 a Fragnen . fe
tlhatrcrhemrothe tsyftrbesitier €aettoBsepnd rdevoaes nateansedsed
in series, the PCA chanber in_the subsequent series_ of

PEalfFohS™ROAIEE EBRt ai REG°PFoFCBf TBRACE PRgHRATsPYTObESt

bﬂﬁt%%%yﬁEEQQEVCMQQBiQQ% EQEe%%%%EFFXibehgcﬁégﬁhgégsas

for A igonucl eotides are usually Synthesize

oriigenmsgcl eot i des may be synthesized on a solid support
in an array format, e.g., a mcroarray of single
stltanded PNR segeebily sgpatbesiliegdniiplsptdades afcdfmdhbp

substra ere, each i gonucl eotide i s_synthesized, on
Tk e PR e 0Pt o P o R R e o hReS oL eare o th8"
Aakaysmanhempell cknewigbAutheocsiicst haytMYnbBe assembled
constructed, custom ordered, or purchased froma o
¥olheRcPaPlp8h8oF e2kELRBdS gﬁast@éﬁn?ﬁﬁ@§ea6pﬁﬁé§bﬂémlt on

£8e0bbasneckeethdeqsyRhhesbauel. a 80kbfution to this
problem is to make the DNA in series. In this scheme,
multiple smaller DNA segments are synthesized in parallel
in separate chambers, in multiple chips, or in series and
then introduced together as precursors for the PCA
reaction for assembly into a “larger” DNA fragment for
subsequent PCR amplification. In other words, PCR
assembly using oligonucleotides would result in a template
(a first-run template) for PCR amplification. A number of
first-run templates so produced may serve as precursors
for PCA assembly of DNA fragments larger than the first-
run templates, thus producing second-run templates. In
turn, the second-run templates may serve as the precursors
for the assembly of a third-run template, and so on. The
approach may be repeated until the desired DNA is

obtained.



support, e.g., in an array format have been descri bed,
for exanple, in WO 00/58516 and Zhou et al, Nucleic

woAmgie0Ress. 32: 5409-5417 (2004) . A igonucl eatdToss2008400282
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be synthesi zed on one or nore solid supports.
Exenpl ary solid supports i ndilude, for exanple, slides,
beads, chips, particles, strands, gels, sheets,

trubi BYi gophenestieept asear $n €ARI klathesispPadsctions are
slices, films, plates, polyners, or a mcrofluidic
devpée. SFuppAer, MPhecybrPdietppsrEEL hayJd beudl ol @greads
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PRarear o thgtBosres tha Dot dotunse de e Th s
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ShihgenuG! eotvdeppmay bengthachgdptR ansmbdéf SPPYIding a

through™ a cl eavabl e |inkage noiety. For exanple, the
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LE S | ent
GG P ot PEE 3Rk PRkR PO PhbEE e et AL, o
ooreeapon8ing tengtfendl dervat & vely, fthenehteavabbee that
noi ety may be within an oligonu Igotide and ma $e.
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sLeayabl enaopehi esaber AVAI tRD! Subfebhenaric Pfesabi d
phase and m croarray oligonucl eotide synthesis (see

forcekanpl eoupdnconkd hods mePl BF oPNA 20r agseRos, 1r19ozad
: u e ' e 7.99-.134 ;

O LB A0 ro Do S e e b e A -

g?tent-beI{cgtion Nos. 2993/0189%26.an 2004/ 0106728)

T AT A elc?%aﬁﬁ%l%sﬁ%le¥ysﬁ%y be' Serected for

exagphec 1 éot bee s onpat bd| eynt hids 1 hed nat ut es@fid heupport in
protectingﬁgroup of the nucl eosi de bases, the choice

of sbfiy 5%%Ft,ea%d{o? Wh%rﬂ%ﬁéabfoﬁe%ﬁéﬁ¥ecﬁﬁ?%&ﬂ%@ DNA
s8R 85PecEnet NEe @l 1 9oRUEh €9k | deSofiRyn hSups ol ded e

a - solid support for use in the mcrofluidic device,

¢arh exbhpbruc heopbde bf $IVRCIPGCALredcth o sdrmbere feature
or location on the substrate. Arrays are well known in the
art; they may be constructed, custom ordered, or purchased
from a commercial vendor. Methods and techniques
applicable to oligonucleotide synthesis on a solid
support, e.g., in an érray format have been described, for

example, in WO 00/58516 and Zhou et al, Nucleic Acids Res.
32: 5409-5417 (2004).

Oligonucleotides may be synthesized on one or more solid
supports. Exemplary solid supports include, for example,
slides, beads, chips, particles, strands, gels, sheets,
tubing, spheres, containers, capillaries, pads, slices,
films, plates, polymers, or a microfluidic device.
Further, the solid supports may be biological,
nonbiological, organic, inorganic, or combinations
thereof. On supports that are substantially planar, the

support may be physically separated into regions, for



Al ternatively, oligonucleotides may be synthesized and
subsequently introduced into a mcrofluidic device.
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DNA microarrays is usually less, we contenplate the |
use of DNA microarrays in clenbers of about 1 nL to 10
nL in mcrofluidic devices. Aigonucl eotide or DNA
ehisppalkl, ays tar ersetheknoyhobiiek Newalls( €og. chemical
Affynmetrix, Conbimatrix) . The oligo-nucleotides array
BRILE Leg Spdsi- B onBUIFAPRABL fi 6PaELBF Al celEv) ee such
that the oligonucleotides inmobilized on the DNA array
@ﬁﬂgop@pﬂg@hdeéomEMebgp@t§§cb¢@ hecesspbid pppport

r tion,fl Ui 0 e c ;
Loy et By eart: bORakate Lolne R ehanats, (o ot ic
@upp@&kumdbeéeﬂuﬁetsUﬁhlthaﬁ thepr@vegéltyeaﬁabhe linkers
device is not conprom sed and that the ollgonucleotlde

§66t§086éF8Fe§tFﬁCEW?©EnEﬂttQFtﬁl%%%“FG%EP ofgF. The
ﬁ@ﬁk@&e§109gt§(hﬁaﬂf' séoa‘akuggkcog%g@ air&%sDM 8Lk gyn and
conponents of the mcrofluidic device may
plessurtivehdedthogel hevabbe @Op@tYemﬁEdb@dﬁeéhW@ &ch
as.a daoubl e: si,ded dheS|ve 2 terned . wi,th.a | aser

§lg HC?eo ld% ?ﬂg quface 0 r?%ucﬁgc?% g?d?@ %%5?ce
tonthesDBA Arvayisuyfacecl&enebnd |l yoiébeesoapteseagbiiele
sequence i s broken down into fixed |engt

ol §BRueFeoPfdeslad EB%F%p?P%t%1C%%a6¥ Xu@iéﬂoﬁﬁ6%%ptlde

Igﬁtﬁébanwgééofbgee£§ﬁﬁig | ot yPiEahbYs 20570 BaSES.

The I ength of the overlap bet ween subsequences is

8@nﬁéﬁr99ét L$23buvenm§ arylf riyme- 4Qephp, Biochem. 67:99-
Ci 1 0 2 b f rka T

gﬁ%Onﬁbgs par % %ggegg%hpgeﬁg%tgégfygﬁg 50§30 885; and

dependaﬁgneanbblassedhlNoﬂEth@@3ﬂ&B@62Feranhe

rl [ ene ass t hod denonstrated here,
DN B BB TP Dok SREPHRLY e Sab £f BT S rESk ok gagf apted

FofNdgamBXEEPto t hOSEohPE M1 BT L 8 NESe Ohat W 85U NY

PCR tenpl ate. Base pair m smatches between
prPgeAteneosreer ohythasfeetlegpidelibaseon deperdhes ont

£B8; BabUESoPL, thga ML S BRS Mo M SIRL LheS AL QL1ivery.

In one aspect, the oligonucleotides may be provided on a
solid support for use in the microfluidic device, for
example, as part of the PCA reaction chamber.
Alternatively, oligonucleotides may be synthesized and
subsequently introduced into a microfluidic device.
Because the quantity of oligonucleotides provided by DNA
microarrays 1is usually less, we contemplate the use of DNA
microarrays in chambers of about 1 nL to 10 nL in

microfluidic devices.

Oligonucleotide or DNA chip arrays are well known in the
art (e.g. Affymetrix, Combimatrix). The oligo-nuclectides
array chip is positioned in the microfluidic device such
that the oligonucleotides immobilized on the DNA array

chip (oligonucleotide spots) are accessible to the
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near the 3 ' end of the oligonucleotide may inhibit
extensi on. However, a G Crich region of overlap nay

weRH/OoRass M smat ches thus resulting in tenpl at®|Sr/sG2008/000282

containing errors. Accordingly, consideration of the
over| ap sequence, nelting tenperature, potential for
crosshybri di zati on and secondary structure in

pbhgepys! eotide gdesigl 18aPELESSAhmbER! SiHRIl AA0euSs, y
anplification and assenbly of 105 or nore sequences,
Byt besi Bréssuné tkehyged oo pradeesi vathonddy {Kone et

|, Nucleic Acids Res., 35(8). :e bl.. 2007). Miltiplex .
Bt e ST deibn o Th e oy PP Rice

anohbd gontieh £6hi sled ool €ont at id ngl +HORuE s3It Pdgo

nucl eotides (Tian et al,, Nature, 432: 1050-1054,

P0B1R3 teAnl Bl & fbaee ot ¥ HEN nelye beunet borr bpfsat yegytht the
: ro - bp,.jn, I t '

T e 6Ft he POR Beaerbl 3 o omis cer des ™ 7

margef Tuodl &-@&5vid4g spedhd i peddyude 20omidd S=dfetiMr, or a

10-20 n and preferably abou M PCR, assenbl

BT GOHUE COTTEab r B e B W IF CorT AT o o

Pt £ e d fPER a4 UT £se POLRD I8d (8d Cf @SSoty itidli gt fore of

and secondary structure in the formation of hairpins

e diherel L et adev ase usedt er@id 2efay sSHfaCshucl ei c

acid sequence resulting froma PCR assenbly reaction
Gere sk Vies e thep ke iietITne | I cueide ¥Fprbidien down into

' t be. r P
RO oMo i AR L R
assendad pilosuet s Bite doiddrersteantds NG Marighleally

' due perhaps, to inconpl ete assenbly and/ or
A e TR | oF o Tl D RS -
¥ S dZedi Dyc Gfthorel @i QPIOIASt Smay vSOEFrom 6-40 bp,
enbodi ments, a first-run tenplate is assenbled from

T Gore B | w20 [P citibr2 rifodvaremt sov e gtondiurpmount
S!S RS W AL SIS ne
ddeeRR mesdiodmgradduciesr Opt i onat1appiurdg fdesd: saambembly
ﬁggﬁg&féé£§¥§¥¥ated here, the PCA oligonucleotides overlap
at both the 5’ and 3’ ends, except those forming the ends
of the resulting PCR template. Base pair mismatches
between.oligonucleotides may affect hybridization
depending on the nature of the mismatch. Mismatches at or
near the 3’ end of the oligonucleotide may inhibit
extension. However, a G/C rich region of overlap may
overcome mismatches thus resulting in templates containing
errors. Accordingly, consideration of the overlap
sequence, melting temperature, potential for cross-

hybridization and secondary structure in oligonucleotide

design is necessary.

For simultaneous amplification and assembly of 10° or more
sequences, synthesis is unlikely to proceed uniformly
(Kong et al. Nucleic Acids Res, 35(8):e6l, 2007).

Multiplex gene synthesis has been demonstrated from an
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obtained fromthe first two runs. A third-run tenplate
is assenbled from DNA fragnments conprising at | east

wd 209/68e3nd-run tenpl ates, and so on. Pol yner ase/$dmmisn02s2

Reaction (PCR) PCR, as is well known in the art (e.g.
U S. 4,683, 195; 4,683, 202; aad 4, 965, 188; al
i ncorporated herein by reference) is used to increase

bhegeaneenbt ahk0Podf 8oh 8k gfInHUCE®D Ca St On SLAYENGS- I N
a sanple without cloning, and Tequires the

availkabiiesy (Bfanaegetl seqiiebiceci nf 37 mat V oh-1 @S Hesi Qi) -
uitable forward.and reverseol nucl eot | ri r
R R A s e M

[ ypi ca ase ‘pairs
pohabneycessmobothe ppi MRrieadgthi s Swdesblioe ¢hecsatrgdteions
containin? the desired target or tenplate. The two

e

BFi HBPsPAR ea SHHP bYent AP EEL 80t 1R BARTR ehEIMcRE2 DM/

theciemplai ¢ sespechi velys Jhe mMx3iprav] sadd f;?fef@@é&%
to denature the doubl e stranded tenplate and then

gboliedlfuManneaR @heeprinerligonbhel ¢@hples ea r¢oldpivgrryd
anpealin a_suitabl e polynerase can bind to the .
Rt SR et R SRR g At A L SRS
thessingbeisiranded iedpsatendacd Ngrbasese ain tiiee

3'-0H end of the prinmer, so as to forma conpl enentary
SPFRABIOT Ot he? pFeefcer of 1o h: forward and reverse

Eriners, a conplete copy of the original double

erRhded 2argeediehabe. TR huher BICkSEF eacHl sequence
[ h L i | e si

R S o Ty e R > B e

tefees tochesequentefof Bheucderodwaciibn hatf flse

t t Kk ti f the t t
SOTBLEREM Y A e R Rl | Pty A B S o
as s&mPl ¢St & adgesh pot yauetreod 4 semory potyduet €eadtdedouble

conj ugate capable of acting as a point of initiation
FHFARenad| BR P F e B IDNA SR hedi® BITRIRS preskifednfete

s S bl &, Rl y nesase: and- £0f ACt orS; n PrifeL S| fer of

typtcally from10 to 30 nucleotides 1n length, or
ponderts Tae veswalpreddry gel electrophoresis. In some

embodiments, a first-run template is assembled from oligo-
nucleotides. In other embodiments, a second-run template
is assembled from DNA fragments comprising at least two
first-run templates, the two templates being the PCR
reaction products, optionally purified and error-filtered,
obtained from the first two runs. A third-run template is
assembled from DNA fragments comprising at least two

second-run templates, and so on.

Polymerase Chain Reaction (PCR)

PCR, as is well known in the art (e.g. U.S. 4,683,195;
4,683,202; and 4,965,188; all incorporated herein by
reference) is used to increase the concentration of a
target nucleic acid sequence in a sample without cloning,
and requires the availability of target sequence

information to design suitable forward and reverse
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pair" refers to a set of prinmers including a 5"
"forward" or "upstream prinmer that hybridizes with

wo foosapd enent of the 5 ? end of the DNA t enp@it/€;1008/000282

be amplified and a 3 ' "reverse" or "downstreant
prinmer that hybridizes withishe 3 ' end of the
sequence to be anplified. In the present invention,

B%Bﬁh@éétﬁéégﬁhﬁgﬁsSﬁﬂﬂ@ﬂcﬁiegaﬁﬂg%%lﬂz 89d:3 30 base

endS of the tenpl ate obtained

phiigeniul| éengths Armosangéecsssantethel pyonec| ot des

used .t o assenbl doub] e. st randed .te ate for
AU R AL e R L A
sknpglesélr anded pebypuchenti des EonpaspbhtytPocdhe' and 3°

whol e of the full length double stranded DNA tenpl ate.
TREUPCREPr eEuFBOr LATRI2BAPFF3RICE £BYENE sTAg mixture 1is

opcentLatLgns, ”%ﬁﬁgﬁa 0L cﬁ’%?&péjt]?éﬁ@écii Sg%rgﬁlfé(\@é land

nown in the art. T PCR precursor mx 1 nc or
ekanpteoledTPs, apotyhetias epr bué f et o abde Ot dmpMRER

. A tine-varying thernpl field | i ed. f
Bk SEi 71 FRAET bh e Cybt CAPTY PROVIRESSS ar? it tig o the
genabHy aéhenaté BPOHLd956nd 08 x el NEhé Obk OMEEs byl S Ofhe

nore cycles of denaturation at 950C for 30 sec,
AhREHE | Pigt 2R0A0- bR ke 30RSREN GnkR 8RE e BFF at | AW rnd of

I-r?nﬁg }E%néég, SEG: 2 8Nds ar b ARt e&xﬁﬁféﬁ@n@ixrgzgch&{d 101 the

. I me and tenperature y vary dependi ng on
pheseateref dpothef ¢ engptdtandt hever saepr ipat yimer asgnplete

ot her reagents.used, Purification, P roducts may b
ST r7E e vey R AU (ot T or S G £ B, The
Sohb&r phasey X & ast | @dnd Suedit 1 SPOT i Pvt i @nga td sle) yantsed
sanpl e preparation technique, which allows the |

P YREE2EF 0P L PR el R meent YREY obS 0P AR &3, 2t oy the

p&ﬁ%gt@g(change (Tan et al, Anal. Chem |,
75:5504-5511, 2003). The purification of nucleic acids

ﬁ@%‘ﬁf'r@%‘%&%%‘s %%‘ {@%\E@%@é"aﬁeésné&f@ié‘sacid that is
po etJhy ene glycol. Solid-phase extraction on silica
casphandVidd fe b al kndregioophon esf sthe template sequence
for use in PCR amplification. A PCR primér is a single-
stranded polynucleotide or polynucleotide conjugate
capable of acting as a point of initiation for template-
directed DNA synthesis in the presence of a suitable
polymerase and cofactors. Primers are typically from 10 to
30 nucleotides in length, or longer. The term "primer
pair" refers to a set of primers including a 5' "fofward"
or "upstream" primer that hybridizes with the complement
of the 5' end of the DNA template to be amplified and a 3
"reverse" or "downstream" primer that hybridizes with the

3" end of the sequence to be amplified.

In the present invention, PCR primers target the sequences
at the 5’ and 3’ ends of the template obtained by PCA.

PCA oligonucleotides are single stranded oligonucleotidés
used to assembly a double stranded DNA template for

subsequent PCR amplification. PCR primers are single-



23:727-733 , 2002) is a common techni que. Extraction
i s achi eved because nucl eic acids have the tendency to

wdio0sododsssi | ica in the presence of a hi gh congants@hoginos2
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of chaotropic salt (Boomet al, J . din. Mcrobiol.
28:495- 503, 1990). The extr3tted nucleic acids are
subsequently eluted in an aqueous lowsalt buffer and
cencerkhabedyhotocatiaey ol kmpol agengothd phase of the
purification na% utilize magnetic beads coated with
dililcdengsh- gerddpl pEaanseri O¥ApaPTPERES: o 1
m crof abricated silicon structure. Note that nethods
FeiendCRi pireaurseok- gek siompeasesi Fregephpt pEl egnceptrations
m_crof abr i e i Licon LUctur ' ve_a
Asarerang Torocsis I AR S nBUL e, K EarPap =t
whichiPaRt beechasber mtia WnthatiandfbkuedeopliEpWINTPs,
Accor di ngl ymagneti c beads are preferred because an
erxtlereaksaaghet feanabde OagpedCRorEaPELFe and agitate
the beads. The magnetic beads al so provide better DNA
axthiaetvemyehfi thenmylarfideDNALEoadphfjedapabi PCRy.
Certain e@bodinegtg 0.f gge grezegt [nventiog.i cl udes
ER8Lase 8 f Caghet FEPHERGS Y cbBrEEYGFt h28i H'¢a The
beads u26e1bAt hpdused:i Bbec ths, deviGe Vi Al ddligf - 3dTher
silica coated nmagnetic beads are mani pulated in the
gevieceywilkh armagnaetuandibavetsbbty mngape SR annealing
products. The PCR products may b e eluted fromthe
sicl kOabobat B NMY et ¢ came aekst arss an aat athreous’2Gwtsal 80
buffer. The lowsalt elution buffer may be different,
FE6m BREt 2udddti AXERBSPER PEadtiontO éi4%e- bedp time and
0 [ , ~Qr.fLc r b
SR P S Ko ern The 3t “Thaurna ot of eant
orepdairenstba, psunhra podpparent dranther peagents used.
circunference, in the mcron o r nanonmeter range. A n
gppeérficangeno f such dinmensions is 600 mm, but
typically apparent dianeter i s under 200 urn, and may
bca proB0ctm mAaySbe Rubiftmedwhhl eanstadaptbakedet dosach.

Such particles be
mgcro%lu&dgc deg?ge.

Solid phase extraction is an important and widely used
sample preparation technigue, which allows the
purification, pre-concentration of samples, and/or buffer
exchange (Tan et al, Anal. Chem., 75:5504-5511, 2003). The
purification of nucleic acids can be done with DNA-binding
polymers such as polyethylene glycol. Solid-phase
extraction on silica resins (Wolfe et al, Electrophoresis,
23:727-733, 2002) is a common technique. Extraction is
achieved because nucleic acids have the tendency to bind
to silica in the presence of a high concentration of
chaotropic salt (Boom et al, J. Clin. Microbiol., 28:495-
503, 1990). The extracted nucleic acids are subsequently
eluted in an aqueous low-salt buffer and concentrated into

a very small volume.



10

15

20

25

30

conposed of, contain cores of, o r contain granul ar
domai ns of, a paramagneti c or superparanagnetic

woRbg0i0ads, such a s the Fe2Cb and Fe3O4 (a- Fe marrystmbs 000282

type), a'-FeCo, e- Cobalt, CoPt, CPt3, SnCos, N cke
and ni ckel alloys, Cu2MAl, 3a-FeZr, Nd2Fe) 4B, NoTi,
for exanple. These materials may b e fornmed into

palthChRSseb _agﬁf@emgé@&%gr@ﬁimw b GElet Sc SHEddAScoated
pol yners, silica, or other known materials. Solid

phbBesékiract Poh-gel hotblear DNAextPAEEIGhear OF
ﬁyegsgggyghxtggngm #ede t1{1?§9r198£@t€1qaﬁ Methods using
ur di Cc cnips. e

m cro S. The sol-gel/silica bead m Xxtures
phlpanti eolagehavseliery gobicaxparetFbasef®¥ci encies

S e e
#idieipngl oreeass ot ¢ gomuebebifeet By nthbk¢e material

{8ehnal enk eshRhBEHCEL DY PR Odued SE 1 A1 @r L1&8I I Nedcordingly

prematurely termnated, or nore detrinentally, contain

PAgREhAF BEREE| 3RS Pﬁeﬁﬁﬁr%%qQ%%%%s?h%? Rt Rk gnagnet

€81 0b& %pp%géggf@a&?@b@ré CGatid @c_t;iaétel\lt&géebﬁﬁj gﬁhe

Resear ch, el 62, 2004: oV nd_LubkowsKki

RN L e e T e s ety

@&f £ houghcygyanfebiz bbadiomgctapalbdestyan be purified

first using polyacrylam de gel electrophoresis (PAGE)

Gerhaghperpod vaaees | g Uil ahrosribgiRPPYt I¢PLig)cludes the
hods S b i ly 4.0Cr

R S e R R R

tatecdaceeriotefithé¢ edénigcorvies ram - Cof¢ect | The pyociess

such as those bﬁied on enzymatic affinjty capture and,

SeP et DRPYSht St efe ciea R b i dt M KriGwit ce With a

heghat dxes Fove PN By NéMg rect | @Fod®yc H€ The PCR
incorporated into a mcrofluidic device for use before

R¥CUREE? PTR Reptlitedtiom Benpl b2 teehmGuersTdiic
45&%5 emoyRL of %é@aﬁgh,f&-@;fé Lipetade bt a7, noty ¢

imted to’enzymatic affinity capture, enzymatic
eismhtchoecf favagey be different from that used in the PCR

reaction.

Magnetic bead refers to a nancparticle, bead, or
microsphere, or by other terms as known in the art, having
at least one dimension, such as apparent diameter or

Circumference, in the micron or nanometer range. An upper
range of such dimensions is 600 pum, but typically apparent

diameter is under 200 pm, and may be 1 -50 pm or 5 - 20
nm, while not limited to such. Such particles may be
composed of, contain cores of, or contain granular domains
of, a paramagnetic or superparamagnetic material, such as
the Fe2Cb and Fe304 (o—-Fe crystal type), o'-FeCo, ¢€-
Cobalt, CoPt, CrPt3, SmCos, Nickel and nickel alloys,
Cu2MnAI, o-FeZr, Nd2Fe)4B, NoTi, for example. These

materials may be formed into particles, beads or



consensus shuffling and ol igonucl eotide hybridization.
I n consensus shuffling, DNA is fragnented and

wonededogized fragnments are renoved upon bi ndi ngpd19s@008/000282
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i mobi li zed m smatch binding protein (e.g. MitS) . PCR
assenbly of the remaining frignments yields a new
popul ation of full-Ilengthsequences enriched for the
feOAgeBpHersequethepohdehe kOpHt apopol aheos, bhlica, or
ol i gonucl eoti de hybri di zati on, oligonucl eotides are
ahhe4l EBOYB PARBBIRLZed ol i gonucl eoti des that are
conpl ementary to the PCR assenbly oligonucl eotides
ﬁﬁééﬁ Hhﬁéal?ﬁ@ré@hﬁpﬂl@ﬁ§h09ﬁc§0ﬁyBN§d$%EHacth%n are
a
Q?QQ?L%?%n@gﬁﬁéﬁg% ?%gngﬁ& Exéékggfséed Q? hhys,
émzyﬂmtlchaﬁélnrhg samtgée/smmtaaeﬁeﬁmmeXEunaptumed
and renpved fromthe roguct sol ution i ng DNA
RRERAELRBF ARG BF oY cPRSdsEEhoaS: Mok S° hpt Tagsies and
Ee§¥8§§c§y§bl@§ THEalcgeg@ayaL§a§§s@éﬁ@d WoEteCap a1,
recogni ze and cut the DNA at m smatch S|te Carr et
BlecNagebebreAth dsZ2Rededréh3, 32000); el 62, 2004 showed
that MutS can reduce error by >15-fold relative to
Eonvenfibhatigene synthesis techniques, yield DNA with
one error per 10k base pairs. The Mit S-bound nut at ed
Chmmsegnehigoaueleepadategntheai$heecbmmbegipsonu@duce by-
ectroph?ﬁe5|s ncoi orate.thjs

BFPAPES ABECFESHBEROaT, AFGTATRToHT ol a5 8T Fodt uPB moe

a@tQeﬁgﬁtgglpﬁagénbaﬁﬁdlﬁ@étﬂaph@éﬁe@héﬁgai@gt@@hyequence
with i mmobilized histidine- tag ged. Mut S g i et al,
i

phat . iThepsuce 78rrana3tg, theoBinal ViR oHE @RI @t e lisi ng
a a e, fic |y
RHELef 9&5E§§?%§§?#n 5?96 18?f%§ 1%%%§ FRPLsT o
Lubkoaskon Wi Th) haBunismatBhl@$n®$ﬁ@ap¢@fepEnc%43 2002) .
amMar t 0. Mut enbodi nent s

BB R e et Ot RE AR R ERFIR R 1 F 91 Brat fore first
€5PheypOUyadyyDimi e el oeléittephdgeses hopsGH) set osegh-
herein or conbinations thereof. In selectively
RAPSRAFRANEE ehbAgtd FDEAPeHODRRPRY e (Bt LirBgthods, these

processes will dramatically increase the cost and time. To

- effectively reduce the error rate, an error-filtering or

error-correction process such as those based on enzymatic
affinity capture and selectively mismatch cleavage may be

used.

Known techniques for DNA error correction may be
incorporated into a microfluidic device for uée before or
after PCR amplification. Exemplary techniques for the
removal of mismatched bases include but are not limited to
enzymatic affinity capture, enzymatic mismatch cleavage,

consensus shuffling and oligonucleotide hybridization.

In consensus shuffling, DNA is fragmented and mismatched
fragments are removed upon binding to an immobilized
mismatch binding protein (e.g. MutS). PCR aSsembly of the

remaining fragments yields a new population of full-length



and cl eaved into smaller segnments using the
endonucl ease proteins such as the conbinati on of MitH,

woMGoaut L (Smith and Modrich, Proc. Natl. AeagsG2008/000282
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Sci., 94(13), 6847- 50, 1997), and the T7El (Youil et
al, Proc. Natl. Acad.Sci., 9 87-91, 1995). The

cl eaved segnents are then filtrated fromthe product
hasednerst ke rsegeBntosi 2geb¥oAb6hOMBCEERRENCe of the input
el ectrophoresis. This process can be incorporated into
popudfltdiodi-c structure w thout immmobilizing the

protein on solid support. MutS refers to a
DNAoﬁﬁgmauchebtmdbngypr@dékatihat pétoggniuzésohndebi ads
to arj ety . of ai red. bases nd snm 5_bases)
SRREPCEE: P dBoPoo et ERARGPENG SRUF SIBF o B hoate
cBfbudeenbUt-yate Bk btR1 hedehBlypohygepttlest ensodesder
by nucl eic acids having the foll ow ng GenBank

aepesdiipa ResditAPa6229nERUBYRESELEEY) thAF193018

-pargghggeébﬁlhggltﬁgi 653?@%@?&8§r£8&9&89 §ndA&Hus likely

aenol yti cus no sapi ens), 04243

tbononsapnenskat ABOO7558e (Washnasagquat i cus

cal dophilus) , AF109905 (Mus nuscul us), AF070079 (Hono
$apbﬁﬁymatAEOEGQZﬂlﬁybﬁnpsapéenﬁmtaﬁkBOBBEZafébﬁEptured
sapi ens), AFQ48991 |eni% AF048986 E no,

§88| EREPYeERSEeR F ePFfﬁ‘éu‘éguﬁ? bien vA BR8PV SPLFRR RO

gmhaﬁﬁe%kbk@@hs, sAER0994Bu{ ¥ brioTehol akAgYmes UBYS8 73s
(Escherichia coli) , AF003252 (Haenophilus 1nfluenzae

E4Edi nepdpEaganyse AFRN300BEL Arabi depsyBRithakidnayt, the
02706. 'd S a)q,

B e R Bk noph P B S e R i researen,

SBbQDDLs¢162711554(§hewa®tb@atnmut8|uam redﬂdéSérror by
UIf oghllus% U16303, (Sal nonel I a typhi puri um

Tpiofd ERBSCRScEPuSTT PRt oDat Sortr SYPLRGRSS
NBéAﬁ%ﬁ& COLBYHSDRR) witM oB89686rftSr Hb¥PhioKrbasd gadrs.
M63007 ~( Azot Obact er vinelandii) . Exenplary nutS

RoroMegs-Paenddeutabed eRhps egmenkar §68i eeRBFRtesHeeom the
U5 Voo JEUR,REO1 S 8L 55,00, 7o g e
Mot S pfoieibhg aspwelé msthod into microfluidic structure,
we describe beads-based solid-phase chromatography with
immobilized histidine-tagged MutS (Bi et al, Anal. Chemn.,
75, 4113-9, 2003). We contemplate using T4E7 (Taylor and
Deeble, Genetic Analysis: Biomolecular Engineering,. 14,
181-6, 1999) for error filtration which has mismatch
binding preference complementary to MutS. Certain
embodiments of the present invention include on-chip error

filtration employing any of the error filtering methods

disclosed herein or combinations thereof.

In selectively mismatch cleavage, mutated DNA are captured
and cleaved into smaller segments using the endconuclease
proteins such as the combination of MutH, MutS & MutL
(Smith and Modrich, Proc. Natl. Acad. Sci., 94(13), 6847-
50, 1997), and the T7El (Youill et al, Proc. Natl. Acad.
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honol ogs, orthol ogs, paral ogs, variants, or fragnents
thereof. The term al so enconpasses hono- and

wombeom4sk ners and nultinmers of various MitS EISGE20688/000282

Conmpact Disk (CD) - Based CGene Assenbl yGene assenbly
as a whol e invol ves several 49erial steps such as
synt hesi zi ng ol i gonucl eoti des, purifying oligos,
assepbhe ngs1-hel pl i gos segneat sldayed | gadhomt andf®rthen
poignerase cycling, renoving the incorrect sequences

FFRUETSREtaT BFRIUCT AP B { VAP 1B Rjers 45 bY
B?&‘Bﬁéé%fmﬁeaéi‘eé@?&ﬁﬁ&f‘ s 1418 A0S FSBLS tun pe

I ntegrate these gene assenbly processes and required
wwopem*sed ntota IBl@ngélldEdIl(SBS’fsmtlalse avconpact di sk

dt d
m%%%%%le@in‘éﬁ%ﬁf%ﬂ%we?n T SRS o i s a
t _disk -b d fl di Fi
BBt S S iR G WL e A b
9@&5%1@{% ednghd Ipighe 60l @l oy The Iﬁisbaiiﬁedpa&é@§ and

can re-netered, and noved from chanber to chanber
palisi hb—%é@nw%gﬁlrﬁ@m@sww\e@llmmt dsxqipelary MutS

SELELTRL JATH 2ol 208 MR P, of L08R

@m@@d@dlmyimnm@eﬂ%tébimxmﬁanﬂnﬁﬂmhé(ﬁamlmumﬂgSQHthnk

Al so, |lary va dden ex
%ﬁ%%%%}o |I\é%set e‘}FlJa%%zﬁagW%HHﬁ% }}F&%? the
aRpd b £adh O of n Ayd OPhObA €1 4 B | @«hg@l@ zone in the

channel can be |ncorporated wth the rest of the
mmﬁr@wv@swwuwee&%@ffﬁﬁ d(HawR reariawtleoidrl 0443 (Homo

Yot u
é%%nne out 07 %@ ﬁ@%%gm%g %H%Eﬁ%ﬁ%gﬁgg?g%?@%ﬂ%y t he
Z@FI@M@?M Mst nmsaiuhns Jandh BpeE’ Bf}emrersaqileais ) LeAF®0071

B ity OB 07 | PR ol Tl T (Homo

@@M@f&f)a,seqm 95 6 AL O ARCR)s), AFBEIT OfTHd ks i ng
can be sol ved u3|ng reverse- phase or ionexchan

HE DR OYraghye W4 h(EDT L F | 91 el 3 2 ht {18 Jand® g%qqq9c4a5
peads; & eshechivgl v vk s efpll Lye QM L1d 8 f | ro03252

(Haemophilus influenzae strain b (Eagan), AF003005
(Arabidopsis thaliana), AF002706 (Arabidopsis thaliana),
1L10319 (Mouse), D63810 (Thermus thermophilus), U27343
(Bacillus subtilis), U71155 (Thermotoga maritima), U71154
(Aquifex pyrophilus), U16303 (Salmonella typhimurium),
U21011 (Mus musculus), M84170 (S. cerevisiae), MB84169 (S.
cerevisiae),.Ml 8965 (S. typhimurium) and M63007
(Azotobacter vinelandii). Exemplary mut$S homologs include,
for example, eukaryotic MSH2, MSH3, MSH4, MSH5, and MSHo6
proteins (see U.S. 5,858,754 and 6,333,153). The term is
meant to encompass prokaryotic MutS proteins as well as
homologs, orthologs, paralogs, variants, or fragments
thereof. The term also encompasses homo- and hetero-dimers

and multimers of various MutS proteins.

Compact Disk (CD) - Based Gene Assembly




rate (Jenmere et al, Electrophoresis, 23, 3537-44,
2002) . Enzymatic error filter to renove DNA with
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structure with colum filled with MutS and T4E7
i mobi |i zed beads. Thesebeadsl are i ntroduced to the
columms and | ocalized by using a sinple restriction

Gedkon sabien yt e |l ghefilbuidiye1devi sevksal abeir¢at edteps
Finally, the tenperature control for performng

§H§§pﬁ§r§waﬁh@ﬁlZEGR CAREOPTRLAPELABE, aRHF fEdNGsPhFIOS,

ik iR TRr I e e R G S PP

gamymeragercpenﬁngn1mgmbangg gaeelﬁeogreaﬁ kbjuences
mul tiple mcrofluidic ¢colunms can be

ﬁ&éFESrSF@dtPﬁtSréﬁéstbn@néiﬁﬁﬂ&lgﬁéP%tEﬁe gene by

ébﬁ?h&%ﬁ%@uéhx1B0ré89t§8§ maxi mmyett Eehedcye Eﬁﬂgggﬁ@e
sequence w | divided into segnents with each

§égﬁengea§seﬁﬁbedlatpeachssepaaadereHULﬁe@ eorpangnaadinto

then_Link d together at the flna e or_r
pro%yﬁ?ngs FFU|dsgcéonponen b aCL CR? %r?%%? re?@ Qed to

sefGehethographprevlaktéﬂ1hhta@aemcp@éy@aspﬁﬂaéelzer
material (Lee et al, Bionedical M crodevices, 3(4),

888- d851ce208that (¥ h) EXEMNPLI ELER EVBODLAENS
M crofl uidic device fabrication Instead of using

Bicgopasédiri { AbgrRABhY? pr oERsE 2BPEPRAERePYPELdeS several
QQbXHtH&EEyEﬁ'k93§8§c(5@%@Qefgséhagf99lélc“fe8éystlon The

adopt ed hr ee-di nensi onal rapi d prototype
ftuhddct batkptented B8O stevntteeedsi agd photedehsohi ggamber
esi The 3D structure was designed in, Sol i dWor ks
RO P B DT ot T ERRE 5P RnF S et by TLypr &R the
thétﬁdlpbﬁmp§0|Zﬂﬁéln@h@rmaﬁoﬁFuP£§breonQheaDEEE 92 (1),
ort material (Full Cure 705) {ﬁger by | ayer. The

BT o501 JRBE | ayar bauidureHiey LAFI GRh Pansthareryed

§£E9rwiEh“B§oB£éHﬁ§gleLPQ@a@QH@éfté Beqt he1§8brigpt edary
structure was soaked in 25%tetranet hyl anmmoni um

hydvexindde (FNAR) seafieni enpiosig@nhinochannel diameter, and
hydrophobic valve made by the application of hydrophobic

material to a zone in the channel can be incorporated with
the rest of the structures for precise fluid control.
Moreover, the fluidic in a Y-structure caﬁ be switched
between two channel ocutlets by using Coiolis force
selected by the direction of rotation and speed (Brenner
et al, Lab on a Chip, 5, 146-50, 2005). The reagents
exchange among phosphorylation, ligase chain reaction
(LCR), polymerase chain reaction (PCR), and error
filtering can be solved using reverse-phase or ion-
exchange chromatography with column filled with C18 and
silica beads respectively and carefully controlled flow
rate (Jemere et al, Electrophoresis, 23, 3537-44, 2002).
Enzymatic error filter to remove DNA with incorrect
sequence can be incorporated into fluidic structure with

column filled with MutS and T4E7 immobilized beads. These
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renove the support material designed for supporting
the printed geonetries. The mcrofluidic nold was

wooakerhssn water for 1 h to wash away TMAH. Thear/seiongieho2s?2

provi ded aresolution of 42 min the x-axis and

y-axis, and a resolution of 466 mMmin the z axis,

wel |l -suited for generating thick and nultil evel

plhuet Ures inktBautehi tROgRAPBLEURRSCEEE. 1608YEES&! Ny using

ot her rapid prototype nmethods such as |iquid phase

ghetopoky KeptZAELbAN( KROLPY eftar, thabmEhrpflopddc gevice
) ct p 0

30 caudapLact pluau g poRkoLLbRep R Scons oy cox

@Eafommuhgzpﬂopbhboymskiohp LGR;IahatECRon$11uh¢|amhxéved

structures mnah superi or goultlon Twol evel nold wa

Y& rgnBd tRF PR dRER ?énf’rhé’ﬂ heEefofScBnhie’Ei B8R source”
Qh%@@hﬁo(@%l ght - ARaZyPMtaW 8% Benfm2s iRy, a@dlchﬁm§
mj to nminimze the dead vol ume of

éﬁﬁﬁéctlon channels. Poly (dinmethyl sil oxane) (PDVS)
precursor was prepared by m xing Sylgard 184 base and
Sylrgeedf¢84ingr Laggageanei feag101Q kbl uaesembly. Mhktiple

recur.sor was ured into_the n v
B SR 3 0 e 36 PEHRTE R0 ch ot RO EBh T B Subroae CD
4@ bper3dtbd. sThelBanvbtbl gkt FDMEL 5668 M@ﬁlﬁllﬁl@neﬂﬁﬁiﬁ@ncy.
off fromthe nold, and connection hol es were pierced.
ﬁ:ﬁ@gnPEAoﬁﬁaPa%e dBVi & ePRadl BEdefbl REC bye BBRRT g FEVEaC

gméhk'SQQeﬁHPé&r§Eee£égosgﬂéfgtgk%lu1§@&hcéﬂ%mPu%%d

n I'i con subsfrate were treated with electri cal

theohaigksdt teattear éKi phetfahal JPCRCotépid I nterface

Sci., 2001, 244, 200). Finally, the device was cured

toranapveénpattybhfor fPubhdio e@myonehtsemeysb©lEabricated
ondi n etween P and t silicon substr

BPe0ango 28 b BTRURPER &t Porc e Bt bR Rov? L HBShate

fepesited(nbéhed 21 MBibhedki Lot VieOeoLevistdg, t hes PDS39-

2010 Par Iene Deposition System (SCS, USA). The vapor

éékos??%é ) Paryl ene C created a barrier to control the

mater vapor diffusion. Paryl ene al so passivated the
(AR&) BYEYBREEFHED EMBODIMENTS

Microfluidic device fabrication

Instead of using SU-8-based lithography process to create
the polydimethylsiloxane (PDMS) casting mold, we have
adopted a three-dimensional (3D) rapid prototype method
that printed 3D structure using photosensitive resin. The
3D structure was designed in SolidWorks and transferred to
the Eden 350 (Objet Geometries), which printed
photopolymer material (FullCure 720) and support material
(FullCure 705) layer by layer. The photopolymer layer was
cured by UV light immediately after it was printed. Upon
completion, the fabricated structure was soaked in 25%
tetramethylammonium hydroxide (TMAH) solution for 3 h to
remove the support material designed for supporting the
printed geometries. The microfluidic mold was soaked in

water for 1 h to wash away TMAH. This method provided a
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the device in preventing unwanted protein absorption
(Shin et al, J . Mcronech. Mcroeng. , 2003, 13, 768;

whodro®issal Actuators A, 2006, 126, 270) . Pr amansdioasn02s2

of hydrogel valves Thernosensitive hydrogel valves
were selected for fluidic rdgulation and confining PCR
reacti on. Hydrogel was synthesized follow ng the

retbodt sogoest €2 hy vantderxtinienaed }a-laxisab &l pa
2004, 4 , 619. Tenperaturesensitive npnone
KEFLbpEbPYI A r Y aff dbn (NAPAAMX 286 R)L - Swtemi for

%engEQﬂSEe%Q ﬁcéﬁé%ﬁﬁe%%é 57‘“@%% escr»PJ.S@k'lélE‘t‘.‘er

t hoxy-2-p acet enone
18tB6gmgph phop 0OOE$$ at@wnmrsehjrxe@ther aoa:pm p)lfototype

di et hyl sul f d ti

SEF oS Lo aF nf Ha Doo R e rDLer THare B A o SR L gy
¥asapUrged whip, nRooogen, t@oreamecm@ageﬁ 1 iadgh g apped
wth alumnumfoil to avoid unwant ed

photol peh9werplat i oMl YRe Tkl eheHeat s s@t & hurbhakdhl
EL9B) Sh@pm: AL dr §éﬂ (Lgfgf@@&ea ot Il 108 XL e, rg@flem

|nJected|ntot I cat ed |p using a 1- syringe
d:dmmsmgthcth@n a@f:estsrthttlenses antic hp et ogol onrere sedl i rorsi tTvo-
i ni

thachrom S thee osed
BPeal Ak iy S T ot 1 r i o B 1 ol BTt h
@énﬁéc&m(@lro&%eﬁﬁ wel §ir 2) 0 USimg; Gt e0 Sermes and
2000 WV illum nation system (EXFO Canada) After

HreRReT Bl Bretdlposf & The EHRVIEELNES it etpam wlume of
Qﬁ,ﬁ@é@{f?@tc@gj %igo keep hydrogel val ves open, and

e unpolynmerized precursor was renoved with

f t
i M S
mibsimgjmlgmteraBW)baseFlaimﬂ I Sfylgetned de84 ceumiasy beakestk atn a
75 0C f 3 [ to d t f d
{5 bl el ST P St Sy a1 28 A o,

ddes sBSENsh tyVeh tdhanboveroerid ikal, SéHthdMéd in a
tenperature (LCST) of 32 0C (van der Linden et al, Lab

CHYEC DO, oven &1955 °C Ter hydt odile vbul Witk BiMS slab
LIPS WEs el O 32-QF on P! 06K NG dd & Jd A Son noles
were pierced. The microfluidic device was assembled by
bonding PDMS and silicon substraté (500 pm-thick). Both
the PDMS and silicon substrate were treated with
electrical discharges treatment (Kim et al, J. Coiloid
Interface Sci., 2001, 244, 200). Finally, the device was
cured in an oven at 75°C for 2 h to ensure irreversible

bonding between PDMS and the silicon substrate.

To prevent sample evaporation, the bonded device was
deposited with a 2 um-thick Parylene C using the PDS 2010
Parylene Deposition System (SCS, USA). The vapor deposited
Parylene C created a barrier to control the water vapor
diffusion. Parylene also passivated the inner surface of
the device in preventing unwanted protein absorption (Shin
et al, J. Micromech. Microeng., 2003, 13, 768; Shih et al
Actuators A, 2006, 126, 270).



channel . At a tenperature above 32 0C, the polynmer
chai ns becane hydrophobi c, causing the hydrogel to

waostwéodoszsndal | owi ng fluid flow ng through. Thecupsamiong000282
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and cl osing of valves were controlled by varying the
tenperature between 40C and 480 OC . An exanple of the

i ntegrated hydrogel valves in the mcrof |uidic device
frabpiagatednwWolthhi/Heogeilnt,edvebot osensitive resin nold

Is showmn in Figure 5 . PCR thermal cycling The PCR was
paci-abredshy ivsi AgdaoherevaRdest feraBketyet8l, t¥AI £Muidic
included a fan, a thernoelectric (TE) heater/cooler
@95@1ﬁ$2¢ﬂ0@od FepfoTéry BRB neehbindel Brdrpectond? ol

E e S f_F

B ERLr e Foy e Rk b e e UaFRar =S BV HRE cex
tanteal esoffivarLeb I%epthéoﬁmeleptﬁle heatmperaasre-
powered by the FTAG00Q anplifie rhi Q was contro&ég
?nﬁﬁélﬁ?cﬁéﬁpWéﬁpEréﬁaP OE%%??BY arida TNEGRAM
Nher opeeuphentSh 17140138, ﬁWEGA7EQQ'ﬁS?ftBQ%swﬁﬁker
nmounted on the TE heater to neasure the tenperature,

and aséd ésmath@édb3cpheoylh@cgtcpnﬁn@@ﬁpéDMPhPe 18.86 mg)
BRALLoL £t cIbe, Lenpge gbur o, dh b enence Behueen Lheeoxide

ernDe fri’c heater and actua erature fnsid

bES@ﬁR gbﬁﬁbet1M@SaC§kebﬁﬁ§®ﬂ yslnglancabhbaamim@ 2% BIS
chi ch has identical dinensions as tEe act ua

g4é&v éélﬁk?fa ?H%rHB%SHBF%re%%%dH%Hg?ﬂsVHE t Retpegen to
Eéﬁﬂbéfoﬁxbéﬁd Whithy P BEXGUER. a The:i hempesat ke oy
between the heater surface and inside the chanber was
RovedteA Ph@tFTEpéwmﬁrbza§h©mma%blah@ec@hg@h@al%dw§re

Yrings Hef98§r§ ?89 -aT8¢; dgs éfﬁ?oﬁgﬁg ature profile

S pro ranme 0 a conpute he FTC contro
SRLE v Ure was h congrolled fhe, FTC'Q%étﬁnBeféﬁyég chi
contro using a &Itpzpropor%lona |ntegra% rve- P
dethyahi Wer)ll abkgothgbmhoooph | thEeatbes s enpeeal used

resgonse time. Gene assenbly_and anghlflcatlon
Pgﬂéﬁmﬁéhéegebﬁeﬁ%tﬁfa%;%%vcmw a tSFEPm%%%gT%?%f

a@@lgpngsgﬁeeagsogéé 4020 witd JI3pdG J831Mmand; SBl2Giteq

base
at a wavelength of 365 nm (dose: 252 mJ/cm? ) using OmniCure

Series 2000 UV illumination system (EXFO, Canada). After
ultraviolet exposure, the device was placed on a hotplate
at 60°C to keep hydrogel valves open, and the
unpolymerized precursor was removed with de-ionized water
at a flow rate of 500 pL/ min for 40 min using a syringe
pump (74900 Series, Cole-Parmer Instrument Company) .
Finally, the device was baked at 75°C for 3 h in an oven

to dry its inner surface and hydrogel valves.

The NIPAAm-based hydrogel is thermosensitive with a lower
criﬁical solution temperature (LCST) of 32°C (van der
Linden et al, Lab Chip, 2004, 4, 619). The hydrogel would
swell at temperatures below 32°C, blocking the fluidic
channel. At a temperature above 32°C, the polymer chains

became hydrophobic, causing the hydrogel to shrink and
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substitutions) was selected for synthesis. It
wasassenbl ed using 37 of 40-nmer and 2 of 20-ner oligo

wonid/eniisdes with 20 bp overlap (Table 2 ; Bi nkavwsddoo$00282

al, Nucleic Acids Res., 2005, 33, eb5). The PCR
synthesi s reactions were pedfsormed both within the
m crof luidic devices and in the standard 0.2 -nm PCR

hubegimgt h1aigormes ch@l thhergml tyel efed INA &I dBosing of
PTC- 200, Bio-Rad) for conparison of the synthesis
PetverndnEe. CORFMEEEd BY avPCR NSt R riUitrR et hdretageen

o@Ne:- St gRo Pr oges i kN S
SRl 6 R & e E T Brogel valves
tmots¢ epiprofessdin t desepar Atdler stages Wiorh asse ndat yn taed
a}gﬁl ification. The, one-f,(ﬁej;é)l process, i n_PCR tube was
RBRBORERA Wi YR 5O+ BPLF eht FOn i 3¢ ur el Udi ng 1
PCR buffer_ (Novagen) , I mMof MySO4, 0.25 nmM each of

.S N9 5.25 nM of ol igonucl eoti des,
0.1-0.4 mM of forward and reverse priners, and 1 U KCD
Foe BERrvag Nevafemed OneuFOrg wash¢es fedfed miderl tecler,
¢ . i : . b ot .
o R S S Lol o S e B
00 Dr130/630, TR fole@0 asrd, a anite trest 1 eaxttieinsiarntatol kit

C for 10 min. The PCR protoc t twp-ste .
et dns BAL T el 1o Thed Lo EL0 (ke e (L 1 ELex,
PNEt 60 EPeRb OELSSr e RS PR BSS el VrTO-Zni 0fsoftware.
ol i gonucl eoti des were used without the forward and

Flov et BeEnpr | o5l C ForagRhevammPe i e in, tiehed TAG00
%ﬁ%ﬁl 1@9,P&@gyﬁtwf@scéﬁff%ii%&xb gﬁ%ffﬁéﬁbo_tewperature

Ication reaction mxture containing a fina
ponpes Sleoncknt raypontioirodom e MTF-OITATUi4dl-c36, OMEGA

nt heses re conducted with t ame PCR condi tions
S et et SR bt " R Ve Sl e
pendor fbdr oy tdndesadd etk of | poxusd eptislesd romReEsear ch
Bi ol abs (Singapore)_ w thout additional purification.

IR pHASR RAFE L EEhalye SIRKPHES Dffsgrence between
X hangsny@se conduct g isi gy the: IRoneli s haads basetie
PCR purification nethod (ChargeSw tch

the PCR chamber was calibrated using a calibration chip,
which has identical dimensions as the actual device but a
thermocouple embedded inside the PCR chamber filled with
PCR mixture. The temperature drop between the heater
surface and inside the chamber was noted in the FTC
control software and compensated during the operation. The
desired temperature profile was programmed into a computer
through the FTC control software, which controlled the
FTC100 temperature controller using a PID (proportional-

integrative-derivative) algorithm to optimize the

temperature response time.

Gene assembly and amplification

Published gene segment of GFPuv with a total length of 760
bp (sequence 261-1020 with T357C, T811lA and C812G base

substitutions) was selected for synthesis. It was
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andin Standard 0.2-nL PCR tubes (as control) with the

woM0d/esiszed PCR product and 100 bp DNA | adderpdiNayz008/000282
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Engl and, 170 ng/ nL ) as control. For the control
experinment performed in PCR4t6ube, the 100 bp DNA
| adder or PCR-synthesized product (7 nL ) was m xed

W6 &Emb1 adt @éub@a;em @nd4 Admat oid pirdf i z@then dLdder
(Invitro and i ncubated for 1 nmin. The beads were

%%he%’éb %ﬁ» ewﬂlw 20 nRINRYC PR effARL] el sBibfoistiahtet al,
Mﬁd\@%l&eﬂcmg J@@é\ds Méh, 159 msof washi pgg buff@lesis

(I'nvitrogen) three’ times, and [oaded 7 nL of elution
begterofd Ovedd o;beﬂ'fmsmecﬂ-lcrbqtrpHus;k&)n ttthe hrei ashiedidic

ds. The el ut buf f d bat.ed at
AT T Rrind ol DR T D D@ Thr B TS o s
OphhdtZEat henetmd i opyefdi cqmwﬁlxt@umb% T]neb Rad)

concentrations of the or and el uted DNA sanpl es

{R¥ eCoRRATF TN aid %W?%QWM%OW%M%@ via
£ND- 100, lt[?ﬁ]é’c? JEnol 091 £9)p o - | UIéOE Cﬁfd%% ?%M%mg

conduct ed on e two-step mcro gure
&G emb T ePAR Catop diraddleﬂflmtm prRoducto (& mglam:tage, or
magneti ¢ beads r}gpurl fi cat| on buff rpqlﬂ)
Were FrPst-h %Cefsrﬁ o”“l\}% HRE IS rEPEeR ,SW Y
and CAiE; £ledd fiesh byridieon@etafec s ss  Theser tibe was

solutions were m xed using an external syringe punp

?%@%t%wmoéo b ushefad e Wedd thanberudicy) 1x PCR

@Epf or | |

chanber vvere t’L ﬂﬁ%rbdf %d |2tnﬂg f%éérﬂ]%@%]?

(mrwm@mde)f,r oﬁ%% M @&t fdmmcela}ftmmomw.f%mMEﬁ
ads cap tured b et

{n e‘fﬁ%c%) LA e %a%ﬁ]a %Oe[}qﬁig?ntons%qﬁtf er

(I\i&rdd\érof TS -3 ,wapH gh S ot u)ndl@is iy roduced gt o

the bead chanber, and incubated with the beads at
02]5“%@30@%@ 2“36“ M i Td le Sea athE oty N S e 30

&e beaas mer e Actd velah Jox6¢ At @ gete Qfr B §—|z

bef ore eI ution using external elect romagnet s wtht
Betuptshotth e Fiagud e1a15¢b exAqrerimanerit Tghefomdd min.

rgéﬁié¥b€%géf9%§ﬂ€% wo step process was essentially
the same as that for the one-step process. For PCR ‘
assembly, 5-25 nM of oligonucleotides were used without
the forward and reversed primers. For gene amplification,
the assembled product was 2x diluted with fresh
amplification reaction mixture containing a final primers
concentration of 0.4 pM. Microfluidic syntheses were
conducted with the same PCR conditions in adjusted chamber
volume. All processes were performed with desalted
oligonucleotides from Research Biolabs (Singapore) without

additional purification.

Solid-phase buffer exchange

Solid-phase buffer exchange was conducted using the
magnetic beads based PCR purification method (ChargeSwitch

PCR clean-up kit, Invitrogen) on microfluidic devices, and
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suspended netal arm | ocated between two
el ect romagnet s( GvHX, Magnet-Schultz Ltd) . Alternate

worR@neiouss forces were applied to the netal ar npaiseodsdhos?

out - of - phase voltages were supplied to the
el ectromagnets, which swungé4t’/he netal arm and the
mount ed magnet. The el ectronagnets were powered

threughdthe sopidrsparkettiiebaysas CBEM 5ol Tyeo)h attte a DC
power supply éHYBOOB Dig mess% El ectroma netlc
FpPEReSHherd FPeRuPBe@dct ntotighl? nep ridizyka

2131 9gayol 180e, PULPILa DOBEG: (5 - 6713, _Nat onal

Instrunents) a conmputer wth a LabVlI EW program

a u Si
a @%.é%%P%%%d%%?%%%?@@%@f B R R T 100
USRS B VEL dde 65T&E rB’CRm}ee(smequmdmﬁ (7 stlai ek mixed
Wi th et hidi m de  (Bj o-Rad_Labor atories) |, d
O Shaf | Do by SROGRL SO0 o ok £ et FESE
(AR 8hedeBj 0S&h@NEESIbat &R £&F eClhOn Phﬂ{e,eslfé?ad@rvﬁare then
perfornmed at 100 V for 45 mn with 100 bp | adder (( New

Erighandl] fands Snadneof DNA- SRR e%h%@m@%ltratarr@mwfe washed
|
%2&;‘]%;%&&5‘ dﬁf e cycler, %‘%p. Vk&&ﬁ? tggchree

ep an Wo- St'ep over g syn s pro
wnates sequentcedddéd Thek ko f hel et ¥ ot hsm&r GARunnMene Tris-—

synt hesi roduct s (W|tho further urific on)
@\%fe_%}ﬁoieg) i nt oFRRctath %‘%FQ _ yion b S48 an
hd Awd trogen)n ansk t&ansd ocﬁf@ﬁeféﬁ@ @&@H@laiﬂsy copEs entfor
TOPI O cells. After overnight growh on 1 Luria-Bertani

{tB)mbyart @l erelnive htll@OEhtngn of £ i 19y .chf) bound DNA.
G il SELEOL 5, ner g et o T U0y oty iges

wease exd d act adl ehyd mn@gaﬁd\pmpm\smm M pe @regpHGttometer

é@ﬁgﬁ%r%“%j se?]gﬁe %C%I?Rgzssrgﬂaﬁ glaﬁglses wer e

sequenced using M 13 forvvard and reverse sequencin

SHINETS RIQTC TR P HUCERd  O06 1T dric e 1T G e Luidic
deyi &e gty & f3om Oprgs MoPED t gie FUr thier Séreﬁjuct (7

process: 54 frommcrofluidic device and 48 from
10 2-3nd peRneibe) beald  Seqiencen rresul e manal iised (

ﬁJLS % SEAENGE Mé/dc"isngoo%Z% Vaerfij&%&Nerespaé’Hjuvely, with a
volume defined by the meter chambers. These two solutions
were mixed using an external syringe pump (Cavro XLP
6000), pushed to the bead chamber (C3), and incubated for
1 min. The impurities in the bead chamber were then washed
with washing buffer introduced from A5 at a flow rate of
200 pL/min for 15 min with beads captured by a permanent
magnet (M1219-5, Assemtech). After wéshing, elution buffer
(10 mM of Tris-HC1l, pH 8.5, 5 uL) was introduced into the
bead chamber, and incubated with the beads at 25-80°C for
2-3 min to release the bound DNA. The magnetic beads were
actively mixed at a rate of 0.5 Hz before elution using
external electromagnets with the setup shown in Figure
14b. A permanent magnet was mounted on a flexible and

suspended metal arm located between two electromagnets
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the errors were verified by visual confirmation of the
el ectrophoregrans of ABI PRI SMr) 3100- Avant GCenetic

woAadymess. Devi ce operation A precision syri ngamsam00s/000282

with nmulti-position valve (Cavro XLP6000, Tecan
Systens) was used to mani pul48te reagents inside the
m crofluidic device. This syringe punp is capabl e of
WGHMHY, aMeogeantcdiispensitdy. rehgentat @i hagacvdt uherces were
resol ution better than 10 n as controlled b
PRBUREN EPobhanTeRar i oAl iR Fifere Sy SE T EsR Yofrages
teechydppgebdvabveseaBlethesMBENEYSE) | Wi Sh NEHban eS| Hetal
and separately, two TE nodul es with individual
peRpardt the BeRPESR| BRENAEr TR AL §FF HoF@IBGts ORI TE
( I d r nber

PR sEe T e, oo e OB Ry Ty dd) and
ao0d| pov@E 2uppihms (Hoda0ed Dinglanesdhe. hyte ogedbmyahereisc

o control their_action, The overall. device, operation
%PrFﬁé BERE EFARhAEFY HRUPRE™ wlld® i TTIRYT at ¥ P Ei Y €09
+31vhEb bhepyel voBrdef boeds Py3 caedt Lhadbetnst ruments), and
d i gonucl eotide and PCR m xture was first |oaded into
gheoppateharbelr @ hkeRYhEY Herograt MRrEtiemel Ingheuments) .
solution was then seal ed by the hydrogel valves (VM
Andryey and ehechndphorgelied with the thernoel ectric
heater to assenbl e ol i gonucl eotides. After PCA the
Bydtbgel zedl vesdiMt s andr&/2anaiezed dpenkdy s angatdee gel

| ution unmped i nto.nmeter chanber M, and .

S N o R R AT EEY L R

8t Xidiemciondai dé NOB Dot REd PILd i St & f 068 et £ d chibgiteY 1 M

. To enhance mixing, this mxture was shuttl ed between

RO P ?(Y?l@?%’ha%%? SV%Ga%%%I_ 3@239?1? v@lﬁ?’ﬁ%ar(‘fkﬁwcﬁaﬁféces) .

Ge 1201 8LL A, h&égeéh@epée&éﬁf&ﬁnécyré@gfo@méf Adletin

port B2, and then noved to PCR chanmber w th hydrogel

wathes0Q 3p ahaldded) ( képr opeimndyf tard FCR1IL of DNA samples
ificatron, the hydrogel. val ves (V3 and V4) wasopen

SOPLLLLEALE o0 (Ve o e et nd s

‘SI%L rou herilgir% port A3), and sinultaneously m xed with

L B A2

One-step and two-step overlapping synthesis products were

-sequenced to check the error rate. GFPuv gene synthesis

products (without further PCR purification) were cloned
into vector pCR®2.1-TOPO® (Invitrogen) and transformed
into chemically competent TOP10 cells. After overnight
growth on 1x Luria-Bertani (LB) agar plate (with 100 pg/ml
of ampicillin), individual colonies were picked and grown
in 1x LB media (with 100 pg/ml of ampicillin). The plasmid
DNA was extracted by using QIAprep Spin Miniprep Kit
(QIAGEN), and seQuenced by Research Biolabs (Singapore).
In total, 150 individual samples were sequenced using M13
forward and reverse sequencing primers (for one-step
process: 96 from microfluidic device and 48 from 0.2-ml
PCR tube; For two-step process: 54 from microfluidic

device and 48 from 0.2-ml PCR tube). All sequence results
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magneti ¢ beads sol ution defined by neter chanber M4
in the beads chanber (C3). Wth the DNA-absorbed

woragmetosss beads captured by a pernanent nagnetpCl/$E2008/000282

i mpurities solution was washed out. Finally, the

el ution buffer was | oaded arf® mi xed with the magnetic
beads; the DNA was then released into the elution
befreeanalgzedntsahgt keghikowedenedysdn, tanlis¥dctnkeNsT, and

d outlets were Iu e ith,metal pins. For exa
BBC BTt Spehh ABGTAED PERYERBMDEFOERET R A BRaoE ERE
eMeAfbphergehind- BRaggTPERIBMEI Biloatheanvesenpt ugged.
Two m crom xers were devel oped to effectively mx the
poalpeeduct with fresh PCR mixture for PCR
anplification, and m x the nagnetic beads with DNA
Selvareonpamdteboti on buffer for solid-phase PCR

purification. The gene synthesis chip was to be
depekopedoas sarbegehptiop whshr moent - posbéibnrnalve (Cavro

gﬁhggﬁbic ene §¥n%hesgs To cogt% t he cg é and ‘
{hE3PaBY PEETFON"PPotase 6P TABSBUGR ﬁo§§ﬁ?%ﬂ s
¢Rkp8e Hhélﬁgc@BBEQQQB@SdehEEZImglglBpk@nééUpdmﬁ
structures and nethods were desired. Figure 14 shows
@apaéésr@écwé§hq§awgn§han@|@lﬁpﬁnﬁgnanaeagents with a
gLeGHEONBABELE G SingactDy SBULL! eomiXi gy sOLULLPRed by a
was shutt between two ch ers connected by a
habVﬁEchangehm ThasluaakomnshanmehtsEduﬁedcbherol the
glfoSI stance g ing.rea enti g
5?6896 p¥ﬁ Hﬁsa?néh ﬁﬁ@?a aXber“Punctt B%n%?BE %dan
sbpatheed yeﬁhbomEaho&bEebUﬁ@thomﬁd@ﬂﬂdﬁ§§|Eémbékgﬂure
the flow (Gan et al, Phys. Lett., 2006, 88,
0oR D3} LeRst Hede Bhede ( Eé&?ﬁ?eé ) wePrer BBore@ddleo (TE 1) was
NPEQ@@S Hhéé?gtﬁ309¥§nRﬁ€ﬂb¥Ws go @@fé?ﬂegﬁe temperature
croeng. , FI gure 4a denonstrat ed t he
peciongangrdofheéhetkbut TEi mgduier ¢HEx2r . wInolcokbeddunder
a m xed. after

%ﬁ%??féaog ?'ga%V%%s£%e%aﬁ§ﬁo%3§h8ﬁ5nﬁs £38: %5 11 ow
15 ; , ; . N
b SChatnbu vat B ¢ BECPSELOK  Ar Db RELEe 08 SYEHAEF 18 BBrice

fib¥i diCustrated in Figure 13 with the volume defined by

each chamber. Oligonucleotide and PCR mixture was first
loaded into the PCA chamber through the inlet port (Al).
The solution was then sealed by the hydrogel wvalves (V1
and V2) and thermally cycled with the thermoelectric
heater to assemble oligonucleotides. After PCA, the
hydrogel valves (V1 and V2) were opened, and the sdlution
was pumped into meter chamber M1, and simultaneously mixed
with an equal volume of fresh PCR mixture containing outer
primers from meter chamber M2. To enhance mixing, this
mixture was shuttled between two mixing chambers (Cl and
C2) five times (flow rate = 120 pL/min) with the precision
syringe pump at inlet port B2, and then moved to PCR
chamber with hydrogel valves (V3 and V4) kept open. After
PCR amplification, the hydrogel valves (V3 and V4) was
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structures as conpared to other reported nethods
(Nguyen and Wi, J . Mcronech. Mcroeng. , 2005, 15,

wdRkgoe/0ddsxs ng was conpleted within 1 min in ourPCT/SG2008/000282

application with a fluid volune of 19 nL . No visible

air bubbl es were trapped indlde the sol ution.

Per manent neodymiumrare earth magnet was utilized to

caphuagammgnend ctiheassluni¢ohevas onofddi th onelens cehqribar M3
al , al, Chem_ ,., 2004 6,.1824: Herrmann et al,

TP, Tobok Bart BEb, e dmuil Bange b s MiEn the

R08Bet bc, b5HHY , s@But 1 oPr QT Oedd ao St NBgNAtd:€ M4 in the

force. However, this strong nagnet could al so cause

bradagghepRe T ofCdf - béhER e ddVambmyhed Argnetdferheads
; 1 02 j ; m ful l .
%%gﬁﬁﬁggvf fhg?%%r@%g?{%egrg %?%%’Fe‘%ﬁ%géné%&? 0 éljblf isoonl.u o

vakewssined tdwat . t hiendoehgs wes e= Wwel 1 ommilxetf et twas loaded and
sol ution, have devel oped. an roach to agitate the
BOFEL i Bhth noP eI e Chartber o Fi Gt S Engas. A Peraraireied
Rgpet hdas1 oL eshore . ftexidlerdetale aryd hatravdsion,
sandwi ched by two el ectro-magnets. When out - of - phase

vorsegesn hieke Aphl Pl ¢S tirr elrirathgiiets metal pins.
?Jﬁe&‘érhgsf@ r@c?rk?ﬂé’cé g&&ﬁ%i@?{&@e{bﬂ?&?%a‘%e@ the
e neta t

swung t arm an e permanent magnet

snheit ¢ atfebtis] )y . £ dihes siM drgd hnegs evelfife tpwdriaigigesdt: itdre were
netic beads and agitated the solution. This sinple

Eg%%‘?%%%h was enployed to mix the elution buffer with

DNA- bound magnetic beads in the final step of PCR

PP I THCHRT O At S xANFTRE 90 G5 I MG %ty the PCA

by eae! w val vier A T iR theRGR pcess 48l ¥ ilcation, and
solubility variation from4C to 94C could create a
presthe anagnetdia heddg giitdu YA goluingin aosemlut2go,

tenti r i . es ul
%%%%Ilo]bjﬁ o %% la({]d_oél kf%so% aﬁﬁﬁg ﬁg‘ééluj{lecba:%i kgél. 7 fg% g%tne%c
finthetialchidnatas Gherhe RHBO2,opk 3063 )oernbrertefoor e,

referred mcroval ve would be able to withstand at

t he
' Jr%%%’?ur%?%t P RS A RS FARN & ST T 05 -t HE BERTTCL

tRXtas e WAdididde Bhaderfabrication process of these
disposable chips, mixing approaches utilizing simple
fluidic structures and methods were desired. Figure 14
shows our approaches using shuttle mixing and
electromagnetic mixing. In shuttle mixing, solution was
shuttled between two chambers connected by a narrow
channel. This narrow channel reduced the diffusion
distance of two mixing reagents, and the abrupt opening at
channel-chamber junctions created chaotic advection at the
junctions and recirculated the flow (Gan et al, Appl.
Phys. Lett., 2006, 88, 224103). Both of these features
were reported to enhance mixing (Nguyen and Wu, J.
Micromech. Microeng., 2005, 15, R1l). Figure 14a
demonstrated the performance of the shuttling micromixer.
Two colored food dyes (blue and red) were well mixed aftér

shuttled three times between two chambers at a flow rate
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The hydrogel valves were tested prior to use on the
si ngl e-chanber device (Figure 5b) with a liquid flow
wombe02048LG1430, Sensirion) connected between FECT/SG2008/000282

constant pressurized water reservoir (8 psi) and the
device. The flow rate variabilon was nonitored as the

val ve was subjected to repetitive cooling and heati ng

&y B50 hel Moeh echummediaat ef pirgersieat hsthengle\pue. This
Figure 15 shows the valve' s tenperature and the fl|ow

PP ds 3 uret FORsI 6 k. COMRA Gal V& df 1N dnidibre
ér]t&me%é 5 MRX D& T8 Alhdr LAIRSF A B8l aw tifiyen

ydrogel' s LCST (32C), the thermally responsive
Frydiribyel J swéi ¢ eelneri. Blockeeha he A ve, 18 ndildat dbL:pyng was
the decrease .in f]low rate. \Wen the tenperature S .
SR T T M RS PG efthie (i
Wl utiee ehdl alhowed fors fdi difd ubsdTraughe tde ehawme! .
A s indicated in Figure 15, the valve functions were
iy Fepertdbte®™i th val ve' s opening and cl osing
times of ~5 sec and -20 sec respectively (see inset in
= gigrenb)neodymg wedr die 4 thafi e it atas oftitlHezed to

ter A r. diffusi: - f, -t
‘ﬁ{}%ﬁ%{ ﬁﬁ%ﬂ%‘eﬁ Cﬁ gk7 eda g{gg V\Jiel{I ﬁh\r%tngrcorgdegslsd% Q!; hotreg;rlecee? (aIf l,hle et
HensAndct ugtar s, BQ0L004, 98245 BerrmEm ctosdd VialveChip,
exhi bite | eakage erag flowrate pPSd ,
By et (N o e s 20 he pEg0) , as
Ghagieridel £ts@tonddigndeieMror Z00Howkned,9%his strong
reported that in situ photopol yneri zed Nl PAAm based

R nAL <o i vt ks teRib ca Ihree sgre Bt i &f Jomdssi (Rida and
- , Chifyn 220 6
%?nﬂ.ﬂ%ﬁ%@:,’ 1A 04 %, 662’394) aar}gj %'}gieert taHeh beads

2005, 7', 313 'al so described the
Sugc essliflulcamitaagr atiitdn tdfe cleemimcal 1bi qyad hamerliezedin

NI.PAAm hydr ogel, valve with P nual_insertion of .
B C okt Ttk i ey atn e B g e 1 ked with
18t RN CWEd NG iGN RN e SIH RGeS MRS tate the A
integrated into a chip conposed of a PDVMS fluidic

setfctry e ot de i st i real k4ug i POVBaRE ta

d&ﬁgg¥ dgsiﬂH&HSEHiJ%Ja flexible metal arm that was
sandwiched by two electro-magnets. When out-of-phase
voltages were applied to the electromagnets, alternating
magnetic forces were generated, which swung the metal arm
and the permanent magnet simultaneously. The swinging
magnet dragged the magnetic beads and agitated the
solution. This simple approach was employed to mix the
elution buffer with DNA-bound magnetic beads in the final

step of PCR purification at a mixing rate of 0.5 Hz.

In situ hydrogel valve

During the PCR process, the air solubility variation from
4°C to 94°C could create a pressure of ~3.1 psi (Chiou et
al, Anal. Chem., 2001, 73, 2018). Potential trapped air
bubbles would contribute an additional pressure of 3.7 psi

at 94°C (Liu et al, Anal. Chem., 2002, 74, 3063).
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(Zhang and Xing, Nucleic Acids Res., 2007, 35, 4223,
Huang et al, Lab Chip, 2005,5%5 , 1005) and
perneability to water vapor (Prakash et al, Sens.

Ateuators, Bthe2@®6feii@d B98yovelilrd posédpbebiieis to

er i n_m.crofluyidic environnment I ch has
RGO braeanE B Al GA1shPt SCBUFD. JOFaRasFat Beoqong of
addresg hheserBrQbLER®, tWe bBaygpeeated the fabricated
devices with 2 mmthick parylene, which created a

Qﬁ%fh9arhee§995m§ésmﬁéﬁé ¥@QQECRF££H§'98 aad bﬂpfﬁyed
the surfaCe conpatility with m xture (Shin et a

3ingMecrbasbhr MerioendFigu2e03b) 181t568)11qU1d flow meter

ec nodu with heat, sinks and fan_ wa
(PERTIEhr s SrhEErAll CeohhPrbedipilPetn ol Crbitedthe
peapetat ve@ paokil essetvbhe tBepsnl &y&l €he OBERL BEO The
froma calibration chip, which has identica
dirEnspbAsvasiehtoncraal mgeyrescdpat Hag walve was

khejopcoupts eobefoenvy LEbIhG S EEHEIIE Dy 2. por

eratures at t eater surface and wt
thanmeelaet91qehswted ufilerheaper gheréedi ¢¢ erEngere 15
ocatlo s_indi ated at the 500

b h
I g R AT R L S AL

gaapt 06n2 6L, t Whe chTMBSvaDIpensatesi cus i vgréhe.5 mm x 1.5
operatlon of thermal cycling. The heating and coolin
Pt 8sO0est MHmt 28 ?r%%mpﬁﬁﬁF%riﬁbﬁé?% ohe drgeeogmt’ s LCST

433€tpecynL esperhive yregpbﬁglv@r qasset é@@ﬁlé@0§ﬁa

in conmercial therna nglne PTC 2
EhQCP@R'th@nb@lvgaSlm@scghed hythha @@¢u@®8©flﬂ ﬁlow rate.
nt eS|zed by PCR_net hods cont t ai,ned bpt
TR PR or AR B | 1 Br MRAVEr Fe8 IFEHOLRERT dhosT, the
hﬁ@gb@él éﬁf@mksymth@suﬁe gell £l esteophor esl siavaslow
usual | conducted to confirmthesuccess of the

S RiohEli €he areP ke SephP at B FEC#aI 11 | BRGUFE ptoduicte valve
s chiugs LDED £ Ridfiest edotiomibe,geh 14l 1% 88king and

extraction Kkits. coul d be lost due to these
closing times of ~5 sec and ~20 sec respectively (see
inset in Figure 15), limited by the ramping rate of the
underneath heater, and the water diffusion rate of the
hydrogel swelling/de-swelling process (Richter et al,
Sens. Actuators B, 2004, 99, 451). The closed valve
exhibited no leakage (zero flow rate) at 8 psi, showing
that it was strong enough to seal the»PCR chamber. Yu et
al, Anal. Chem., 2003, 75, 1958 reported that in situ
photopolymerized NIPAAm-based valve could withstand a
pressure of up to 200 psi. Wang et al, Lab Chip, 2006, 6,
46 and Wang et al, Biomed. Microdev., 2005, 7, 313 also
described the successful integration of chemically

polymerized NIPAAm hydrogel valve with PCR by manual

insertion of pre-synthesized hydrogel in the flow paths.

PCR thermal cycling
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at 60 OC . Once the PCR chanber was filled with the

sol ution, the hydrogel valvés was cooled to 40C
sealing the chanber. Since silicon with high thernal
Gordgenkevisyptivas igsedoasstheadevntegsabstr ahep &hehPER
chanber an val ves were positioned, apart to

L LA e S R TR

cyekikrgtandat Recughvesisopgsahi Aimndhechydnegetsvahye
has to be kept bel'ow the transition tenperature to

gaskrihé p@RP@ﬁéﬁﬁértbatumgk@hetnﬁup@yeprnéormﬁ©@ﬁtructlng

ﬁ?ﬁhﬁ reaeh g?ﬁe Eﬁgﬁﬁ%ﬁ&? $i990§ s?é fe%tghﬁ?ﬁ%y

0 SUPpr ess erenc uce
dpadlfmbupEobeﬁmeeﬂsbhﬁtB&R chaﬂh@raﬁﬂdeﬁbyeNumasitoAcids

425 7 BEPITeL;oUR o ek s, pel g pone ) (2o

H@@B@tbﬁa bé%ﬂ%ﬁb&@1§9p96e§§téPev£§&§r@er%@Ehfé@Wél
al ong the substrate, as reported by Wang et al, La

@ﬁpp 2g6e8aters &e aﬂa6»ahb3et3%$ gouldﬁ@@@ﬂe@hoblems in
e%f8§H9n » pER0%, 1§Crg%%% &bgpéﬁvfggnﬁ% pne ﬁi@ﬁ Ao o
¥ et

ené 'synt heses
BﬁqmnreﬁmnmefathQRhagsea@tyamastbheosame ﬁstiae To
standard PCR anplj ficati on. wever, the nunber

6??5%ﬁ80F€8F?d8§°Pﬁ9@Fveﬂe|%a?@IF%%E%ﬂbFQGmB%bﬁﬁEﬁted

batgeksthapni b LhecpiaRAas# fKE%anﬁﬁiéhC@£éQQed a barrier
Ful | engt h DNA was construc¥ froma pool of solution

EenearhlAf wehgroﬁa@prg@hﬁﬁm%b@nd@@dmimmr9%¢doa@e surface
HE%%&QSl%ﬁQPSE%B“ T§€uféf¥§ﬂfﬁcgt 1ougce ?éyémech.
ene s S

I'S re red"on seve aht "factors
Mmckudhgg,theoaolyaeraS@) concentrations of assenbly
ol i gonucl eoti des and anplification priners, and

BttﬂétM@élaﬁdrDEO@Gﬁhl@SwDﬁmlEQQDU§iﬁD§iﬂﬁ@ f&bxWaﬁ
al Protein Sci. r 2007,.16, 379; W et
BFb%éEﬁ f?éoéhe{§ﬂl 2®%§lHQb ?H%%%?f§6tﬁ%°%%§e?h%e of

Qém%FPg@usgt%gsfﬂmgspéfn@meC@m@ﬁmiia&yepér SoBEONBA from a
of Puv bp) was

callbratlon chip, which has identical dimensions as the
actual device, but has a thermocouple embedded within the
PCR chamber. Temperatures at the heater surface and within
the PCR chamber were measured. The temperature difference
between these two locations indicated that the 500 um-
thick silicon substrate could cause a temperature drop of
> 5°C, which was compensated during the operation of
thermal cycling. The heating and cooling rates estimated
from Figure 16 were 2.4°C/sec and 4.3°C/sec, respectively,

which were faster than those in commercial thermal cycler

(DNA Engine PTC-200).

The PCR chamber was designed with a volume of 7 upL. Gene
synthesized by PCR methods contained both full-length DNA
and intermediaries with shorter lengths. After synthesis,

gel electrophoresis was usually conducted to confirm the
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synt hesi zed froma pool of short oligonucleotids (40
bases) using two-step PCR process by varying

wootoogonussl eoti de concentration from5 to 25 nMCESGER008/000282

primer concentration from0.1 to 0.4 nM; this was
conduct ed on the commerci al ¥hermal cycler. Desired
full-length product was first assenbled from
ehbg@ﬁacbéothdesymthhems oandr tpr sapesatPCAhassehbt¥$¢ngth
and then a addi ng _these _pri s at .t
BB o Er g BeR BRpF P o BKEaAT EoT60RAY ERSt REL DY using
gear ekkubdigodeviee. deshanpliki BBL€d56¢ 1obhedRER o these
nplification was performed with the PCA product
éF?HﬁeénﬁﬂFheaﬁléagﬁﬂngopﬁﬁéeéﬁ f FeshPaRpMikFeaei BaS

e e h ST I CA

e M thEb Ceng P r LT ReR Gk EBLan BRI b0t ObeT
iabyemeteatIWaSErhépd prnehebyndheamedlectrlc heater at

cleot de_and r conc ations. The P
Bhe o e e ot he cobRt SREEF CHAEnEt hat Phah aLegnBY batLon,
Phedugliregni aibnedea sReCEEYMA! t ONASE, tE@aﬂﬁh?rtﬁa of
whi ch” possessed | ower nol ecul ar melghts t han
geainbed -t &t gee §¥€DC@B)WltFohlﬁhoﬂh@r@ahs@,@ﬂﬁuéﬁl‘ﬂb}’n was

onuc t ng n 0 e

S R L PO E Bk 5680 pEr st g, hygrooes
valivsksblverénpb bt P@Aedebpanages, mbmimihésthasmal
ef fectivel boosted W th PCR lifjcation.
%HEGEEEEﬁB PEERpFRstAe 1P | r@? t hést 289 %P?ht%%
%wegucbﬁ@kaﬁlﬁoﬁon@@@tﬁ%t@gepfv@aé/l B8 8o Phd MBEpt below
concentration of 0.1 mM mM and 4 MM,
ERgpbERNFEFON (Iﬁé@els@wpr@st%?%al hiehe aRER ashamppr eduring

1- e t ucl
Saschdr raPe L BNOERhnt Ol 9B Thh 990 6\ Pl PBaruge 25 nion
SynphesesOomt t apnt ol s gopues eotheet tonceht imtéonfiendnce and
10 . nM a nmer. concentratio 1 mM.and O.
FerREn TBe proue dEo ERGEr T iact oFrs) B FhTeD: bpd P2 lves

PEOdUSt usd Na CONL §rast , s Syt heses (Petih of freslo Wt dirBodatd (zou
of primer all successfully %groduced the target 760 bp

Bhae L OF SeRE- fAGFUSERPFed; 3PPl e1823 With @h an isolation
@féﬁ@ﬂu§$egﬁﬁﬂféggn@ﬁ@tigﬁéPQloﬁeé@ M along the

substrate, as reported by Wang et al, Lab Chip, 2006, 6,
46 and Yang et al, J. Micromech. Microeng., 2005, 15, 221.

Comparison of one-step and two-step gene syntheses

The thermal cycler’s requirement for PCR assembly was the
same as the standard PCR amplification. However, the
number of oligonucleotides involved in PCR assembly was
much larger than in the standard PCR amplification. Full-
length DNA was constructed from a pool of solution |
containing tens of oligonucleotides with various melting
temperatures. The efficiency of successful gene synthesis
relied on several important factors including the
polymerase, concentrations of assembly oligonucleotides

and amplification primers, and structure and properties of
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full-length DNA generated initially fromthe PCA step.
Based on these findings, anfﬁiigo-nucleotide
concentration of 10 nMand a primer concentration of

@14 gpnmecetidesct(E@xf 6i gémeP§9ﬁ€HQSS§lon g007, 16, 379;
M.CLQf Lyi dic dayice, Whigkhe,opt i poged

ollgonucleotl e and pri imer éoncehtrat ons, GFPuv (760

succ nt h ed fro ol _of, short
B GoRheis The &6%&&§ssf b9 G9PRYCLPPRerCoRRdsPapTe T
b@hegher@haahgr ghisphmehtt we- stepvMi(esof bp) dives
devi ces. Strong, dom nant band of the desired products
WEPE NGB &PAed TPR ?héogélOinﬁ§@§t(PﬂgaP§U$©§0tl¢ﬁe (40

Ba3ES) oioThl' EREESCKECHER, BLoBLEEObLLELT ARV B0 Yere
odmgenucabothdenabncyoteatlaheﬁeomeﬁetblﬁﬁtem byndhprimer
dead vol u 2. el s between .t he

SR RRal TS ah 2 hnat, he O by B BUBNERL R, Bt EPRah had o
Fh¥t ebem¥kERED therfieadcyehupre gdedi pel @§§Enbéﬁgtbu%roduct

contributed to ~ 30% of the eluted solution. The ge
Fasufisshl 36samhehst fapBdol hapnpat yPehdefnsl EBAPhL PBF@r

p%&ﬁe?QR E@ﬂCEEQEmHHESUrQndaE eﬁf£ﬁ§ii§g§%r9§°§5§9néh@hese

agent's agai nst evapofation fromt
papmerpeaneabbes@EWBd P0Rp&PER amplhéianienEp To match

ocess -ste cess_gener at ed

P RS r g bP S auaE VR P BN e RoTR ahE aRbaNTEDr FRF! ok
thQ@BU@éﬁﬂbhdﬁés bBrtbemenew st EPtREOBEASpréfi€ct diluted
assenbly and_anplificati on were conducted
Yithhl 2angeudlyvohHrehoEofpetrdarpt 1 f heatiedr addtihen
Rk i.ggpucl eotides and nononers (dNTPs), and rendered
Intermedi ary products with | ower nolecul ar weights

g r oppet 0 [ [

Pt P hast oo neBaail, PECERFETRE bEA S e I L LSRR Do)
pnddBCR. ampeifwoasiep megess M&b)rm@n@teﬁlﬁ@tb&ta@rﬁor

| iable t e one- . process, which sonetjne
%g?léadfga gﬁe? %gopHF ﬁbgﬁ and primer concentratlons
The PCA has smearing gel results, indicating that the

assembled product contained a spectrum of DNAs, the

-majority of which possessed lower molecular weights than

the desired target (760 bp). For products assembled from
oligonucleotide concentrations of < 10 nM, the gquantity of
full-length DNA (760 bp) was very low and invisible in the
PCA gel images, but this was effectively boosted with PCR
amplification. PCR gel images showed samples 1-1 to 1-3
synthesized with an oligonucleotide concentration of 5 nM
and a primer concentration of 0.1 uM, 0.2 uM and 0.4 uM,
respectively. Other samples were the same as samples 1-1
to 1-3, except that the oligonucleotide concentrations
used were 10 nM, 15 nM and 25 nM. Syntheses with an
oligonucleotide concentration of > 10 nM and a primer

concentration of 0.1 uM and 0.2 uM failed to provide the
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DNA (Gao et al, Nucleic Acids Res., 2003, 31, el 43;
Xiong et al, Nucleic Acids Res., 2004, 32, e98). GCene

wWoB09/mes3ss With the two-step process al so al | quadsd2008/000282

di fferent annealing tenperatures to optim ze the

assenbly and anplification pPocesses separately. The
assenbl ed sequence was identified by DNA sequenci ng.
Syaihedi zedlptoduth s ?6@;rﬂmhepn¢@m©tf | In d¢enhewstes

ad PCR t ubes_were cIo djr Wi f hout rther
SOPrhrRat BReCEPhE B0 Wb IR 1 ot epe sy

podtEQgER tafgléilmtkbptmgetOﬁlﬂﬁ@ fblih samples,
i nternmedi ary €roducts were all cloned to reflect the
?%Tépl%o%p%s‘i"% %na%foﬂﬁao%%lf%%%%ocﬂ%%‘bﬁ%tloﬁ'a%‘f elq nM

ShoVs HhenSeauencl N JesMl tSr Jhe Qirofodat&s PR most

kil obase (kb) calculated fromfull-Iength clones were
Buldb-lengelvi pJeocémmltA S6en nt RERy T udbmnd bes tIre3 ohkd stdep 0.4

HEERE. 4080 55 odks i s cidte, BT AR N
(ﬁ@rﬁ@ﬁa@édtml@upry red s fepordeds{dp 8-Eafied db)t{ddan

et al, Nature, 2004, 432, 1050; Xiong et al, Nucleic
NERHLN Res . 2N 2pbUg0 I o 1P RRRCHHAE I Lon ubk oWk and a

IN:‘ﬁJagf Cc@i%éirsftlaﬁ,slon 2@1020 @%M %4e?§r Wéi@é@ewéf rlfezm,gt
al, Protein Engr. , 1999, 1 1113) . Most errors (>

S hewire assoonated Widisiadgliesdase i nsertion,
del etion and nmutation. The indifference in error rates
winpl ted vbatmihey wkigonndépenddat anfi phémsynt hesi s

devi ce ersu t b and proces
P BanE T ah hFe S Eus 17 ) b rEbaar dghaSS ER Py prunsie st zed
tNugl 8i pobai 4% BB@rt 8008on301c8#343nd4di BAsEE) aby using
Nat ure, 2004, 432, 1050 £0|nted out that the greatest

e&F P sORerehepr i BibaderenenRegualiPy OF SYATABEPC
mQEESQTHEg%Qt hdes eQOtsEEQ thg, !qu&h’ct aRh BP! YHET 8S€ired

enzyne. |gonuc eot i des fe chem cal y synt hesized
pbadecby- hase wbthincgtiep yhel dedf im88e5% FiHguker 18hd The
V§F%Fal§¥8g %Egtgé ie}gs of micgg§iu1dlged8¥$£gglwere ~
50% of the controls performed in PCR tubes with a
commercial thermal cycler. These were limited by the dead
volume (2.87 uL) in the channels between the PCR chamber (7
pnL) and the valves. The oligonucleotides mixture within the
dead volume did not assemble, but contribited to ~ 30% of
the eluted solution. The gel results also demonstrated that
parylene was compatible with PCR reaction mixture, and

effectively blocked the reagents against evaporation from

the water vapor-permeable PDMS.

Compared to the one-step process, the two-step process
generated much more full-length product from the same
amount of initial oligonucleotides. In the one-step
process, the assembly and amplification were conducted
simultaneously, which competed for the fixed amount
oligonucleotides and monomers (dNTPs), and rendered

intermediary products with lower molecular weights (Figure
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synt hesi s product. The building bl ocks of synthetic

ol i gonucl eoti des contai ni ngSdot h perfect match
sequence and inpurities with msmatch (single base and
Bkt i pTee bpsesyssoadbupatithavewparmicipated im the PCR-

ocess and generated products of jncorrect seguence.
RS oREr Ee = VT REE Bl §hebate habTeEFARE SFTHRACS he
tiwdektéy pfocdfsbubasebgeptégatd ope (hbrder&liable than the
Nucl ei ¢ Acids Res., 1996, 24, 3546%, whi ch was 3-4

BREEPESP ONEPCEHAN YheCkr porekbRes ofa kit et | genferrRlte full-
bef UﬁtﬁmF’féé&”é%ﬂglgeﬁscﬁgﬁéhﬁéﬁés'ﬁe Mgl | Wl ce1q3;

evice m ght not [nprove the accuracy of synthesis
Pioduces ak, déuohsicateddbyR&ong 2004 3INucd 8 c. ARTs

Res,, 2007,.35(8) :e61l, e-pub ril 2, 2007
B Rt hpere g ohe Jone stom et B¢ drsp Al dudd o
BegBseeiheshand] i NG £4ABe ANGL FEA0ENt Spe0st fo @8l assembly

el i m nate human process factors. PCR product cloning
and DNA Skt hgPrREesSseueRaIFdee bnisure that an
accurate synthesis product was obtai ned. These
Brocassarb e ot s@desed stant 1&nt kbordtloy YDA fepquendiong.

btain an errorsfree , ny. . sel.ect
SPLRRE- AL £ UBtaLLES RO LB LADPRN NGRS, apa ro
Relses 2ZOO5,cBhe®5di r&ar Yy ebi @houNutih et lte Ao uksi Resat ion
2004, 32 eIGZB whi ch m ght contain_either undesired
¥F e P DNAST QROP Hel festd StEFr T - | BRgt e ased) THelLl-

%@@E@rtawjgéd ettty Vi et Ofcd A d Wor St e PIOCESFere all

increased the possibility in obtaining effective _
¢loned efmytielorfesthangedl aediees vyl am @F ridre fywethesized

out three out of four clones (35/47 in PCR
é%%égcg$bduced by the two-step process contained

AL Lo £ranichg, IO Gl 008 O R ool MBS por
khreead ongs) (dbl ArldtedPCRrdmub®))1{Tabyeh Ijlones were 3.45
glmgégfgé%and 4.36 in PCR tube for the one-step process,
and 4.01 in device and 4.10 in PCR tube for the two-step
process. These values were within the range of the error
rates reported (1.8-6 per kb) (Tian et al, Nature, 2004,
432, 1050; Xiong et al, Nucleic Acids Res., 2004, 32,
e98; Hoover and J. Lubkowski, Nucleic Acids Res., 2002,
30, é43; Withers-Martinez et 'al, Protein Engr., 1999, 12,

1113).

Most errors (> 85%) were associated with singlé—base
insertion, deletion and mutation. The indifference in
error rates implied that they were independent of the
synthesis methods (device versus PCR tube) and processes
(one-step versus two-step). Hoover and J. Lubkowski,
Nucleic Acids Res., 2002, 30, e43 and Tian et al, Nature,
2004, 432, 1050 pointed out that the greatest errors were
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the two-step process would be preferred in m nimzing
t he nunber of col ony sequencing required to obtain an

weeieodoisse gene, and the effort of cloning andediMEe2008/000282

sequenci ng, especially for Long DNAs. Thermal |y
enhanced sol i d-phase PCR pu?ﬁfication For applications

such as cell-free protein synthesis (Mei et al, Anal.
Trlenibutedoee 7i8e TEEDLLt NodF et eidl ¢ i Dctadeic lemtgeles,
rgg% ! f]fﬁ';_\r%aghe Sfid?'lhl S?,OgOO&%y 1eorlase17?§1629 mé.Whl ch .

iTecily use synihetic gene or protein expression)
@Iy b it €¢ @t 1 Qs Ofe B ZyhEii €a Bl ¥ yritild erdeny) beeddrdns-base
(Bi nkowski et al, Nucleic Acids Res., 2005, 33, e55;
Gl 2 ettep, YRt 9 A S Réeckepond 391 62;

BUOrOBRR; §tedl . 100E] B3 £, Agls Reghe A0S 1183/i&ERBiof full-
Brown et al, Biochem J., 2001, 354, 62725), on chip

lengEduckigdrueleorides dafrenarhess 2de priddictgiclgotide

ol i d-phase buffer_exchan rocess was.-J ntegrated
S PR Rr Sty B OOt e ot ot s &
MRENeS t Lddbeariss baser- RERyurif iL£atd ofe et i base-1long
(ChargeSwitch PCR clean-up Kits, Invitrogen) . This
Pyl R PHtehded to purify the assenbl ed product
fromshort prinmers and dNTPs, and to prepare the

T flepi kding i ohogler dovinist et appliTayoigotides

. . -C t H 1 f i f i .

Ui eTLstmanel o, e UL B L 408 s
B2t Cho(etngle hade Gridg,mP00K1e7 hakth) asilcbrpar édve
to ot her nucleic acid extraction t hods reported, b
Brohfer oL RA 5 , L BT rOpharetiaeS S00b, 9% £ ey DS ©f
BlooSens: Asduai @ s B ,cA0hstl26hSGNA Pl Bigad®nes a
et al, Anal. Chem, 2003, 75, 1880, ChargeSw tch

1RR} i e athef kel apprioadt? s RatrtduripctatePhetHdde ot

a(ﬂ/)ésﬁuéieﬁ&'Aﬁ@é-R&f.t,ualt@@, B4 2&947@ 128,i §64ias 3-4

Br'eadnore et al, Anal.’ Chem’' ,” 2003, 75, 1880). DNA

avase f§ retwandsordre dlontar tdre itle oot surftdes imdemneai gh
conditions. T unbound |

RICHEE St e ifbr TiTe SUNCHIE D e sl st ©
ddf - SAhiFh®Mmot improve the accuracy of synthesis
products as demonstrated by Kong et al (Nucleic Acids
Res., 2007, 35(8):e6l, e-pub April 2, 2007) in microPCR
one-step gene synthesis. However, it would reduce the

handling time and reagents costs, and eliminate human

process factors.

PCR product cloning and DNA sequencing were required to
ensure that an accurate synthesis product was obtained.
These processes involved substantial laboratory efforts.
To obtain an error-free gene, many randomly selected
clones were sequenced (Binkowski et al, Nucleic Acids
Res., 2005, 33, e55; Carr et al, Nucleic Acids Res., 2004,
32, el62), which might contain either undesired truncated
DNAs or the desired fuli—length DNA. The greater full-
length yield of the two-step process increased the

possibility in obtaining effective full-length clones, and
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with a higher pH (10 mMof Tris-HC, pH 8.5). The
ChargeSwitch Kit was first optim zed in standard PCR
wd 1oge204ssi Ng 100 bp DNA [ adder with a known DIW&T/SG2008/000282
quantity (1.19 ng ) as the caontrol follow ng the
approach and protocol suggesr>(9ed by manufacturer. The
reagents vol ume was nodified to nmatch the design of
Ancpehiavdng deveEsorafrer ghechalbPihetprocoewt @hsfour
i sing bp.,I| er, .t
T o aad Lo R PCF, BPEartRar By (B CEme PPaRg
bpobhAs| addeainad PCRisyahbesi geddpeoducthidhewaot @reater
appunt of 100 bp DNA | adder él. 19 ) or PCR product
ET?@StH@t)Pﬁﬁgug%gsl?héﬁetﬂ% BP haP ngr2apaki (#Pyubf CfhecUt
5 Ghracgesw tebnbsadsc) gaded. pBaRsedroN) t heapRAUL ACt YR EFe Bore,
prot ocol, the ChargeSwi tch beads woul d bind
tdbaebkeossrapdedoOias whthdl eagphefefredodnppinimhiising the
100, b | adder s_selected as the control. The
B e, Phrer Rt T e ERRPELRE, ERaflrodarEohpln AN TTEY
Faper gehes saghthandf DA ebat £ 0oniddeaNADRA UEEQBencing,
condi tions éti ne and _tenperature) were investigated to
PREPEARELY hECBXEPRZt POASef fi ciency. The extraction
efficiency, defined as the percentage of DNA captured
Aharral ddsenanged shohhd rRNEPHUP R UL ThECALAPR | ti es
of the original and el uted DNA sanples were determ ned
bB9raabRlifat speet pophotdnet bt - Fweryrobasur evpbcHbs (Mel

peat e re | Mes; e er X i :

SFPRE cans of 16D b K | Ster Pedt SEPE0E TR Bk tube
andchd2b@84 | ArovcriBétlidi 2cdévi 8ej. eUshpd2@f4 2510F pr1B669)
gig,iﬁvé,rTLo Tris-HCItbuffer 10 of Tris:HC, pH
VBECh\RERC ey ad3or HEUT BRIAT MeS°3Tbj €2t edT P oTher easi ng
@kﬁké@@i@@np£m@tyﬁ@egﬁggiéﬁlgﬁsgn@%n@@y@de£»wrw@ﬁltering
enhanced. The extraction efficiency increased
@?¥%@@$vé$yn¥qw%%m@$?l¢%}aN@%éeaﬁqu0@§iﬁeﬁ1cr%@05r 33,
Lysdi g, devi ge yhenyi,peubat gd; @b 805 0C 5964 3 B0 o162,
Further increase in tenperature did not 1| nprove the
Exhraghn oot ei¥i cVentyic TheidxtRasti oh0@% f i 33 eney8 madrown

slightly;foproved (<4879 354, 62725), on chip to reduce

the error rate of synthesized products, a solid-phase

buffer exchange process was integrated with the two-step
microfluidic device utilizing magnetic beads based PCR
purification method (ChargeSwitch PCR clean-up Kits,
Invitrogen). This process was intended to purify the
assembled product from short primers and dNTPs, and to
prepare the buffer solution for downstream application.
Silica-coated magnetic beads could help simplify the
device integration (Liu et al, Anal. Chem., 2004, 76,
1824; Cho et al, Lab Chip, 2007, 7, 565) as compared to
other nucleic acid extraction methods reported by Jemere
et al, Electrophoresis, 2002, 23, 3537; West et al, Sens.
Actuators B, 2007, 126, 664; and Breadmore et al, Anal.
Chem., 2003, 75, 1880.
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buffer or the increased theréil nmoment um of bound DNA
(Aine et al, Nucleic Acids s., 1996, 24, 3546). For
PCR synthetic product, the extraction efficiencies
ﬁ@@ég?§WG%ﬁ@+®ﬁ3é%¥eﬁ5F@S%famﬁ P@Rrpéﬁé afdoshesyyeported
&E%h%&%?éw%s§6%% R, msehf, 1 diaG JeVisce When 126, 664;
I ncubated at 60C for 3 mn. These efficiencies were
Bowerdnphran etthe 186 %nadd 7T0eh% ahiC8vedSf oA 8800 . bPNBN#Aas
|_,adder, respectively. The.differences could be.due,to,
R e B Pere S i Mo RAreFS. CURFRCT SRRRF o digdonic
aksenbed W¥ndighbnat anwauabenabhifbu260iBm ikke washed
dsDNA. The drop in extraction efficiency indicated _
enat -t Badi wpeni thes adshespPedpPNAeirgdsan@lapaepeisto solution
Ps) ) in_t P oduc r emyved. - Thi
%ﬁggnélFégg%ﬁa ?eéggN&Meg?rgg |oﬁcaé28§ingZ[ ZHS
phavigdedianheXtitaghisofiiekti cpehay zehatt nwasacHesd POR tubes
t hat achieved with sol-gel deriyed silica particle
6595” LBPNGNE decapr Riaf =ckem, DBostank: Eyap) 12
agd genehit bbarsel- geh 18 shgChhe 68B%atMUagl Bkotocol
Anal . Chem, 2006, 78, 5704), and densely packed

AHEpePtalr brareadudpriesatst ructure (75% (West et al,

Sens. Actuators B 2007, 126, 664) . It could be easily
Theegeravedtwi vhlonst wabcroflididdctdemptel whehdasign of

xtra.fabrication ste § dification, an Ilo
S f& 1 R% r.gHe Ease 1netP{Pgo§8# %ﬁ%

1Ccro ic Fev1 e, Fg
Successt u extractron o m Cr ogram quan S

eBtZbhishkbdebetihgnPOBf tabei Ang 200nbp. 1dkechj gbhe

Ioadin% cagacit &nicro rans mas_particularlﬁ
HESFREBFE 18P ekPratti hg PERFSYHPHELFzE8VHFBdbieFs100 bp

hﬁﬁt1§@he9-ahaS@@NAsgﬁtﬁagigea %Bbeﬁcévwﬁﬁeekoﬁgl amount
Sens. Actuators B, 007, 126, 64; Breadnore et al,
ARalO00CaenPNA 2adder7%l-188n9) varePCRI progart Cheld, ng)

5080110, FIRSESSRRE B BheoSEPRCELUPET S Krgpouicor
beadsbiokdgdcal Baapyl es, thavinaguaabtndengscapacobtylpf the
PANOGLANE O Yoo, SNPh! 18] oSNBFE (2 100y Duas with
lengths of > 90 bp; thus, 100 bp DNA ladder was selected
as the control. The DNA extraction included three steps -—
DNA capture, impurities wash, and DNA elution. The DNA
elution conditions (time and temperature) were

investigated to increase the extraction efficiency.

The extraction efficiency, defined as the percentage of
DNA captured and released, was shown in Figure 20. The
quantities of the original and eluted DNA samples were
determined by a UV-Vis spectrophotometer. Every
measurement was repeated three times. The average
extraction efficiency of 100 bp DNA ladder was 65.4% in
PCR tube and 42.2% in microfludic device, eluted at 25°C
for 3 min in 7 pL of Tris-HCl buffer (10 mM of Tris-HCI,
pH 8.5). When the adsorbed DNA was subjected to
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effectively increased the extraction efficiency from
42.2% (25C) to 70% (60C) in the mcrofluidic device.

wohwoproasent invention is not to be linited i PCRSE®DIHY0282

t he specific enbodi nents deegglbed herei n. Various
nodi fications of the inventi in addition to those
descri bed heﬁeln w || becone apparent io those skill ed

LHCERESAPE PLBM PRe PBPEGBIHESde5SRFi pETBRASENGT Pound DNA

@sgogaﬁaﬁbea fTagr@§tr§eghoﬂvgfﬁhegéhepslaasehgégnded
within the scope of the claims. The present

eﬁﬁeﬁtﬂﬁﬁlVStduBééted P@Reauheuﬂddvvaﬁannfma@noéluldlc
m terial,a d/or d des rlbed
éég FOHHH3n§ngoﬁ%PnatlBnggfetMB o? oY & E cﬁher 1flcrease

fieatumpsrasystedtd natefinpglksvantdherereihotsonpeodridesncy.
t hat such features, systens, materials and/or nethods
ahe ﬁéFrﬁﬁFaaPl9ffh€bﬁ§F§t%ﬁ? s{kgphty utBar W eRi A<t he®)

§§99619ErEQ§19?e§§8&bé@¥§ﬂtt?ﬂe (9 hbe epesi it fle

and cl ains transitional phrases or phrases of
thekusil oy, esbhehcad DEBnprusiog, couldnoe udiagid either the

mn . 11} t . f , mn
EERRRY P re. o BRULEGE pEOPRELTEIGn 10 SBIPROAT: Phucrer or
bBelmh@f§é§é@dth@rﬁ§lOﬁ6ﬂeﬁﬂdﬂdof|b@un&ODMEaDCllne et al,
"including but not limted to"_and, therefore,

@HE%ﬁﬁﬁs@Fﬁﬂstﬁ@Srteh%gﬁfs%%d $hebbafter and

equi val ents thereof as well as additional itens. Cnly
323 ??3n§yvt6ﬁ5¥cph?%@@%tort%ﬁr%%@%a%¢l@%c$@§%%hen0165

%QPQsﬁétbﬂg (98 380d §°@§*§tiﬁgpéﬁs@ﬁﬁéa£%d 81 38r s 40515,

e interpreted as closed or sem -cl osed phrases,
fésbé%tlvelmlcﬂhélmdeicnd¢e1a¢twhém51ﬁ@ubamﬂd"am 60°@sfor

g sed herein in %he S eC|f|cat|o and in thekh ?% q
niess P%%?l? h%%% TEE° t %e¥%e EhE eSS Shout o bt
uodes sterdetod nean @ bpasita ongddedher&xpeessiONy . Arhe
or B", unless clearly indicated to the contrary,

dhbEpaCBES BNARY 5¢ 0oRl €¢° nbANntRE oFh® orPBUEerS ARG | BRfsOmers
R%@f?gﬁf'@W?Cﬁr§l§6t§938§5§&nUthfgﬁ%S§&°§uw§§efgngth of

260 nm like dsDNA. The drop in extraction efficiency
indicated that the impurities (short primers and monomers
(dNTPs)) in the PCR product were removed. This thermally
enhanced DNA extraction was simple, and provided an
extraction efficiency that was close to that achieved with
sol-gel derived silica particles (65%) (Breadmore et al,
Anal. Chem., 2003, 75, 1880) and monolithic sol-gel
microchip (85%) (Wu et al, Anal. Chem., 2006, 78, 5704),
and densely packed microfabricated silicon structure (75%)
(West et al, Sens. Actuators B, 2007, 126, oc64). It could
be easily integrated with most microfluidic devices
without extra fabrication steps or modification, and
allowed successful extraction of microgram quantities of
DNA in 7 pL of elution buffer in < 20 min. The high
loading capacity (micrograms) was particularly desirable

for extracting PCR-synthesized products. Most solid-phase
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whi ch are incorporated by reference in their entirety
or in pertinent part, as is understood fromthe

wamod/eot3sof the publication being cited. | n cagasseodas®o2s2

t he present specification ag%ta docunent i ncor por at ed
by reference and/or referre o herein include

conflicting disclosure, and/or inconsistent use of
PE%\n?ﬁBF%@gwlana%PSth@ea"»*hc%\z pdt at 88 F ef &F BReeArs B, 2007,
496UNERLS H5EQhofelLpe,i er B, dl f ERLRNL I Yobhan g hei’%so, Wu
are used or defined in the present specification,

ptesént Agpéci €hemt i on0Bhal T8 conT P dl . STABLE 4t Ext orSens.

f th f GFP '
ARCUFLS S (000Lt choBr obhdboloth T e of T Ll AN
gevi cecysiont andargi FHy1¢he {amshé8e) hadHB¥k B 2inding
A igonucl eotides set for the 760 bp GFPuv segnent

tapetiSEQ O P ordetBdt Poky s chuengeo T Ithak | #prtlengt Hin)

A TG A AT T RARER G557 5 2%

223 O TGT GAd AT T IdTI€Tde bl d. 20 40
FI 3 GAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGITGAAT 50.5 20

e Rbr&s SECCTTAACATGACCATEIAATT GAACAARAATT QAR 2. 127 the

20 40 F2 5 TAGATGGTGATGITAACGGEGCACAAATTTTCTGICAGTGG
g@eqléﬁp4$p¢8g%pents described herein. Various

d EATEAAINCAGCCNCT CONTEANGAMAIIT 316,96 & Q40 F3
7~ AGAGGGT GAAGGT GATGCAACATACGGAAAACTTACCCTT 50.5 20 40

s @r 1 TQCETATE 45kl gl in

PR R b e e

AlgBrd. 4Bdh Idodifications are intended to fall within
CAACACTTGTCACTACTTTCTCTTATGGTGTTCAATGCTT 50.4 20 40 R5
4% 19ET (AT AT ENAAGCATTGAACACCATAAGA 53. 2 20 40

F6 13 TTCOCGTTATCCGGATCATATGAAACGGCATGACTTTTTC 52. 8 20
e fer ase e e e e s A Teaatecasiran b, 5

20 té@rzég ; R&%@’“ 16@%T%%Fﬁé¥ﬁd\%%%q&em
DOGEROATICON, T GAAAGKTETAGTGOET TACTGRAGAT Ao 150, sl ZehiRgres,
17 TATCTTT TGA CTA CGQGTGCT 7.7 20.40
B8 18 T ATEA é?"]a ¢ ¥ho

#htures, systems, materials and/or methods are not

mutually inconsistent, is included within the scope of the

present invention.

In the specification and claims, all transitional phrases
or phrases of inclusion, such as "comprising,"
"including," "carrying," "having," "containing," "composed
of," "made of," "formed of," "involving" and the like
shall be interpreted to be open-ended, i.e. to mean
"including but not limited to" and, therefore,
encompassing the items listed‘thereafter and equivalents
thereof as well as additional items. Only the
transitional phrases or phrases of inclusion "consisting
of" and "consisting essentially of" are to be interpreted

as closed or semi-closed phrases, respectively. The
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FO 19 AGICAAGTTTGAAGGTGATACCCTTGITAATCGTATCGAG 51.1 20
40 R9 20 TTAAAATCAATACCTTTTAACTCGATACGATTAACAAGEG 40. 6

wo2ih09/620k350 21 TTAAAAGGTATTGATTTTAAAGAAGAT GCAAAATSIE2D65900282

50.7 20 40 R O 22
GTTGTACTCGAGT TTGTGTCCGAGAATEII TCCATCTTCT 52.1 20 40
FI| 23 GACACAAACTCGAGTACAACTATAACTCACACAATGTATA 43. 6
2040 iRl e2 a4 tTTIEFTTET CEGECHRGATGRATACAT T CEGEGAGITAT A

54 9 0 40 .F12 2
AR R C AR BAARABART ELAAPEANKBEF ARCCAE 2 190 L Rg T Cated

BZ;Z tAeb AREHEGTCAATH THGAAGHEASEDbEGAL TREARTCE 5235t

20 40 FI 3 27 TTCAAAATTCGCCACAACATTGAAGATGGAAGCGTITCAAC
gaet "20Thg Rxprggsion “A or B”, unless clearly indicated

Frg 55 TR CACCATI AT SAACAAAT ACT CCAAT T GGG 5357 °F

ROthO .R14 30 TGICTGGTAAAAGGACAGGGECCATCGCCAATTGGAGTATT

54.4 20 40 FI5 31

CECTIGLECHIPTACEGACARAAECAT TACETIGhECACACAANBAdD s20040res of

R 5 32 GGATCTTTCGAAAGGGCAGATTGIGTCGACAGGTAATGGT 55. 3

55126 BF6 33CPEReroETTFTOLARBREATEPEAACBARARGECTBACEAER OF
%Qlf‘l@nglbga%, as is understood from the context of
CTCAA GGACCATGIGGTCACGCTTTTCGITG 51.4 20 40

Eng BBbTMC@ﬂTUF¢®AGT¢T®ﬂACFWG€$@$G&TWA€ACAe5Pr@Sent

2040, RLL 30, TG ACACHT O ORAT CREAT T E1 AR PPACCAERART.

EWATGEATQA%CEA%A@AATG%I{E@@AA&EEA&%@ d@séQosure,

R18 38 CTCAGT TGGAATTCATTATT 20 F

ACAGRATEREOREETAEREG182. 8 zéevﬁwr@ﬂogwoand/or the

CTEAGE I GPAL T CAFIAIT 48. 020mBhiBeLSEALMBgerine Perms

nmet hod for synthesi zi ng doubl e-stranded DNA in a

#iEEerkutdivctheni Ebeyt AeededpdectofdpEiBfAgia the present
P [ e d

S R R e S oA

%b?r ’Ert:gles gﬁ&he%qlgpe'm& §Ilqg lg$ 1?1].: %@§s c{]f' Ggﬁ)v using one-

| me-varying t ermal f or

tifanpest g‘d’@nf%ﬁpn?ﬁ&eés?ﬁ dfatia i?l%IfOfélFchflér gqtice VS standard

EiR gﬁﬂdﬂdrn@@ﬂinlriées and poI ynmerase, wherein each

nnnnn —al hoca a4l o Bt or .t
;It | gUIIUEI CUL i Ec IIG.D IJG.I L |l U@r?ec—sbﬁ..e“ls‘l cligrit art l% Vm L%Iep
Single deletion 19 35 45 73
Multiple deletion 6 6 5 9
Insertion 5 2 1 5
Mutation ' 12 10 10 22
Total error 42 53 ol 109
Bases seqguenced 12160 12160 15200 26600
Error rate (per 1 kb) 3.45 4.36 4.01 4.10
Truncated clones 38/54 31/47 23/43 12/47
Full-length clones 16/54 16/47 20/43 35/47




| east one ot her oligonucl eotide, thereby assenbling

the oligonucleotides into tenplates for PCRin the
weheemmessof terminal PCR priners; (b) |oadi ng EdgsG2008/000282

tenpl ates produced in step (a) into the PCR chanber in

the presence of a PCR preééirsor mix conprising the

termnal PCR prinmers, dNTPs and pol ynerase; and (c)
TABEDH Vilngoaucilretvdeyi set ther rhle 7i66] ot 6FPlre fRQRent

chanber, thereby obtaining a PCR product m xture

LabglONPFESi Ng t he duuddmeeBbdatadrlesaishte 2 . The MRt hodemdfp Length
cl aitfi™ wherein the dewi ee Further conprised’®@ (bp) (nt)

ro  PUT hfTcati QR LRaRReG 1At cEORR Ak ANceaAAGHA O 445 40
R0 COMPUNI CatdeRrWchAhabBR rP&R cePRBE Tt AR Thet Red; fur Eb"er 40
g1 COMBrisi n&%AEE&T’%E’&ﬁC@éGAG%l@TC&&%Q'f&Q’G{“;@A’PCR59rSOdUCEO 40
gy Mxgure | &ICQF rAI%nﬁ ﬂv{ﬂ'rgﬂq ARGE:dP, 1 MIDb) | Zg, 40

F2 ggﬁg?guglﬁgﬁyG&GWT% Gﬁg%Alag‘{A%‘ %{ﬁﬁ%%l?& %E& ng 55 h7e 20 40

and

R2 unp8| ymer] zet of f 8%%@8&%8%@%@““4%@%& 20 40
F3 claim 2 viHBFEFTFAEHE CHE R BLPTABEE TENACTS | ﬁPmsm I i2éd 40
R3 on fagnetfRCHEHESAAAIARATTHACHREPAGET T3FCRPEF m 37 flur t hé? 40
F4  conPri si MPAT AR TS T@PCHICTESAMPACTIACATF TTREATE6LIb] €3 s r anded 40

R4  DNA1S r om dzhesmgnerdrscireac s ChTGCautAGeCAGTIQT t haed. 8 20 40
rs bead: i mobiabrzedr@NAdoTdeatstceedrearmhictt onsoof 602€C 40
rs fori13 m maresrcchearait@caetzhotrroirc@nyaionen of selai ns2@ 40
r6 10 43 whergicBcdherdeviearidhbetcCRAPriees ap2 &y I or 20 40

re filirati arehaRbefcctieeMah Rl dcabl @ chmirea CORPLNI cabhoOn 4o
g W thsthe ﬁ\%ﬁéﬁc@ﬁfdc@&ﬁ@@ﬁﬁ%wckaﬁﬁ@éﬁ&929 fyrther ;4 40
R7 Coggf' si NGk (ié aRdcardRkrd R é&gﬂ 20 40

rs JoUB e St g Aégﬁrgﬁc% g0, és%gfé?'ngwhe a0

ror fil

er
R8¢ haiL8 contT£1TﬁACbCéPg%AASS?TrGAﬁ?TsCﬁ%?Ac?ﬁ%%TCT%GTAG%e od o1 40
9 clatin 1 WEF%GHTT%G%%F’&SC?WFWGEWWse§1a1 20 40
RO pur £% i catTARAERAMBEFTT ARG AEAOL PABPRCHACEF o 40-° 20 40
F10 confluni c TR ORTATT CRTT TREGARHEABEACATINECHet ROd fur eher 40

R10 22 GTTGTACTCGAGTTTGTGTCCGAGAATGTTTCCATCTTCT — 52.1° 20 40
F11 23 GACACAAACTCGAGTACAACTATAACTCACACAATGTATA  43.6 20 40
R11 24 TTTGTTTGTCTGCCGTGATGTATACATTGTGTGAGTTATA  54.9 20 40
F12 25 CATCACGGCAGACAAACAAAAGAATGGAATCAAAGCTAAC  48.7 20 40
R12 26 ATGTTGTGGCGAATTTTGAAGTTAGCTTTGATTCCATTCT — 52.3 20 40
F13 27 TTCAAAATTCGCCACAACATTGAAGATGGAAGCGTTCAAC — 54.1 20 40
R13 28 TTGTTGATAATGGTCTGCTAGTTGAACGCTTCCATCTTCA  49.5 20 40
Fl4 29 TAGCAGACCATTATCAACAAAATACTCCAATTGGCGATGG — 53.5 20 40
‘R14 30 TGTCTGGTAAAAGGACAGGGCCATCGCCAATTGGAGTATT — 54.4 20 40
F15 31 CCCTGTCCTTTTACCAGACAACCATTACCTGTCGACACAA  54.5 20 40
R15 32 GGATCTTTCGAAAGGGCAGATTGTGTCGACAGGTAATGGT — 55.3 20 40
Fl16 33 TCTGCCCTTTCGAAAGATCCCARCGAAAAGCGTGACCACA  57.4 20 40
R16 34 TACAAACTCARGAAGGACCATGTGGTCACGCTTTTCGTTG — 51.4 20 40
F17 35 TGGTCCTTCTTGAGTTTGTAACTGCTGCTGGGATTACACA  57.0 20 40
R17 36 TGTAGAGCTCATCCATGCCATGTGTAATCCCAGCAGCAGT — 56.2 20 40
F18 37 TGGCATGGATGAGCTCTACAAATAATGAATTCCAACTGAG ~ 46.2 20 40
R18 38 ' CTCAGTTGGAATTCATTATT 20

F 39 AGAGGATCCCCGGGTACCGG v 62.5 20
Primer

'R 40 CTCAGTTGGAATTCATTATT 46.2 20

Primer




conprising the step of: (d) loading the tenplates
produced in step (a) into the purification chanber to

- wo WBedkisze the tenplates, thereby separating PdfG2008/000282
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tenplates fromfree dNTPs and unpol yneri zed
ol i gonucl eoti des; and then prooceeding to step (b) . 7.
The nmethod of claim6 wherein the tenplates are
ChAblBki zed on magnetic beads. 8 . The nethod of claim
7 further conprising the step of extracting the
tenpl ates Arparhbe ABENEYHhEhBEadSnhYdsSUb] €€kt AgGnEibe DNA in
bead-i mobi |l i zed tenpl ates to heatshock conditions of
60m€p¥@ﬁ191ﬁiﬁu@%§lcgr.thﬁedﬁﬁiﬁ%dc®mpéh§l%%eao?CR‘
Qkééﬂﬁ%g OcR) WERLALD tbﬁ 98%%9815#%1% l??&pébﬁﬁ§n§@atlon
error Itratlon cha in controllable ui d
umnhuaipalymarm&éhcmmﬁnpneattmanlQBCRhauhamberhethe method
met hod further conprising the step of: (e) |oading the
F%ﬂﬁFéFén%rBH%c%Hn$ %ep (d) into the error filter
chanber _to renove tenpl ates that contain base-pair
ﬁ?énﬁPE%&énga%dt%%%nV%¥%h%%dF%%r¥6ls?é%l?b§o g
aﬁéﬁegroéoéeylgﬂﬁ of &1@FaB;dytordayheLeif:the deVIce
further conprlses a mcro-mxer, the nethod further
@bn@@nschgom@est@@doﬂielymesae@, (toherepn x@&n@ht he PCR
ecur sg X . Wth the tenplates e p
B R S A T
Me&ﬁtDNAadsomémr@nf@&m@cp@@SEdapdt@erdﬂy &s@@mhbﬂn@Othe
ﬂgnthe3|2|n doubl e-stranded DNA in a microfluidic

YPRUCEARTHEST cE tonpFTRI Apea §9ht Redi 57 chidfepsepce of

g@ﬂﬁ{géi&b&ﬁ 51 - £omuni cat i on with a purification
chanber, the nmethod conprising the steps of: (a)

@@P'Yégalﬁgttﬂg @éﬁgﬂé@b%??f&@ucéaeiﬁ 10 hea SYDEASSESe

chanber containing termn PCR priners, polynerase,
EmHTGh@muea mewmﬁ|p§e$ﬁnc¢f¢ér@nrc®lpgﬁwmm$@ntmdes

wher el Q eac On%glfoéégé Pgﬁe artlﬁ+Pga§§H olymerase;
%%¥%n%%? % St BReT Bt het po-ym ’
@mdgonucleotlde, t hereby obtaining a PCR
(c) applying a time-varying thermal field to the PCR

chamber, thereby obtaining a PCR product mixture

‘comprising the double-stranded DNA.

2. ' The method of claim 1 wherein the device further

comprises a purification chamber in controllable fluid

' communication with the PCR chamber, the method further

comprising the step of:

(d) loading the PCR product mixture into the purification
chamber to immobilize the double-stranded DNA, thereby
separating the double-stranded DNA from free dNTPs,

.primers and unpolymerized oligonucleotides.

3. The method of claim 2 wherein the double-

stranded DNA is immobilized on magnetic beads.

4. The method of claim 3 further comprising the

step of extracting the‘double—stranded DNA from the



product m xture conprising the doubl e-stranded DNA,
and (b) loading the PCR product m xture into the

wrn9/bdoest i on chanber to immobilize the doubl eecavsGoookzeho2s2
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DNA, thereby separating the doubl e-stranded DNA from
free dNTPs, primers and unpdtyneri zed

ol i gonucl eoti des. 12. The nethod of cIa|n111 wher ei n
ttagyraatilel éstacen ded sDINA ciat isige pheblockes! -immoiillized ONA to
magneti c beads., 13. The t.hod of _.claim12 further
@5%&5 Sy SR iR orte gﬁr&e%Oﬁg 3t R P4EESI-e- st r anded
DNA fromthe magneti c beads by subjecting the

Bead- i mobillhiez 8¢ THRA ©F ﬁ@&t@ﬁ@c?fcﬁﬂ&ﬂFﬁo@stSf466h€Feln

fole %e@ﬁ%%t%%rt%%r E%%pqggggdaﬁfe%&@&”ﬁ&&twg%ﬁghnchgﬁber

«device further conprises an error [trati on chanbe

um.cmmtm@ﬂﬂamL@ filluiid CQmwunucaﬁu@n wiitth tthe purlflcatlon
net hod further . co

p |cat| n ch th risi
A ol o T A A s
ced n nto th rror filter chanber
sﬁbﬁea&%b& E%pﬁéﬁbé&-é%z\apﬁsﬁ D8 Brivonsed. o srep’ ()
MhsERteResrrby. rihechethadpel any rapevef deldinesstiah@ed
14 wherein the device further conprises a mcro-mxer,

Dhé ireelfodoniPiRePagsMPRILSi AgSPRECEEEP of mi xing the
PCR product mixture in step (b) w th DNA-adsor bi ng
$olid phas@hﬁeaﬁéhOﬁGOfTﬁéaﬁ@tﬁodhéﬁeanyt@ﬁed@Wl@Eafﬁﬁther

FrhPa R Su Bl o Pt T S RagraR shnt BITRAS Rivia

whemeni cthieohl widhf kbw @chuahembes, atpenpe@hod further
centrquge. 18. The nmethod of any one of clains 1 to
f?mﬂﬁéﬁé'ﬁ th& Eh&RDHEES are in controllable fluid
omuni cation with one another via channels conpr|3|ng
délvé@ad}gg The HefRoatsr PrafHres wReFéPR tReé VAFQetDe

9&%1%@%@9&%hV%hEBbE§”E%fQﬁﬁbslﬁﬁéeg%ﬁea@@mﬁ@QEéén Eﬂéreby
val ves that control sealing of nber ar

abperablmgthbeamdmaﬂateasfremepss dNTﬁsessdreanGYmerlzed
E?gg%EE ldesy gﬁ% %Re%lgkgge%dggglgo S rel?b
7. The method'of claim 6 wherein the templates are

immobilized on magnetic beads.

8. The method of claim 7 further comprising the
step of extracting the templates from the magnetic beads
by subjecting the bead-immobilized templates to heatshock ’

conditions of 60°C for 3 minutes.

9. The method of any one of claims 6 to 8 wherein
the device further comprises an error filtration chamber
in controllable fluid communication with the purification

chamber, the method further comprising the step of{

(e) loading the template pfoduced in step (d) into the
error filter chamber to remove templates that contain

base-pair mismatches; and then proceeding to step (b).



the device is operably linked to a heating elenent, a
cooling elenent, a tenperature-sensor, and a
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10. The method of any one of claims 1 to 9 wherein
the device further comprises a micro-mixer, the method

further comprising the step of:

in step (b), mixing the PCR precursor mix with the

templates produced in step (a); and/or

in step (d), mixing the PCR product mixture with DNA-

adsorbing solid phase media.

11. A method for synthesizing double-stranded DNA in
a microfluidic device, the device comprising a synthesis
chamber in controllable fluid communication with a

purification chamber, the method comprising the steps of:

{(a) applying a time-varying thermal field to the synthesis
chamber containing terminal PCR primers, polymerase, dNTPs
and a plurality of different oligonucleotides wherein each
oligonucleotide has partial base complementarity with at
least one other oligonucleotide, thefeby obtaining a PCR

product mixture comprising the double-stranded DNA; and

(b) loading the PCR product mixture into the purification

chamber to immobilize the double-stranded DNA, thereby
separating the double-stranded DNA from free dNTPs, -

primers and unpolymerized oligonucleotides.

12. The method of claim 11 wherein the double-

stranded DNA in step (b) is immobilized on magnetic beads.

13. The method of claim 12 further comprising the
step of extracting the double-stranded DNA from the
magnetic beads by subjecting the bead-immobilized DNA to

heatshock conditions of 60°C for 3 minutes.

14. The method of claim 11 wherein the device
further comprises an error filtration chamber in
controllable fluid. communication with the purification

chamber, the method further comprising the step of:
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(c) loading the double-stranded DNA produced in step (b)

into the error filter chamber to remove double-stranded

DNA that contain base-pair mismatches.

15. The method of any one of claims 11 to 14 wherein
the device further comprises a micro-mixer, the method
further comprising the step of mixing the PCR product

mixture in step (b) with DNA-adsorbing solid phase media.

le. The method of any one of claims 1 to 15 wherein

the device is operably linked to a fluid-flow actuator.

17. The method of claim 16 wherein the fiuid—flow

actuator is a pump or a centrifuge.

18. The method of any one of claims 1 to 17 wherein
the chambers are in controllable fluid communication with

one another via channels comprising valves.

19. The method of claim 18 wherein the valves are
responsive to temperature changes and wherein the valves
that control sealing of the PCR chamber are able to

withstand at least 6.8 psi of pressure.

20. The method of any one of claims 1 to 19 wherein
the device is operably linked to a heating element, a
cooling element, a temperature-sensor, and a temperature

controller.



